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Preface

Protein purification is essential for characterization of the function, structure and
interactions of a protein of interest. The magnitude of the challenge for protein
purification becomes clearer when one considers the variety of macromolecules present
in a cell extract. The development of techniques and methods for protein purification has
been an key prerequisite for many of the advancements made in biotechnology.

The completion of the human genome project and the development of high-
throughput approaches indicates a dramatic acceleration in the pace of biological
sciences. In medical research, purified proteins are used for a wide range of
applications, including assay development, molecular biology applications,
production of antibodies, binding studies and more. Indeed, protein purification is a
first stage of almost all in vitro protein studies.

The present volume on “Protein Purification” aims to introduce the recent advances in
the purification strategies. Processes like three phase partitioning, ion exchange
chromatography, gel filtration, SDS PAGE and denaturation are being discussed. The
most powerful of these methods, affinity chromatography also called affinity
purification, is dealing with a length. Beneficial role of lectins is envisaged, especially
in isolation and characterization of glycoproteins for histochemical analysis.

There is little doubt that proteomics (the study of an organism’s entire complement of
proteins) will have a significant influence in all areas of the life sciences in the years to
come. The chapter on Phosphoproteomics enlightens the way to distinguish almost all
phosphorylated proteins in a cell or tissue at a given time.

We hope that the current volume will be a worthwhile resource for scientists
(bio/protein-chemists) with an interest in protein purification or those students who
are heading towards implementing purification techniques in their research career. It
provides the necessary background material from which to build a strong foundation
of knowledge in the field of protein biochemistry.

Rizwan Ahmad, PhD

Department of Biochemistry,

Human Function Group, Oman Medical College, Sohar,
Oman






The Art of Protein Purification

William Ward
Rutgers University, New Brunswick NJ,
USA

1. Introduction

Describing, in words, the details of protein purification to a relative novice in the field is not
unlike explaining on paper the steps required to turn a set of colored oils into a beautiful
pastoral scene on sheet of stretched canvas. Playing the oboe in a sophisticated metropolitan
orchestra or performing a solo aria in a Gilbert & Sullivan operetta are accepted artistic
endeavors that command great mastery of technique. Each of these art forms requires years
of experience and endless experimentation and refinement of technique. Protein purification
is no different. It is an art form. Like all other art forms, perfecting the art of protein
purification requires a long apprenticeship. But, like all other art forms, protein purification
is aesthetically rewarding to the practitioner. Every day brings new challenges, new
insights, new hurdles, and new successes. Art is a process, not a destination. Protein
purification fits the same definition.

Perfecting the skills of protein purification can take many years of hands-on experience as
well as periodic upgrading of those skills. Perhaps the most important part of protein
purification is the set of pre-column steps that precede column chromatography. Pre-
column steps are not covered as much in the protein purification literature as column
chromatography, HPLC, and electrophoresis. So, I have chosen to focus much of my
attention on the earlier stages of protein purification. More than column chromatography,
pre-column steps are highly diverse and highly creative. Here the artistic aspects of
protein purification are most apparent. But, still, there are basic guiding principles that
can be communicated fairly effectively in written form. The purpose of this chapter is to
outline many of these principles and techniques such that a relatively inexperienced
biochemist can get started. Getting started is never easy. Inertia always seems to get in the
way. When [ think of the problem of overcoming inertia, I am reminded of the words of
my first graduate school mentor. He chose to explain overcoming inertia with a metaphor
based upon physical chemistry, “The function of education is to help others overcome
their own energy barriers.” In part, overcoming energy barriers is what I hope to
accomplish in this chapter.

2. Protein purification in the analytical field

The words in my introductory paragraphs are more relevant to preparative techniques of
protein purification than they are to analytical methods. Most of my research career has
been focused upon preparative methods —the approach I liken to other art forms. Analytical
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methods of protein purification are less likely to encompass the artistic range I ascribe to
preparative methods.

The focus of analytical methods is usually to make a large number of precise measurements
in a short period of time. One version of analytical methodology used extensively in the
biopharmaceutical industry is called high throughput screening (HTS). Most commonly,
HTS is used in drug screening. But HTS and other high throughput methods are applicable
to analytical protein purification as well. But, as HTS is, by its very definition, a very rapid
process, extensive protein purification is not possible by this method. Complex, multistep
processes are almost always precluded. To meet time demands, just one simple and rapid
purification step may be all that is permitted. Often this means that fast “sample cleanup” is
the major goal of analytical processes. This “cleanup” may require nothing more than the
removal of a particular interfering substance—an endogenous enzyme inhibitor, for
example. External effector molecules may give falsely high assay values, or, more
commonly, may inhibit enzyme activity, lowering an assay value, significantly. If, for
example, one has a large number of relatively impure samples for which accurate values of
the glucose oxidase activity is needed, it may be necessary to separate all other
oxidoreductases from glucose oxidase. Alternatively, it may be sufficient to remove all
endogenous sources of glucose. These types of separations are done routinely in clinical,
medical, and pharmaceutical diagnostics laboratories. Sometimes, microliter samples are
robotically introduced into small HPLC (high performance liquid chromatography) columns
followed by on-line analysis of the protein of interest. On other occasions, machine-
processed samples are introduced robotically into multi-well microtitre plates. Then, built-in
robotic components introduce enzyme substrates and cofactors as the plates are stacked up
by thousands to be measured after a precise incubation period.

In such analytical operations, the art is in the design of robust sample handling methods
including electronic, mechanical, and robotic components. Optimization of protein
separation may be an integral part of system design, but once the entire system is on-line,
only routine validation tests along with periodic trouble-shooting of the overall system are
required. Once the creative aspects of system design have been completed, everything now
devolves into system maintenance.

3. Preparative protein purification
General Strategy

The greatest differences between analytical-scale and preparative-scale protein purification
processes are that preparative methods (1) usually involve much larger volumes of starting
material, (2) generally take much longer to carry out (days, weeks, or months), (3) usually
require a variety of different purification methods or techniques (sometimes repeated), and
(4) almost always have, as the primary goal, achieving very high purity (rather than high
throughput). Sometimes, the amount of desired protein is so small, and the amount of
macromolecular contaminant is so high, that one needs to employ nearly every “trick of the
trade” to achieve high purity. Imagine wanting to isolate milligrams of a precious protein
from thousands of liters of crude jellyfish extract. Our research group has done this for
almost 3 decades (Roth, 1985, Johnson and Shimomura, 1972, Blinks, et. al., 1976, and others).
Sometimes, purifying a protein to homogeneity, from such large volumes of highly viscous
starting material, may involve separating one milligram of the protein-of-interest (POI) from
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100 mg of initial total protein. This is called a 100-fold purification. In other cases the
required purification factor may be on the order of 1000-fold or 10,000-fold. My most
difficult purification project was to isolate microgram amounts of green-fluorescent protein
(GFP) from the homogenates of whole sea pens. In this instance, not only was the GFP
present at about 1 part in 100,000 of total protein, but the proteoglycan-derived viscosity in
the crude extract was so great that a magnetic stir bar failed to rotate (Ward and Cormier,
1978). So the issues facing a scientist working on a difficult protein purification project are
many. Among these issues are those shown in Table 1.

1 | Choosing or developing a sensitive, reproducible, and selective assay for the protein-
of- interest (POI).

Establishing conditions under which the POl is stable and biologically active.

Finding conditions under which the POI can be stored safely between steps.

Choosing the best biological starting material (natural source or recombinant).
Developing or choosing appropriate methods for gross extraction.

Decreasing viscosity of crude extracts and removing particulates from those
extracts.

Reducing volume.

Finding the substrate(s), inhibitors, activators, allosteric effectors, etc., if the protein-
of- interest is an enzyme.

QN U=V

AN |

[oc}

Table 1. Early steps in designing protein purification strategies

Some very useful information can be acquired, unambiguously, if a small sample of pure
protein can be obtained. A former professor of mine said to our group of graduate students,
“Don’t waste clean thinking on a dirty enzyme.” It is so easy to make major errors if you try
to over-analyze a crude sample. Acquiring a pure sample of the protein-of-interest may be
difficult (if the specific purification methods have not been optimized). But, obtaining a
small amount of pure protein can be very useful for future optimization of purification.
Table 2 lists a few of the characteristics of a pure POI that can be used to design a more
effective purification strategy. Unless the protein-of-interest is pure, data on its
characteristics can be very misleading (Karkhanis and Cormier, 1971).

Solubility in water, salt solutions, organic solvents, etc.

Presence of isoforms or isoenzymes.

Molecular weight.

Degree of oligomerization (monomer, dimer, tetramer, aggregation, etc)

Isoelectric point.

Partial amino acid sequence (needed if the mRNA is to be found).

Post translational alterations (phosphorylation, glycosylation, blocked N-terminus,
etc).

Amino acid analysis.

Relative hydrophobicity (as determined by HIC trials or ammonium sulfate
precipitation).

j | Antibodies to the protein-of-interest

k | Essential cofactors, prosthetic groups, stabilizing agents, etc.

=|e Q[0 |0 |

Table 2. Physical and chemical properties of a pure sample that may be needed to effectively
design a purification strategy.
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Where to Begin

It is difficult to suggest a logical order of steps leading to a successful protein purification
project. Proteins are very different from each other (and so are the mixtures of other
components in which the protein-of-interest is found). So there is no common approach.
Perhaps the best way to introduce protein purification is by example. I will do this by
showing some of the intimate details of how one protein, Aequorea victoria GFP, has been
purified in our academic lab at Rutgers University (Roth, 1985, Ward and Swiatek, 2009). In
parallel, I will discuss the similarities and differences that accompany purification of
another protein, soybean hull peroxidase. The latter has been purified in our Rutgers spin-
off, start-up company, Brighter Ideas, Inc. (Holman, C., manuscript in preparation, Ward,
2012). I will not discuss, in detail, purification methods employed with recombinant
proteins. These methods are much simpler and much more straight-forward (requiring
considerably less “art” once the molecular biology has been completed).

The Assay

Before a protein purification process can begin, there must be a way to identify the protein-
of-interest (POI). The means for identification is called an assay. For enzymes, the assay is
usually a measure of enzyme activity. For proteins with distinctive chromophores,
spectroscopic measurements of the chromophore help to distinguish the POI from other
proteins. Sometimes all that one knows about the protein-of-interest is its molecular weight.
In such cases the POI can be followed by SDS gel electrophoresis. Sometimes a protein is
assayed by its immune response. Sometimes immune response is all that the scientist knows
in the beginning. The protein, calmodulin, was discovered in brain tissue solely on the basis
of its ability to bind radioactive calcium (Cheung, 1971). Binding calcium was all that was
known about calmodulin in the earliest stages of its purification. But, the more one knows
about alternate ways to detect the protein of interest, the easier the chore is likely to be.

GFP is not an enzyme, so there is no enzymatic assay. But, it has a spectroscopically
measurable, covalently-bound chromophore (Fig. 1) that absorbs light maximally at 397 nm
(Ward, 2005). GFP fluoresces brilliantly (emission peak at 509 nm) when excited in the UV.
A hand-held, 365 nm, mercury vapor lamp (“black light”) becomes a convenient, portable
detector. Molar extinction coefficient at 397 is 27,300, but that value varies 5-10% depending
upon the degree of dimerization of the protein (Ward, 2005, Ward, et. al., 1982). Fluorescence
quantum yield is 80%. With all proteins, measurements by absorbance or fluorescence
requires samples with VERY low turbidity (light scatter). Even partially clarified crude
extracts have far too much scatter to measure any protein accurately by UV/Vis
spectrophotometery (Fig. 2). Sometimes it takes a few purification steps before the level of
GFP, for example, can be measured with any reliability.

Soybean peroxidase (SBP), like GFP, has a chromophore—a heme group that absorbs
maximally at 403 nm. Absorbance at this wavelength can be used to quantitate the enzyme.
But many other substances in crude soybean hull extracts absorb strongly at the same
wavelength. So, the enzyme needs to be highly purified before this measurement is useful.
Another assay is needed. Peroxidases, in general, bind to hydrogen peroxide, creating an
active oxygen species that can then attack another molecule. In our case, the other molecule
is ABTS (2,2’-azino-bis(3-ethylbenzthiazolene-6-sulfonic acid) available from the Sigma
Chemical Co. ABTS, dissolved in a pH 5 buffer with added hydrogen peroxide, has only a



The Art of Protein Purification 5

very slight visible absorbance. But in the presence of peroxidase, the active oxygen attacks
the ABTS producing a teal colored solution. As with many other colorimetric assays,
attention must be paid to the stability of the assay solution and the kinetics of the reaction.

277.0 397.0 475.0
0.813 0.982 0.254
0.982 .
fBS ~
0.600
250.0 WL (nm) 550.0

Fig. 1. Absorption spectrum of pure green fluorescent protein. Optical density vs.
wavelength in nanometers.

259.0
2.267
2.267 -
ABS
0, Ce30
250.0 WL (nm) 550.0

WL: 397.0 wm DATA: 0.478

Fig. 2. Spectrum of diluted crude E.coli suspension. Apparent optical density (mostly scatter
artifact) vs. wavelength in nanometers.

Stability

Probably the second most important characteristic for an effective protein purification
scheme is the protein’s stability, especially stability to heat and pH. But, just determining
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conditions of high stability at the outset of purification is seldom sufficient. Some proteins
are more stable in the crude form and others more stable when pure. So, at each step along
the way, stability needs to be checked.

GFP and SBP are both thermally stable, up to 65 C for GFP (Bokman and Ward, 1981, Ward
and Bokman, 1982) and nearly 90 C for SBP (Holman, C, manuscript in preparation). GFP is
stable to proteases and aqueous alcohol solutions (Roth, 1985). The C-terminal 8 amino acid
tail of native jellyfish GFP is protease labile, so we usually keep the crude extracts cold. We
use sodium azide to inhibit microbial growth and phenylmethyl sulfonyl fluoride (PMSF) to
inhibit the activity of serine proteases (Ward, 2005). Circular dichroism measurements
confirm that the native secondary structure of GFP (predominantly beta pleated sheet and
just a small amount of alpha helix) is directly proportional to the protein’s fluorescence
(Ward, et. al., 1982). GFP retains its fluorescence and its secondary and tertiary structure at
elevated pH (up to 12.2) but loses fluorescence at pH 12.3 ( and simultaneously loses its CD
signature) (Ward, 2005). Under acidic conditions (pH 6 and below) GFP fluorescence also
fades as does the CD signal. Under the right conditions, GFP will recover most of its
fluorescence after denaturation in acid, base, and guanidine hydrochloride (Bokman and
Ward, 1981). The only known detergent to destroy GFP fluorescence, permanently, is
sodium dodecyl sulfate (SDS).

Soybean peroxidase is stable over a wider range of pH and a wider range of temperature
than GFP. But, its activity is inhibited by sodium azide and other agents that react with
heme proteins. Instead of sodium azide, we use 10 % ethanol as a preservative for SBP.
However, not all enzymes are stable in the presence of alcohol.

Storage Conditions

It is usually necessary, in multi-step purification protocols, to store the POI between steps.
Generally, this is accomplished by freezing the protein solution. Freezing and cold storage
work for both GFP and SBP, but not for all proteins. Some multisubunit proteins are cold
labile. In such cases, the subunits are held together by hydrophobic interactions. Such
hydrophobic bonding can be entropy driven, as structured water (surrounding the
monomers in an ordered way) becomes released (and more disordered) when subunits bind
to each other. The AS term in the equation: AG = AH - TAS increases with increasing
temperature. GFP, SBP, and most monomeric proteins, are not cold sensitive. In addition,
based upon its long-term retention of fluorescence, GFP appears to be stable for months at
room temperature (Roth, 1985). But, isoelectric focusing of GFP may show extensive
microheterogeneity after prolonged room temperature storage. The highly protease-
sensitive eight amino acid C-terminal segment of native jellyfish GFP, (that extends from a
protease-resistant beta barrel) is easily clipped by proteases —often in different places (Roth,
1985). When the recombinant protein is C-terminally tagged with hexa-histidine (for
eventual immobilized metal affinity chromatography (IMAC), now both the naturally
occurring octapeptide and the added hexapeptide are susceptible to cleavage at many sites
by a variety of proteases.

Starting Material

In some cases, one has a choice of starting material. Luciferase, for example, can be isolated
from a variety of fireflies and beetles. But, some firefly luciferases are very hard to purify
while others are much easier. The sea pansy, Renilla reniformis (Wampler, ef. al., 1971,
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Matthews, et. al., 1977, Prendergast and Mann, 1978, Ward and Cormier, 1979) and the
jellyfish, Aequoria victoria, (Morise, et. al., 1974, Roth, 1985, Ward, 2005) were chosen as the
starting materials for isolating and purifying GFP. In part, the selection of organisms was
based upon their geographical locations, the availability of nearby laboratory facilities, and
the means for collecting the animals. The shallow waters off the coast of Georgia proved to
be a good location for collecting sea pansies and there was a local shrimper only too willing
to do the collecting before the shrimp season began. The University of Georgia had a
primitive laboratory on Sapelo Island, but early stage processing did not require
sophisticated facilities. Aequorea jellyfish were abundant for decades at the University of
Washington’s Friday Harbor Labs (FHL) and the lab facilities were excellent. Excellent
facilities were essential, as extensive floating docks were needed to provide close access to
the water (so that the jellyfish could be scooped up with pool skimming nets). Processing
involved holding the jellyfish (sometimes 10,000 per collection day) in large, circulating sea
water aquaria. The FHL facilities include many circulating sea water aquaria, a walk-in
coldroom, and a Sorvall centrifuge for further sample processing. The FHL staff was
particularly supportive and encouraging.

While peroxidases can be isolated from many sources including horseradish, potatoes, sweet
potatoes, and other plants, we chose soybean hulls as our starting material. The choice was
based primarily upon easy access and low price. Perdue Farms processes huge quantities of
soybeans for chicken feed. The hulls, a byproduct of their processing the more valuable
soybean oil and soybean meal, are usually shipped to multi-grain bread manufacturers. To
reduce storage and shipping volume, the hulls are crushed, on the Perdue site, into finer
particles ranging down to the micrometer range. The bread producers apparently pay very
little for an otherwise “throw-away” byproduct of the soybean. We, for example, ordered
2000 Ibs of hulls, paying $400 for hulls. The price included seven 55-gal barrels plus
shipping. While access, ease of acquisition, and facilities were more than adequate for early,
on-site processing of sea pansies, jellyfish, and soybean hulls, later laboratory processing
was VERY demanding. This leads us into the next section, “Extraction”.

Extraction

In the case of the sea pansy, extraction of GFP was accomplished by first anesthetizing the
animals in a bath of the calcium-chelating agent EGTA plus magnesium sulfate. This was to
preserve a luciferin binding protein, easily triggered to luminesce with calcium ions.
Grinding the sea pansies with protein-saturating levels of ammonium sulfate came next,
followed by acetone precipitation and rapid drying of the organic solvent. The powder that
resulted, largely ammonium sulfate, was stored in chest freezers until processing time
(Matthews, et. al., Ward and Cormier, 1979).

GFP isolation from the jellyfish was entirely different. A single jellyfish has a volume of
about 35 ml. On days when we collected 10,000 animals, the volume we needed to process
reached 350 liters. However, all of the luminescent tissue is found in a very narrow strip
along the margin of the “bell” (Fig. 3). Special dissecting tables were constructed, allowing a
small team of workers to dissect up to 10,000 animals in one collecting day. Dissection
reduced the volume to about 15 liters. Next, the tissue was shaken vigorously, 500 ml at a
time, in 3 liters of sea water (in a 4-liter flask). Seventy-five shakes released most of the
photocytes into suspension. After crude filtration, the photocyte suspension was trapped in
a large cake of celite (diatomaceous earth) held in a large Buchner funnel. After a wash with
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75% saturated ammonium sulfate solution (containing EDTA to chelate calcium), the
photocytes were lysed with dilute EDTA solution. A gentle vacuum applied to the suction
flask released an amazingly bright stream of fluorescence that was captured in the 4-liter
vacuum flask. The extract was precipitated with solid ammonium sulfate —the precipitated
protein being trapped on a smaller cake of celite or collected by centrifugation. These
procedures were developed by Dr. John Blinks (Blinks, et. al., 1976).

Fig. 3. Underwater photograph of the jellyfish Aequorea victoria.
Photograph is courtesy of R. Shimek of the University of Washington's Friday Harbor
Laboratories.

Soybean peroxidase extraction just requires that the pulverized hulls be stirred in five
volumes of distilled water for one hour.

Viscosity Reduction and Particle Removal

As one might imagine, extracts of whole coelenterates or coelenterate tissues (jellyfish or sea
pansies) present a huge problem with viscosity. Aside from water, the animals are almost
entirely composed of connective tissue and very high molecular weight proteoglycans. For
17 seasons, we solved the viscosity problem by passing crude extracts of jellyfish photocytes
(and surrounding tissues) through an 8-liter gel filtration column of P-100 BioGel (our next
step after ammonium sulfate precipitation). The void volume fraction (calibrated to have a
molecular weight of 40 million Daltons or greater) contained most of the viscosity and none
of the GFP. But, while this 3-day procedure worked quite well as a viscosity reduction
method, each gel filtration run could handle, one at a time, only 5% of a season’s collection.
Larger amounts of extract invariably fouled the column. If one includes the frequent column
washes, required to maintain reasonable flow, it takes 5-6 months to pass a season’s worth
of jellyfish extract through the column. It was not without trying many alternative methods
that we settled on this highly unusual first chromatography step (Fig 4). Gel filtration is
generally reserved as a late-stage polishing step. Much later in our work, we discovered that
simple passage through a column of Celite easily solved the viscosity problem (W. Ward,
unpublished). Diatomaceous earth is so inexpensive that the column contents could be
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discarded after the desired protein easily passed through. The above example illustrates one
of the great dilemmas in selecting steps for a protein purification protocol. When do you
decide that you have spent enough time searching for a better way to do things? When do
you give up trying to search for a better procedure by settling on a brute force method? The
expression, “Are you going to fish or cut bait?” seems appropriate here.

P
/N
/

Absorbance

Fraction number

Fig. 4. P-100 Biogel profile of crude jellyfish extract. P marks the absorbance profile of total
protein at 280nm. A marks the activity of Aequorin protein. G marks the GFP fluorescence.

Soybean peroxidase crude extracts are fairly low in viscosity, but the hull extracts present a
very significant problem with particulates. The crude extracts include large particles
(millimeter size) as well as tiny particles in the micrometer range—some as colloidal
suspensions. Large fragments of hulls are easily filtered away with fine mesh nylon nets, but
this leaves a very cloudy suspension of fine to very fine particles. Centrifugation has been
ruled out because of the large volumes of extract produced and the high centrifugal forces
needed to pellet the finest particles. Even continuous flow centrifugation trials have failed,
repeatedly, because most of the particulates, including colloidal materials, have failed to
sediment during the short interval of time it takes for liquid to traverse the centrifugation
path. After trying everything we could imagine and after investing money in a variety of
expensive filter devices (G. Swiatek and M. Browning, personal communication), we
suspended this project for several years. Then we happened upon an ion exchange method
normally applied to water purification. We found a company called ResinTech that
provides, at very low cost, a high capacity polystyrene-based anion exchanger. The beads
are large (1 mm) and dense, so, after stirring, they quickly settle to the bottom of a large
container. Binding kinetics, however, are slow, because of the large size of the beads and
relatively small pore size (access to the interior is slow and limited to proteins of MW 50
kdal or lower. So, notwithstanding the slow kinetics of binding and elution, these beads are
useful for batch ion exchange applications—in our case, to trap the highly anionic soybean
peroxidase (C. Holman, manuscript in progress, Ward, 2012). A provisional patent for our
unique SBP purification method has been filed with Rutgers University. The fine particles of
soybean hull extract (much too fine to settle on their own) are, however, too large to enter
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the ResinTech pores. So the bound SBP can be separated from these fine particles. But, much
to our surprise, we found that the fine particles, as soon as stirring ceases, immediately
aggregate into a dense gelatinous mass that settles above the beads. By aspiration, this
gelatinous mass is easily separated from the beads that now containing nearly all of the SBP.

Volume Reduction

In a typical academic or start-up corporate laboratory, the starting sample of crude protein
might range in volume from a few milliliters to tens or hundreds of liters. In commercial
operations, liquid volumes may reach thousands or hundreds of thousands of liters. Here, I
focus on moderately large volumes that require much more effort than smaller volumes. The
volume of starting sample dictates, in a sense, the methods that are appropriate for early
stages of purification. Large aqueous volumes require an early stage trapping step —a step
that eliminates large quantities of water while binding (or otherwise retaining) the protein-
of-interest. The focus is not on separating a variety of macromolecules from each other. The
focus is to reduce aqueous volume to a more reasonable level. Higher resolution methods
can come later. Generic trapping can be accomplished by tangential flow ultrafiltration
(Scopes, 1994), so long as the feed stock is not so viscous as to plug the membrane pores
with large particles, colloidal materials, or slimy DNA or polysaccharides. Such membrane
fouling will slow down (even halt, altogether) the trans-membrane penetration of water,
salts, and small molecules.

Alternative methods include ion exchange or hydrophobic interaction. If ion exchange is
chosen, the adsorbent should have relatively large particle size (several hundred
micrometers to 1 millimeter in diameter). Large size ion exchange beads or fibers are
preferable when trapping proteins from large volumes of dirty samples. It is advisable to
save, for later, the higher resolution ion exchange materials, (such as positively charged
DEAE Sepharose Fast Flow or negatively charged CM Sepharose Fast Flow—GE
Healthcare). It is only after viscosity and the presence of particulates have been greatly
reduced that high resolution ion exchangers can be expected to deliver superior flow with
relatively little fouling. Crude starting materials are best processed in batch mode rather
than by axial flow chromatography. Radial flow columns offer much greater surface area,
but even these columns can clog if the feedstock has high viscosity (from DNA,
polysaccharides, or lipid micelles). Turbid samples containing small particles or colloidal
suspensions can be as troublesome as samples with high viscosity. Frequent stirring in batch
mode overcomes this problem by allowing the POI to bind to the matrix, without the
problems of column fouling. However, highly acidic DNA and sulfonated or carboxylated
polysaccharides will also bind to anion exchange materials, such as DEAE. While batch
adsorption to DEAE can work well, the viscosity problems may return if the POI and the
highly acidic biopolymers come off the anion exchanger together. But, DNA and acidic
polysaccharides generally bind to DEAE, or other anion exchangers, much more tightly than
the POL When this is the case, the desired protein will elute from the anion exchanger at
much lower concentrations of aqueous salt solutions than the highly acidic biopolymers.
DNA and anionic polysaccharides will remain bound to the anion exchange material, while
the protein-of-interest elutes with greatly reduced viscosity.

Hydrophobic protein-binding materials, like Phenyl Sepharose (GE Healthcare), are
excellent trapping agents for most proteins. This method is called hydrophobic interaction
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(HIC). Just a few exposed hydrophobic amino acid R-groups are needed for binding to the
phenyl group. The amino acids having R-groups that are strongly attracted to an HIC matrix
include: phenylalanine, tyrosine, tryptophan, methionine, leucine, isolucine, valine, proline,
and lysine. It may be surprising that lysine is included as a very hydrophobic amino acid
because lysine carries a positive charge at all pH values below 10. Hydrophobic interaction
is not favored when charged residues are present. There is an exception when oppositely
charged groups, within hydrophobic patches, are close enough to each other to bond
electrostatically. Under these conditions, the electrostatic bond is exceedingly strong.
Independent of electrostatic bonds, in which lysine could participate, the R-group of lysine
is frequently exposed to the exterior (lysine has the greatest exposure of all amino acids, as
its long string of methylene groups extends far into the aqueous medium). Hydrophobic
interaction is not with the epsilon amine of lysine at the end of this string, but with the four
methylene groups, themselves, to which the amine is attached. HIC and IEX media are
available as very soft beads made of cross-linked dextran polymers or polyacylamide, or
they come in a more rigid form that is agarose-based. An agarose-based HIC medium, such
as Phenyl Sepharose, is more pressure-tolerant and more robust than the older style, softer
beads. Additionally, the agarose pores are larger, allowing very large proteins to enter the
internal spaces. Despite the fact that some nucleic acids and some anionic polysaccharides
could enter agarose beads, this does not happen with HIC media. In the case with ion
exchange trapping chemistry, DNA and other acidic biopolymers may compete with, or
displace, an anionic protein-of-interest. But, highly charged nucleic acids, as well as acidic
and neutral polysaccharides, are not sufficiently hydrophobic to bind tightly to Phenyl
Sepharose and related HIC materials. So, they easily separate from a protein-of-interest
having a few exposed, hydrophobic amino acid side chains. On the downside, HIC, as a
trapping step, can become very expensive if the volume of crude extract is large. HIC gels
are expensive. There is an additional economic downside to HIC when large volumes must
be processed. Highly purified ammonium sulfate is fairly expensive and the cost of disposal
may be even higher. Many kilograms of ammonium sulfate may be required to trap proteins
by HIC, especially if the protein of interest is fairly hydrophilic (highly water soluble).
Proteins that are quite hydrophilic may require a very large amount ammonium sulfate to
induce binding to the HIC resins.

For a protein that is very stable at its isoelectric point (pl), isoelectric precipitation can
provide an excellent, inexpensive trapping step (Scopes, 1994). Almost always this method
requires a very low salt concentration, as electrostatically-driven protein-protein interaction
is the mechanism that promotes precipitation. The flocculated protein may settle to the
bottom of the container. If not, it may be pelleted in a centrifuge or collected by simple
filtration on beds Celite. Resolubilization is accomplished by raising or lowering the pH or
by adding salt. For proteins that remain soluble at their pl values, addition of a water-
soluble organic solvent (generally a small aliphatic alcohol) may be used to promote
isoelectric precipitation. Addition of a somewhat non-polar solvent lowers the dielectric
constant of water, promoting charge-charge interactions among protein molecules. If this
does not work, lowering the pH below the protein pl with simple addition of acetic acid,
phosphoric acid, or HCl may cause precipitation. Occasionally, one finds that diatomaceous
earth, alone, will bind certain proteins quite selectively. Because Celite is so inexpensive
(available in 50 1b bags at pool supply stores), it makes sense to try Celite as a trapping
agent.
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With native Aequorea GFP, we never encountered a huge volume reduction problem because
the dissection step and the trapping of whole photocytes on Celite greatly reduced the
volume. But, soybean peroxidase is a different matter. See the section: “Viscosity Reduction
and Particle Removal.” We found that one volume of soybean hull powder requires 5
volumes of water for efficient extraction. For 2000 Ibs. of hulls, the amount of water required
for extraction has been determined to be 16,000 liters (G. Swiatek, personal communication).
Even if scaled down to 20 lbs. of hulls per batch, 160 liters of water would be required.
Volume reduction is accomplished very effectively by trapping the SBP on ResinTech anion
exchange beads. When we compared binding capacity of ResinTech beads with that of
DEAE Sepharose Fast Flow, both exchangers bound the same amount of pure GFP (38 mg of
protein per milliliter of swollen gel). Binding capacity of ResinTech beads with larger
proteins, such as rabbit IgG, is considerably lower, as the ResinTech pores are much smaller
than those of DEAE Sepharose.

Chromatographic Methods

On Table 1 and Table 2 are shown the categories of basic information generally needed to
facilitate early stages of protein purification. The properties of a POI that should be known
are listed here in no particular order of importance. In fact, almost never is the order of
information discovery the same for any two proteins. In the course of developing a start-to-
finish protocol for any given protein, unexpected information is uncovered along the way.
Long after developing a working protocol, one may discover, for example, that the POI is
glycosylated. Following this discovery, one might want to experiment with affinity
chromatography using an immobilized lectin or may wish to try a boronate column that
binds vicinal hydroxyl groups on sugar residues (Scopes, 1994). The message is that no
purification protocol is ever final. There are always alternate ways that could improve or
streamline an earlier protocol. This is one of many places that the artistry of protein
purification comes into play.

Ion Exchange Chromatography (IEX)

Once viscosity has been largely eliminated and once the crude protein sample is particle
free, it may be time to use ion exchange chromatography (IEX)—the most frequently
employed chromatographic method for proteins. Early, small-scale testing with a relatively
salt-free sample is advised. There are simple, syringe-operated ion exchange columns
available from Pall Corporation or GE Healthcare —both anion exchange columns and cation
exchange columns. These columns can be used to determine (within one-half of a pH unit)
the isoelectric point of the protein. This is accomplished by equilibrating the two columns
with low ionic strength buffers of varying pH values. The most common cation exchange
functional group is carboxymethyl, abbreviated CM. CM is essentially immobilized acetic
acid and, like acetic acid, CM takes on a negative charge at pH values of 4 and above. CM is
designated a weak cation exchanger as it has little binding capacity below pH 4. Sulfonated
or phosphorylated exchangers are called strong cation exchangers because they can be used
at pH 2. For the POI to bind to CM, the protein must be positively charged (below its
isoelectric point). CM is not satisfactory for GFP purification as GFP is unstable below its pl
of 5.3. When GFP takes on a positive charge (below pH 5.3) the protein slowly denatures,
losing its fluorescence. So, it is not possible to use CM with GFP in any slow process like
column chromatography. But, if GFP exposure time is kept at a minimum, the pl of GFP can
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be estimated by its binding to CM at pH’s below 5.3. Diethylaminoethyl (DEAE) is the most
commonly used anion exchanger. The DEAE functional group is a tertiary amine,
protonated (and positively charged) at pH values below 10. DEAE is designated a weak
anion exchanger as it cannot be used effectively above pH 10. But, a bead-bound
quarternary amine extends the range of anion exchange to pH 12. So any medium
designated Q (or QAE, for quarternary amino ethyl) is called a strong anion exchanger. All
four of these types of these media (weak and strong cation exchangers and weak and strong
anion exchangers) are available in small, syringe-operated columns. If one of these DEAE
columns is equilibrated at a variety of pH values (10, 9, 8, 7, 6, 5, and 4), GFP will bind from
pH 10 to pH 5.5, but not at pH 5, indicating that the pI of GFP is below 5.5.

Once the pl has been determined and the anion exchanger has been chosen, a preparative
column can now be poured. Most ion exchangers can bind 30 to 50 mg of protein per 1 ml of
swollen gel. One can estimate the total amount of protein in the sample by absorbance at 280
nm, ascribing one absorbance unit to one mg/ml of protein. But, high levels of DNA and
moderate turbidity (Fig. 2) will artificially elevate this absorbance number (sometimes
greatly). It is good practice to test, experimentally, the capacity of an ion exchange material
in a small trial. Using 1 ml of swollen gel, add crude extract in successive 100 microliter
volumes until the gel becomes saturated with protein. The saturation limit can be
determined by taking POI activity measurements after each incremental addition of extract.
For enzymatic measurement, remove just a few microliters of the supernatant after the gel
settles (so the aqueous volume remains about the same). When the activity appears in the
supernatant, you will have determined the saturation point in terms of mg of extract per ml
of gel. Now fill a chromatography column with at least 5-times as much gel as your
preliminary testing indicates you will need for total binding. Short, stout columns are
usually better than long thin ones. Resolution comes not from column dimensions, but from
the rate at which the eluting strength of the salt (usually sodium chloride) is raised in the
elution phase. Take note of the fact that an ion exchanger is an excellent buffer, so pH
equilibration of the gel requires many column volumes of dilute buffer solution.
Alternatively, a very high concentration of buffer may be used to titrate the column, first.
But, after titration, at least one column volume of the dilute (low ionic strength) buffer must
be passed through the column. It is also necessary to use a buffering salt that has the same
charge as the ion exchange gel. When using positively charged DEAE columns, positively
charged Tris(hydroxymethyl aminomethane) buffer in the chloride form (generally
abbreviated as Tris) is commonly used. For negatively charged CM, negatively charged
sodium phosphate buffers are recommended. The protein of interest should be equilibrated
in the same dilute buffer. For best resolution, a shallow, continuous gradient (50 column
volumes or greater) from 0.0 M NaCl to 0.5 M NaCl is recommended. To achieve near base
line resolution of 5 GFP isoforms (differing from each other by one or two amino acids), I
have eluted a 100 ml DEAE column with 80 column volumes (8 liters) of sodium chloride
solution from 0.05 to 0.25 M (Ward, 2009). In this case (and in all other cases) the salt
solutions need to be prepared in the same buffer used to equilibrate the column.

Hydrophobic Interaction Chromatography (HIC)

HIC media are available in several strengths. The hydrophobic ligands are usually
attached to the porous hydrophilic gels via a 3-carbon spacer based on epichlorohydrin
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chemistry (Scopes, 1994). From strongest binding to weakest binding ligands, the order is
Phenyl > Octyl > Butyl > Methyl. Strongly hydrophobic ligands are appropriate for
weakly hydrophobic proteins and weakly hydrophobic ligands for strongly hydrophobic
proteins. Early testing, calculation of gel volume, and choice of column dimensions are
carried out in a similar fashion as the protocols used for ion exchange. Hydrophobic
binding is favored by very high salt concentration (up to 3 molar ammonium sulfate, in
some cases). Elution is accomplished by lowering the salt concentration in increments
(step gradient) or by applying a continuous linear gradient of decreasing salt
concentration. Be aware that gradients of ammonium sulfate produce gradients of
refractive index, easily confused by a spectrophotometer as a higher UV absorbance value
or a lower UV absorbance value. If precise 280 nm absorbance measurements are desired
following gradient elution of proteins from an HIC column, it is necessary to have a
continuously changing blank that closely matches the salt concentrations of the samples.
An advantage to having HIC follow IEX is that one need not remove the NaCl in the
fractions eluted from the IEX column. NaCl neither favors nor inhibits hydrophobic
interaction nor does it interfere with spectroscopic measurements as much as ammonium
sulfate. If the two steps are reversed, ammonium sulfate must be removed entirely before
going on to IEX.

Affinity Chromatography

Some prefer to use affinity chromatography very early in a protein purification process—as
a “one-step purification method” (Scopes, 1994). I use quotation marks because, despite
frequent claims, affinity chromatography is seldom a one-step method. Often contaminants
remain in affinity-purified proteins. Commonly, those contaminants are large protein
aggregates that result from the almost inevitable leaching of “ bound” ligand. That released
ligand then forms a high molecular weight complex with the protein-of-interest. When we
purify ‘anti-GFP’ antibodies on an immobilized GFP affinity column we almost always
detect , by SEC-HPLC, a high molecular weight aggregate that is distinctly fluorescent,
suggesting that an antigen(GFP)-antibody complex has formed. Because most affinity
columns are quite expensive and could be plugged by crude starting samples, I prefer to use
affinity chromatography late in a protocol. The principle is easy. Take for example, that a
ligand, recognized by an enzyme, is covalently bound to the matrix (usually agarose). That
ligand may be a pseudo-substrate, a cofactor, an inhibitor, or an antibody. Binding is easy,
but elution may be difficult. It is preferable to use, as the eluting solvent, a solution
containing a competing ligand (the pseudo-substrate, cofactor, inhibitor, or antibody). But,
sometimes the competing ligand is very expensive, unavailable, or irreversibly bound to the
enzyme. In such cases, other eluting solvents must be used. Dilute solutions of ethylene
glycol in buffer are sometimes used. So are buffers of low pH, a variety of salts, metal
chelators, etc. Many other forms of affinity chromatography exist. We purify anti-GFP
antibodies on a column to which GFP is covalently immobilized. We normally elute with a
concentrated pH 3.0 solution of sodium citrate. The pH 3 buffer temporarily denatures both
the antibody and the GFP. Both column-bound GFP and the eluted antibody are rapidly
renatured with a strong pH 8 buffer. Based upon analytical techniques (including size
exclusion (SEC), HPLC, SDS gel electrophoresis, UV absorption spectroscopy and western
blotting) purity of GFP-specific antibody can approach 99% (see Fig 5. a, b, ¢, d, and e).



The Art of Protein Purification 15

However, if purity greater than 99% is desired, affinity chromatography requires a follow-
up step. Most commonly we use preparative gel filtration to remove protein aggregates that
may form when a small quantity of bound ligand leaches from the column.

For recombinant proteins, the favorite affinity column is an immobilized (chelated) metal
ion column (abbreviated IMAC for immobilized metal ion affinity chromatography)
(Scopes, 1994). In IMAC columns, nickel ions or cobalt ions are bound to the column in a
chelation complex. The column-bound chelator is usually nitrilotriacetic acid. The metal ion,
chelated to the IMAC column, can be co-chelated, non-specifically, by the R-groups of
histidine, cysteine, and tryptophan. Binding may occur if one or more of these amino acids
are exposed on the surface of the protein-of-interest (or any protein contaminant in the
mixture). Almost universally, recombinant proteins that are subjected to generic affinity
chromatography are processed by IMAC. But to achieve specificity (and tight binding), the
recombinant proteins are genetically modified by the addition of a string of 6 histidine
residues, sometimes on the C-terminus, sometimes on the N-terminus, and sometimes
within exposed loop regions. The string of 6 histidines (the HIS-tag) is a strong co-chelator
and the tag is sufficiently exposed that the His-tag almost always out-competes any
naturally occurring co-chelators found in high abundance on the surface of a protein
contaminant. The method is carried out at pH of 8 or higher and it must be performed in the
absence of other metal chelators such as EDTA, citrate, oxalate, ammonium ion, etc.
Concentrated solutions of imidazole are usually used for elution.

In my experience, all affinity chromatography columns, each time they are used, leach a bit
of their covalently bound ligand, often as high molecular weight complexes with the POL
That ligand winds up in the fractions that have eluted from the column. So, in every case in
which IMAC is used, it is wise to follow this step with a gel filtration run.

Gel Filtration Chromatography

Low pressure gel filtration is the easiest chromatographic method in principle, but it is the
hardest method to administer properly. Because gel filtration seems so straight forward,
liberties are sometimes taken in utilizing the method. For best results, attention to detail is
essential. Gel filtration (or size exclusion as the method is called in HPLC) separates
macromolecules by size. Size exclusion chromatography (SEC) is generally used as an
analytical HPLC method while gel filtration is used primarily in preparative protein
separations. Size exclusion HPLC utilizes small, rigid, uniform, spherical beads of 5
micrometer or 10 micrometer diameter. Small, porous, silica beads used in SEC provide
higher resolution than low pressure gel filtration. But, the price per ml of HPLC column
packing material is much higher than that of any soft gel used in low pressure applications.
For further discussion of HPLC, refer to the HPLC section later in this chapter.

Low pressure gels are comprised of small (20 to 300 micrometers) porous beads which,
unlike Fast Flow adsorption beads, have blind cul-de-sacs that provide differential flow
paths through the column. The largest molecules are unable to enter any pores, so they must
travel around the beads. This means that large molecules exit first while smaller molecules
spend some time inside the beads, so they exit later. The volume in which the very large
molecules exit (DNA, proteoglycans, ribosomes, lipid micelles, and protein complexes) is
called the void volume. The void volume, usually 25% of the total column volume, is often
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measured by the elution position of Blue Dextran (GE Healthcare), a covalently-dyed sugar
polymer having a molecular weight of 2 million Daltons. So, if the column volume (u 2 h) is
200 cubic centimeters (200 ml), the center of the Blue Dextran-calibrated void volume peak
will appear close to the 50 ml mark. The next 25% of the column volume (the second 50 ml
in this example) is the resolving zone, accessible to moderate size proteins. The final 50% of
the column volume (100 ml) is the zone in which peptides, very small proteins,
oligonucleotides, other small molecules and salt ions will elute. The total liquid volume in
the column (salt volume) is accepted as being either the total volume of the column, as
calculated from 1 12 h, or it is the volume measured by adding a measurable salt to the
applied sample. The salt can be sodium chloride, detectable by conductivity, or sodium
nitrite, detected by its fairly strong absorbance at 280 nm.

Gel filtration is, intrinsically, a low resolution separation method for proteins, yet it is
frequently used in protein purification. Gel filtration is gentle to the sample and it is the best
preparative method for fractionating native proteins by size and shape. Passage though the
partially accessible pores in the beads will generate broad elution bands, each band lying
within just 25 percent of the total column volume, thus the intrinsically low resolution of the
method. Generally, the highest resolving columns, containing very small beads of soft gel
materials, like Sephadex G-100 Superfine (GE Healthcare) or BioGel P-100 minus 400 mesh
(BioRad Laboratories), operate under low gravitational force fields (50 cm pressure head, or
smaller). Beads used for relatively large proteins must have low degrees of cross-linking,
making the gels soft and highly compressible. For the most compressible beads (G-200
Sephadex, for example), pressure heads may need to be as small as 15 cm. In general, gel
filtration columns are able to give baseline resolution for no more than 4 proteins, each
differing in molecular weight by a factor of 2. So, under the best of conditions, a mixture of
globular proteins of MW 200,000, 100,000, 50,000, and 25,000 Daltons can be baseline
resolved.

Listed in Table 3 is a set of “best conditions,” — those that give maximum resolution by gel
filtration.

1 |Sample volume divided by column volume must be in the range of 1-2 %.

2 |Sample must be applied very carefully to avoid channeling.

3 | Beads must be very small (20-50 micron size range).

4 |Flow rate must be very low (<2 ml/cm2 per hour), a rate which requires >47 hours for
121 cm X 1 cm columns.

5 | The biological sample applied to the column must be low in viscosity.

6 | At least 100 fractions should be collected, preferably in the protein resolving zone.

7 | The pressure must be low, so as not to collapse the beads.

Table 3. Best conditions for maximum resolution in gel filtration

Physical Set-ups in Column Chromatography

Those new to column chromatography often ask, “What size column should I use and what
are the most appropriate dimensions of length and width”? Clearly there is no one correct
answer. But there are some appropriate generalities that can help with column selection in
adsorption chromatography. Adsorption chromatography includes ion exchange,
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hydrophobic interaction, affinity chromatography, and all other forms of chromatography in
which the analyte binds to the stationary phase (all methods other than gel filtration and
SEC). Protein resolution in adsorption chromatography depends upon the rate of change of
the eluting solvent, not upon the length or width of the column. Better resolution results
from gradual change in the strength of eluting solvent. The limit of “slow rate of change” is
no change at all. In chromatography, we call “no change at all” isocratic elution. Isocratic
elution, at the right solvent concentration, generates, the highest possible resolution, but
peak spreading will be greater in isocratic elution than in gradient elution. In general, the
amount of adsorbent in a column should have the capacity to bind three-to-five-times the
amount of protein being loaded. The length and width of the column are not critical. It is not
unreasonable to use a short, stout column for adsorption chromatography —a column with
length 2- to 3-times the column diameter, for example. Such columns allow very high flow
rates, so a large volume of eluent can be used in a fairly short period of time. But, one
should not greatly extend column width at the expense of length (eg. dimensions of a cake
pan are problematic). A wide diameter column, where the eluent exits through a port at the
center of the cylinder, provides early elution of protein that happen to migrate down the
center of the column. Protein (of the same type) that migrates near the circumference of the
column will exit significantly later. This differential elution (side vs center of the cylinder)
produces smearing of a band that might otherwise be sharper (if the column had more
“normal” dimensions). An exceedingly long and thin column is not desirable either. Flow
rates will be very slow, especially if the gel is soft. If, in an attempt to speed up flow,
pressure is increased, the gel may compress and flow will slow down. In extreme cases, flow
may stop altogether. Even if the adsorbent is rigid and non-compressible (as in size
exclusion HPLC) a column with a small cross-sectional area may over-pressure if particles
collect on the surface. It is common to use long, narrow columns for gel filtration, but here
as well, columns need not have such extreme dimensions. The problem of particles
collecting on the surface of the column may still occur. But even if the sample is particle free,
flow rate may be much slower than desired. A 50 cm column, with a diameter of 2.5 cm, can
give excellent resolution in gel filtration as well as in adsorption chromatography. But, to
achieve maximum resolution in gel filtration (in columns of such dimensions), the
conditions listed in Table 3 must still be observed.

HPLC

The term HPLC stands for high performance liquid chromatography. Those with limited
budgets prefer to substitute the word, “price,” for “performance.” Some use the word,
“pressure.” But, pressure is not what distinguishes HPLC from other forms of column
chromatography. The fundamental difference between HPLC and columns containing
relatively soft gels (Sephadex, BioGel, agarose, cellulose, etc.), is that the beads in HPLC
columns are considerably smaller. HPLC beads are usually 5 micrometers in diameter.
Columns with such small beads will not flow by gravitational pressure, nor will they flow
with the pressure generated by a peristaltic pump. So, as a consequence of small beads,
mechanical pumps capable of pressures as high as 7000 psi are needed. But, in practice,
pressures greater than 2000 psi are seldom used. Even pressures of 2000 psi require very
strong columns, usually of stainless steel. Tubing down-stream from the pump must also
tolerate very high pressures. Very rigid gels are required or the beads will collapse under
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the high pressures generated in HPLC. The most common of the rigid HPLC beads are
made of porous silica.

More than 90% of HPLC columns in use are reverse phase columns (RPC). Reverse phase
media is made of porous silica, but is functionally similar to low pressure hydrophobic
interaction media made from soft gels. The greatest difference between RPC and HIC (other
than tolerance for high pressure) is that reverse phase beads are much more hydrophobic
than HIC beads. RPC beads have long aliphatic chains or aromatic groups bonded to the
silicon dioxide media. The relative hydrophobicity of RPC columns is related to both carbon
chain length and the carbon load. Carbon load (that can reach 20%) reflects the density of
hydrocarbon substitution on the silica beads. The reported percentage is the ratio of the
weight of bound hydrocarbon to the weight of silica. So, not only are the bonded phase
hydrocarbons more hydrophobic than the ligands in HIC, but the density of hydrophobic
ligands is also greater in RPC. The name “reverse phase” comes from the fact that the
polarity of the mobile phase (the solvent) and that of the stationary phase (the beads) have
been reversed. The original silica-based columns used unmodified silica that is polar and
highly charged. So, this “normal phase” chromatographic method used a polar stationary
phase and a non-polar mobile phase. RPC reverses the phases.

Typically, samples are introduced into an HPLC column through an injection valve that
maintains atmospheric pressure on the outside and high pressure down-stream. So, a
standard syringe can be used to load a sample while solvent continues flowing at very high
pressure. RPC is more appropriate for small polar molecules (amino acids, peptides,
oligonucleodes and polar lipids) than for native proteins. Most proteins bind too strongly
and may bind irreversibly or become denatured.

Batch Methods for Protein Purification

Occasionally one finds a batch method that works as well in purifying a particular protein
as a variety of chromatographic methods. Batch methods are particularly useful in early
stages when a sample is highly viscous or full of fine colloidal material. Such batch methods
include ammonium sulfate precipitation, precipitation from other salt solutions, from
aqueous solutions at low pH, or from organic solvents (usually acetone, ethanol, ethylene
glycol, or polyethylene glycol). In some cases, recrystallization from salt solutions is
possible. Even if crystals do not form, differential precipitation can be an effective
purification method. A particularly effective batch method is isoelectric precipitation in
which the pH of a dilute aqueous buffer is adjusted to the isoelectric point (pl) of the POL
The protein-of-interest, or contaminants in the POI mixture, can be adsorbed to Celite,
alumina gels, calcium phosphate gels (hydroxyapatite), and other media. If antibodies are
available, the protein of interest can be selectively bound to those antibodies. If aggregates
form upon such treatments, the aggregate can be collected by centrifugation and then
dissociated into free antibody and free POI by a variety of methods including application of
low pH bulffers.

A-Free IgG

Recently, I have been exploring, with repeated rounds of ammonium sulfate precipitation,
the purification of rabbit-derived antibodies, goat anti-rabbit IgG, and chicken IgY. Because
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this process does not utilize Protein-A, I call the method “A-Free.” For rabbit-derived
antibodies, the “A-free IgG” procedure works at least as well as chromatography on
columns of Protein-A. Goat-derived antibodies, that are not as amenable to purification on
Protein-A columns, and chicken-derived IgY, that cannot be purified on Protein-A at all,
respond equally well to the “A-Free” method. Although very commonly used in purifying
therapeutic monoclonal antibodies, Protein-A is quite expensive. Despite its being
covalently bound to the affinity column matrix, Protein-A is able to leach from the column
matrix during the elution phase. Traces of Protein-A in therapeutic monoclonals could
present a health hazard, as Protein-A may bind to other essential antibodies in the patient.
We have not found formal regulations limiting the use of Protein-A in purifying therapeutic
monoclonals, but manufacturers might prefer a safer, more cost-effective method. We have a
satisfactory replacement for Protein-A in the method we call “ A-Free IgG.” This method has
been submitted, through Rutgers University, as a provisional patent application.

As often occurs in experimental science, the “A-Free IgG” method of antibody purification
arose from an accident. I am primarily a bench scientist. But, with all the other things I must
do, I get too little bench time to satisfy my urges to discover and create. As a consequence,
when I have a bit of research time, I tend to rush through projects, sometime binging well
into the night. Often this means cutting corners to save time. Such was the case with
developing the “A-Free IgG” method —an accident created by my hasty experimentation.

In the course of purifying IgG from rabbit serum by a traditional single round of ammonium
sulfate fractionation, I made a mistake that was picked up by size exclusion HPLC. The SEC
profile showed more contaminants than I had seen previously. So, to remove those
additional contaminants, I repeated the entire process. To my surprise, the second round of
ammonium sulfate precipitation produced a cleaner IgG sample than I had previously seen
with just one round of precipitation. But the redissolved pellet was still slightly pink (not all
the transferrin was removed), and the HPLC profile still showed a tiny shoulder of albumin.
So, I did the same precipitation process a third time. This time, the HPLC profile showed
99% pure IgG—virtually no high molecular weight contaminant and no indication of any
albumin (Fig. 5 a, b, ¢, and d). The SDS gel profile showed strongly stained heavy chain and
more weakly stained light chain (normal for IgG) and a very weakly staining contaminant or
two (Fig. 5 e). These side-by-side experiments show that the “A-Free IgG” method actually
out-performs Protein-A affinity chromatography. The time involvement is similar and the
price is much lower. On occasion we perform a 4th ammonium sulfate precipitation,
obtaining a sample marginally cleaner than that resulting from three rounds of
precipitation.

The method works equally well with goat anti-rabbit IgG, an antibody less amenable to
Protein-A purification. We have a large supply of chicken egg yolk containing anti-GFP
antibodies (IgY) for which Protein-A is totally ineffective. The A-Free method is suitable
with IgY so long as the large amount of lipid has been removed by a freeze-thaw method.

Three-Phase Partitioning (TPP)

The most exciting method we have used for protein purification is three-phase partitioning
(TPP). TPP was developed in the 1990’s (Dennison and Louvrien, 1997) and rediscovered in
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Fig. 5. (a) HPLC profile of rabbit IgG purified by standard Protein-A chromatography. (b)
Expanded view of Fig. 5 (a) showing small contaminants. (¢) HPLC profile of rabbit IgG
purified by Brighter Ideas Inc’s new proprietary method, “A-Free IgG”. (d) Expanded view
of Fig. 5 (c) showing no visible contaminants. (e) SDS- PAGE gel showing heavy chain and
light chain bands of rabbit IgG prepared by “A-Free IgG”. Right hand lane shows molecular
weight markers in kDa.

our Rutgers University lab in 1998. We happened upon this method by accident in 1998 —
not by reading the paper, but by experiencing the method ourselves. The process is so
elegant that we can purify recombinant or native jellyfish GFP to 80% purity in less than half
a day. In the early years of our research, we purified GFP from jellyfish extracts by
traditional methods, spending 6 months to reach 80% purity. TPP provides about a 3000-

fold savings in time and significant savings in equipment use and materials expenses. What
is the magic?

Our adaptation of the TPP method for purifying recombinant GFP begins with whole,
unlysed E. coli cells transformed with the gene for GFP. Three-phase partitioning works very
well with GFP-containing cell extracts, but it works even better if the process begins with
unlysed cells. Entire companies are built around releasing recombinant proteins from whole
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E. coli cells (Glens Mills, for example). Huge French presses, sonication baths, day-long,
repeated freeze-thaw cycles, treatment with lysozyme, or use of a bead mill are some of the
standard methods for rupturing E. coli cells (Scopes, 1994). Fig. 6 shows an SDS gel
electrophoretic profile for a sample prepared by TPP as compared to identical samples
extracted by three other standard methods. TPP accomplishes the release of recombinant
proteins in seconds, using the simplest of standard equipment. Described below are three
stages in the process:
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Three-Phase
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Fig. 6. SDS- PAGE gel showing the released E.coli proteins resulting from routine lysis
methods compared with the non-lysis Three-Phase Partitioning method as applied to the
same amount of starting material.

Stage 1. To release GFP and to perform the first stage of TPP purification, we treat whole E.
coli cells with 1.6 M ammonium sulfate with shaking. Then we add one volume of tertiary
butanol. If we do this in a 50 ml Falcon tube, we pour a suspension of the cells (in 25 ml of
1.6 M ammonium sulfate, pH 8.0) into the tube and then we add 25 ml of t-butanol. After
about 1 minute of vigorous shaking, the Falcon tube is centrifuged in a moderate speed
(3000 rpm) table-top centrifuge for 15 minutes at room temperature. Although t-butanol is
completely miscible with water, it is quite insoluble in aqueous solutions having high
concentrations of salt, especially ammonium sulfate solutions. Three phases separate during
centrifugation (Fig. 7) (or, for large scale operations, by settling in a tank by gravity alone).
The upper phase contains t-butanol which expands to 30 ml, having taken up 5 ml of water.
Release of 5 ml of water from the lower aqueous phase raises the ammonium sulfate
concentration from 1.6 M to 2.0 M.
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Fig. 7. Tube showing Stage- I of Three-Phase Partitioning. Three phases are formed after
centrifugation. Layer A contains t- butanol, B is a thick “pancake” layer of precipitated
material and C is aqueous ammonium sulfate solution containing GFP.

Meanwhile, membrane phospholipids, triacylglycerols, pigments, dyes, cholesterol and
other steroids, fats, oils, and miscellaneous lipids become dissolved in the upper layer.
Exposure of a complex macromolecular mixture to both t-butanol and the now higher salt
concentration causes massive precipitation. The precipitate settles below the organic layer as
a thick “pancake” of congealed protein, nucleic acids, cell walls, and other unwanted
materials (Fig. 8). While the t-butanol, under the influence of high salt, has dissolved the cell
membrane, it has not affected the cell wall. Normally, with membrane dissolved, nearly
every macromolecule in the cell can escape to the outside through the cell wall. But,
“stressed” by the high concentration of ammonium sulfate, t-butanol binds to anything that
is even slightly hydrophobic, causing massive precipitation of most of the proteins, and
virtually all chromosomal DNA. These aggregates are too large to exit through the cell wall
pores, so they remain entombed inside the cell, behind the cell wall barrier. The binding of t-
butanol to these macromolecules (Whether they have remained within the cell or escaped to
the outside) lowers the density of the precipitated macromolecules to such a point that the
still intact cells, with their entombed macromolecules, easily float above the ammonium
sulfate solution below. The whole cell mass forms a thick rubbery mat that floats above the
salt solution (Fig. 8). As centrifugation simply speeds up the formation of three layers, the
process can be scaled up to almost any volume by simple gravitational settling in a large
tank. There is no limit to the scale-up potential. After loss of 20 % of the water to the
overlying alcohol layer, GFP is still soluble in the aqueous ammonium sulfate (now at a
concentration of 2.0 M. Because GFP remains soluble, it escapes easily through the pores in
the cell wall and enters the aqueous layer.
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Fig. 8. Recovered “plugs” of precipitated material from Stage I of Three-Phase Partitioning.

Stage II. The alcohol layer is removed by aspiration and the floating disk of precipitated cells
and macromolecules is also removed (almost as easily as flipping a pancake with a spatula).
To the 20 ml of aqueous solution remaining in the tube, we add 30 ml of fresh t-butanol,
(with vigorous shaking once again). Fresh t-butanol causes further dehydration of the lower
liquid phase, creating a saltier aqueous solution. The saltier solution now favors
precipitation of the GFP, already coated with many molecules of t-butanol. So, like the
aggregated molecules in stage one, the now precipitated GFP (with its bound cage of t-
butanol) moves into the organic-aqueous interface as a fine disk, compressed by centrifugal
force between the alcohol layer and the aqueous ammonium sulfate layer. Both liquid layers
are then carefully removed.

Stage III. The GFP disk, remaining after the liquid phases have been removed, is taken up in
a series of very small volumes of 25% saturated ammonium sulfate which, when added to
the very salty GFP disk, raises the ammonium sulfate concentration to 1.6 M.. One at a time,
these suspensions of GFP are serially transferred into one or more microfuge tubes. Serial
transfer allows virtually 100% of the GFP to be transferred in a minimum volume. Volume is
kept at a minimum because GFP is incredibly soluble, even in 1.6 M ammonium sulfate.
When GFP has just barely gone into solution, the tube(s) is spun in a microcentrifuge. Those
remaining contaminants, having lower solubility than GFP, now collect as a pellet at the
bottom of the tube(s). There is usually a tiny floating disk of contaminant and a small
volume of overlying alcohol. In a sense, Stage I of TPP has been repeated in Stage III. The
final GFP product of TPP is pipetted from the microfuge(s) as a bright, crystal-clear green
liquid. On average, the GFP has been purified from its original milieu by a factor of 100-fold
and concentrated by a factor of 50. The amazing effectiveness of TPP is also shown in the
before and after absorption spectra seen in Fig. 9.
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Fig. 9. Spectrum of GFP-containing crude cell extract (a) before and (b) after Three-Phase
Partitioning, now 60% pure. Final purity has reached 60%.

A Rutgers University patent was issued in 2008 for a protein mini-prep kit (based upon our
work with TPP). The patent calls for a mixture of two organic solvents (a mixture of t-butanol
and isopropanol). Included in the patent description is the use of a microbiological dye,
previously added to a very concentrated ammonium sulfate stock solution. The purpose of the
dye is to facilitate detection of the solvent interface, as all of the dye leaves the aqueous layer
and travels into the alcohol layer. We have explored sixteen water-soluble microbiological
dyes, each of which partitions effectively into the organic phase. The boundary between the
colored organic layer and the colorless aqueous layer provides a visible means for separation
of the two layers. Visualization of this boundary is especially useful when tiny quantities of
protein are being prepared. Surprisingly, TPP works almost equally well when small
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concentrations of protein are processed. Such very dilute protein solutions of protein are
almost never amenable to ordinary ammonium sulfate precipitation. What’s more, TPP works,
not only on crude extracts and whole E. coli cells, but it works well as a polishing step. Even
90% pure protein can be taken to near homogeneity by a second round of TPP.

Other proteins may be purified by TPP, but often the initial ammonium sulfate
concentration must be adjusted on a protein-by-protein basis so as to maximize both
recovery and purity of the protein-of-interest. The salt concentration over which TPP is
effective ranges from about 0.6 M to 2.6 M ammonium sulfate. Below 0.6 M, the two solvents
are miscible. Above 2.6 M, the salt begins to precipitate.

Criteria for Protein Purity

Demonstrating purity of a given protein is not an easy task. But, without achieving protein
homogeneity, serious errors and experimental artifacts may arise. Even a 1% contaminant
may contribute to erroneous observations. A minor contaminant (protein or otherwise)
could significantly raise or lower an enzyme’s apparent activity level. If an impure protein-
of-interest is used to generate antibodies, a very immunogenic contaminant could induce
more antibody than the POL Some biochemists and some journals will accept, as the sole
criterion of purity, a photograph or a densitometry trace of a Coomassie-stained SDS
polyacrylamide gel that shows one stained band. But, I know of a case in which a “single
band” on an SDS gel, accepted by a prominent journal as proof of purity, turned out to be a
97% contaminant of the protein-of-interest. The actual POI represented only 1% of the total
“pure protein” (Karkanis and Cormier, 1971). Errors of this magnitude can be avoided by
using a variety of different criteria for evaluating protein purity.

1 | Constant specific activity across a broad portion of the peak in the final preparative
chromatography column.

2 | Single, symmetric band by size exclusion HPLC.

3 |Single band, in the correct MW region, on an SDS gel (or, for hetero-oligomers, the
appropriate number of bands in the correct positions.

4 | Unambiguous, single amino acid detected in N-terminal amino acid analysis. Inability
to detect an N-terminal amino acid may also be taken as evidence of purity —not a very
strong criterion as many other proteins have blocked N-terminal amino acids.

5 | Single band on a native polyacrylamide gradient gel (or appropriate number of bands
of correct MW for heterodimers, heterotetramers, etc).

6 |Single, sharp band by isoelectric focusing in an acrylamide gel or in a capillary
isoelectric focusing system (or the appropriate number of bands for hetero-oligomeric
proteins).

7 | Unambiguous N-terminal peptide sequence by Edman degradation.

Single band by Western blot, if antibodies are available.

9 |Single MW form by Maldi TOF (matrix assisted laser desorption time-of-flight mass
spectrometry).

oe}

Table 4. Criteria of purity
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Baker’s Yeast — An Introduction
to Protein Purification Strategies
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1. Introduction

The vast number of roles that proteins serve in cell structure and function is unrivaled by
any other type of compound found in nature and, in this sense, it can be argued that
proteins are the most functionally and structurally diverse class of all known substances.
Despite this vast diversity, each one of the hundreds to thousands of different proteins
expressed in a cell possesses the same general composition: they are all un-branched
polymers constructed from a common set of twenty amino acid building blocks. Because of
this remarkable similarity in composition, the task of selectively isolating a functionally
active protein from its biological source in the amounts required to study its function and
shape might appear at first consideration to be a hopeless, if not an impossible, separation to
achieve at the lab bench. However, by carefully taking advantage of variations in many
physical properties between different types of proteins (including their mass, length,
solubility, charge, and ability to selectively bind to specific ligands) the technology and art
of protein purification has evolved into both a routine and rewarding exercise.

The purpose of this chapter is to provide a broad overview of some common concerns and
corresponding strategies used to purify a protein from a natural source by way of a case
study entitled, “The Isolation of Invertase from Baker’s Yeast” which is a series of three-
hour laboratory exercises designed to introduce methods of protein purification to a large
group of undergraduate students. The reader should note that the specific, procedural
details of each part of this project can be found in a methods paper recently published in the
Journal of Chemical Education (Timerman et al., 2009) and, for the most part, will not be
repeated here. Instead, this chapter focuses on the rationale and development of the
sequence of steps used in this project as well as a brief description of each method used to
measure, extract, isolate and characterize the enzyme. Other chapters of this book will
provide more complete information and details regarding many of these and other selected
topics in protein purification.

2. Function and properties of invertase

Invertase is the common name of the enzyme that catalyzes the hydrolysis of table sugar (i.e.
sucrose) into a much sweeter, equimolar mixture of glucose and fructose called “invert”
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sugar (equation 1 and figure 1). Because invert sugar is a key ingredient in a number of
sweets and confectionary products, the bakery industry provides one of the most important
commercial applications of this enzyme reaction. For this reason, the enzyme has been
extensively characterized and commercial sources of pure invertase are readily available.
Invertase

Sucrose (aq) + HYO ——— Fructose (aq) + glucose (aq) (“invert” sugar) )
While aqueous solutions of either pure sucrose or glucose display weakly dextrorotatory
behavior, meaning they cause a slight right-handed rotation of plane polarized light,
solutions of pure fructose are strongly levorotatory and cause a much greater left-handed
rotation of the light. The enzyme reaction, therefore, catalyzes the inversion of the right-
handed rotation of polarized light observed through sucrose solutions to the left-handed
rotation observed for solutions of “invert” sugar, hence the enzyme’s common name of
“invertase”. For similar reasons, the common monosaccharides glucose and fructose are also
known as dextrose and levulose, respectively.

Because enzymes are systematically named and classified by the substrate and subclass of
reaction that they catalyze, the systematic name of invertase is “sucrose glycosidase”
implying that it is a member of the subclass of enzymes that hydrolyze glycosidic (or acetal)
linkages with a substrate specificity for sucrose. The yeast form of the enzyme has been
assigned the unique four digit enzyme classification code (EC) number of 3.2.1.26 and it is
also commonly called p-fructofuranosidase or sucrase. The intestinal enzyme lactose
glycosidase (or lactase, EC 3.2.1.108), which hydrolyzes milk sugar into an equimolar
mixture of galactose and glucose, is a related member of this enzyme subclass that may be
more familiar because a deficiency of this enzyme is associated with symptoms related to
lactose intolerance.

In yeast cells, invertase is classified as an extra-cellular, glycoprotein which is localized to
the thin volume of space that exists between the yeast’s plasma membrane and its outer cell
wall (this peripheral volume is often called the periplasmic space). The enzyme serves the
important biological function of cleaving sucrose on the outside of the cell into
monosaccharides that can be transported (and subsequently metabolized) in the cytoplasm.
That is, in the absence of invertase, yeast would have a difficult time utilizing table sugar as
an energy source. Kinetic studies indicate that this extracellular form of invertase has a pH
and temperature optima of about 4.8 and 40° C, respectively, and the Km for its substrate is
about 5 mM sucrose. The enzyme’s native mass of about 270 kiloDaltons is constructed from
two identical and heavily glycosylated subunits with a molecular weight of about 135
kiloDaltons (Neumann & Lampen, 1967). Because extracellular proteins are typically
conjugated with oligosaccharide chains (i.e. glycosides) by post-translational modification
before they are exported from eukaryotic cells, it is not surprising that the periplasmic form
of yeast invertase is indeed a glycoprotein. However, invertase is unusual in that the
numerous oligosaccharide chains attached to the two identical subunits account for nearly
50% of enzyme’s native mass (Lampen, 1971).

These cellular and structural features of yeast invertase offer several advantages in this
purification project: (i) first, the enzyme can be gently and selectively extracted from yeast
cells by using conditions that disrupt the cell wall while leaving the plasma membrane
intact; (ii) the high oligosaccharide content increases the stability of the extracted enzyme
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(either by preventing protein aggregation or reducing its susceptibility to attack by
proteases and other undesirable reactions) (Schulke & Schmid, 1988); and (iii) variations in
the sugar content of each subunit causes them to migrate as a smeared band that is easy to
detect during SDS-PAGE analysis (Moreno et al., 1980). On the other hand, this unusually
high sugar content also reduces the ability of the protein to bind to Coomassie brilliant blue,
the key component of the Bradford dye-binding protein assay. For this reason, solutions of
pure commercial invertase prepared by dissolving a weighed mass of the solid enzyme to a
final concentration of 1 mg per mL are observed to have a relative or equivalent
concentration of only 0.10 mg per mL when compared to bovine serum albumin as the
standard, reference protein in the Bradford assay.

3. Measurement of invertase activity

In order to selectively purify a specific protein from a mixture containing many other
different proteins, it is essential to be able to selectively identify and measure the amount of
the target protein without interference from others in the sample. For this reason, the first
and perhaps most crucial step of any protein purification project is the detection assay used
to monitor and compare the amount of a specific target protein contained in different
mixtures.

Because enzymes catalyze very specific cellular reactions, the relative amount of an enzyme
in a sample is traditionally defined by the amount it increases the reaction rate under a
strictly defined set of conditions. By convention, relative amounts of enzyme are expressed
in terms of “International Enzyme Units” where “1-enzyme unit” is defined as the amount
of enzyme required to either: (i) consume 1.00 pmole of reactant per minute; or (ii) produce
1.00 pmole of product per minute. Furthermore, because the units used to describe enzyme
activity rates (umole * minl) are different than the traditional units used to describe
chemical reaction rates (pmoles ® mL! * min?), enzyme units are conveniently calculated by
simply multiplying the concentration change observed in a solution by its volume (mL).

In the case of invertase, 1-unit of activity is therefore defined as the mass of enzyme
required to either: (i) hydrolyze 1-pmole of sucrose per minute, or (ii) produce 1-pmole of
invert sugar per minute under a precisely defined set of reaction conditions. According to
this convention, a sample with 100 total units of invertase activity contains twice the mass
(and thus twice the number of moles) of invertase as a sample with only 50 units of activity.
Because enzyme reaction rates can change significantly with very small changes in
temperature, pH, or substrate concentration (that is, enzyme activity units are a conditional
property of matter) the precise value of each of these three conditions must be
unambiguously described for the detection assay. For invertase, the enzyme detection assay
is typically performed near its optimal pH (4.8) and temperature (40° C) at initial sucrose
concentrations in excess of enzyme’s substrate Km of 5 mM sucrose.

3.1 Spectroscopic measurement of enzyme activity units

Recall that Beer’s law states that the absorbance (ABS) of a solution is proportional to the
product of (a*bec) where (a) represents the millimolar absorptivity constant (or extinction
coefficient) of the solute (expressed in units of mM-1ecm) at a specified wavelength of light;
while (b) defines the distance of the light-path through the cuvette (expressed in cm units);
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and (c) is the solute concentration (expressed in milli-molar, mM units). Therefore, if the a
and b terms of the equation are held at a known and constant value, then rearrangement of
Beer’s law indicates that any rate of change observed in the absorbance of the solution
(AABS/min) must correspond to a proportional rate of change in the millimolar
concentration (AC/min) of the colored solute, as outlined in equation (2):

AABS/min _ 1/min mM _ mmole - pmoles solute

= @

asb (mMecm)~1(cm) min  Lemin mLemin

AC/min =

And, the corresponding number of enzyme units (pmoles of solute per minute) contained in
any reaction that produces (or consumes) of a colored solute is simply calculated from the
rate of the absorbance change (A Abs/min) and the fixed volume (VmL) of the colored
solution in the cuvette with a fixed light path, as summarized in equation 3.

umoles solute _ umoles solute

AABS/min o VmlL = mL

Enzyme units =
Yy asb mLemin min

®)

3.2 The standard 5-minute “stop-assay” of invertase activity

Because both the reactants and products of the invertase reaction are colorless, the reaction
is followed spectrophotometrically by using the monosaccharides produced from the
reaction to subsequently reduce brightly yellow-colored solutions of 3, 5-dinitrosalicylate
(DNS) to dark orange-colored solutions of 3-amino-5-nitrosalicylate which can be detected
with an inexpensive spectrophotometer at a wavelength of 540 nm (Melius, 1971 and
Sumner & Sisler, 1944). In this manner, the standard 5-minute stop assay of invertase
activity used in this project can be summarized in four-steps.

Step 1: Invertase catalyzed hydrolysis of sucrose: At 30 second intervals, small aliquots
(0.10 mL or less) of each enzyme-containing fraction (or diluted samples of each fraction) are
quantitatively transferred and gently mixed into 1.0 mL of substrate solution (composed of
20 mM sucrose in 40 mM sodium acetate buffer at pH 4.80 and an ambient temperature of
20-24c C) contained in separate 13 x 100 mm disposable test-tubes where the invertase
reaction (see Figure 1) is allowed to proceed for a precise time of 5.0 minutes.

Invertase
Sucrose + H)O ——— D-Glucose + D-Fructose

Sucrose
HO D-Glucose D-Fructose
(dextrose) (levulose)
o) y OH
HO OH
HO
OH
5 OH
O_
OH
OH

Fig. 1. Structures of sucrose and the cyclic (anomeric) conformations of each
monosaccharide produced in step 1 of the invertase detection assay. The reaction proceeds
for precisely 5.0 minutes in 20 mM sucrose at pH 4.8 and ambient temperatures of 20-24c C
before it is abruptly stopped by denaturation of the enzyme with the rapid addition of an
alkaline solution of 3,5 dinitrosalicylate (DNS).
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Step 2: Denaturation of invertase and the reduction of DNS: At the end of each 5.0 minute
reaction period, the invertase activity in each tube is instantaneously stopped at 30 second
intervals by denaturation with the rapid addition of 2.0 mL of alkaline DNS solution
(composed of 0.20 M NaOH, 23 mM 3, 5-dinitrosalicylate, and 0.53 M sodium potassium
tartrate). After each reaction is “stopped”, the entire set of assay tubes is transferred to a
boiling water bath for 7-8 minutes. Under these conditions, the D-Fructose produced in step 1
rapidly isomerizes to D-glucose (see figure 2) which, along with the other mole of glucose
produced by the enzyme reaction, reduces the brightly yellow-colored 3,5-dinitrosalicylate to
dark orange-colored solutions of 3-amino-5-nitrosalicylate (see figure 3). The entire set of assay
tubes is then cooled in a beaker of tap water before each solution is diluted to a final volume of
6.1 mL with the addition of 3.0 mL of 50 mM sodium acetate buffer at pH 4.8.

NaOH & heat
D-Fructose ——— D-Glucose

CH,OH CHO
—oO0 H———OH
HO——H HO———H
H—T—OH  H—F—OH
H—F—OH  H—T—OH
CH,0H CH,OH

Fig. 2. Fisher projections of the open-chain conformations of the reactants and products of
the base-catalyzed isomerization of D-fructose (a non-reducing keto-hexose) to D-glucose (a
reducing aldo-hexose) which proceeds in a boiling water bath for about 7-8 minutes during
step 2 of the invertase detection assay.

H
3 Glucose + 3,5-dinitrosalicylate + 3 OH-1 2 3 Gluconate + 3-amino-5-nitrosalicylate + 2

H,O
CHO (0} coo!
O,N
H————OH OH H————OH
HO————H OH HO———H
0;
H———©OH H————OH
Bright
H————OH
yellow-colored H OH
solution
CH20H CH,OH

Fig. 3. The structures of the reactants and products for the base catalyzed reduction of brightly
yellow-colored solutions of 3,5-dinitrosalicylate into dark orange-colored solutions of 3-amino-
5-nitrosalicylate by glucose which is oxidized to gluconate. The reaction proceeds for about 7-8
minutes in a boiling water bath during step 2 of the invertase detection assay.
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Step 3: Calculation of invertase activity in each assay tube: A spectrophotometer is used to
read the absorbance of the solution in each disposable test tube at 540 nm against a reagent
blank prepared exactly as one of the assay tubes in steps 1 and 2 except for the volume of
enzyme added to the substrate solution in step 1 is replaced with water (or simply just
omitted). Equation 4 is then used to calculate the number of units of invertase activity
contained in each tube based upon the absorbance change over the reagent blank (AABS)
that resulted from the 5.0 minute reaction period and measured in a tube with a 1.0 cm light
path and a final volume of 6.1 mL:

AABS/5.0 min

Units of invertase activity in each assay tube =
a+1.0cm

*6.1mL @)

The value of the milli-molar absorptivity constant (a) in equation (4) is determined from the
absorbance change (AABS) of a calibration tube prepared exactly as one of the assay tubes in
steps 1 and 2, except that the volume of enzyme added to the substrate solution in step 1 is
replaced with 0.10 mL of a 20 mM stock solution of invert sugar (i.e. a mixture that contains
both 20 mM glucose and 20 mM fructose). The dilution of 0.10 mL of 20 mM invert sugar to
a final volume of 6.1 mL yields a final concentration of 0.33 mM invert sugar and the
absorptivity constant (a) is calculated by equation (5):
_AABS of calibration tube mL

= = mM-l . Cm-l = 5
0.33 mM invert sugar « 1 cm pmole invert sugare cm ( )

The calibration tubes prepared in this manner typically have absorbance values of about
0.66 (above the reagent blank) which yields millimolar absorptivity constant values (a) of
about 2.0 mM-1 ¢ cm? which, for the purpose of calculating enzyme units, is more
conveniently expressed as 2.0 mLepmolelecm-?,

Step 4: Calculation of total invertase activity in each fraction: The final step of the
detection assay is to calculate the total number of enzyme units contained in each fraction
collected during the purification procedure. This is essentially a straight-forward application
of the factor-label method from general chemistry where the number of enzyme units per
assay tube (calculated in equation 4) must be converted to the total number of units in an
entire fraction by accounting for: (i) the volume of diluted enzyme solution added to the
substrate solution in step 1; (ii) the dilution factor of the enzyme solution; and finally, (iii)
the total volume of the stock fraction. To keep life simple, all volumes are expressed in mL
units:

# of units . 6.1 mL assay o total mL of dilute enzyme R mL of stock fraction

Total units = (6)

6.1 mlassay  mL of dilute enzyme added mL of stock added 1

3.3 Sample calculation

Using the information provided below, calculate the total number of units of invertase
activity contained in a 25.0 mL sample of yeast extract.

Data: The 25.0 mL of yeast extract is first diluted by mixing a 0.250 mL sample with 4.75 mL
of buffer (for a total dilution volume of 5.00 mL). The dilute extract is then analyzed for
invertase activity using the standard 5-minute stop assay described above. Briefly, 0.100 mL
of the dilution is mixed into 1.0 mL of substrate solution at 22° C. The reaction is stopped at
precisely 5.0 minutes with the addition of 2.0 mL of DNS solution, heated in a boiling water
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bath for about 7 minutes and diluted with 3.0 mL of acetate buffer to a final volume of
6.1 mL. The solution in the assay tube has an absorbance value at 540 nm of 0.744 (above a
reagent blank) compared to an absorbance value of 0.620 for a calibration tube containing a
final concentration of 0.330 mM invert sugar.

Solution:

Step 1, use equation 5 to solve for the value of the millimolar absorptivity constant (a = 1.86
mLepmoletecm?).

Step 2, use equation 4 to calculate the number of units of invertase activity in the assay tube
(0.488 units).

Step 3, finally, use equation 6 to calculate the total number of units in 25.0 mL of extract
(2440 units).

4. Extraction of Invertase from yeast

After the method for measuring the amount of a specific protein in different samples is
established, the second order of business is to optimize a procedure for extracting the
functionally active protein from the initial raw material into a defined aqueous solution (the
extraction medium). The objectives of this process are straight-forward: First, the tissue
must be homogenized or disrupted adequately enough for the protein to be released as a
soluble form into the extraction medium. Second, the homogenate must be filtered and
centrifuged sufficiently enough to remove any solid, cellular debris from the soluble extract.

The apparent simplicity of this procedure may suggest that tissue extractions are the least
complicated task of the entire project; however, in reality, the success of this step, and
therefore the outcome of the entire purification, often depends upon the precise control of a
surprisingly large number of variables. Some of the more common concerns include: (1)
proteins can be denatured by the shearing forces (or chemicals) used to disrupt the initial
raw material; (2) proteins can be degraded by digestive enzymes co-extracted from the
tissue; (3) proteins can become insoluble or inactivated due to differences between the
composition of the cellular fluid and extraction medium (including pH, ionic strength, and
the concentration of reducing agents or other specific solutes). In many cases, it is not an
exaggeration to state that the success of an entire purification procedure requires a very
specific set of extraction conditions including the amount of force, length of time or
temperature in which the tissue is homogenized or the precise pH, ionic strength, or
concentration of specific supplements (such as protease inhibitors) included in the extraction
medium.

While specific details of each extraction must be optimized empirically, there are several
rules of thumb that apply in most cases (Scopes, 1982). First, the initial raw material should
be the simplest biological system that contains the greatest concentration of the target
protein in order to both (i) maximize the final yield and (ii) reduce the amount of other
proteins extracted during the homogenization step, especially digestive enzymes or related,
but unwanted, isoforms of the target protein. This first point is simply stating the obvious
fact that it is always easier to work with as pure and as large of an amount of a protein as
possible. For example, in order to isolate an enzyme compartmentalized to bovine heart
mitochondria, it would be advantageous to use isolated beef heart mitochondria as the
initial raw material rather than an entire beef heart (or an entire cow for that matter).
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Second, the initial raw material should be disrupted as gently as possible in order to reduce
the risk of protein denaturation. For this reason, protein purification labs are typically
equipped with a host of instruments designed to provide a wide range of shearing forces
required to physically disrupt different types of tissues (including glass-teflon or glass-glass
hand-held homogenizers, electric blenders, freeze clamps, sonicators, and French presses).
In addition to these physical methods of disruption, a wide variety of the three general
classes of detergents (non-ionic, ionic, or zwitterionic) are available to solubilize (i.e.
chemically extract) specific proteins from different tissues and isolated organelles. Third, all
of the materials, solutions and equipment should be kept as cold as possible (ideally
between 0-4¢ C) in order to decrease the rate of undesirable proteolytic and other unwanted
side reactions. For this reason, preparative (i.e. large scale) operations are often performed in
a dedicated cold room while scaled-down procedures can be carried out on buckets of ice.
Regardless of the scale of the operation, refrigerated centrifuges (ranging from low to ultra
speed devices) are almost always used for separating the soluble extract from the insoluble
fraction of the homogenate. Finally, the pH, ionic strength, and other components of the
extraction medium are often adjusted to match that of the original cellular conditions in
order to maximize both the solubility and stability of the extracted protein.

Since jars of dried baker’s yeast can be stored on grocery store shelves for several months at
room temperature, it is not surprising that many proteins extracted from dried yeast are also
quite stable at ambient temperatures for prolonged periods of time. The isolation of
invertase in this project provides the additional benefit that extracellular proteins, in
general, tend to be much more stable than intracellular proteins. This observation has been
attributed, in part, to the role of protein glycosylation and, since oligosaccharides account
for nearly 50% of the composition of invertase, may explain the observation that very little,
if any, loss of invertase activity is detected in yeast extracts stored for up to five weeks at 0-
4o C. Furthermore, because the yeast cell wall is selectively lysed in dilute solutions of
sodium bicarbonate, the extracellular form of invertase is gently extracted from the
periplasmic space by simply mixing the contents of a 113 gram (4 oz.) jar of dried yeast from
the grocery store into 400 mL of 0.10 M NaHCO; and incubating the suspension in a tightly
sealed reagent bottle for about 15 hours at 35¢ C. The insoluble debris (which accounts for
roughly one-half of the volume of the lysate) is then separated from the soluble fraction by
centrifugation for 30 minutes at 15,000 x g and 4° C. The invertase enriched extract is then
simply poured off of the solid pellet, diluted with extraction medium to a final volume of
250 mL and stored at 0-4c C.

Two common types of yeast currently stocked in many grocery stores include: (i) traditional
“active-dry” strains which have been used in baking for many generations; and (ii) “bread-
machine” strains that have been recently selected or engineered for the purpose of reducing
the length of time required for dough to rise in electronic bread makers. Because the dough
rising reaction is fueled primarily by table sugar (sucrose), it seems plausible that the new
“bread-machine” strains might be characterized by higher concentrations of invertase in
order to increase the rate of sucrose digestion and, therefore, allow the dough to rise more
rapidly. For this reason, the invertase content of extracts prepared from different
commercial brands of “active-dry” and “bread-machine” yeast strains was analyzed to
determine the best choice of raw material to use in this project. Not surprisingly, this survey
(summarized in table 1) demonstrated that extracts prepared from the bread-machine
strains from two different companies contained significantly higher concentrations of
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invertase activity (90 to 300 units per mL) compared to the extracts prepared from their
corresponding active-dry strains (16 to 82 units per mL). Furthermore, the Red-Star brand of
bread-machine yeast was clearly the top choice for the raw material in this project because it
consistently produced extracts that contained 2-3 times higher concentrations of invertase
activity (190 to 300 units per mL) compared to extracts prepared from Fleischmann’s bread-
machine yeast (90 to 140 units per mL).

In summary, the isolation of yeast invertase is an especially attractive target for a protein
purification project designed for a large group of undergraduate students working in a
laboratory at ambient temperatures not only because the starting material is readily
available and relatively inexpensive but also because the exceptionally uncomplicated
extraction procedure produces a large volume of a solution that is enriched with a
remarkably stable enzyme!

Concentration of Invertase activity Concentration of invertase activity

Commercial in extracts prepared from in extracts prepared from
Brand of Yeast Active-Dry Yeast Bread-Machine Yeast
(units per mL) (units per mL)
. , 44-82 90-140
Fleischmann’s (n=4) (n=4)
16-20 190-300
Red-Star (n=3) (n=3)

Table 1. Comparison of the concentration of invertase activity contained in extracts prepared
from different commercial sources of dried baker’s yeast.

Each extract was prepared by incubating the contents of a 113 g jar of yeast in 400 mL of a
0.10 M aqueous solution of sodium bicarbonate for about 15 hours at 35 C. Each lysate was
cooled in an ice-bath and centrifuged for 30 minutes at 15,000 x g and 4¢ C before the soluble
extract was poured off of the pellet, diluted with extraction medium to a final volume of 250
mL and stored at 4° C. One-unit of invertase activity is defined as the hydrolysis of 1-umole
of sucrose per minute at ambient temperatures of 20-22° C in a 40 mM solution of sodium
acetate at pH 4.8 containing an initial substrate concentration of 20 mM sucrose. The results
in the table represent the range of values measured from extracts prepared from (n) number
of different lots of each yeast strain.

5. Purification of invertase from yeast extract

The next goal of the project is to selectively isolate a single, specific protein from the tissue
extract while removing as many of the other polypeptides as possible, a task that is
traditionally accomplished with a series of sequential isolation steps that take advantage of
differences in two or more physical properties between individual proteins, such as
variations in their size, charge, and solubility. A minimum of two “back-to-back” isolation
steps is usually required because, while it may be common for many proteins to have a
similar size or a similar charge, it is far less likely for two different proteins to possess both
the same size and charge (or some other combination of physical properties). In summary,
the overall objective of this stage of the purification is to obtain as pure or homogenous of a
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sample as possible in the fewest number of isolation steps. In this project, invertase is
purified from a 25 mL sample of fresh yeast extract by (i) differential precipitation with
ethanol; (ii) gel filtration; and (iii) ion-exchange chromatography.

5.1 Precipitation of invertase with ethanol

The selective precipitation of a protein from an aqueous solution is one of the oldest, most
effective, and technically simple isolation steps used in protein purification. Furthermore,
the solid protein precipitated from a large volume of extract can also be concentrated by
dissolving it back into a much smaller volume of solvent that is more convenient to apply to
a variety of chromatography columns used in subsequent isolation steps. For this reason, it
is not uncommon for protein precipitation to be used as the initial isolation step of many
purification procedures.

In order for a large protein molecule to become “solvated” or dissolved in an aqueous
solution, the majority of its surface must be able to form complexes with an enormous
number of water molecules producing a large “hydration shell” that is energetically
stabilized by ion-dipole, hydrogen bonds, and dipole-dipole attractive forces between the
water molecules and side chains of polar amino acids exposed on the protein’s surface.
Because these interactions with the water molecules (i.e. the hydration shell energy)
required to keep a protein solvated are sensitive to the pH, ionic strength, and polarity of
the solvent; AND, because each protein has a unique hydration shell network, it is possible
to selectively entice the surfaces of specific proteins in a mixture to become less and less
hydrated, such that their newly exposed surfaces are forced to stick or clump together into
an insoluble aggregate or precipitate by simply adding a high enough concentration of an
acid (to lower the pH of the solvent), or a salt (to increase the ionic strength of the solvent),
or an organic liquid (to decrease the polarity of the solvent). It should be emphasized that
protein precipitation is very different from protein denaturation in the vital sense that a
protein contained in the solid aggregate retains its native, three-dimensional shape so that it
is possible to fully restore its biological function by simply dissolving it back into solution.

In summary, it is possible to partially purify a protein from a mixture by adding a
precipitating agent which selectively perturbs the complex set of interactions between its
surfaces with the large excess of water molecules from the solvent. The two most common
types of precipitating agents used for this purpose are sulfate salts (especially ammonium
sulfate) and miscible organic liquids (such as acetone or ethanol). Because salts and organic
liquids have a different affect on protein solubility, salts are better precipitating agents for
some proteins while organic solvents are better for others (Scopes, 1982). In theory, salts are
expected to be more efficient for precipitating proteins which contain larger areas of
hydrophobic patches on their surfaces while organic solvents are better for those with
surfaces that are almost exclusively dominated by polar amino acid side chains and other
hydrophilic groups (such as the carbohydrate chains of a glycoprotein like invertase).
Despite these differences in their physical behavior, the same straight-forward and simple
set of steps is used by each type of precipitating agent in the procedure: (i) A precipitating
agent is added to the extract above the “threshold-concentration” required for the desired
protein to become insoluble; (ii) The mixture is incubated for a short period of time to allow
the precipitation reaction to go to completion; (iii) The mixture is centrifuged into both a
soluble fraction (the decantate) that contains other proteins but is devoid of the target
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protein and an insoluble fraction (the solid pellet) which is enriched in the desired protein;
and, finally, (iv) The decantate is carefully poured off the pellet which is then dissolved into
a much smaller volume of a desired solvent.

In this project, invertase is enriched and concentrated from the initial extract using a 2-step
(or differential) method of precipitation with ethanol. In the first precipitation reaction, 10.0
mL of ethanol is added to 25.0 mL of fresh yeast extract, for a final ethanol concentration of
29% (by volume) which is below the threshold concentration required to precipitate
invertase activity. After centrifugation, the first decantate (which contains nearly all of the
initial invertase activity) is poured off and saved while the first pellet (of contaminating
proteins, lipid complexes and other cellular debris) is discarded. In the second precipitation
reaction, another 7.0 mL of ethanol is added to the first decantate, for a final volume of
about 42 mL and ethanol concentration of about 40% (by volume) which now exceeds the
required threshold concentration. Following a short incubation period, the mixture is
centrifuged so that the second decantate can be poured off of the invertase enriched pellet
which is dissolved in 2.0 mL of gel filtration column buffer composed of 5 mM each
NaH>PO,, NapHPOy, and NaN3 (included as an anti-bacterial agent) at pH 7.0. In summary,
this first isolation step both partially purifies the invertase activity contained in a 25.0 mL
sample of yeast extract (fraction 1) and concentrates it about 10-fold in gel filtration column
buffer to a final volume of 2-2.5 mL (fraction 2).

5.2 Separation of Invertase by gel filtration

Gel filtration (or size-exclusion) chromatography is a powerful method commonly used to
separate proteins based upon their differences in size (McLoughlin, 1992 and Melius, 1971)).
More specifically, gel filtration separates particles according to the length of their “Stokes
radius” which defines the “rotational volume” occupied by the particle as it spins freely in
solution. In this sense, separations by gel filtration are affected by particle shape because an
elongated, rod-shaped protein will have a much longer Stokes radius (and corresponding
rotational volume) than a spherically shaped protein with the same molecular weight.
However, because a large percentage of soluble proteins extracted from tissues are
characterized as ‘spherically-shaped” globular proteins, a reasonable correlation often exists
between their Stoke’s radius and molecular weight.

In the first step of this procedure, a small volume of a concentrated protein mixture is
carefully loaded on to the top of a long column that is packed with a size-exclusion resin
composed of tiny, porous beads with a defined mesh-size or cut-off limit. After the sample is
loaded, additional buffer is pumped through the resin which drives each particle through
the length of the column which acts as a filter that forces larger particles to migrate much
more rapidly through the column than smaller proteins. In this manner, it is possible to
collect proteins of different sizes into separate fractionation tubes as they elute from the end
of the column in the order of larger proteins that come off first in a lower elution volume
followed by smaller proteins that are collected in higher elution volumes. Figures 4A and 4B
provide a display of the gel filtration apparatus used by students in this project as well as
the separation observed shortly after a 1.0 mL solution of blue dextran (a large
polysaccharide with a molecular weight of 2,000 kiloDaltons) and hemoglobin (a red colored
protein with a molecular weight of 65-70 kilodaltons) is loaded on to the top of the column.
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Fig. 4A. (left). The apparatus for purification of yeast invertase by gel filtration
chromatography consists of: (1) a reservoir of column buffer contained in the Erlenmeyer
flask; (2) a peristaltic pump; (3) An adjustable column flow adapter; (4) a 1 x 42 cm packed
column of Sephacryl HR-300 (a shorter column is presented in the photo); and (5) a syringe
connected to a three way Luer lock positioned at the bottom of the column.

Fig. 4B. (right). Separation of blue dextran from hemoglobin by gel filtration
chromatography shortly after a 1.0 mL solution of 0.75 mg/mL of blue dextran and 1.0
mg/mL hemoglobin was loaded onto a 1 x 42 cm column of Sephacryl HR-300 and
separated at a flow rate of about 1.2 mL per minute.

The mesh-size or cut-off limit of the size-exclusion resin is an important parameter of a gel
filtration column because it defines the size of the largest, spherically shaped particle that
can penetrate the surface of the porous beads and equilibrate into the “internal volume” (Vi)
of the column (Scopes, 1982). Since this equilibration is responsible for the slower migration
rate of particles that are small enough to be retained by the filtering action of the size-
exclusion resin, all particles that are larger than this cut-off limit cannot penetrate into the
beads and rapidly migrate through the entire length of the column in the interstitial spaces
between the beads called the excluded or “void volume” (Vo). Meanwhile, any protein on
the other extreme side of this size-spectrum that is small enough to freely equilibrate
between the internal and void volumes must migrate through the column’s total volume
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(Vt) which can be calculated from its bed-height (H) and inner diameter (d) [Vt = H ( %2 d)?]
and is also equivalent to the sum of the void and internal column volumes (Vt = Vo + Vi).
Due to the restrictions summarized above, the effective range of sizes that can be actually
separated on a gel filtration column is limited to moderately sized particles that elute in the
internal volume of the column (Vi = Vt - Vo)) because they are too small to elute in the void
volume (Vo) and yet too large to elute in the total volume (Vt). For globular proteins within
this limited size range, a linear relationship is observed between the log of their molecular
weight (log MW) and the peak of their elution volume (Ve). This relationship has a practical
application in that it allows for the native mass of unknown proteins to be estimated by
comparing their elution volumes from a size-column that has been calibrated against the
elution volumes of standard proteins with known molecular weights (as the one
demonstrated in figure 5).
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Fig. 5. Sephacryl HR-300 calibration curve. Correlation of the log of the molecular weight
and peak elution volumes (Ve) observed for four different proteins collected from a 1 x 42
cm column of Sephacryl HR-300 at a flow rate of about 1.2 mL per minute. The four proteins
analyzed (from left to right) are (i) myoglobin, MW 17 kiloDaltons; (ii) hemoglobin, MW 64
kiloDaltons; (iii) alcohol dehydrogenase, MW 150 kiloDaltons; and (iv) yeast invertase, MW
270 kilodaltons.

In order to prepare a gel filtration column that provides an adequate level of resolution for a
specific separation, a large number of size-exclusion resins with a wide range of mesh sizes
and mechanical flow properties are commercially available. These resins are typically
composed of very tiny beads constructed from specific polymers (such as dextrans used to
synthesize Sephadex resins and polyacrylamide contained in Sephacryl resins) that are
chemically cross-linked to a defined mesh-size. In order to pack the column, a small sample
of the dry beads is first hydrated and equilibrated in column buffer which causes the
volume of the beads to swell by a factor of ten or more. The mixture is shaken to allow the
slurry of resin to be poured into a column where the swollen beads eventually settle by
gravity to a desired packed height or column length. Since the actual separation of particles
by gel filtration (as mentioned above) is confined to the columns internal volume (Vi), the
resolution or degree of separation achieved between two proteins can be improved by
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increasing its internal volume which, for a column with a fixed diameter, is proportional to
the length of the column. In short, resolution tends to increase as the length of the gel
filtration column increases (Scopes, 1982). On the other hand, increasing the length of the
column also generates a number of procedural complications (including higher column
pressures, lower flow rates, and sample dilution due to zone-broadening) that must be
considered in determining the most practical column length to use for the separation.

In this project, the yeast invertase from fraction 2 is further purified by gel filtration
chromatography on a (1 x 42 cm) packed column of Sephacryl HR-300, a resin composed of
poly-acrylamide beads with a mesh-size designed to exclude globular proteins with molar
masses in excess of 300 kilodaltons and engineered to withstand the column pressures
encountered at the relatively high rates, HR, of flow of 1-mL per minute. Because invertase
is a colorless solute with a native mass of about 250 kiloDaltons, a 1.0 mL sample from
fraction 2 (approximately one-half of the 2.0 mL fraction obtained by ethanol precipitation)
is first spiked with three visual column markers before it is loaded onto the size-column: (i)
blue dextran, the blue colored polymer with a molecular weight of over 2,000 kiloDaltons
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Fig. 6. Elution profiles for the separation of blue dextran, invertase activity, and hemoglobin
by gel filtration chromatography. A 1.0 mL sample of F2 (29-40% ethanol cut) was spiked
with 0.050 mL each of 15 mg/mL blue dextran and 20 mg/mL hemoglobin. The mixture
was then separated on a 1 x 42 cm column of Sephacryl HR-300 at a flow rate of 1.2 mL per
minute. The blue dextran in fractions 11-16 was detected on a Novaspec spectrophotometer
at 620 nm with a peak absorbance value of 0.295 in fraction 13. The red tinted hemoglobin
fractions (18-27) were detected at 420 nm with a peak absorbance value of 0.800 in fractions
22 and 23. Invertase activity in 10.0 pL samples of fractions 14-19 was monitored by the
reduction of DNS by glucose to produce the orange-colored product (3-nitro-5-amino
salicylate) which is detected at 540 nm.
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used to mark the void volume (Vo) and is expected to elute ahead of the smaller, colorless
molecules of invertase; (ii) hemoglobin, a red colored protein with a native mass that is
about one-fourth the size of invertase that is expected to elute from the column after
invertase. In this manner, the colorless molecules of invertase are expected to elute from the
column in between the peak elution volumes observed for blue dextran and hemoglobin;
and finally, (iii) dinitrophenol aspartic acid (DNP-Asp) a yellow-colored derivative of a
small amino acid which marks the total volume of the column (Vt). After loading, the
sample is separated on the column at a flow rate of 1.2-1.3 mL per minute while hand
collecting 1-mL fractions from the end of the column in small disposable test-tubes. During
the run, the three visual markers are observed to separate (as in figure 4B) and then
eventually elute from the column in peak volumes of 13 mL for blue dextran, followed by
22-23 mL for hemoglobin, and finally over 30 mL for DNP-Asp. Small samples (10 pL) from
each of the 1-mL fractions collected between the peak tubes of blue dextran and hemoglobin
are analyzed for invertase activity (using the standard 5-minute stop assay) so that the four
fractionation tubes containing the most invertase activity (typically tubes 15-18) can be
pooled together to obtain a new 4-mL fraction of purified invertase (fraction 3). Figure 6
shows the results of a typical elution profile for blue dextran, invertase and hemoglobin
from the gel filtration column.

5.3 Isolation of Invertase by ion exchange (Adsorption) chromatography

While ion exchange chromatography is commonly used to separate proteins on the basis of
their charge differences, it is a specific example of a more general separation process called
adsorption = chromatography that also includes both hydrophobic-interaction
chromatography and affinity (or ligand-binding) chromatography. In each case, the protein
of interest selectively binds or adsorbs to a solid resin packed in a column while other
proteins simply flow through or are washed off before the target protein is selectively
dissociated from the column (Scopes, 1982). In addition to being a powerful purification
tool, adsorption chromatography also provides a practical method of concentrating dilute
protein solutions. For example, a protein contained in 100 mL of solution can be
concentrated 50-fold by adsorbing it to a column with a 1.0 mL bed volume and eluting it off
in a final volume of 2.0 mL. The general procedure for each type of adsorption
chromatography method can be divided into four common steps:

Packing: the resin is first mixed with a small volume of equilibration solution (which allows
the protein of interest to bind the column) to form a slurry that can be poured into a column
and allowed to settle by gravity to a desired bed height or column volume.

Loading: the sample (ideally contained in the same solution used to pack the column) is
then pumped through the resin at a flow rate that is slow enough to permit the specific
adsorption reaction to come to completion. To insure maximal binding, the flow through is
often collected and re-applied to the column (or continuously pumped through the column
for a defined period of time). Batch loading refers to an alternative method of packing and
loading a column in which the packing slurry is prepared by mixing the resin directly into
the sample solution prior to packing the column.

Washing: after loading the sample, the column is washed by pumping a minimum of two to
three bed volumes of solution to remove both (i) non-adsorbed proteins trapped in the
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interstitial spaces of the resin, and (ii) other proteins adsorbed to the column less tightly
than the target protein.

Dissociating: the protein of interest is finally eluted from the column using 2-3 bed volumes
of solution and a slow enough flow rate to maximize its yield off the column.

Separations by ion exchange chromatography are sub-classified into anion vs. cation
exchange chromatography based upon the charge of the particles that bind to the resin. In
the case of anion exchange chromatography used in this project, negatively charged proteins
in the sample are first absorbed via salt bridges (i.e. electrostatic attractive forces) to a
positively charged anion-exchange resin commercially produced by conjugating an
insoluble matrix (such as cellulose) with a quaternary amine or other positively charged
functional group. In contrast, cation-exchange resins are prepared by the incorporation of a
negatively charged functional group (such as a carboxylate or sulfate) to the matrix. The
loaded anion-exchange column is then washed with increasing concentrations of salt,
typically NaCl, until the chloride ion reaches a high enough concentration to displace each
protein from the column by replacing the salt bridge formed between the resin and protein
(hence the term anion exchange chromatography). In this manner, proteins are sequentially
eluted from the ion exchange column in order of the weakest to strongest binding affinities
to the resin which, in turn, is a function of the charge density contained on localized regions
of the protein’s surface.

Therefore, the purpose of the third and final isolation step of this procedure is to use an
anion-exchange column to further purify and concentrate the dilute solution of invertase
contained in fraction 3. For this purpose, 3.5 mL of the blue-tinted, 4.0 mL sample pooled
from the gel filtration column is slowly loaded onto a 0.5 mL packed bed volume of DEAE
cellulose (i.e. an anion exchange resin composed of cellulose derivitized with diethyl-amino-
ethane). After loading, the non-adsorbed particles are washed from the one-half milliliter
column with 2.0 mL (i.e. four bed volumes) of gel filtration column buffer before the final
fraction of invertase activity (fraction 4) is obtained by dissociating it from the column with
1.0 mL (or 2 bed volumes) of column buffer supplemented with 50 mM NaCl. For
demonstrative purposes, proteins that bind to the DEAE-cellulose column more tightly than
invertase are then dissociated with 1.0 mL of 250 mM NaCl and also saved for analysis by
SDS-PAGE).

6. Assessment of invertase purity

In the last stage of this project, the relative purity of the initial yeast extract (fraction 1) and
each fraction obtained from the three sequential isolation steps (fractions 2-4) is compared to
that of a commercial source of invertase (Sigma Product Information Bulletin 14504) using
both a visual, qualitative method (SDS-PAGE) in addition to the more precise quantitative
evaluation of specific activity measurements.

6.1 SDS-PAGE analysis

SDS-PAGE is an acronym for sodium dodecyl sulfate polyacrylamide gel electrophoresis
which is a common technique used to separate, visualize, and therefore compare the relative
amount of individual polypeptide chains contained in different fractions (Jisnusun &
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Bhinyo,1977 and Roberts et al., 1977). In practice, the procedure takes place in three general
steps:

Denaturation: a small sample from each fraction is first mixed with an excess of SDS
(sodium dodecyl sulfate, an ionic detergent), BME (p-mercaptoethanol, a thiol reducing
agent), and bromophenol blue (an intensely colored dye with a negative charge and low
molecular weight that is used to track the progress of each sample through the gel during
electrophoresis) (Laemmli, 1970). Each mixture is then placed in a boiling water bath for
several minutes where the PME reduces all disulfide bridges to sulfthydryl groups
(disrupting tertiary protein structure) and the dodecyl sulfate anions bind to the backbone
of each polypeptide at a ratio of about 1 anion for every 2 residues (disturbing secondary,
tertiary and quaternary levels of protein structure). In the end, each polypeptide chain is
unfolded into a negatively-charged, rod-shaped complex with a relatively constant charge to
mass ratio (that is, the native charge of the polypeptide in the complex is essentially masked
by the huge excess of detergent anions).

Electrophoresis: a small aliquot from each denatured sample is transferred to separate wells
of a solid, rectangular gel of polyacrylamide that is crosslinked to a desired mesh or size-
exclusion limit. An electric field is applied across the loaded gel with the positive pole
positioned on the opposite side of the samples in order to drive the negatively-charged
complexes through the mesh of polyacrylamide which effectively filters them according to
the length of their Stokes radius as they wiggle through the porous matrix to the opposite
side of the gel. Since small particles move through the gel more rapidly than larger ones, the
electrophoresis is visually followed by the movement of the small bromophenol blue
tracking dye to insure that the power supply is shut off before any protein in the sample
reaches the bottom of the gel.

Staining and destaining: following electrophoresis, the entire gel is soaked in a stain
solution containing a dye that tightly binds to the backbone of each denatured polypeptide
chain (usually Coomassie brilliant blue). Excess stain is then washed from the gel by soaking
it in a destain solution long enough for the blue-stained bands of each polypeptide to be
visualized against the clear, colorless background of the gel.

Comparison of separations by gel filtration vs. SDS-PAGE: Because the separations achieved
by SDS-PAGE and gel filtration chromatography are based upon the same physical
property, i.e. differences in the Stokes radius of each particle, it is not surprising that a linear
relationship is observed between the log of the protein’s molecular weight and its relative
mobility through a size column or polyacrylamide gel. Despite this similarity, there are two
crucially important differences between the separations obtained by these two methods.
First, larger proteins migrate down gel filtration columns more rapidly than smaller ones
because proteins with a large Stokes radius are less likely to enter the internal volume of the
resin and are restricted to the interstitial spaces between the beads. In SDS-PAGE, however,
this relationship is exactly reversed as smaller proteins move through a gel more rapidly
than larger ones because they are being force to migrate through a single, continuous barrier
instead of a column of packed beads. Since there is no exit route around the barrier in SDS-
PAGE (i.e. there is no equivalent of the void volume), the larger proteins are simply forced
to stack up on the top of the gel while exceptionally small proteins migrate towards the
bottom of the gel very closely to the small tracking dye.
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The second important difference is that while the separation of native proteins by gel
filtration is affected by the shape of the particle (elongated proteins have a larger Stokes
radius and move through the column more rapidly and appear to be larger than spherically
shaped proteins of the same mass), shape is not a factor in SDS-PAGE because the proteins
have been completely denatured into complexes with similar shapes and charge densities
prior to electrophoresis. For this reason, protein separations by SDS-PAGE are based solely
upon the length (i.e. the number of amino acids) of each polypeptide chain, which is, in turn,
essentially proportional to its molecular weight. In fact, under ideal conditions, SDS-PAGE
can effectively separate two polypeptide chains that differ in length by just a few amino
acids, a degree of separation that is simply impossible to achieve by gel filtration
chromatography.

For these reasons, gel filtration and SDS-PAGE provide different, but related, information
about the mass of purified multimeric proteins that are composed of two or more
polypeptide chains (Scopes, 1982). That is, gel filtration data is used to estimate the mass of
the entire set of subunits that comprise the quaternary structure of the functional molecule
while SDS-PAGE yields the mass of each individual subunit derived from the denatured
complex. In the end, the mass of the native structure estimated by gel filtration must be
equal to the sum of its individual polypeptide chains determined by SDS-PAGE.
Hemoglobin, a hetero-tetrameric oxygen transport protein composed of two alpha and two
beta subunits (Perutz, et al, 1960), provides a classic example of the mass information
obtained by these two methods. Gel filtration experiments indicate the functional
hemoglobin molecule has a native mass of about 65 kiloDaltons while SDS-PAGE analysis
reveals the pure protein is composed of two different polypeptide chains with masses of
about 16-17 kiloDaltons. Because the color intensity of the two bands observed in the gel is
very similar, the results further suggest that the native molecule contains a similar mass of
each subunit such that the quaternary structure must contain two copies of each
polypeptide in order to account for a native mass of 65-70 kiloDaltons.

In summary, SDS-PAGE analysis has developed into a vital assessment tool in protein
purification because it provides a rapid and visual comparison of both the relative purity
and the amount of a specific protein contained in different fractions collected during the
isolation procedure. The degree of purity between different fractions, and therefore the
effectiveness of each isolation step, is evaluated by simply comparing the total number of
blue stained bands observed in each fraction. That is, with each isolation step in the
procedure, one expects each new fraction to yield fewer and fewer bands on the gel until a
homogeneous fraction (composed of just one protein) is obtained. For the simplest case of
proteins composed of just one single type of polypeptide chain, the point of homogeneity in
the purification is defined by the observance of just a single band in the gel. Furthermore,
since the color intensity or darkness of each band is proportional to protein mass, the
relative amount of a specific protein loaded onto the gel from each different fraction is
estimated by simply comparing the darkness of each band. Finally, the molecular weight of
each polypeptide in the gel can be estimated by simply comparing its distance of migration
or relative mobility (Rf) with that of a set of proteins of known molecular weight (i.e.
molecular weight markers) loaded onto a separate well of the gel.

The results of SDS-PAGE analysis on a typical set of fractions collected by students during
the isolation of invertase from baker’s yeast is presented below in figure 7. The first lane on
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the left (labeled M) contains a set of molecular weight markers used to estimate the mass of
proteins contained in samples prepared from the following fractions (from left to right): F1
(the initial 25 mL of fresh yeast extract); F2 (the 2.0 mL fraction obtained by precipitation in
29-40% ethanol); F3 (the 4 mL peak of invertase activity collected off the gel filtration
column); FT (the flow through of proteins that did not absorb to the DEAE resin); F4 (the 1
mL invertase enriched fraction eluted from the DEAE resin with 50 mM NaCl); HSW (the 1
mL high salt wash of proteins eluted from the DEAE column with 250 mM NaCl); and,
finally, ~ (a solution of commercial invertase purchased from Sigma Chemical Company
prepared by dissolving a weighed mass of the solid protein in column buffer to a final
concentration of 1 mg per mL).

M F1 F2 F3 FT F4 HSW z
250 kDa —
150 kDa —
100 kDa — . tyi _‘
75 kDa— .
A ——
50 kDa — -
— -
_—
37.5kDa—
e — —
25 kDa — m— ' —_— ——
R —

Fig. 7. SDS-PAGE analysis of fractions obtained in the isolation of invertase from baker’s
yeast. All samples were denatured (Laemmli, 1970) and reduced by mixing with an excess of
SDS, B-mercaptoethanol and heated in a boiling water bath prior to separation by
electrophoresis at 2 W of constant power on a discontinuous gel (composed of an 8%
acrylamide resolving gel and a 4.5% stacking gel each with an acrylamide to bis-acrylamide
ratio of 1:29).

M = Biorad Precision Plus Molecular Weight Markers with masses listed for the seven
visible bands (as shown from the top to bottom) equal to 250 kDa, 150 kDa, 100 kDa, 75 kDa,
50 kDa, 37.5 kDa and 25 kDa.

Other lane labels are described in the text.

The lane containing the commercial sample of invertase (X) on the far right is clearly
dominated by the presence of a large band that is both intensely stained and smeared as it
migrates (compared to all other bands) over an unusually wide range of molecular weights
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extending from 100 to 150 kDa. This observation is consistent with previous work
characterizing yeast invertase as a large protein with a native mass of 270 kDa composed of
two identical and heavily glycoslyated subunits with masses of about 135 kDa. For an
undergraduate exercise, this unusually smudged appearance of the invertase band (which is
due to the extensive but variable amount of sugars attached to the subunits) is a benefit that
allows an inexperienced observed to readily identify the position of invertase in each sample
and visually assess the relative degree of purity in each fraction by comparing the darkness
of the invertase band vs. that of the other bands in each lane.

The SDS-PAGE analysis unambiguously demonstrates that an impressive and significant
degree of purification is achieved between the initial yeast extract (F1) and final fraction (F4)
which is dominated by the presence of the sane large, smeared band observed in the
commercial sample which was barely visible in the initial extract (F1). Furthermore, this
analysis also indicates that this final fraction (F4) is significantly less pure than the
commercial source of the enzyme (X) as evidenced by the difference in the number of
contaminating bands with masses between 25-75 kDa in the two fractions. On the other
hand, it is difficult to assess the sequential increase in purity anticipated with each step of
the procedure (from F1-F4) by SDS-PAGE analysis because, in addition to being purified,
the proteins precipitated in the first isolation step were also concentrated 10-fold in F2 and
then subsequently diluted 4-fold in the second isolation step by gel (filtration
chromatography in F3. In spite of this complication with large increases and decreases in
concentrations, the expected trend in which the invertase band represents a larger and
larger percentage of the total protein in each fraction seems to be apparent on the gel.

6.2 Specific activity measurements

Specific activity is defined as the ratio of the total number of units of enzyme activity vs. the
total mass of protein contained in a sample and is most commonly expressed as “enzyme
units per mg of protein” (or more simply as units/mg). Because the overall goal of the
purification is to obviously maximize the yield of the total number of enzyme units from the
initial tissue extract while removing as much other protein as possible, the specific activity
of each fraction is expected to increase with each isolation step until it plateaus to a maximal
value that is a characteristic, intrinsic property (independent of the concentration or
amount) of the purified enzyme. That is, it is impossible for the specific activity to increase
beyond the homogeneity point of the purification procedure because any additional
isolation step will result in a proportional loss of both total protein (which is now 100%
enzyme) and enzyme activity to produce a constant specific activity ratio.

Therefore, the final task of this project is to quantitatively assess the effectiveness of the
isolation procedure by carefully measuring the specific activity of each isolated fraction and
comparing each one against the specific activity of commercial invertase which, according to
the previous analysis by SDS-PAGE analysis, represents a nearly homogenous sample of the
enzyme. In the end, a reasonable agreement is expected between the analysis by SDS-PAGE
and specific activity measurements. That is, with each isolation step in the procedure, the
specific activity should increase as the number of contaminating bands in the gel decreases
until the homogeneity point is detected by a plateau in the specific activity measurement
and the appearance of just a single protein in the gel. In short, specific activity is an
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important index by which the relative purity of an enzyme in different samples can be
compared. That is, a fraction with a specific activity of 50 units per mg is described to be
five-times more pure than a fraction with a specific activity of 10 units per mg. For this
reason, the effectiveness of each isolation step in the procedure can be assessed by simply
determining the extent by which it increases the specific activity of the enzyme.

In practice, the result of each isolation step used in a procedure is traditionally presented as
a purification table, which is simply a summary of the total amount of protein, enzyme
activity and specific activity contained in each isolated fraction. However, before the specific
activity values of different samples are compared, it is important to recognize that specific
activity represents a conditional property of an enzyme (an issue that can be very frustrating
for undergraduate students accustomed to measuring non-conditional properties of matter
such as length or mass). That is, because the methods used to measure both activity units
and protein mass are dependent upon many variables that must be precisely controlled in
each assay (including temperature, pH, and reagent concentrations which are, in turn,
affected by the total assay volume), it is very plausible for two different groups to honestly
report widely different specific activity values for the exact same set of samples by simply
changing the assay conditions! For this reason, purification tables are required to include a
detailed list of the precise set of conditions used to measure both enzyme activity and
protein content (or a reference to this list). Perhaps most important in terms of laboratory
procedures, this conditional nature is an important issue in order to understand and
appreciate the vital role that sampling consistency plays in reducing many experimental
errors that affect specific activity measurements. For this reason, whenever possible, the
assays for each fraction reported in a purification table should be performed at the same
time, using the same reagents, instruments, equipment, and, perhaps, even the same person.

Table 2 presents a traditional purification table summarizing the average results of specific
activity measurements obtained by eight different groups of students for the same initial
yeast extract (F1), the three fractions obtained from each isolation step (F2-F4), and a stock
solution of commercial invertase prepared by dissolving solid protein with column buffer to
a final concentration of 1.0 mg per mL (Z). In terms of percent yields, the table clearly shows
a sequential decrease in the total mass of protein in each fraction (which was measured
indirectly by a modification of the Bradford dye binding technique using bovine serum
albumin as the standard reference protein) starting with an average of 39 milligrams in the
initial 25 mL of yeast extract to only 0.16 milligrams in the final 1-mL fraction (F4) for a
combined percent yield of just 0.41% of the initial protein. Likewise, the total number of
enzyme units (as measured spectrophotometrically using the 5-minute stop assay described
previously) also dropped with each step from an initial value of 1070 units to 72 units in F4
which is an overall percent yield of just 6.7 % of the initial enzyme activity (but still 16 times
higher than the percent yield of total protein). However, in contrast to the loses of both total
protein and activity units, the table indicates a sequential and significant increase in the
specific activity of each fraction starting from 28 units per mg in the initial extract to 490
units per mg in the final fraction (F4) and an overall n-fold purification of 17.5 (that is, the
invertase contained in the final fraction, F4, is, on average, 17.5 times more pure than the
invertase in the initial yeast extract). These results simply confirm (as previously observed
by SDS-PAGE analysis) that each step of the procedure succeeded in selectively retaining a
higher percentage of the invertase compared to other proteins in each sample.
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. Volume Total Protein Total Activity | Specific activity r%—fold.
Fraction . . purification
(mL) (mg) (units) (units / mg) (vs. F1)
F1 25.0 39 (+6) 1070 (+ 95) 28 (+5) 1.0
F2 2.0 8.2 (+2.6) 717 (+ 100) 94 (+24) 3.4
F3 4.0 0.72 (+ .33) 145 (+ 60) 210 (+ 80) 7.5
F4 1.0 0.16 (+ 0.08) 72 (+27) 490 (+ 180) 17.5
x 1.0 0.11 (+ 6) 115 (+ 15) 1100 (+ 300) 39

Table 2. Purification table for the isolation of invertase from Baker’s Yeast

All data reflect the average values (+ standard deviation) reported by 8 different groups of
students using the same yeast extract (F1) prepared from Red-Star bread machine yeast.
Protein values were measured by a modification of the Bradford dye binding method using
bovine serum albumin as the reference protein (Zor & Selinger, 1996). Invertase activity was
monitored at pH 4.8, ambient temperature (20-24c C), and 20 mM sucrose using the standard
5-minute stop assay to reduce 3,5 dinitrosalicylate to 3-nitro-5-amino salicylate which is
detected at 540 nm . F1= Yeast extract; F2 = 29-40% ethanol cut; F3 = gel filtration peak; F4 =
DEAE enriched invertase; X~ = Commercial invertase (Sigma chemical company) dissolved
in gel filtration column buffer to a final concentration of 1 mg per mL.

In comparing the effectiveness of the three isolation steps used in the procedure, the
precipitation with ethanol appears to have been the most efficient step by providing a 3.5-
fold increase in the average specific activity of invertase compared to the additional
increases of 2.2- and 2.3-fold obtained by gel filtration and anion exchange, respectively.
Within this context, it should be pointed out that because the specific activity of the nearly-
homogenous sample of commercial invertase (as judged by SDS-PAGE) is equal to 1100
units per mg, that the maximum n-fold purification possible from this extract (at 28 units
per mg) is a 39-fold increase. Therefore, the combined 17.5-fold enrichment obtained at the
end of the three steps in this project accounts for about 45% of the upper limit. Likewise, by
comparing the specific activity of the commercial enzyme (1100 units per mg) with the total
number of units in the initial extract (1070 units), one can estimate that invertase accounts
for about 1 out of the 39 mg of total protein (or 2.5%) contained in the initial 25 mL of extract
prepared from the Red-Star bread machine yeast.

Finally, the results of this project demonstrate excellent agreement between the SDS-PAGE
analysis and specific activity measurements in comparing the purity of the final fraction (F4)
with that of the commercial invertase (Z). That is, the commercial enzyme appears much
more pure on the gel because it contains far fewer contaminating bands than that observed
in DEAE enriched fraction of invertase (F4). Likewise, the specific activity of the commercial
enzyme (1100 units per mg) is about 2.2-times higher than the final fraction (490 units per
mg). While it may seem disappointing that, after all of this work, the students do not obtain
as pure of a sample as the commercial enzyme, it must be remembered that these steps were
not optimized to maximize either the yield or purity of invertase. Instead the steps were
designed to introduce general methods of protein purification to large groups of
undergraduate students over the course of several three-hour laboratory periods. If a more
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pure fraction of invertase is desired, each of the following modifications to this
procedure would be worth considering: (i) first and foremost, start with a much larger
volume of the initial extract (such as 250 - 1000 mL) because it is always better to work
with a larger vs. smaller amount of the desired protein; (ii) use a much larger and
longer gel filtration column in order to be able to both load larger samples and
maximize the separation between invertase and other proteins on the column; (iii) raise
the concentration of salt in the gel filtration column buffer in order to reduce the chance
that other proteins might adsorb-to and co-elute with invertase off the size-column; (iv)
monitor each one of the invertase enriched fractions eluted from the size-column by
SDS-PAGE in order to discard the most contaminated fractions from the ones that are
pooled together and applied to the anion-exchange column; (v) improve the efficiency
of the ion-exchange column by using a salt gradient to gradually increase the sodium
chloride concentration and dissociate the enzyme from the column more selectively; (vi)
incorporate an additional or different isolation step into the procedure, such as lectin
affinity chromatography (lectins, such as conconavalin A and wheat germ agglutinin,
are sugar binding proteins that, when immobilized to a solid column support are useful
in the purification of glycoproteins).

7. Conclusion

The exercises described in this chapter provide a practical, hands-on introduction to many
general considerations and corresponding strategies encountered during the course of
isolating a specific protein from its initial biological source. Furthermore, the project is
especially well suited for incorporation into an undergraduate laboratory curriculum for
several reasons: First, the starting material, dried baker’s yeast, is relatively inexpensive
and can be obtained from most local grocery stores. In addition, the procedure required to
extract invertase from the periplasmic space of yeast cells is both exceptionally
uncomplicated and yields a large volume of an extract that is enriched with an
uncommonly stable glycoprotein that is easy to detect by SDS-PAGE analysis. Second, the
materials and equipment required for the detection assay, isolation steps, and final
analysis are also reasonably inexpensive and currently stocked in most undergraduate
laboratories. Finally, the isolation steps are designed to infuse a large number of visual
cues into the isolation of a colorless enzyme from a natural product (and therefore it
represents a more typical real life example compared to isolating colored proteins, such as
green fluorescent protein or myoglobin (Miller et al. 2010), that are over expressed in
genetically modified sources). These visual cues include the following: (i) the 2-step
precipitation in ethanol requires students to consider where their enzyme is located at all
times (the decantate or pellet); (ii) the addition of visual markers to the sample prior to gel
filtration lets them know where their enzyme is located on and off the column; (iii)
contaminating blue dextran in the gel filtration enriched fraction of invertase is removed
in the last isolation step by adsorption to the DEAE cellulose column, in this way they
know the column is working; (iv) The fractions are first visually analyzed by SDS-PAGE,
prior to performing the more technically challenging and less intuitive estimate of purity
by specific activity measurements; and, finally (v) commercial sources of the pure enzyme
to serve as a gold standard of comparison against their own results is readily available
and inexpensive.
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1. Introduction

Affinity chromatography is a method which depends essentially on the interaction between
the molecule to be purified and a solid phase that will allow the separation of contaminants.
Lectins are carbohydrate-binding proteins which can be purified by affinity
chromatography; also, the presence of multiple molecular forms of lectins in a preparation
can be separated. Immobilized lectins have been useful to affinity protein purification. In
immunoaffinity chromatography an antibody or an antigen is immobilized on a support so
as to purify the protein against which the antibody was developed. Monoclonal antibodies
are extremely useful as immunosorbents for purification of antigen. Immobilization of
monoclonal antibody on a suitable material to the column produces a support that will bind
with high selectivity to protein against which the antibody was developed. Affinity
chromatography containing DNA is a highly specific and important technique for the
purification of DNA-binding proteins involved in the transcription, replication and
recombination. The success of affinity chromatography depends on the conditions used in
each chromatographic step. So, the optimization of protocol is essential to achieve optimal
protein purification with maximum recovery.

2. Nomenclature and basic concepts

The term "affinity chromatography", first used by Cuatrecasas et al. (1968), refers to a
purification technique which depends essentially on the highly specific interaction between
the molecule to be purified and the solid phase that will allow the separation of
contaminants. This method has several other terms such as "bioselective adsorption", which
was appropriately used to denominate an adsorption chromatography that uses a very
special kind of affinity between the desired biological product and a biomolecule (Porath,
1973). For example, the biological affinity between an enzyme (protein with catalytic
activity) and its substrate and/or other small ligand - usually in the active or allosteric site
of the enzyme - results from a selective interaction.
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The adsorption corresponds to the fixation of the molecules of a substance (the adsorbate)
on the surface of another substance (the adsorbent), which may be immobilized to an
insoluble support. The adsorbate and the adsorbent can be referred as bioligands. The
bioligands may be specific or may not have absolute specificity of interaction. Many
bioligands (e.g. NAD*, ATP, coenzyme A) may bind different enzymes, being then called
group-specific ligands. In the same manner, chitin (a polysaccharide composed by N-acetyl-
D-glucosamine units) may be an adsorbent for several different molecules if they possess a
group (e.g. a binding or catalytic site) able to interact with chitin.

Affinity chromatography is a powerful tool for the purification of substances in a complex
biological mixture. It can also serve to separate denatured and native forms of the same
substance. Thus, biomolecules which are difficult to purify have been obtained using
bioselective adsorbents, e.g. immobilized metal ions (Ni2* and Zn2?*) used to purify proteins
containing zinc finger domains with natural affinity to divalent ions (Vorackové et al., 2011).
The relative specificity degree of the affinity chromatography is due to the exploitation of
biochemical properties inherent in certain molecules, instead of using small differences in
physicochemical properties (such as size, form and ionic charge, which are employed by
other chromatographic methods).

Affinity chromatography may be used with different final objectives. If the aim is a rapid
purification of a macromolecule with high yield, many controls and careful attention are
necessary to establish the best conditions for a high bioselectivity of the system; the
researcher must be prepared to adjust the chromatographic conditions and to circumvent
possible absence of bioselectivity or low yields. If the objective is to first demonstrate a
bioselectivity for further purification, the choice of the bioselective adsorbent is dependent
on the physiological interaction between the bioselective component and the macromolecule
to be purified. In this case, the researcher must spend a lot of time establishing the
bioselectivity before starting the isolation experiments.

A good bioselectivity means that the affinity of the molecule by the ligand exceeds all factors
of non-specific adsorption that are present in the system. Also, the affinity should not be so
strong, since the biomolecule must be removed from the column. A well-designed affinity
method should consider the selection of the ligand molecule or the insoluble support to be
used; they must have specific and reversible binding affinity for the molecule being purified.

After defining the protocol, purification by affinity chromatography is a rapid method,
compared with others less specific. The technique also enables the concentration of the
molecule of interest resulting in a small volume of a concentrated product.

Standard procedures of protein purification result in obtainment of homogeneous protein.
However, a considerable cost of supplies and hours of work is often required and a low
yield is obtained after several steps. The power of affinity chromatography is often larger
than other chromatographic techniques, resulting in several hundred or thousand-fold
purification factors in a single step.

3. Supports for affinity chromatography

A good support for affinity chromatography should be chemically inert or have minimal
interaction with other molecules, having high porosity and large number of functional
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groups capable of forming covalent bonds with the molecule to be immobilized. Many
materials are available (Table 1). A variety of supports with immobilized ligands, or stable
media for the immobilization of ligands through different functional groups are
commercially available. The ligand molecule to be used should contain a group capable of
being chemically modified, often an amino group, which will allow connection with the
matrix without destroying its capacity to bind to the molecule of interest.

Supports References

Affi-gel blue gel Wong et al., 2006

a-casein-Agarose Kocabiyik & Ozdemir, 2006

Chitin S4 et al., 2008; Coelho et al., 2009; Santana et
al., 2009; Napoledo et al., 2011a

Fetuin-fractogel Guzman-Partida et al., 2004

Fetuin-Sepharose CL-4B Bhowal et al., 2005

Ferromagnetic levan composite Angeli et al., 2009

GalNac-Sepharose CL-4B Gade et al., 1981

Galactosyl-Sepharose Franco- Fraguas et al., 2003

Glutathione reduced (GSH)-Sepharose Hamed et al., 2011

Guar gel Coelho & Silva, 2000; Santos et al., 2009;
Nunes et al., 2011; Souza et al., 2011

IMAC (immobilized metal ion affinity Vorackova et al., 2011

chromatography)-Sepharose

Sephadex G25 Santana et al., 2009

Sephadex G50 Fenton-Navarro et al., 2003

Sephadex G75 Correia & Coelho, 1995

Sepharose-manose gel Latha et al., 2006

Lectin-Sepharose CL-4B Paiva et al., 2003; Silva et al., 2011

Trypsin-Agarose Leite et al., 2011

Table 1. Supports for affinity chromatography.

One example is the agarose, a polysaccharide obtained from agar, which provides numerous
free hydroxyl groups and is the most widely used (Chung et al., 2009). The ligand may be
covalently bound to it through a two step process. In the first step, the agarose reacts with
cyanogen bromide to form an "activated" intermediate which is stable and commercially
available. In the second step, the molecule to be immobilized reacts with agarose to form the
covalently bound product (Voet & Voet, 1995). A support containing trypsin immobilized
on agarose was used to purify trypsin inhibitor from liver of Oreochromis niloticus (Leite et
al., 2011). Chromatography on a-casein-Agarose was useful for purification of an
intracellular chymotrypsin-like serine protease from Thermoplasma volcanium (Kocabiyik &
Ozdemir, 2006).

Sepharose (a tradename of a registered product of GE Healthcare) is a beaded form of
agarose cross-linked through lysine side chains. It is a common support for
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chromatographic separations of biomolecules and can also be activated with cyanogen
bromide. For example, glutathione S-transferases from Down syndrome and normal
children erythrocytes were purified by chromatography on matrix containing glutathione
reduced (GSH) immobilized on Sepharose (Hamed et al., 2011).

Insoluble polysaccharide matrices - such as chitin, guar gel and Sephadex - have been used
to purify lectins (carbohydrate-binding proteins) and will be discussed later.

4. Extraction and purification of proteins by affinity chromatography

To obtain a pure protein is essential for structural characterization and exploration of its
function in nature. These proteins should be free of contaminants if they will be used for
biotechnological purposes, such as the evaluation of their potentiality to purify and
characterize other molecules, as well as for studies on the ability to recognize receptors and
induce different cellular responses.

Proteins are dependent of environmental conditions to maintain their stability and for this
reason some parameters are crucial in all steps of the purification protocol: pH, ionic
strength, temperature and dielectric constant. The balance of these parameters, characteristic
for each protein, is essential for obtainment of the pure molecule in its native form. The
protein activity is due to the maintenance of protein structure that may be stabilized by
strong bonds, like disulfide bridges, and weak bonds, like hydrophobic interactions and
hydrogen, electrostatic or saline bonds.

In the purification processes of a protein, the following parameters should be considered:
the selection of the procedure for protein extraction from the biological source, the assays for
monitoring protein concentration in each step, the methods of solubilization, and the
environmental conditions for stabilization. The prior separation is based on differences in
solubility and usually corresponds to the preparation of a homogenate or extract. After
extraction and centrifugation, the separation can be based on molecular mass, electric charge
and protein affinity for other molecules.

Many proteins have the ability to bind strongly (but not covalently) to specific molecules
and thus can be purified by affinity chromatography. Figure 1 shows the steps of an affinity
chromatography for isolation of a protein. Initially, the affinity support must be equilibrated
with a binding buffer to achieve adequate conditions for affinity interaction between the
protein and the immobilized molecule (step 1). When an impure solution (crude extract or a
partially purified preparation) is passed through the affinity support, the protein of interest
interacts with the ligand (adsorption) and the other contaminants (other proteins or
molecules) are washed from the column with the binding buffer (step 2). The desired
molecule can be obtained highly purified by changing the elution conditions to release the
protein from the support (step 3). For example, the elution may be performed changing the
conditions of pH, ionic strength or temperature (non-bioselective desorption), or with a
solution containing a high concentration of free ligand that will compete for the binding-
sites of the protein (a bioselective desorption).

A crude extract can be directly applied in an affinity chromatography column. The
application of crude extract has the advantage of avoiding other steps that lengthen the
process. However, substances that may interfere in this process, like other proteins, nucleic
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acids and lipids are present in higher concentrations in crude extracts. In general, before the
chromatography, one or more steps for partial separation of undesirable constituents are

incorporated into the purification protocol.
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Fig. 1. Schematic representation of the equilibration (1), adsorption/washing (2) and

desorption (3) steps of an affinity chromatography for protein purification.
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Among the parameters used to evaluate if a preparation is pure can be cited electrophoresis,
immunological and chromatographic methods. The homogeneity of a protein preparation
should not be judged by isolated parameters. The indication of protein purity is obtained by
analysis of various speculations.

Affinity chromatography is a useful tool in proteomics studies; this method plays an
essential role in the isolation of protein complexes and in the identification of protein-
protein interaction networks. In glycoproteomics, serial lectin affinity chromatography was
applied in the process for identification of over thirty proteins from the human blood with
O-glycosylation sites (Durham & Regnier, 2006). Affinity chromatography is also required
for quantification of protein expression by using isotope-coded affinity tags (Azarkan et al.,
2007).

5. Forces that stabilize proteins and affinity interactions

The protein structures are maintained by hydrophobic effects and interactions between
polar residues and other types of connections (Voet et al., 2008). For enzymes, the active
sites are constituted by amino acid residues in direct contact with the substrate and those
amino acid residues indirectly involved in substrate binding through a water molecule as
intermediate or by the side chain of an amino acid. Many of the mentioned residues may be
in contact with a single substrate; the connection can occur through various combinations of
hydrophobic interactions, ionic bonds, hydrogen bonds and charge transfer. The enzyme
specificity for a particular substrate depends mainly on the steric positioning of each amino
acid in the active site. Substrates or inhibitors can be accommodated in the active site; some
are adjusted better than others.

The ideal conditions for affinity chromatography correspond to those in which the
adsorbate-adsorbent interaction resembles an enzyme-substrate binding. However, in
general, the adsorbent support can interact with proteins applied to the column by ionic
interactions, hydrogen bonds, hydrophobic interactions, or other binding sites present on
the surface of the protein.

In affinity chromatography occur bioselective and non-bioselective interactions; the
contribution of these interactions is dependent of the medium used and the physico-
chemical characteristics of the preparation containing the protein to be purified. The
bioselective adsorption constitutes one of the most effective and complex methods of protein
separation.

In affinity chromatography the bioselective elution (desorption) should be attempted not
only to prove that a particular purification was possible due to a bioselective adsorption, but
also because the bioselective elution often provides high levels of purification. Large
numbers of reversible interactions (hydrophobic attraction and hydrogen or electrostatic
bonds) are involved in recognition of the free ligand (in elution solution) by the protein
which was adsorbed on the matrix (Scouten, 1981).

6. Lectins: Prototypes in protein purification by affinity chromatography

The term lectin (from Latin lectus, past participle of legere, which means “to select”) was
introduced by Boyd (1954) and describes a protein heterogeneous group of non-immune
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origin, containing two or more binding sites for mono or oligosaccharides. These molecules
have the ability to agglutinate cells such as erythrocytes (hemagglutination), lymphocytes,
fibroblasts and bacteria, being also able to precipitate glycoconjugates (Goldstein et al., 1980;
Barondes, 1988; Kennedy et al., 1995; Correia et al., 2008; Sa et al., 2009a).

To be considered a lectin, the hemagglutinating activity should be inhibited by a
carbohydrate; when addition of mono or oligosaccharides neutralizes the agglutination
phenomenon, the protein is considered a potential lectin.

The lectin purification may be performed by conventional or high resolution techniques.
However, in most of the purification processes, the affinity chromatography is used. The
lectins are real models of protein purification exploring affinity interactions.

The lectin extracted from Canavalia ensiformis seeds (jack bean) named Concanavalin A (Con
A) was the first lectin to be crystallized. Since then, an increasing number of lectins with
similar or different specificities have been obtained.

Lectins have been purified from Cratylia mollis seeds using Sephadex (cross-linked dextran
gel) matrices allying the gel filtration property of this support and the ability of the lectins to
bind glucose (Paiva & Coelho, 1992; Correia & Coelho, 1995).

Guar gel beads produced by cross-linking of refined guar gum (a polysaccharide composed
of glucose and mannose) with epichlorohydrin in a mixture of water and 2-propanol (Gupta
et al., 1979) have been used to purify galactose-specific lectins (Santos et al., 2009; Nunes et
al., 2011).

Chitin-binding lectins can be isolated by affinity chromatography on columns containing
powder of chitin from crab shells hydrated with the equilibrating solution. This is a cheap,
efficient, and rapid technique to purify these lectins, which have great potential as
insecticidal and antimicrobial agents (Sa et al.,, 2009a; Sa et al; 2009b; Santana et al., 2009;
Coelho et al., 2009; Ferreira et al., 2011; Napoleao et al., 2011a; Napoledo et al., 2011b).

A ferromagnetic levan (a homopolysaccharide composed of D-fructofuranosyl) composite
was developed and efficiently used in purification of C. mollis lectin (Angeli et al., 2009). Egg
glycoproteins were immobilized and the affinity matrix was efficient to purify lectins from
extracts of Phaseolus vulgaris, Lens culinaris, and Triticum vulgaris (Zocatelli et al., 2003).

Lectins can be used for observation of the most diverse phenomena and the study of these
proteins allows the evaluation of different cell surfaces. It is known that all cells have a
membrane containing carbohydrates, consisting mainly of glycoproteins and glycolipids,
that are different for each cell and which may constitute the lectin receptors. In the same cell,
the surface structure can change characteristically due to normal development course or
cases of illness. The lectins have been used very successfully in histochemistry (Beltrdo et al.,
1998, Lima et al., 2010) and electrochemistry (Souza et al., 2003, Oliveira et al., 2008, 2011b)
with diagnostic purposes.

6.1 Purification of lectins from autochthonous and introduced species at
Northeastern Brazil by affinity chromatography

The motivation to search lectins in autochthonous and introduced species from a particular
region of a country is primordially due to the perspectives to develop a biotechnological
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leading edge. In the Laboratory of Glycoproteins from the Department of Biochemistry of
the Universidade Federal de Pernambuco (Brazil), the first plant tissues evaluated in order to
identify hemagglutinating activity (indicating the presence of lectins) were the seeds of C.
mollis (Paiva & Coelho, 1992; Correia & Coelho, 1995). This legume, also known as camaratu
bean, is important as human food and as native forage in the Semi-Arid Region from the
State of Pernambuco, northeastern Brazil. Since then, many other lectins have been purified.
Examples of lectins purified by affinity chromatography in the Laboratory of Glycoproteins
are shown in Table 2.

Lectin Plant (tissue) Affinity support |References

used
BmoLL  |Bauhinia monandra (leaf) Guar gel Coelho & Silva (2000)
BmoRoL |B. monandra (root) Guar gel Souza et al. (2011b)
Cramoll | Cratylia mollis (seeds) Sephadex Paiva & Coelho (1992);

Correia & Coelho (1995)

cMoL Moringa oleifera (seeds) Guar gel Santos et al. (2009)
WSMoL | M. oleifera (seeds) Chitin Coelho et al. (2009)
MuBL Myracrodruon urundeuva (bark) |Chitin 54 et al. (2009b)
MuHL M. urundeuva (heartwood) Chitin 54 et al. (2008)
MuLL M. urundeuva (leaf) Chitin Napoledo et al. (2011)
PpeL Parkia pendula (seed) Sephadex Lombardi et al. (1998)
PpyLL Phthirusa pyrifolia (leaf) Sephadex Costa et al. (2010)
OfiL Opuntia ficus indica (cladodes) | Chitin Santana et al. (2009)

Table 2. Lectins purified by affinity chromatography from different tissues of autochthonous
and introduced plants from northeastern Brazil.

Saline extract (0.15 M NaCl) from C. mollis seeds showed hemagglutinating activity on
erythrocytes from humans and other animals. The lectin activity was inhibited by glucose
and mannose. The extract was treated with ammonium sulfate (0-40% and 40-60%),
producing three fractions (F): 0-40F and 40-60F (precipitate fractions) and 40-60SF
(supernatant fraction) with hemagglutinating activity. The hemagglutinating activity was
concentrated (94%) in 40-60F, and a lectin (Cramoll 1) was purified by affinity
chromatography on Sephadex G-75 followed by ion exchange chromatography on CM-
cellulose (Correia & Coelho, 1995). Additionally, two other molecular forms were obtained
from 0-40F (Cramoll 3) and 40-60FS (Cramoll 2) through affinity chromatography on
Sephadex G-75, ion exchange using CM-Cellulose column, and molecular exclusion using
Bio-Gel P (Paiva & Coelho, 1992). The characterization of the isoforms was performed by
electrophoresis and immunological methods. Cramoll 1 was crystallized by Tavares et al.
(1996). C. mollis lectins showed several biological activities such as mitogenic effect on
human lymphocytes (Maciel et al.,, 2004), antitumor activity on Sarcoma 180 when
encapsulated into liposomes (Andrade et al., 2004), potential anti-helminthic against
Schistosoma mansoni (Melo et al., 2011a), healing activity on cutaneous wounds in healthy
and immunocompromised mices (Melo et al., 2011b), and induction of death on
epimastigotes of Trypanosoma cruzi (Fernandes et al., 2010).
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Moringa oleifera is a multipurpose tree with great importance in industry and medicine.
Lectins have been found in extracts from distinct tissues of M. oleifera (Santos et al., 2009).
Seeds from moringa are used to treat water for human consumption and different lectins
were detected in this tissue (Santos et al., 2005; Katre et al., 2008; Santos et al., 2009; Coelho
et al., 2009). Santos et al. (2005) found a water-soluble M. oleifera lectin (WSMoL) that is the
unique M. oleifera lectin inhibited by fructose. WSMoL was isolated through affinity
chromatography on chitin column and showed larvicidal activity against fourth-stage larvae
of Aedes aegypti (Coelho et al., 2009). This lectin is also a potential natural biocoagulant for
water, reducing turbidity, suspended solids and bacteria (Ferreira et al., 2011). Genotoxicity
assessment of WSMoL showed that it was not mutagenic and was not able to promote
breaks in DNA structure (Rolim et al., 2011).

Santos et al. (2009) purified a lectin with coagulant properties from M. oleifera seeds (cMoL)
by affinity chromatography on guar gel. cMoL agglutinated erythrocytes from rabbit and
human, was insecticidal for Anagasta kuehniella and, when immobilized, served as an affinity
support able to interact with humic acids (Oliveira et al., 2011a; Santos et al., 2011).

Coelho & Silva (2000) purified a galactose-specific lectin (BmoLL) from the fresh leaves of
Bauhinia monandra. Also, other galactose-specific lectin was purified from B. monandra
secondary roots, BmoRoL (Souza et al., 2011). These lectins were purified in milligram
quantities by affinity chromatography on guar gel. BmoLL showed insecticidal activity on
Callosobruchus maculatus, Anagasta kuehniella and Zabrotes subfasciatus (Macedo et al., 2007)
while BmoRoL showed antifungal and termiticidal activities (Souza et al., 2011); thus, these
lectins have biotechnological potential for application in control of agricultural pests.

In our studies, the presence of lectin isoforms has been revealed. The exploration and
knowledgement of multiple molecular forms of lectins in extracts or in early stages of
fractionation is very important. A substantial proportion of proteins have been described
with multiple molecular forms having or not defined genetic origin.

The Parkia pendula (visgueiro) is a majestic tree from the Brazilian Atlantic Forest that stands
out by their generous production of vegetables. Extracts of its seeds showed
hemagglutinating activity with erythrocytes from humans and various animal species. The
best monosaccharide inhibitors of the hemagglutinating activity from P. pendula were o-
methyl D-mannoside, D (+)-mannose and D (+)-glucose, in descending order. To purify the
lectin, a seed extract in 0.15 M NaCl, was fractionated with ammonium sulfate (40%). The 0-
40F recovered 97% of total hemagglutinating activity. The dialyzed preparation was
chromatographed by affinity on Sephadex G-75, and eluted with 0.3 M glucose. The purity
of the obtained preparation allowed the crystallization of the lectin (Lombardi et al., 1998).

Other supports for purification of P. pendula lectin by affinity chromatography were also
exploited for its purification. Although the lectin was not inhibited by N-acetyl-D-
glucosamine, the support chitin was used to purify two molecular forms of lectin (Souza,
1989). The absence of inhibitory effect of carbohydrate on hemagglutinating activity does
not imply in an inability of lectin to adsorb on an affinity support containing this
carbohydrate (Lis & Sharon, 1981).

Muyracrodruon urundeuva (aroeira-do-sertdo) is a plant with importance in traditional
medicine and its heartwood is resistant to fungi and termite attack. Lectins were isolated
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from M. urundeuva bark (MuBL), heartwood (MuHL) and leaf (MuLL) by affinity
chromatography on chitin columns. Similarly to P. pendula lectin, the hemagglutinating
activity of MuLL is not inhibited by N-acetyl-D-glucosamine but the lectin bind to chitin.
The affinity interaction between MuLL and this monosaccharide was demonstrated by

affinity chromatography on N-acetyl-D-glucosamine-Agarose column (Napoledo et al.,
2011a).

MuHL showed antimicrobial activity inhibiting the growth of bacteria and fungi (Sa et al.,
2009a). The three lectins showed termiticidal activity against Nasutitermes corniger and
insecticidal effect on fourth-stage larvae of A. aegypti (S4 et al., 2008; S& et al., 2009b;
Napoledo et al., 2011a; Napoledo et al., 2011b).

6.2 Applications: Immobilized lectins as affinity supports for protein purification

Various applications of lectins have been developed from the binding of these versatile
molecules with free carbohydrates or glycoconjugates present in cell surfaces. The lectin
applications have emerged in parallel to their discovery in 1888, with the description of the
hemagglutination phenomenon, previously mentioned. Lectins have been applied for
different purposes.

An immobilized lectin, covalently attached to a support, can separate glycoproteins or
proteoglycans containing specific carbohydrate groups from a crude preparation. The
elution of adsorbed material can be performed by treatment of support with a solution
containing a competitive glycoside. The elution is usually performed near neutral pH, with
minimal deleterious effects to the glycoprotein.

The interaction of a glycoprotein with an immobilized lectin can be used as a suitable
technique to obtain preliminary information about the covalently linked carbohydrates to
the glycoconjugate in the study. Lectins with different carbohydrate specificities,
immobilized on Sepharose, have been applied as an analytical tool to assess and compare
the carbohydrate residues.

Coelho (1982), using columns containing lectins with different specificity, detected
microheterogeneities in human liver glycosidases. Con A revealed microheterogeneity in
type A and B isoenzymes of beta-N-acetylhexosaminidase purified from human placenta.

A preparation of lectin from C. mollis containing Cramoll 1,4 isoforms was immobilized on
inert support and used as an affinity matrix for purification of glycoproteins from human
plasma, including the lecithin cholesterol acyl transferase (Lima et al., 1997). C. mollis seed
lectins immobilized on cyanogen bromide-activated Sepharose 4B were used to purify a
trypsin inhibitor from Echinodorus paniculatus seeds (Paiva et al., 2003) and a soybean seed
protein with platelet antiaggregation and anticoagulant activities (Silva et al., 2011).

Immobilized Euonymus europaeus lectin was an efficient affinity ligand used in the capture
step for purification of human influenza A viruses derived from MDCK cells; the main
targets were two viral glycoproteins (Opitz et al., 2007).

Lectin affinity chromatography is a powerful fractionation technique in the identification of
glycobiomarkers. Immobilized Con A was successfully used in the glycoproteomic analysis
of pluripotent murine embryonic stem cells; differential patterns of binding to lectin allowed
the identification of stage-specific glycopeptides (Alvarez-Manilla et al., 2010).
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7. Immunoaffinity chromatography

The immunoaffinity chromatography consists of an antibody (immunoglobulin)
immobilized on a support to purify the protein against which the antibody was
developed. Antibodies specific for the protein of interest are produced by the immune
system when the exogenous protein is inoculated in the animal; after, polyclonal antibodies
are extracted from the blood serum of the animal, isolated and immobilized to constitute a
matrix for purification of the protein of interest (Figure 2). Since the polyclonal antibodies
are products from many different cells of the immune system, they are heterogeneous,
differing in binding affinity for the protein inoculated on the animal.
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Fig. 2. Immunoaffinity chromatography for protein purification. First, the antibody for a
specific protein is developed immunizing an animal. Next, the antibodies produced are
purified and immobilized for use as immunoaffinity support.

Polyclonal antibodies (IgY) were developed against Plasmodium falciparum proteins and
immobilized for use in immunoaffinity chromatography columns; the technique was more
efficient than conventional chromatography (using two anion exchange columns) in
purification of chimeric proteins expressed in Escherichia coli that are candidates for use as
vaccine to prevent malaria (Qu et al., 2011).

The native Cramoll 1 was used to develop a serum anti-Cramoll 1 produced by rabbits. The
anti-Cramoll 1 immunoglobulin (IgG anti-Cramoll 1) was obtained by affinity
chromatography on Protein A-Sepharose. The antibody was conjugated to peroxidase (IgG
anti-Cramoll 1-Per) and the conjugate was used to evaluate the structural assessment of the
lectin (Correia & Coelho, 1995).
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Monoclonal antibodies can be developed by collecting lymphocytes B (producing the
desired antibody) from the spleen of the immunized animal and fusing them with a
myeloma (a tumor of lymphocytes B). The resulting cells (hybridoma) have an unlimited
capacity for division. When developed in culture they will produce large amounts of
monoclonal antibodies.

Monoclonal antibodies are extremely useful as immunosorbents for purification of antigens.
Immobilization of monoclonal antibody produces a support that can achieve a 10,000-fold
purification in a single step. Polyol-responsive monoclonal antibody that recognize a highly
conserved sequence in the $-subunit of bacterial RNA polymerase were used to purify RNA
polymerase from five species of bacteria in one immunoaffinity chromatography step
(Stalder et al., 2011). Nakamura et al. (2010) developed a sensitive and specific monoclonal
antibody against a soluble lectin-like oxidized low-density lipoprotein receptor-1 (sLOX-1),
expressed prominently in atherosclerotic lesions as a specific biomarker to diagnostic acute
coronary syndrome at an early stage; this immunoassay was developed in order to establish
a more sensitive assay that may also be useful in predicting cardiovascular disease risk in
disease-free subjects.

The antigen-antibody complex often has a strong affinity and it is necessary that the release
of the protein is performed in drastic conditions of pH and/or ionic strength. The elution is
preferably performed in the reverse direction to sample application. To avoid denaturation
of the molecule, the conditions are adjusted immediately after the elution.

8. Purification of DNA-binding proteins by affinity chromatography

DNA-binding proteins can be purified wusing different techniques of affinity
chromatography. One of them is the affinity chromatography containing immobilized DNA,
which is a highly specific technique for the purification of DNA-binding proteins involved
in the transcription, replication and recombination. The affinity columns are usually
generated by immobilization of synthetic oligonucleotides consisting of tandem repeated
units or multiple copies of the same sequence (Gadgil et al., 2001). Purification factors can
reach 10,000-fold. Figure 3 shows a schematic representation of DNA-affinity
chromatography.

DNA-affinity chromatography is a powerful method with broad applicability; this
technology has been extended for purifying transcription factors, polymerases, and
nucleases (Chockalingam et al., 2001). Since affinity chromatography is based in the specific
interaction between molecules, it is highly selective and offers high yield and purity (Gadgil
et al., 2001). DNA affinity columns can be constructed depending on the DNA-binding
properties of a protein (non-specific, specific, double- or single-stranded DNA). Apart from
the purification of DNA-binding proteins, DNA affinity columns can also be used for the
purification of nucleic acids, such as RNA and DNA. Golovina et al. (2010) described a fast
and simple purification method for the 30S ribosomal subunits carrying lethal mutations
using DNA-affinity chromatography. Kerrigan & Kadonaga (2001) developed a DNA
affinity resin using agarose activated with cyanogen bromide.

Another technique used for isolation of DNA-binding proteins is ion metal affinity
chromatography. The Mvol0b is a DNA-binding protein member of the Sac10b family from
the mesophilic archaeon Methanococcus voltae, which may play an important role in the
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organization and accessibility of genetic information in Archaea. This protein was purified
by polyethyleneimine precipitation followed by nickel affinity chromatography; this
protocol has potential application in the production of other thermophilic and mesophilic
proteins in the Sac10b family (Xuan et al., 2009). A telomeric DNA-binding protein (Stnlp)
from Saccharomyces cerevisae was purified by interaction with nickel-NTA resin followed by
chromatography on Superdex 200 column (Qian et al., 2010).
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Fig. 3. Schematic representation of DNA-affinity chromatography. In the first step, the
support containing a synthetic oligonucleotide consisting of a tandem repeated unit is
washed equilibrated. Next, the mixture containing proteins is loaded and the DNA-binding
protein that recognizes the oligonucleotide adsorb on the support. The elution is performed
by solutions containing a very high concentration of salt.
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9. Pitfalls in affinity chromatography

There are numerous problems in affinity chromatography, similar to any other techniques.
One of the most common ways to immobilize ligands with free amino groups is by a
reaction with Sepharose activated with cyanogen bromide. This method promotes the
formation of ionic groups that may cause non-selective electrostatic adsorption. The
immobilization of small ligands may create steric impediment problems that limit the
functional capacity of the columns.

To minimize the steric interference between the support and substances interacting with the
ligand, hydrocarbon spacer arms (such as in Sepharose CL-4B) are often interposed between
the substrate and the ligand. However, these spacer arms may cause hydrophobic effects.

In affinity chromatography, the adsorption step is often performed with buffers of low ionic
strength and the interference of non-selective electrostatic adsorption is inevitable. In
addition, non-selective desorption of the desired molecule, increasing the pH or the ionic
strength leads to at least a partial loss of activity, many times reversible but not always.

Special attention should be given to various affinity supports used under conditions of
saturation of the protein to be applied to matrix; possible contaminations can result from
non-selective interactions.

In immunoaffinity chromatography the disadvantages include the technical difficulty of
producing monoclonal antibodies and the drastic conditions that are often required to elute
the strongly adsorbed protein.
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1. Introduction

Research projects in life sciences aim at studying and better understanding biological
systems. Over the past 50 years, tremendous advances in molecular biology and
biochemistry have provided essential tools to dissect biological processes down to the
molecular level. Most of the time, when studying the structure and function of proteins,
obtaining sufficient quantities of the native form of the protein isolated from the relevant
cells or tissue is not feasible. The development of recombinant DNA technologies to clone
and express genes encoding proteins of interest has revolutionized the design and execution
of research projects (Cohen et al., 1973). Indeed, access to purified recombinant proteins
enables a wide spectrum of studies, ranging from structural characterization of protein-
protein- and protein-nucleic acid interactions to immunization programs to generate
antibodies as research tools. The availability of sufficient quantities of purified recombinant
proteins is often key to success. Furthermore, recombinant approaches for the production of
proteins have profoundly impacted biomedical research and drug development as they
have opened the possibility of producing clinical grade proteins as drugs. This has
subsequently paved the way for the emergence and fast development of protein biologics
that today represent a very successful and quickly expanding class of drugs (Saladin et al.,
2009; Chiverton et al., 2010).

A variety of expression systems using prokaryotic and eukaryotic cells as well as in vitro
translation systems can, in principle, be envisaged for any protein of interest. However,
when the folding and the extent of post-translational modifications of the recombinant
protein are critical, the use of a system that best maintains the characteristics of the native
protein is preferential. In the context of drug development programs, the biological activity
of the protein is of paramount importance. Eukaryotic expression systems, and in particular
the use of mammalian host cells, is therefore attractive for the production of human
recombinant proteins considered either as therapeutics or therapeutic targets (Andersen et
al., 2002). In addition, different forms of a given protein, such as truncations, protein fusions
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or modifications obtained via site-directed mutagenesis, are often needed in the course of a
project and thus require the expression and purification of many protein variants in short
periods of time. Therefore, the flexibility and speed of a particular system have also to be
taken into consideration. Ideally, an expression system should combine high yield, ease of
purification, high product quality and short timelines.

In this chapter, we describe the design and use of multicistronic episomal protein expression
vectors combined with improved cell culture methods and single step affinity purification in
order to meet these requirements. This approach is rapid (4-6 weeks) and can be used in any
laboratory equipped for mammalian cell culture and standard protein purification for the
production, in the milligram per liter range, of biologically active recombinant proteins from
cell culture supernatants.

2. Approaches for recombinant protein expression in mammalian cells

When studying human or mammalian proteins, expression in mammalian cells not only
provides the optimal machinery for proper folding and post-translational modifications, but
also facilitates the expression of large and multimeric protein complexes. Several
approaches for recombinant protein expression in mammalian cells can be envisaged that
dramatically differ in overall yield, workload and timelines (Colosimo et al., 2000). Small-
scale transient transfections offer a fast and flexible approach for producing microgram
quantities of proteins in a short period of time (days). Different methods have been
described for the delivery of plasmid DNA into cells that drives the transient expression of
the gene of interest. Up-scaling this approach is feasible in order to produce larger amounts
of proteins (milligrams to grams) in a short time. However large-scale transient expression
requires significant quantities of both exponentially growing cells and DNA, as well as
specialized equipment and is thus not easy to implement in all laboratories (Geisse et al.,
2005; Backliwal et al., 2008). Using transient approaches, a new transfection has to be
performed for each protein production batch.

The most commonly used strategy for large-scale protein expression (milligram to kilogram
scale) is the establishment of stable cell lines, in which the expression plasmid incorporates
into the host cell genome (Hacker et al., 2009). The plasmid also includes a marker that
allows the selection and clonal amplification of cells that have stably integrated the
expression plasmid (Costa et al., 2010). Once the genetic stability of the cell line has been
established, it can be expanded, cryopreserved and used for multiple production runs thus
maximizing batch to batch consistency of the expressed protein. The main limitation is that
stable cell line generation is time-consuming and laborious. It is therefore well suited for the
production of proteins at industrial scale or for the production of therapeutic proteins, but
not for covering the evolving needs of a research project.

Semi-stable expression offers a compromise between transient transfection and stable
cell line generation. In this case, following transfection with a plasmid containing a
selectable marker, pools of cells are expanded under selective pressure to obtain large
volumes of cells expressing the protein of interest in a relatively short time (weeks). The
main advantages and limitations of the methods described above are summarized in
Table 1.
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Approach Advantages Limitations
Transient transfection | Fast (days) Reduced yields
Small scale Small amounts of DNA and cells (micrograms)
required Increased variability
between batches
Transient transfection |Fast (days) Large amounts of DNA and
Large scale Intermediate yields (milligrams to cells required
grams) Specialized equipment
required
Semi stable pools Relatively fast (weeks) Heterogeneous cell
Small amounts of DNA and cells population
required
Intermediate yields (milligrams to
grams)

Single pool can be used for several
production runs

Stable cell lines Homogenous cell population Time consuming (months)
High yields (grams to kilograms) Labour intensive cell line
Unlimited number of production runs |screening and
Increased product consistency characterization

Table 1. Characteristics of different mammalian cell expression systems.

3. Expression vector design
3.1 Episomal vectors

The generation and amplification of semi-stable cell pools is performed under selective
pressure, for instance using an antibiotic resistance gene (Lufino et al. 2008; Wong et al.
2009). After transfection, cells that have integrated plasmid DNA into their genome in a
location that enables expression of the selectable marker will grow and expand. Depending
on the genome integration site, the expression level of the selection marker and the gene of
interest can vary significantly. Episomal vectors present the advantage that they can
replicate and propagate extrachromosomally in the transfected cells without the need for
genomic integration. Episomal vectors contain sequences from DNA viruses, such as bovine
papilloma virus 1, BK virus or Epstein-Barr virus. The expression of viral early genes in the
host cell such as the Epstein-Barr virus nuclear antigen 1 (EBNA-1) activates the viral origin
of replication that is present in the vector, allowing its independent replication. This leads to
an efficient retention of multiple copies of the plasmid expressing the gene of interest
despite a non-equal partitioning between the dividing cells (Van Craenenbroeck et al., 2000).
This high retention rate combined with the selective pressure ensures that expanded cells
contain the expression construct. In addition, the high plasmid copy number leads to
amplification of the gene of interest and higher protein expression similar to transient
transfection experiments (Mazda et al., 1997). Here we focus on the use of the pEAKS vector
that encodes the puromycin resistance gene as a selection marker, the Epstein-Barr virus
nuclear antigen 1 (EBNA-1) and the oriP origin of replication (Magistrelli et al., 2010).
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3.2 Multicistronic expression vectors

Vectors that can drive multiple gene expression have several advantages. Firstly, they can be
used for the production of multimeric protein complexes resulting from the assembly of
different polypeptides. Such protein complexes are frequently found in nature and their
structural and functional properties can differ from those of their individual subunits. A series
of single and dual promoter vectors was generated, based on the pEAKS8 episomal vector
described above (Figure 1). These vectors incorporated a multicistronic design enabling the co-
expression of 2 to 4 independent genes in addition to the antibiotic resistance genes and viral
elements of the original episomal vector. The genes encoding the protein of interest can be
cloned downstream of the EF1 or SRa promoters that drive strong gene transcription. One or
two subsequent internal ribosome entry sites (IRES) drive the translation of the second and
third genes (Komar et al., 2005). The gene located after the first IRES is BirA and encodes a
biotin ligase that can add a biotin molecule to a protein fused to the biotin acceptor peptide
AviTag™ (Tirat et al., 2006). In all the vectors described here, enhanced green fluorescent
protein (EGFP) was placed after the last IRES. In a multicistronic transcript, the last cistron is in
principle the least translated. Thus, EGFP expression can be used as a reporter to indicate
whether the genes of interest are also expressed, although it has to be noted that there is not
necessarily a correlation between the expression levels of the protein of interest and EGFP.

In this chapter, we focus on the expression of extracellular proteins or protein complexes.
Their secretion into the culture medium is mediated by a leader sequence that can be either
the original leader sequence of the protein to be expressed or a generic one. We successfully
used the CD33 and Gaussia P. leader sequences for a variety of proteins (Magistrelli et al.,
2010). However, significantly different yields can be observed depending on the choice of
leader sequence and this parameter should therefore be considered in order to optimize
expression levels that are not satisfactory. When biotinylation of the secreted protein is
desired, the biotin ligase must also be secreted so that it can add a biotin to the AviTag™
either during the secretion process or in the extracellular milieu. It is therefore mandatory to
add a leader sequence to the BirA gene in order to obtain a biotinylated product.

Single promoter vectors

sicistronic  esx. ) [RNSSIN & LN .
tricsronic  gra) |G 6 IS Lo Y 6
Dual promoter vectors
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GO, gene of interest; EF1, EF1 promoter; SRa, SRo promoter; IRES, internal ribosome entry site; BirA,
biotin ligase; EGFP, enhanced green fluorescent protein; Tag, peptidic tag (His, AviTag™, HA, Flag or
StrepTag).

Fig. 1. Single promoter and dual promoter multicistronic vector design.
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4. Generation of semi-stable cell pools
4.1 Transfection and selection

After molecular cloning of the gene - or genes - of interest in one of the vectors described
above, the constructs can be verified by DNA sequencing. The plasmids are then transfected
into mammalian cells using a liposome-based transfection reagent such as TransIT-LT1
(Mirus, Madison, WI). The transfection step requires only small quantities of DNA and cells,
typically 2x105 cells and 2 pg of plasmid DNA per well and the transfection is carried out in
a 6-well plate. Although different mammalian cell lines can be used, in the examples given
below, transformed human embryo kidney monolayer epithelial cells (PEAK cells) were
transfected. These cells stably express the EBNA-1 gene, further supporting the episomal
replication process, are semi-adherent and can be grown under standard conditions in a cell
culture incubator (5% COy 37 °C in DMEM medium supplemented with 10% fetal calf
serum). After 24h, cells were placed under selective conditions by adding medium
containing 0.5-2 pg/mL puromycin, as cells harbouring the episomal vector are resistant to
this antibiotic. 48h after transfection, its efficiency can be evaluated via the brightness of the
EGFP signal as well as the proportion of EGFP positive cells in the wells, using
epifluorescence microscopy.

4.2 Amplification and production

Cells are maintained in a serum-containing medium, which allows for fast growth, high
viability and fast expansion without adaptation to serum-free medium. The selection and
amplification process of the pool can easily be monitored by the increase in EGFP signal
either using epifluorescence microscopy or flow cytometry (Figure 2).
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Fig. 2. EGFP expression in transfected pools of PEAK cells after 2 weeks of selection and
propagation, monitored by epifluorescence microscopy (left) or flow cytometry (right).

At this stage the expression of the protein of interest can be tested by ELISA or western blot
analysis of the supernatant. This early evaluation point at the beginning of the selection
process is not absolutely required but provides an indication that the protein can be
expressed and secreted in this system. After one week, the cells are transferred to larger
vessels and kept under selective pressure in order to expand the transfected cell population.
Two to three weeks after transfection, cells can be used to seed Tri-flasks (Nunc) or
disposable CELLine bioreactors (Integra) for the production step (Figure 3). Tri-flasks are
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cell culture vessels that contain three levels for cells to adhere and thus maximize cell
density in a limited space. The CELLine is a two compartment bioreactor that can be used in
a standard cell culture incubator. The smaller compartment (15 mL) contains the cells and is
separated from a larger (one liter) medium-containing compartment by a semi-permeable
membrane with a cut-off size of 10 kDa (Bruce et al., 2002; McDonald et al., 2005). This
system allows for the diffusion of nutrients, gases and metabolic waste products, while
retaining cells and secreted proteins in the smaller compartment. It is also possible to use
serum-free medium in the cell compartment and complete medium in the larger
compartment. This allows for the secretion of the protein of interest into serum-free
medium, which facilitates the purification process by decreasing the amount of
contaminants. As the medium and cell compartments can be accessed independently,
medium can be replaced or complemented with fresh medium without losing cells or the
protein of interest. It overcomes the limitations of standard cell culture containers and offers
the advantage that the secreted protein remains concentrated in smaller volume facilitating
downstream purification. Using both systems, the culture is maintained for 7-10 days before
harvest of the supernatant. As the medium contains serum, the cells maintain high viability
and several production runs can be generated using the same cells and containers.

| Molecular Cloning |

Transfection, Selection and * EGFP expression monitoring
Amplification * Puromycin selection

U

* Production in Tri-flasks or in CELLine bioreactors

% Jid b

Purification on Ni-NTA column
Elution using imidazode gradient

roT Medi s
v o ( edium compartment:1L
505 PAGE Cell compartment:15mlL

ELISA
SPR

4-6 weeks process

Fig. 3. Schematic representation and timelines of the overall process.

5. Protein purification

In order to streamline the overall process, an important objective is to efficiently purify the
secreted recombinant proteins with a single immobilized metal ion affinity chromatography
step (IMAC). This affinity purification approach is well established for proteins containing a
hexahistidine tag (Block et al.,, 2009). However, optimization was required to efficiently
purify recombinant protein from supernatants containing 10% FCS. After harvest, the cell
culture supernatants are clarified by centrifugation and filtered through a 0.22 pm
membrane. The supernatant from Tri-flasks or other standard cell culture vessels have to be
concentrated 20-40 times using a concentration device such as a SartoFlow 200 (Sartorius)
with a membrane having an appropriate cut-off size to retain the protein of interest. As
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mentioned above, this step is not required using the CELLine bioreactor due to the low
volume recovered from the cell compartment. In addition, the concentration step increases
the concentration of both the protein of interest and high molecular weight contaminants
such as bovine serum albumin or immunoglobulins. In contrast, the supernatant retrieved
from the cell compartment of the CELLine bioreactor contains concentrated recombinant
protein and reduced levels of contaminants as they cannot cross the 10 kDa membrane
separating the two chambers of the reactor. This increased recombinant protein to
contaminant ratio greatly enhances the purification efficiency by IMAC. The concentrated
supernatant is then supplemented with 100 mM imidazole and loaded onto Ni-NTA affinity
chromatography resin (Qiagen). The relatively high concentration of imidazole minimizes
binding of contaminants to the resin. After a wash step, proteins are eluted at a flow rate of
2 mL/min using a 30 mL imidazole gradient (20-400 mM imidazole) on an AKTA Prime
chromatography system (GE Healthcare). The elution gradient further improves the purity
of the recombinant protein but can be replaced by a step elution approach if a
chromatography system is not available. The eluted fractions can be analyzed by SDS-PAGE
or ELISA to determine their recombinant protein content. The fractions of interest are
pooled and desalted on PD-10 columns (GE Healthcare) equilibrated with phosphate
buffered saline or another appropriate buffer. The desalted proteins can then be quantified
using various techniques and their purity analyzed by SDS-PAGE.

During the expansion step of the cell pools, several vials of cells can be cryopreserved in
liquid nitrogen. These frozen pools can be thawed at a later stage and rapidly expanded
under selective conditions to produce recombinant protein without the need for a new
transfection step. This possibility further accelerates the timelines for the generation of
additional recombinant protein batches and is a clear advantage over transient transfection
approaches (Table 1).

Protein Yield (mg/L) |Tags

Human IL-17F homodimer 5-6 His

Human IL-17A homodimer 6-9 His - StrepTag
Human IL-17A /F heterodimer 04-1 His - StrepTag
Rat IL-17A homodimer 2-4 His - StrepTAg
Human IL-6 11-14 His - AviTag™
Mouse IL-6 10-12 His - AviTag™
Human IL-6 receptor 15-16 His - AviTag™
Mouse IL-6 receptor 13-14 His - AviTag™
Human IL-6 / IL-6 receptor complex 7-9 His

Human CD16b 7-8 His - AviTag™
Human CD79A homodimer 4-6 His - AviTag™
Human CD79B homodimer 05-1 His - AviTag™
Human CD79A /B heterodimer 08-1 His - AviTag™
Human LIF 5-6 His

Mouse LIF 4-6 His

Mouse FcyRIV 4-5 His - AviTag™

Table 2. Proteins successfully expressed using the process described in this chapter.
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We have applied the process described above to express and purify 16 mammalian proteins
(Table 2). In most cases, several milligrams of highly pure recombinant protein were
obtained per liter of cell culture supernatant (Magistrelli et al., 2010). The proteins carried
various tags at the N- or C-terminus and could be biotinylated in vivo during the
production step via an AviTag™. Most of these proteins were shown to be functionally
active in cell-based assays.

Three case studies are reported below, illustrating the expression, purification and
characterization of monomeric, homodimeric and heterodimeric recombinant proteins.

6. Case studies
6.1 Monomeric proteins: Recombinant biotinylated human CD16b

Human CD16b, also called FcyRIIIb, is a member of the receptor family for the Fc of
immunoglobulins (Takai, 2002). CD16b is a low affinity, GPl-anchored, monomeric receptor
expressed on neutrophils and eosinophils. In order to characterize the binding of human IgG
to this receptor, a DNA fragment encoding the extracellular portion of hCD16b fused to a C-
terminal hexahistidine and an AviTag™ was cloned into the single promoter tricistronic vector
that drives the co-expression of BirA and EGFP (Figure 1). After transfection and selection,
hCD16b was purified in a single step from the cell culture supernatant as described above. The
elution fractions corresponding to the main elution peak of the chromatogram were pooled
and desalted into phosphate buffered saline. SDS-PAGE analysis showed that hCD16b was
highly pure and had the expected molecular weight of 43 kDa (Figure 4).

In order to verify that hCD16b was biotinylated during expression, an aliquot of each
pooled fraction was added to streptavidin coated microplates. After incubation, the plate
was washed and the immobilized hCD16b detected using a horseradish peroxydase (HRP)-
coupled anti-hexahistidine antibody (Figure 5). The ELISA signals correlated with the
intensity of the bands on the SDS-PAGE gel and indicated that hCD16b was efficiently
biotinylated, thus facilitating its immobilization on a solid surface.
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Fig. 4. Purification of hCD16. Chromatogram of the gradient elution step (left). The indicated
fractions were collected in several pools, desalted and analyzed by SDS-PAGE (right).
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The ability of purified hCD16b to bind IgG was tested by Surface Plasmon Resonance (SPR)
using a Biacore 2000 instrument (GE Healthcare). A CM5 biosensor chip was coated with
streptavidin followed by injection of hCD16b, resulting in efficient immobilization of the
receptor on the chip surface. Kinetic experiments were performed by injecting various
concentrations of hlgG1, ranging from 83 nM to 1.3 pM (Figure 5). Dose dependent binding
was observed and the affinity of the interaction could be determined (KD=7.18x10% + 3.2
x10> M). The affinity of human IgG1 for hCD16b was found to be similar to previously
described values (Bruhns et al., 2009).
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Fig. 5. Characterization of hCD16b by ELISA (left) and by Surface Plasmon Resonance on a
Biacore 2000 system (right). Pooled fractions of purified hCD16b were captured on a
streptavidin-coated ELISA plate and detected with and anti-hexahistidine antibody (left).
The sensorgrams were obtained by injecting hIgG1 on hCD16b immobilized on a
streptavidin surface (right). A schematic representation of the IgG-CD16b interaction on the
chip surface is represented in the top right corner.

6.2 Homodimeric proteins: Recombinant human IL-17F

Interleukin 17F (IL-17F) is a member of the IL-17 cytokine family and has been shown to
play a pro-inflammatory role, particularly in asthma (Kawaguchi et al., 2009). IL-17F is a
secreted protein that forms a homodimer linked by a disulfide bond (Hymowitz et al., 2001).
This protein was expressed using the single promoter bicistronic variant of the vector
(Figure 1). The transfection, selection and purification process described above was applied
and the purity of dimeric IL-17F was confirmed by denaturing SDS-PAGE in reducing and
non-reducing conditions (Figure 6). As expected the IL-17F monomer and disulphide-linked
dimer had an apparent molecular weight of 20 kDa and 40 kDa, respectively.
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Fig. 6. Purification of human IL-17F homodimer. Chromatogram of the gradient elution step
(top). The indicated fractions were collected in several pools, desalted and analyzed by SDS-
PAGE in non-reducing conditions (bottom left) and in reducing conditions (bottom right).

The biological activity of purified hIL-17F was assessed in a cell-based assay (Yao et al.,
1995). Human fibroblasts secrete IL-6 in response to hIL-17F and this activity can be
inhibited by a neutralizing antibody directed against hIL-17F. The neutralizing activity of
the antibody was tested in the assay using hIL-17F purified from the supernatant or a
commercial source of the cytokine (PeproTech). The results indicated that both cytokines
have equivalent biological activities and can be neutralized in a similar fashion by the
antibody (Figure 7).
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Fig. 7. Neutralization of the biological activity of commercially available hIL-17F (closed
circles) and purified hIL-17F (open circles) using an anti-hIL-17F monoclonal antibody (left).
Schematic representation of the cell-based assay (right).

6.3 Heterodimeric proteins: Recombinant human CD79A/B

As an example demonstrating successful heterodimeric protein complex expression, the
sequences encoding the extracellular domains of human CD79A and CD79B were cloned
into a dual promoter, tricistronic vector (Figure 1). The native CD79A/B heterodimer is
expressed on B lymphocytes and is the signalling component of the B cell receptor complex
(Chu et al., 2001). For recombinant expression, the two proteins were fused to different tags.
A hexahistidine tag was introduced at the C-terminus of CD79B for purification by IMAC
and an AviTag™ at the C-terminus of CD79A for in wvivo biotinylation. During the
purification step, CD79A/B heterodimer and CD79B homodimer complexes were purified
via the hexahistidine tag on CD79B. The purified protein complexes analyzed by SDS-PAGE
presented a diffuse pattern due to glycosylation of the proteins (Figure 8). As only CD79A is
biotinylated, only the heterodimeric complex can be specifically immobilized on
streptavidin coated surfaces.
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Fig. 8. Purification of human CD79A /B heterodimer. Chromatogram of the gradient elution

step (left). The indicated fractions were collected in several pools, desalted and analyzed by
SDS-PAGE (right).
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Fig. 9. Schematic representation of the ELISA used for the detection of CD79A/B
heterodimer in the pooled elution fractions (top). ELISA signals obtained using anti-CD79A
(bottom left) and anti-hCD79B (bottom right) antibodies and dilutions of the pooled
fractions (pools 2 to 5). Biotinylated hCD79A and hCD79B homodimers were used as
positive and negative controls.
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To confirm the presence of the CD79A/B heterodimer in the purified fractions, aliquots
were incubated in streptavidin-coated ELISA plates. After washing, commercial anti-CD79A
and anti-CD79B antibodies were added to different wells and detected using a HRP-labeled
Fey specific antibody (Figure 9). Positive signals obtained with both anti-CD79A and anti-
CD79B antibodies demonstrated that the heterodimer was efficiently produced and
captured via biotin-streptavidin interaction.

7. Conclusions

A number of considerations can influence the choice of system for the expression of
recombinant proteins, but the final intended use of the protein is a key determining factor.
For most applications, the recombinant protein should closely mimic the structural and
functional properties of the native protein. For this reason, mammalian expression that
provides the appropriate folding and complex post-translational and secretion machineries
represents the system of choice for the study of human proteins, in particular for therapeutic
applications (Andersen et al., 2002). High yields, flexibility and speed are also important
parameters that are difficult to combine in a single and ideal expression system. Transient
expression via plasmid transfection into mammalian cells provides maximal flexibility and
speed, at the expense of yield. Indeed, only microgram amounts of protein can be obtained
unless performed at large scale, a procedure that has its own technical challenges and is
therefore not easily implemented in most laboratories (Hacker et al. 2009). At the other end
of the spectrum, the establishment and selection of stable cell lines supporting high
expression levels is time consuming but is clearly a system of choice when large amounts of
protein are required. In addition, the clonal nature of the cell line increases product
homogeneity and batch-to-batch consistency, two highly desirable features for industrial
applications. However, neither approach is fully satisfactory when conducting research
projects that involve the development of protein-protein interaction assays, structural
characterization, immunization or screening procedures. Such activities require milligram
amounts of protein and often multiple variants, fusions or tagged version of the same
protein have to be generated.

The expression system described in this chapter contributes to bridging the gap between
yield and speed by providing several attractive features: integration-free maintenance of
the expression vector via autonomous episomal replication; single or dual promoter
multicistronic vector design for the co-expression of proteins; secretion of biotin ligase for
single site in vivo protein biotinylation; co-expression of EGFP for the monitoring of
transfection efficiency, selection and amplification of cell pools; cryopreservation of cell
pools for additional batch productions; single step affinity purification and use of
disposable bioreactors. The latter element, although not strictly required, significantly
enhances the overall quality of the process by providing highly concentrated
supernatants, containing lower levels of serum derived contaminants, thus improving the
performance of the affinity chromatography step. This 4-6 weeks process requires
standard cell culture and protein purification equipment and can therefore be
implemented in most laboratories. Beyond speed and yield, the possibility to obtain single
site biotinylated proteins facilitates the development of protein-protein interaction assays
via simple biotin-streptavidin oriented immobilization of one of the interacting partners.
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Finally, as illustrated by several examples, the mammalian cell machinery offers the
possibility to produce homodimeric and heterodimeric protein complexes in significant
quantities.

In our laboratory, the availability of this approach has significantly simplified and
streamlined the production of high quality recombinant proteins and supported multiple
aspects of our research programs. We therefore believe that it could also benefit other
research groups and become more widely used for the expression of recombinant
proteins.
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1. Introduction

Affinity purification is based on the selective and reversible interaction between two
binding partners, of which one is bound to a chromatography matrix and the other may be
either a native target protein or a recombinant protein fused with an affinity tag
(Cuatrecasas et al. 1968). Recombinant DNA-technology allows straightforward
construction of gene fusions to provide fusion proteins with two or more functions. The
main intention is to facilitate downstream purification; however gene fusions may also
improve solubility and proteolytic stability and assist in refolding (Waugh 2005). There are
many fusion partners for which commercially available purification systems exist, ranging
in size from a few amino acids to whole proteins (Flaschel & Friehs 1993; Terpe 2003). A
commonly used purification handle is the poly-histidine (His) tag, enabling purification of
the recombinant protein on a column with immobilized metal ions (Hochuli et al. 1988).
Other commonly used tags include the FLAG peptide (binding to anti-FLAG monoclonal
antibodies), the strep-tag (binding to streptavidin), glutathione S-transferase (binding to
glutathione) and maltose binding protein (binding to amylose) (Terpe 2003). Many affinity
chromatography strategies also exist for the purification of native proteins, however these
are slightly less specific and generally purify classes of proteins, as individual proteins each
need a specific ligand. Today, many different ligands are available that can separate specific
groups of proteins, for example phosphorylated, glycosylated or ubiquitinylated proteins
(Azarkan et al. 2007).

Several bacterial surface proteins that show high affinity against different host proteins as
immunoglobulins (Ig:s) and serum albumin, but also other host serum proteins, have been
identified, see table 1 for examples. These proteins have different specificities regarding
species and immunoglobulin classes and also bind to different parts of the immunoglobulin
molecules. Therefore they have proven to be highly suitable for applications within protein
purification. Many such proteins are expressed by pathogenic strains of the Staphylococci and
Streptococci genera, and one biological function of these surface proteins is to help the
bacteria evade the immune system of the host by covering the bacterium with host proteins
(Achari et al. 1992; Sauer-Eriksson et al. 1995; Starovasnik et al. 1996). A significant property
of serum albumin is the capability to bind other molecules and act as a transporter in the

* Authors Contributed Equally
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blood. Bacteria able to bind albumin may therefore also benefit by scavenging albumin-
bound nutrients (de Chateau et al. 1996). One of the most studied immunoglobulin-binding
proteins is the surface-exposed protein A of Staphylococcus aureus. Several animal models
have demonstrated a decreased virulence for mutants of S. aureus that lack Staphylococcal
protein A (SPA) on their surface (Foster 2005). Another staphylococcal surface protein, S.
aureus binder of IgG (Sbi), has also been described (Atkins et al. 2008; Zhang et al. 1998).
Several cell surface proteins binding immunoglobulins and other host proteins have also
been discovered in Streptococcus strains. Streptococcal protein G (SPG), which binds both to
immunoglobulins and serum albumin of different species (Kronvall 1973), is the most
investigated. Proteins M, H and Arp (short for IgA receptor protein) are expressed by the
human-specific pathogen group A streptococci and have different specificities (Akerstrom et
al. 1991; Akesson et al. 1990; Fischetti 1989; Lindahl & Akerstrom 1989; Smeesters et al.
2010). Protein L is expressed by the anaerobic bacterial species Finegoldia magna (formerly
known as Peptostreptococcus magnus). It has been shown that this protein binds to the light
chains of human IgG molecules (Bjorck 1988). Another protein expressed by F. magna is the
peptostreptococcal albumin-binding protein (PAB), which displays high sequence similarity
with the albumin-binding parts of SPG. However, the species specificity differs somewhat
and PAB binds mainly to albumin from primates (Lejon et al. 2004). Protein B, which is
expressed by group B streptococci, binds exclusively to human IgA of both subclasses as
well as its secretory form (Faulmann et al. 1991).

Among the identified staphylococcal and streptococcal immunoglobulin-binding surface
proteins, SPA (Grov et al. 1964; Oeding et al. 1964; Verwey 1940) and SPG (Bjorck &
Kronvall 1984) have been subjects for substantial research and have found several
applications in the field of biotechnology. SPA exists in different forms in various strains of
S. aureus, either as a cell wall component, or as a secreted form (Guss et al. 1985; Lofdahl et
al. 1983). This indicates that the function of SPA stretches beyond only immune system
evasion and SPA has for example been shown to activate TNFR1, a receptor for tumor
necrosis factor-o. (TNF-a), with pneumonia as a possible outcome (Gomez et al. 2004). SPA
includes five homologous immunoglobulin-binding domains that share high sequence
identity (Moks et al. 1986). SPG contains, apart from two or three regions binding to IgG,
also two or three homologous domains binding serum albumin, depending on the strain
(Kronvall et al. 1979). Although they differ somewhat regarding sequence length, there is
great homology between the variants (Olsson et al. 1987). The IgG-binding domains of SPG
differ from their counterparts in SPA, regarding subclass and species specificity as well as
structure (Bjorck & Kronvall 1984; Gouda et al. 1992; Gronenborn et al. 1991; Kronvall et al.
1979). Today, SPA and SPG are widely used in different biotechnological areas, the most
widespread being affinity purification of antibodies and proteins fused with the fragment
crystallizable (Fc) antibody region. Other applications are for example depletion of IgG or
albumin from serum and plasma samples (Fu et al. 2005; Hober et al. 2007). The selective
affinity of SPA and SPG for different immunoglobulin types enables efficient isolation of
specific antibody subclasses from an immunoglobulin mixture. SPA and SPG bind both to
the Fc- and fragment antigen-binding (Fab)-portions of the antibody, the latter enabling
purification also of antibody fragments (Akerstrom et al. 1985; Erntell et al. 1988; Jansson et
al. 1998). The history behind these proteins, along with their structural and binding
properties will be discussed in section 2. In this section we will also cover some applications
of SPA and SPG in protein purification and related areas. As both proteins consist of
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repeated homologous domains, a natural development has been to investigate the utility of
them individually. In section 3 we introduce how these domains have been generated and
how they have found applicability in the protein purification field. With the recombinant
DNA technology, it has become more feasible to create proteins with new properties and
several improvements have been made to the domains of SPA and SPG regarding for
example stability and binding specificity using rational design or combinatorial engineering.
Modified domain variants have proven to be very useful as ligands in affinity purification of
antibodies and as fusion partners for purification of target proteins. The engineered proteins
have been used in a wide range of applications, including affinity chromatography and
depletion. These efforts are presented in section 4, where we also discuss possible future
developments.
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Table 1. Overview of some staphylococcal and streptococcal surface proteins that bind
different immunoglobulin classes, albumin and other host serum proteins.

2. Protein A and protein G applied in protein purification

SPA and SPG represent the best-characterized bacterial surface proteins. Several structures
of their immunoglobulin- and albumin-binding, in the case of protein G, domains have been
solved. Species specificities and affinities of the full-length proteins as well as individual
domains have been determined. Based on the interesting properties and accumulated
knowledge regarding these proteins, they have found many different applications in the
field of biotechnology. In this section, we will first present some background information on
the proteins, before describing some examples of where the proteins have been utilized in
different applications related to protein expression and purification.

2.1 Staphylococcal protein A

The interaction between SPA and IgG has been widely studied and SPA has for a long time
been used as a tool in many biotechnological applications (Langone 1982). The molecule was
discovered already in 1940, when extraction of cells of the J13 strain of S. aureus yielded an
antigenic fraction, which was found to consist of proteins (Verwey 1940) and the protein
received its name in 1964 (Oeding et al. 1964). It was observed in 1958 that SPA stimulated
an immune response in rabbits, wherefore it was believed that SPA participated in an
antigen-antibody interaction. However, it was later shown that the observed interaction
between SPA and the immunoglobulin did not involve the antigen-binding site, but rather
the constant Fc-region and the interaction was therefore denoted a “pseudo-immune”
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reaction (Forsgren & Sjoquist 1966). This interaction causes many immunological effects
similar to an antigen-antibody interaction, including complement activation and
hypersensitivity reactions (Martin et al. 1967; Sjoquist & Stalenheim 1969).

The gene for SPA was sequenced in 1984 (Uhlen et al. 1984) and the corresponding protein
was shown to be a surface protein of about 58 kDa consisting of a single polypeptide chain.
The protein can be divided into three regions with different functions. The N-terminal part
consists of a signal peptide (Ss) followed by five homologous IgG-binding domains (E, D, A,
B and C) and the C-terminal region (X and M) anchors the protein to the bacterial cell wall
(Abrahmsen et al. 1985; Guss et al. 1984; Lofdahl et al. 1983; Moks et al. 1986; Schneewind et
al. 1995; Uhlen et al. 1984), see figure 1.

jlooennaeniE
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Fig. 1. (A) Organization of the different regions of SPA; An N-terminal signal sequence
(Ss), which localizes the protein to the cell surface, five homologous IgG-binding domains
(E, D, A, B and C) and two domains for anchoring of the protein to the cell wall (X and
M). (B) The IgG-binding Z-domain, which is an engineered version of the B-domain,
discussed in section 3.

SPA is produced by many strains of S. aureus and most of them typically produce a cell
wall-bound variant. Usually about 85% of the protein is anchored to the cell wall whereas
15% exists as a soluble protein in the cytoplasm, however some strains produce the soluble
variant exclusively (Movitz 1976). SPA is produced in the form of a precursor protein that
contains a 36 amino acid N-terminal signal sequence, which directs the protein to the cell
wall before it is cleaved off. There is a high sequence identity between the five IgG-binding
domains. A “homology gradient” along the protein sequence has been established as two
regions lying next to each other show a higher degree of sequence identity than two
domains situated further apart. This indicates that the IgG-binding domains have evolved
through step-wise gene duplications. The gene sequence of SPA reveals an unusually large
number of changed nucleotides compared to changed amino acids, indicating that an
evolutionary pressure has aimed to preserve the primary amino acid sequence (Sjodahl
1977; Uhlen et al. 1984). The sequence similarity between the five domains varies between
65-90% (Starovasnik et al. 1996), see figure 2. The E- and C-domains, situated closest to the
N- and C-terminus, respectively, exhibit higher sequence dissimilarity when compared to
the other domains. The C-domain seems to have diverged more to the cell wall anchoring
part X, however without affecting the IgG-binding affinity (Jansson et al. 1998; Sjodahl
1977). Region X anchors the protein to the bacterial cell wall by binding to peptidoglycan
with the N-terminus, thereby exposing the IgG-binding regions to the extracellular space
(Schneewind et al. 1995; Sjodahl 1977; Ton-That et al. 1997).
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Fig. 2. Sequence alignment of the five immunoglobulin-binding domains of SPA and the
synthetic Z-domain. Differences are highlighted (Nilsson, B. et al. 1987). The structure of the
domains is also shown. (Reconstructed from PDB structure 1Q2N) (Zheng et al. 2004).

Fig. 3. Overview of binding sites of domains from SPA to (A) Fab and (B) Fc (Reconstructed
from PDB structures 1DEE and 1FC2) (Deisenhofer 1981; Derrick et al. 1999; Graille et al.
2000; Lejon et al. 2004; Sauer-Eriksson et al. 1995).

The first crystallographic structure of the B-domain in complex with Fc showed a structure
of two helices and the part corresponding to the third helix being irregularly folded
(Deisenhofer 1981). However, further studies have been performed on several of the IgG-
binding domains and a triple helix conformation has been determined in both the bound
and unbound state. No significant difference in structure between the domains has been
observed (Deisenhofer 1981; Gouda et al. 1992; Graille et al. 2000; Starovasnik et al. 1996)
and only a minor side chain rearrangement of a phenylalanine occurs upon binding, as
observed in the E-domain (Starovasnik et al. 1996). Each IgG-binding domain of SPA
recognizes two separate binding sites on the immunoglobulin molecule located on the Fc
and Fab parts, respectively (figure 3).

Eleven amino acids have been suggested to be important for the Fc interaction. All of them
are situated in the first two helices of each IgG-binding domain and they are highly
conserved within the five homologous regions (Deisenhofer 1981; Moks et al. 1986, Uhlen et
al. 1984). Even though the third helix is not involved in Fc binding, it has been shown that it
has structural importance. For example, truncated mutants of domain B where residues
corresponding to the third helix are deleted have decreased affinity to Fc due to an overall
loss in stability (Gouda et al. 1992). A region at the CH2 and CHS3 interface of Fc interacts
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with SPA (Graille et al. 2000), but neither CH2 or CH3 can bind to SPA independently
(Haake et al. 1982). Region E, which is situated closest to the signal peptide, differs the most
from the other domains in this region (Moks et al. 1986). When comparing all five domains,
domain B shows the lowest number of substitutions and its sequence can therefore be seen
as a consensus sequence for all IgG-binding domains (Uhlen et al. 1984). Several binding
studies have shown an approximate affinity to Fc of 5 nM for SPA and between 10-100 nM
for the individual domains as determined by Surface Plasmon Resonance (SPR) (Karlsson et
al. 1995; Nilsson, J. et al. 1994; Roben et al. 1995). A decreased affinity to Fc has been
observed for the E-domain compared to the other four domains, which demonstrate similar
affinities (Jansson et al. 1998; Moks et al. 1986). However, even though individual domains
demonstrate similar affinities to Fc, a greatly increased apparent affinity is observed when
several domains are combined (Ljungberg et al. 1993). Despite the fact that SPA contains five
IgG-binding domains, it only has the capacity to bind on average 2.5 IgG molecules
simultaneously (Ghose et al. 2007).

Besides IgG, SPA also interacts weakly with IgM and IgA. However, those low affinity
interactions involve the Fab part of the antibody rather than Fc (Inganas 1981; Ljungberg et
al. 1993). There have been contradictions regarding the ability of individual IgG-binding
domains to bind to Fab, and initially only certain domains where proposed to be responsible
for the binding (Ljungberg et al. 1993). However, it was later shown that all five domains
bind both Fc and Fab individually. The affinity of SPA to Fab has been determined and
dissociation equilibrium constants in the range of 2-200 nM, depending on the VH3 genes,
have been reported. The affinity of individual domains is lower and reported numbers lay
in the range 100-500 nM as determined by SPR (Jansson et al. 1998; Roben et al. 1995). The
crystal structure of domain D bound to Fab of human IgM has been solved and the binding
site is non-overlapping with the binding site to Fc. The binding site on the SPA domains
involves highly conserved residues in the second and third helix and the loop in-between
(Graille et al. 2000). The binding site on Fab involves residues situated on four B-strands in
the VH region, see figure 3B. The interactions involve mainly polar side chains, as opposed
to the binding between SPA and Fc, where the binding site is mainly hydrophobic (Graille et
al. 2000). Only one position in each domain of SPA participates in both the interaction with
Fc and Fab and its contribution is small in both cases. A single domain of SPA can bind to Fc
and Fab simultaneously, as has been shown for domain D in an enzyme-linked
immunosorbent assay (ELISA) (Roben et al. 1995) and for domain E in competition assays
using affinity chromatography and calorimetry (Starovasnik et al. 1999).

IgG origin SPA binding SPG binding
| Human Yes® Yes
| Mouse Yes*™ Yes
| Rat MNo Yes
Rabbit Yes Yes
Cow Yes Yes
| Goat No Yes

Table 2. Some examples of IgG-binding specificities of SPA and SPG (* IgG1, 1gG2, IgG4 and
some IgG3, ** IgG2 an IgG3 but not IgG1).
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SPA binds to IgG from different species, with varying affinity. In one study, a competition
assay was used to analyze the binding to IgG of sera from 80 animals. (12I)SPA was
incubated with sera and the fraction of non-bound protein was analyzed by capturing the
protein on IgG-coupled beads. The results showed a 106-fold variation in affinity between
species (Richman et al. 1982). SPA binds to IgG from for example human, mouse and rabbit,
but not rat (Reis et al. 1984; Richman et al. 1982), see table 2. The protein is not only species-
specific, but also subclass-specific and binds for example to murine IgG2 but not IgG1 and to
all human IgG subclasses except IgG3. The interaction between SPA and IgG does however
not seem to be entirely subclass-specific. Some allotypes of human IgG3 bind to SPA,
whereas some do not and a possible explanation includes an amino acid in a loop of CH3,
which is either a histidine or an arginine (Haake et al. 1982; Reis et al. 1984; Scott et al. 1997).
The affinity against human IgG1 has been shown to be higher than the binding against IgG2
and IgG4 (Reis et al. 1984) and binding is only observed to Fab parts from the human VH3
family and their homologues in other mammalian species. However, this is a common
family from which about 50% of inherited VH genes originate (Graille et al. 2000).

2.2 Streptococcal protein G

SPG was discovered in 1973, when it was found that f-hemolytic streptococci carried IgG-
binding proteins on their surfaces (Kronvall 1973). Different groups of streptococcal strains
were determined to bind immunoglobulins with different affinities. Group A streptococci
infect only humans, while group C and G streptococci also commonly infect animals (Myhre
& Kronvall 1977). These observed differences led to the introduction of a classification
system, where SPA was classified as a type I Fc-binding protein, SPG from group A
streptococci as type II and proteins from human group C, G and L streptococci as type III
proteins (Myhre & Kronvall 1977). There is no major difference between the binding
characteristics of streptococcal proteins from groups II and III when it comes to human IgG
subclasses (Kronvall et al. 1979). Bovine group G streptococci together form the type IV Fc
receptor group. They show a limited specificity and bind weakly to human IgG (Myhre &
Kronvall 1981). Group C streptococcal strains from the species S. zooepidermicus form another
group, with properties similar to SPA with regard to human IgG specificity, however this
group differs from the type I proteins when it comes to specificity to non-human IgG:s
(Myhre & Kronvall 1980). The protein G molecules from groups C and G have the same
principal structures and share high sequence similarity (Sjobring et al. 1991). Apart from
binding to IgG, SPG can also bind serum albumin (Kronvall et al. 1979). There are many
different group C and G streptococcal strains and they have been classified into three
different groups based on size and binding patterns. SPG from certain strains have lost their
serum albumin-binding capacity and the affinity against IgG differs about ten times
between different strains. That protein G from all strains bind IgG, while the affinity against
albumin has been lost in some strains, indicates that the evolutionary pressure on keeping
the immunoglobulin-binding properties of SPG is greater than keeping the affinity against
albumin. Hence, IgG-binding would seem to be essential for the bacteria, while binding to
albumin seems less critical (Sjobring et al. 1991). Two strains that have been widely studied
are G148, containing three IgG-binding and three serum albumin-binding domains and
GX7809, containing two of each (Olsson et al. 1987). Apart from this, there is a very high
sequence homology between SPG from the two strains (>99%) and only five mutations
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(including two silent) have been observed. This indicates a very recent divergence of the two
proteins or a deletion of part of the gene (Olsson et al. 1987). In this chapter, we will focus
primarily on SPG from group G streptococci and the Fc-binding proteins type IIL

Based on the nucleotide sequences of G148 and GX7809 (Fahnestock et al. 1986; Guss et al.
1986), the protein has been divided into several regions. An N-terminal signal sequence (Ss),
followed by a serum albumin-binding region (A1-A3) and an IgG-binding region (C1-C3)
separated by a spacer region (S). The protein also includes a region that anchors it to the
bacterial cell wall (W) (Akerstrom et al. 1987; Olsson et al. 1987), see figure 4. The C-terminal
IgG-binding domains are denoted C1-C3 or B1-B2, depending on the strain. However, Bl
and B2 are identical to C1 and C3, respectively (Achari et al. 1992; Fahnestock et al. 1986;
Sauer-Eriksson et al. 1995), wherefore from now on in this text the domains will be referred
to as C1-C3. The IgG-binding domains are very stable, despite the lack of stabilizing
disulfide bonds (Achari et al. 1992). They each constitute 55 amino acids and are separated
by two 15 amino acid spacers, D1 and D2 (Guss et al. 1986; Lian et al. 1992). There is only a
two amino acid difference between C1 and C2, four additional substitutions exist between
C1 and C3 and consequently four amino acids differ between C2 and C3 (Achari et al. 1992;
Gronenborn & Clore 1993; Sauer-Eriksson et al. 1995), see figure 5. Despite the high
sequence similarity, the affinity against IgG is different for the different domains (Lian et al.
1992). Similarly to SPA, there is a homology gradient between the domains, which indicates
that they have arisen through gene duplications (Guss et al. 1986). It seems as if initially, one
IgG-binding domain was split into the C1 and C3 parts with a spacer in-between. The C2-
domain seems to originate from both of these domains; the N-terminal end from C1 and the
C-terminal end from C3. This is further indicated as the two spacers D1 and D2 are identical
and probably diverged relatively recently (Guss et al. 1986; Olsson et al. 1987). With this
evolutionary explanation, one is inclined to believe that protein G from strain GX7809,
which contains only two IgG-binding domains, represents a variant that stayed at the
intermediate stage (Olsson et al. 1987). Comparisons made to the IgG-binding domains of
SPA reveal no sequence homology even though the proteins compete for the same binding
site on IgG and the two different IgG-binding domains are therefore an excellent example of

A E E | a1 ]| B1]| AZ | B2 A!I:1 p1jcz)Dz|C3 W 63 kDa

ABD 5 kDa

ABP 15 KDa
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Fig. 4. (A) Organization of the different regions of SPG; An N-terminal signal sequence (Ss),
which localizes the protein to the cell surface, a serum albumin-binding region (A1-A3) and
an IgG-binding region (C1-C3) separated by a spacer region (S) and a part for anchoring of
the protein to the cell wall (W). (B) Derivatives of the serum albumin-binding region that
have been used in biotechnological applications.
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Fig. 5. Sequence alignment of the immunoglobulin-binding domains of SPG. Differences are
highlighted (Fahnestock et al. 1986; Guss et al. 1986). The structure of the domains is also
shown (Reconstructed from PDB structure 1FCC) (Sauer-Eriksson et al. 1995).

convergent evolution (Frick et al. 1992; Olsson et al. 1987). This is further strengthened by
the notion that an eleven amino acid long peptide binding to Fc can inhibit binding of both
SPA and SPG (Frick et al. 1992). The structure shared by the IgG-binding domains of SPG is
different from that of the domains of SPA. Several studies have revealed it to be a four-
stranded B-sheet of two B-hairpins connected by an a-helix and short loop regions (Achari et
al. 1992; Gronenborn et al. 1991; Lian et al. 1992; Lian et al. 1991; Sauer-Eriksson et al. 1995).

SPG from strain G148 has three serum albumin-binding domains, whereas SPG from
GX7809 has only two, each of about 46 amino acids. The differing number of repeats can be
explained similarly as for the IgG-binding domains (Kraulis et al. 1996; Kronvall et al. 1979;
Olsson et al. 1987). The binding sites of IgG and serum albumin on SPG are situated on
opposite sides of the molecule and IgG cannot inhibit the binding of SPG to serum albumin
(Bjorck et al. 1987). The structure of the albumin-binding unit is very similar to the structure
of the IgG-binding domains of SPA, although the helices differ somewhat in length (Gouda
et al. 1992; Kraulis et al. 1996). This interesting observation suggests a possible evolutionary
relationship despite the lack of sequence homology (Kraulis et al. 1996). No structural data
exists on the complex between human serum albumin (HSA) and the albumin-binding
domains of SPG, however a complex between albumin and a highly sequence similar
albumin-binding domain, the second GA (G-related albumin-binding)-module of PAB
(sometimes referred to as ALB8-GA) has been determined using both NMR and
crystallography. No significant structural change was observed upon binding for either of
the two proteins (Cramer et al. 2007; Johansson et al. 1997; Lejon et al. 2004). The GA-
module shows almost 60% sequence identity to the albumin-binding domains of SPG and it
is even likely that the GA-module originates from these domains, wherefore this structural
data is likely to also correspond to the albumin-binding domains of SPG (de Chateau &
Bjorck 1994; de Chateau et al. 1996), see figure 6. At least 16 homologous albumin-binding
domains from four different bacterial species have been identified (Johansson et al. 2002a).
Taken together, this indicates that the fold, stability and mode of interaction of the homologs
are very similar (Johansson et al. 1997; Lejon et al. 2004).

The interaction surface between Fc and the SPG-domain (C1-C3) can be divided into three
centers; region I is a network of hydrogen bonds and consists of two residues in the center of
the o-helix separated by three residues so that they are pointing in the same direction,
region II also contains amino acids in the a-helix, very close to the two from region I and
also separated by three residues. Region III includes one residue in the C-terminal end of the
a-helix, two residues in the N-terminus of the third p-strand and two in the loop connecting
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Fig. 6. Sequence alignment of the albumin-binding domains of SPA together with the second
GA-module derived from F. magna (ALB8-GA). Differences are highlighted and only the 44-
45 amino acid motifs that are most highly conserved are displayed. The structure of the
domain is also shown (Reconstructed from PDB structure 1GJT) (Johansson et al. 2002a).

Fig. 7. Overview of binding sites of IgG-binding domain C2 from SPG to (A) Fab and (B) Fc.
The binding of the GA-module of PAB to HSA is shown in (C) (Reconstructed from PDB
structures 1QKZ, 1FCC and 1TF0) .

them (Sauer-Eriksson et al. 1995). SPG-domains bind to the cleft between CH2 and CH3
(figure 7A), as opposed to the domains of SPA, which bind more on the CH2 side of Fc.
However, in the complex, the third strand of the SPG-domain is situated approximately in
the same region as the first Fc-binding helix of the SPA-domain. Consequently, SPA and
SPG cannot simultaneously bind the same Fc-molecule (Stone et al. 1989). Furthermore, the
interactions between SPG and Fc involve many charged and polar residues, forming
hydrogen bonds and salt bridges while the binding between SPA and Fc involve mostly
hydrophobic interactions (Sauer-Eriksson et al. 1995). The strength of the binding to Fc has
been determined using SPR to around 20-100 nM for the C2-domain and low nanomolar
values for the whole SPG molecule have been reported (Akerstrom & Bjorck 1986; Gulich et
al. 2002; Sagawa et al. 2005). The binding of SPA and SPG to Fc is pH-dependent. SPG binds
most efficiently to IgG at pH 4-5 and the binding is weakened with increased pH. SPA on
the other hand, binds with highest affinity at pH 8 (Akerstrom & Bjorck 1986). This
difference is due to the composition of the interaction interfaces. C3 has higher affinity to Fc
than C1 and C2, all differences in binding affinity have been explained based on structural
data (Lian et al. 1992; Sauer-Eriksson et al. 1995). The difference in binding can partly be
explained by the existence of a carboxylic acid in the binding site of SPG-domain C3, a
position in the a-helix, which is an alanine in C1 and C2 (Achari et al. 1992; Sauer-Eriksson
et al. 1995). It has also been speculated that the substitution Glu/Val located on the third -
strand in C1/C3 would improve binding to Fc, this has however been argued (Gronenborn
& Clore 1993; Sauer-Eriksson et al. 1995).
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Similarly to SPA, SPG also has the capability to bind Fab although the binding strength is
about ten times weaker than the affinity to Fc (Bjorck & Kronvall 1984; Erntell et al. 1983;
Erntell et al. 1988; Sagawa et al. 2005). The affinity constant for domain C2 has been
determined to around 150 nM (Sagawa et al. 2005). As for SPA, the binding sites to Fc and
Fab are not overlapping. The a-helix does not participate in the Fab-binding, but instead the
second B-strand forms an extended B-sheet structure with the last B-strand of the CH1-
domain of Fab, see figure 7B, and the interactions are mainly between main chain atoms
(Sauer-Eriksson et al. 1995). The third IgG-binding domain of SPG has been analyzed in a
crystal complex with Fab and forms twelve hydrogen bonds with Fab residues. Eight of
these are between SPG and main-chain atoms on the Fab CH1-domain, contributing to the
broad specificity of SPG to different IgG subclasses and species. The remaining four
hydrogen bonds are between SPG and side chain atoms on the Fab CH1-domain, and these
amino acids are highly conserved among y heavy chain subclasses (Derrick & Wigley 1994).
SPG binds well to IgG whereas, in contrast to SPA, no binding has been observed to IgA or
IgM (Achari et al. 1992; Bjorck & Kronvall 1984; Kronvall et al. 1979). However, SPG has
broader subclass specificity than SPA and it binds to all four subclasses of human IgG,
whereas SPA shows no affinity against certain human allotypes of IgG3. A histidine residue
in a loop on CHS3, situated in the binding interface of SPA and IgG, may explain this
observation. Histidine possibly blocks the interaction and in allotypes of IgG3 binding to
SPA, this amino acid has been substituted for an arginine. In SPG, this residue does not
participate in the Fc-binding, which explains why SPG binds well to all IgG3 allotypes
(Haake et al. 1982; Sauer-Eriksson et al. 1995; Shimizu et al. 1983). SPG has also been shown
to bind more strongly than SPA to IgG from several species including human, mouse, rat,
cow, rabbit and goat (Akerstrom & Bjorck 1986; Akerstrom et al. 1985; Fahnestock et al.
1986). However, there have been contradictions to this statement and results showing no
significant difference in the binding strengths of SPA and SPG have also been published
(Guss et al. 1986; Kronvall et al. 1979). The abilities of SPA and SPG to bind a large number
of IgGs from different species were determined using a competitive ELISA setup (GE
Healthcare, Antibody Purification Handbook 18-1037-46, 2007). From this study none of the
proteins could be denoted the overall superior binder; they have different advantages.

Early biochemical analysis of the interaction between SPG and HSA revealed that the
binding site involved mainly the second domain of HSA and engages loops 7-8 (Falkenberg
et al. 1992). Isolation of a small fragment of HSA corresponding to these residues inhibited
the binding between intact HSA and SPG (Falkenberg et al. 1992). This finding also
suggested that all albumin-binding domains of SPG share the same epitope on HSA, which
is in concordance with the evolutionary hypothesis that gene duplications gave rise to the
multiple homologous domains. Each of the three albumin-binding regions in SPG is
approximately 5 kDa in size (Johansson et al. 2002a). The third domain has been most
extensively investigated. It consists of 46 amino acids folded into a three helical bundle as
determined by nuclear magnetic resonance (NMR) (Kraulis et al. 1996). The sequence is
devoid of cysteines and the structure does not depend on any stabilizing factors such as
bound ligands, metal ions or disulphide bonds. This is true also for the larger constructs
containing two and a half (ABP) or three (BB) sequential domains (Stahl & Nygren 1997), see
figure 4. NMR-perturbation studies have indicated that the albumin-binding residues are
mainly localized to the second helix and the loop preceding it (Johansson et al. 2002b). Those
observations are in agreement with a mutational analysis of the binding site to HSA on the
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albumin-binding domain from SPG (Linhult et al. 2002). By comparing the binding of
different point mutants as well as a few double and one triple mutant, the binding site was
deduced to reside mainly in the second helix. The first helix does not take part in the
binding and only small parts of the third helix are involved (Linhult et al. 2002). It has also
been demonstrated that a variant with a truncated N-terminus has a significantly reduced
affinity against HSA (Johansson et al. 2002a). Only five N-terminal amino acids differ
somewhat in a crystal structure of the domain compared to the NMR-data. In the crystal
structure of the GA module, amino acids are more ordered and extend the first helix by an
additional turn. The GA-module mainly binds to the surface of domain II of HSA. The
structural data from the complex between the GA-module and HSA shows that the binding
interface is of hydrophobic nature with two bordering hydrogen bond networks (Lejon et al.
2004). The binding surface is centered around a tyrosine of the GA-module in a hydrophobic
cleft on HSA. This residue, as well as the flexibility of the backbone structure, has been
linked to the broader host specificity of the albumin-binding domain derived from SPG
compared to the GA-module from F. magna (He et al. 2006; Johansson et al. 2002b; Lejon et
al. 2004). Bacteria that express the GA-module have only been isolated from humans,
whereas streptococci expressing SPG are known to infect all mammalian species (Johansson
et al. 2002b). This may also explain the higher affinity of the GA-module against HSA as
compared to the domains derived from SPG (Johansson et al. 2002a). The third albumin-
binding domain of SPG binds strongly to human, mouse, rabbit and rat serum albumin,
among others, with a low nanomolar affinity as determined by SPR. It binds less efficiently
to hen and horse serum albumin and only weak or no binding is observed to albumins of
bovine origin (Falkenberg et al. 1992; Johansson et al. 2002a; Linhult et al. 2002; Nygren et al.
1990; Raeder et al. 1991). When comparing affinities against IgG and albumin from different
species, it is common that strong binding to one of the molecules means weaker binding to
the other. The only exception is man, as SPG binds well to both human IgG and human
albumin (Nygren et al. 1990).

2.3 Utilization of full-length SPA and SPG in protein purification

SPA and SPG are today used in a number of applications concerning protein purification.
The most widespread application is the use of SPA and SPG coupled to chromatography
resins for the purification of antibodies and Fc-tagged recombinant proteins (Lindmark et al.
1983; Ohlson et al. 1988). Even though both SPA and SPG bind to antibodies, as mentioned
above they bind with different specificities to immunoglobulins of various species and
subclasses. This makes the proteins suitable for slightly different applications. Furthermore,
SPA has a higher stability than SPG, making it more suitable for large-scale, industrial
applications (Boyle 1990; Hober et al. 2007). SPG is usually the protein of choice when
isolation of the total IgG fraction of a sample is desired. Due to its broader specificity, SPG
would generate a higher yield of antibody from a sample containing for example human
antibodies of different subclasses. On the other hand, SPA can be a better choice for isolation
of specific subclasses of IgG. SPA has been reported to separate mouse 1gG1, IgG2a and
IgG2b in pure fractions. Surprisingly, in this study, mouse IgG1l was found to bind to the
SPA columns under certain conditions with very high salt concentrations. The binding of
SPA to IgG is pH sensitive and different pH were used to separately elute IgG1, IgG2a and
IgG2b from the column (Ey et al. 1978). Affinity membranes with SPA or SPG have also
been used to purify human and murine IgG (Dancette et al. 1999). An important issue in
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chromatography is the possibility to clean the column after purification to be able to reuse it.
This is most efficiently done with high concentrations of NaOH, but unfortunately this is a
problem in affinity chromatography since it often results in denaturation of proteinacious
ligands. However, SPA has been shown to cope well with high NaOH concentrations with
only a small decrease in binding capability (Hale et al. 1994). Use of SPA has been evaluated
in therapeutic applications as well, for example in the treatment of autoimmune disorders.
Patients with an autoimmune disease produce autoantibodies, which can be removed from
the blood by plasma exchange. A simpler way to remove the antibodies, without unwanted
removal of all other serum components, is immunoadsorption. IgG is selectively removed
from serum by immobilized SPA, however whether or not this is the reason for the success
of the treatment is controversial. Two products are currently available on the market for
immunoadsorption; the ProSorba® column and the ImmunoSorba® column, which are both
accepted by the food and drug administration (Matic et al. 2001; Poullin et al. 2005;
Silverman et al. 2005).

An early study demonstrated the successful use of SPG in a western blot setup, where an
iodine-labeled variant of SPG was used as a secondary detection reagent. A mixture of
antigens was separated on a sodium dodecyl sulfate polyacrylamide gel and transferred to a
nitrocellulose membrane. Primary antigen-specific antibodies were bound to the membrane
before the iodine-labeled SPG was added for detection (Akerstrom et al. 1985). SPA and SPG
have also been used in immunocapture, with the aim to capture target proteins from a
complex sample. Antigen-specific antibodies are cross-linked to an SPA or SPG matrix,
which ensures correct orientation and hence no blocking of antigen binding sites, leading to
a higher yield of immunocaptured material (Kaboord & Perr 2008; Podlaski & Stern 2000;
Sisson & Castor 1990).

When analyzing serum samples, the problem arises that there is a huge difference in
abundance of different proteins. A concentration range spanning ten orders of magnitude
from the least to the most abundant proteins, represented by IgG and albumin, has been
reported. This makes it hard to analyze the low abundant proteins, which are often of
interest in for example biomarker analysis or plasma profiling (Anderson & Anderson 2002).
Depletion of IgG using SPG (Faulkner et al. 2011; Fu et al. 2005) prior to further analysis is
common to decrease the complexity of a sample. Different types of matrices are commonly
used, such as porous particles, monoliths and affinity membranes (Urbas et al. 2009). There
are several products on the market using natural, recombinant or even stabilized derivatives
of SPA and SPG on affinity media. The media are mostly agarose, sepharose or acrylamide
(Grodzki & Berenstein 2010; Hober et al. 2007). A different approach has been evaluated for
depletion of serum proteins using antibody fragments, in combination with SPA and SPG.
Specific antibody fragments bind serum proteins and the complexes are subsequently
captured using a combined SPA and SPG resin (Ettorre et al. 2006).

SPA has been used as a fusion partner to simplify production and purification of
recombinant proteins (Nilsson, B. et al. 1985). SPA is a stable protein and generates
functional fusion proteins when produced in different bacterial hosts (Abrahmsen et al.
1985; Nilsson, B. et al. 1985). Different variants of SPA have been used; often the X region
has been deleted to hinder the protein from being incorporated into the bacterial cell wall
(Nilsson, B. & Abrahmsen 1990; Uhlen et al. 1983). Several properties of SPA make it a good
fusion partner; the acidic properties of SPA can help stabilize basic proteins at neutral pH
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(Nilsson, B. & Abrahmsen 1990). SPA does not contain any cysteines, which could otherwise
interfere with the target protein through formation of disulphide bridges (Uhlen et al. 1983).
The secretion signal associated with SPA enables secretion of the fusion protein if the
membrane anchoring region of SPA is deleted (Abrahmsen et al. 1985). Introduction of a
cleavage site between SPA and the target protein enables cleavage of SPA after purification
(Nilsson, B. & Abrahmsen 1990). SPA has also been used as a fusion partner to antigens in
the production of antibodies by immunization of animals. In this context the protein acts as
an adjuvant to increase the immune response towards the antigen (Lowenadler et al. 1986).

3. Domains of bacterial surface proteins

Both SPA and SPG are multi-domain proteins with several domains filling the same
function. A protein domain is defined as the smallest structural unit that alone possess
characteristics that are associated with the whole protein (Holland et al. 2006). It can fold
independently, and should have the same conformation as when included in the whole
protein. Furthermore, a protein domain should be able to function on its own. All IgG- and
serum albumin-binding domains of SPA and SPG have these properties and can therefore
be used individually. Protein domains have several advantages compared to their full-
length ancestors, wherefore a natural development has been to utilize single or multiple
IgG- or albumin-binding domains from SPA and SPG as replacements for the full-length
proteins. One advantage is their small size, which both decreases the protein production
cost and simplifies the production procedure, for example due to a more straightforward
folding process. Protein domains also have the advantage of easy characterization, for
example structural and binding studies are more easily performed with smaller proteins.
The isolated binding property contained in a small domain enables efficient use as capture
ligands on columns for affinity chromatography. Alternatively, protein domain(s) may be
fused to a recombinant target protein to facilitate recovery by affinity purification on easily
prepared IgG or albumin media (Nygren et al. 1988). However, commercial matrices are not
widely available, perhaps due to the harsh elution conditions required. The smaller domains
have many additional advantages, which make them favorable as fusion partners. (I)
Domains of SPA or SPG have surface-exposed termini, assuring that the fusion tag will not
interfere with the structure of the fusion protein. (II) They do not contain any cysteines that
can form disulphides with the fusion protein and interfere with the folding process. (III) The
domains are highly soluble and refold easily after treatment with denaturants, which can
aid the refolding of the fusion partner. (IV) Fusion proteins can be produced at high levels in
Escherichia coli and still remain soluble. (V) It is generally easy to insert cleavage sites for
proteases between the fusion tag and the target protein, which enables recovery of native
protein. Different hosts have successfully been applied for production of fusion proteins
with domains of SPA and SPG, including gram-positive and -negative bacteria, yeast, plant,
mammalian and insect cells (Stahl et al. 1997). Protein domains from SPA and SPG, and
commonly slightly modified versions of these, are also frequently used as affinity ligands
for purification of antibodies, antibody fragments and Fc-fused proteins, which is a common
strategy to express proteins in mammalian hosts (Hober et al. 2007; Ljungquist et al. 1989; Lo
et al. 1998). In the case of SPG, another advantage with using single domains instead of the
full-length protein is the fact that SPG is a dual affinity protein, binding to both IgG and
albumin. This dual affinity is a drawback for example in antibody purification, as antibodies
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are commonly purified from serum in which serum albumin is present at high abundance.
Several examples where advantageous properties of domains of SPA and SPG are exploited
are given below.

In this section we focus on different approaches that utilize mono- or multi-domain
derivatives of the IgG-binding domains from SPA or the albumin-binding domains from
SPG. Those domains have been most widely explored in the context of protein expression
and purification. The most thoroughly studied and used IgG-binding domain from SPA is
the B-domain; from which the synthetic stabilized Z-domain has been designed. Although
the Z-domain is by definition a synthetic domain, its widespread use in a large range of
applications makes it a natural focus of this section. In the brief part that follows, the
emphasis is on different uses of the immunoglobulin-binding domains of SPG, which have
found their main application areas as models in studies of protein folding and dynamics
rather than within the field of protein purification. Of the albumin-binding domains of SPG,
the third domain has been investigated and utilized the most. Therefore, the use of this
domain is the main topic for the section covering domains of SPG.

3.1 Domains of protein A

As mentioned above, each IgG-binding domain of SPA independently folds into a three-
helix bundle that can bind to the Fc or Fab region of an antibody. All five IgG-binding
domains of SPA have high sequence identity (figure 2), although when comparing them one
by one, the IgG-binding domain B was found to contain the least substitutions and it may
therefore be seen as a consensus sequence of the IgG-binding domains (Uhlen et al. 1984). A
pair of modifications has been introduced into the B-domain, with the aim to increase its
stability and potential as a fusion partner. The modified variant of the B-domain has been
given the name Z (Nilsson, B. et al. 1987).

3.1.1 The Z-domain derived from the B-domain of protein A

The B-domain of SPA is the most thoroughly studied of the five IgG-binding domains and
has been subject to rational improvements yielding the synthetic Z-domain. Two amino
acids have been changed, mainly to increase the chemical stability of the protein. An Asn28-
Gly29 dipeptide has been changed to Asn28-Ala29 to ensure resistance to hydroxylamine
(Nilsson, B. et al. 1987). This facilitates efficient removal of Z after purification, by the
introduction of a hydroxylamine cleavage site in the joint between Z and the fusion protein.
As the asparagine in the dipeptide cleavage site is believed to be involved in Fc binding, the
glycine was instead mutated. The Z-domain also lacks methionines, which makes it stable
against proteolytic cleavage with cyanogen bromide (Nilsson, B. et al. 1987). To facilitate the
cloning procedure, an Accl cleavage site was introduced by exchanging Alal to Vall,
situated outside the first helical region (Nilsson, B. et al. 1987). All of the five native IgG-
binding domains of SPA exhibit binding to both Fc and Fab (Jansson et al. 1998). However,
the modifications incorporated in the B-domain to produce Z resulted in a loss of affinity to
the Fab-part of the antibody, although the Z-domain retains its Fc-binding capacity along
with high stability and solubility. Binding studies show that neither Z, ZZ or a pentameric
variant of it bind Fab (Ljungberg et al. 1993). The Fab-interaction involves the second and
the third helix of the IgG-binding domains of SPA, and position Gly29 has been shown to be
important (Graille et al. 2000). In the Z-domain, this position is mutated to an alanine, which
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could explain the loss of binding. As many as ten repeat domains of Z in succession have
been expressed in bacteria, the long construct was however susceptible to some homologous
recombination even in a RecA-negative host (Nilsson, B. et al. 1987). This observation may
explain the high frequency of silent mutations found in the native SPA-gene and suggests a
selection pressure to avoid homologous recombination of the regions encoding the domains
(Nilsson, B. et al. 1987).

As the original B-domain, the Z-domain consists of 58 amino acids. Despite the substitutions
in Z compared to the B-domain of SPA, the structures are very similar and the Z-domain has
also been determined to be a three-helical bundle (Jendeberg et al. 1996; Tashiro et al. 1997).
Helices two and three are situated in an anti-parallel fashion and the first helix is anti-
parallel to the second helix but slightly tilted. NMR has been used to evaluate the
conformation of Z and the dimer ZZ in solution and circular dichroism (CD) spectroscopy
has been used to investigate structural changes upon binding to Fc. Only minor structural
changes were observed in both the monomer and the dimer during complex formation. In
addition, both the bound and unbound states were shown to contain a structured third helix
(Jendeberg et al. 1996), as opposed to the original crystal complex where the third helix is
not well resolved (Deisenhofer 1981). In several studies, the dimer ZZ has been used instead
of the monomeric Z-domain. ZZ has been shown to bind more strongly to Fc than does the
monomeric Z, due to a lower off-rate achieved through the avidity effect (Nilsson, J. et al.
1994). ZZ has been suggested to be a preferred arrangement for many applications, which
yields strong Fc binding in combination with efficient secretion and small overall size
(Ljungquist et al. 1989; Nilsson, B. et al. 1987).

The interaction between the Z-domain and human IgG1 has been further investigated, for
example by the construction of four single amino acid mutants. Amino acids were chosen
that were thought to be important in the binding surface, based on structural data from the
crystal complex (Deisenhofer 1981). The mutants were evaluated in a competition assay
where radioactively labeled Z was used as a tracer. All four mutants were found to have a
decreased affinity against IgG1 compared to Z, which led to the conclusion that positions
le31, Lys35, Leul7 and Asn28 are important for Fc-binding (Cedergren et al. 1993). Those
results also confirmed the importance of Asn28 for binding; this position is found in the
hydroxylamine site that was altered as part of the development of Z. It was later shown that
the kinetics of the interaction of Fc with the B- or Z-domain were indeed identical
(Jendeberg et al. 1995; Starovasnik et al. 1996).

The Z-domain has found use in several ways in the field of protein purification, mostly as a
fusion tag for efficient production and purification of recombinant target proteins. Usage of
the Z-domain as a fusion tag enables production and purification of recombinant proteins
with very high yields. The majority of proteins that have been purified fused to the Z-
domain have been produced as soluble proteins and several examples exist where ZZ-
fusions have facilitated the recovery of proteins secreted into the periplasmic space or to the
culture medium (Hansson et al. 1994; Uhlen et al. 1992). For example, human insulin-like
growth factor II was produced as a secreted fusion to ZZ and affinity purified on IgG
Sepharose (Wadensten et al. 1991). In a similar strategy, a secreted protein built up from a
repeat-structure of a malaria antigen (M5) tagged with a dimeric Z-tag could be recovered
from the culture medium by expanded bed adsorption and ion exchange chromatography.
The initial capture was followed by a polishing step by affinity purification facilitated by the
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IgG-binding fusion (Hansson et al. 1994). Z displays fast kinetics, enabling the use of high
flow rates and columns with immobilized IgG can be reused many times (Uhlen & Moks
1990). Fusion proteins including the Z-domain are easy to detect by immunoblotting after
purification, as Z binds to antibodies normally used in these setups (Stahl et al. 1997). The Z-
domain has been used as a solubilizing fusion partner as it folds easily and may therefore
aid the in vitro folding process of proteins with complex folding patterns. It has also been
used as a fusion partner to insulin-like growth factor I (IGF-I), a protein with a complicated
folding pattern that involves formation of three disulfide bonds. The fusion tag was shown
to confer a higher overall solubility to IGF-I, which was shown to be at least 120 times more
soluble when fused to either Z or the dimer ZZ. In addition, Z also decreased the degree of
multimerization of IGF-I (Samuelsson et al. 1994; Samuelsson & Uhlen 1996; Samuelsson et
al. 1991). The Z-domain has also been used in the production of very insoluble proteins in
the form of inclusion bodies. As IgG-sepharose columns are resistant to 0.5 M guanidine
hydrochloride, it is possible to perform the purification step in the presence of a chaotropic
agent, which keeps the target proteins in a soluble state (Stahl et al. 1997). The D-domain of
SPA has also recently been shown to function as a solubility and stability enhancing tag
(Heel et al. 2010).

Competitive elution protocols have been developed as a milder alternative to the strategies
normally used. This concept has been proven effective for Z-fusion proteins eluted with
bivalent ZZ, which has a roughly 10-fold higher apparent affinity as a result of avidity
effects (Nilsson, J. et al. 1994). The feasibility of the competitive elution strategy was
demonstrated for a Z-fusion to the Klenow fragment of DNA polymerase I expressed in E.
coli (Nilsson, J. et al. 1994). The competitor in this study was also tagged by a dimeric
albumin-binding domain to facilitate effective removal after elution from the IgG column by
capture of the competitor on an HSA column, without interfering with the tag still present
on the final product. This approach should in principle be applicable to fusions to an
albumin-binding domain as well, provided the purification steps are used in the reverse
order for a protein tagged with a monovalent albumin-binding tag. It is possible to
recombinantly introduce a proteolytic cleavage site in the joint between the Z-domain and
the recombinant protein to enable removal of the fusion tag after purification. Several
efficient cleavage agents have been identified for removal of Z (Forsberg et al. 1992). In one
study ZZ was fused to proinsulin and three different short linkers containing trypsin
cleavage sites were introduced between the tag and the target protein (Jonasson et al. 1996).

The Z-domain can also be utilized for purification of antibodies or Fc-fused target proteins,
similarly to the full-length SPA or SPG. However, the IgG-binding domains may more easily
be engineered to facilitate site-directed immobilization on a solid support. For example
thiol-directed immobilization has been employed, where a C-terminal cysteine was
recombinantly introduced to enable immobilization of Z, ZZ or pentameric Z. The C-
terminal residue had little impact on the binding capacity for Fc, determined by measuring
the amount of protein eluted from the column. This strategy is advantageous since the
ligands are correctly oriented and no ligands are truncated since an intact C-terminus is
required for coupling to the column (Ljungquist et al. 1989). Furthermore, the Z-domain has
been used as a means for site-directed immobilization of antibodies on cells or viruses. For
example, yeast cells have been engineered to express a dimeric form of the Z-domain on the
cell surface (Nakamura, Y. et al. 2001). The engineered cells were applied as renewable
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immunosorbents for affinity purification of antibodies from serum. In addition, cells
expressing Z were used for detection of antigens, after a primary incubation of the sample
with target-specific immunoglobulins. Other examples include the capture of antibodies on
phage (Mazor et al. 2010), and display of Z on baculovirus (Ojala et al. 2004) or E. coli
(Mazor et al. 2008; Mazor et al. 2007).

3.2 Domains of streptococcal protein G

The immunoglobulin-binding domains C1-C3 have been expressed, purified and studied
independently (Akerstrom et al. 1985; Akerstrom et al. 1987). Whereas the immunoglobulin-
binding domains of SPA have been the subjects of a large number of studies, the domains of
SPG conferring the same binding activity have however not been as extensively investigated
in the context of bioseparation. They have been utilized for antibody purification, mostly
due to the broader subclass specificity compared to SPA. However, the immunoglobulin-
binding domains of SPG have been best characterized and utilized as models to deepen the
understanding of protein folding and dynamics. Regions responsible for albumin binding
have also been isolated (Nygren et al. 1988). Fragments spanning two and a half (BB) or
three (ABP, albumin-binding protein) of the albumin-binding motifs of SPG have been
expressed and characterized (Larsson et al. 1996; Nygren et al. 1988). A smaller albumin-
binding segment that has been widely studied alone comprises the third albumin-binding
repeat flanked by a few amino acids from the B2- and S-regions, respectively (Nygren et al.
1990). This molecule is referred to as the albumin-binding domain (ABD) in the text.

3.2.1 The IgG-binding domains derived from SPG

SPG contains three homologous IgG-binding domains, referred to as C1-C3. The
immunoglobulin-binding domains each consist of 55 amino acids and fold into a four-
stranded P-sheet connected by an o-helix and short loops (Akerstrom et al. 1985; Lian et al.
1992). In analogy to the albumin-binding domains of SPG and the IgG-binding domains of
SPA, C1-C3 are unusually stable to harsh thermal or chemical treatment and can be
effectively refolded after denaturation (Alexander, P. et al. 1992). Each domain comprises
non-overlapping binding-sites for both the Fc- and the Fab-regions of IgG from several
subclasses (Erntell et al. 1988; Lian et al. 1992). The subclass specificity of SPG is broader
than for SPA since the immunoglobulin-binding domains also bind IgG3 (Bjorck & Kronvall
1984). SPG has been widely used for purification of immunoglobulins or antibody fragments
(Akerstrom et al. 1985; Cassulis et al. 1991; Hober et al. 2007).

The immunoglobulin-binding domains of SPG have not been as extensively used as gene
fusions or ligands for affinity capture as the domains of SPA, perhaps as a result of the later
identification of SPG and lower tolerance to alkaline conditions of the immunoglobulin-
binding domains compared to SPA. However, SPG is widely used for purification of
antibody fragments and the inherent tolerance for chaotropic agents facilitates rigorous
cleaning (Winter et al. 1994). A few diverse examples of fusions to C-domains are
exemplified here to illustrate some additional applications. The C1-domain has been used to
increase the expression levels and aid in refolding of small recombinant proteins or peptides
(Cheng & Patel 2004; Nadaud et al. 2010; Pazehoski et al. 2011). A repeat of the C3-domain
has in another study been combined with luciferase to form a fusion protein with ability to
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detect antibodies bound to bacteria through a light-emitting reaction (Nakamura, M. et al.
2011). Another fusion strategy produced an adherent protein able to capture antibodies in
microwells when a hydrophobic domain of elastin was combined with an immunoglobulin-
binding domain from SPG (Tanaka et al. 2006). As mentioned above, the use of the C1-C3
domains of SPG has been more focused around basic biophysical questions. Since the initial
structural characterization of the Cl-domain (Gronenborn et al. 1991) all three IgG-binding
domains of SPG have become popular model systems for studies on protein stability,
folding, structure and dynamics (Alexander, P. et al. 1992; Clore & Schwieters 2004; Derrick
& Wigley 1994; Franks et al. 2005; Hall & Fushman 2003; Ulmer et al. 2003). The vast number
of studies within those fields have been reviewed elsewhere and lie out of the scope of this
chapter. The surprising structural similarity between the albumin-binding domains of SPG
and the immunoglobulin-binding domains of SPA (Falkenberg et al. 1992) has motivated
several studies where the folding patterns and sequence-structure relationships have been
experimentally dissected. Interestingly, it was recently demonstrated that a domain with the
same immunoglobulin-binding fold as found in C1-C3 could be transformed into a three-
helix bundle domain, similar to the albumin-binding domains of SPG, with acquired affinity
against albumin through a defined mutational pathway (Alexander, P. A. et al. 2009; He et
al. 2005).

3.2.2 The albumin-binding domains derived from SPG

Different regions of the albumin-binding part of SPG have been affinity purified by an
effective one-step HSA-chromatography protocol (Nygren et al. 1988). This method has also
been applied to a wide range of proteins fused to different albumin-binding fragments of
SPG. Those albumin-binding affinity tags have, in analogy to SPA-based tags, been shown
to be proteolytically stable, highly soluble and possible to produce in high yields (Larsson et
al. 1996; Nilsson, J. et al. 1997b; Nygren et al. 1988; Stahl et al. 1989). Due to the harsh
conditions required to elute tightly bound proteins from HSA columns, different approaches
using milder routines have been evaluated. The low pH most often applied for elution may
be harmful for the fusion partner of interest. For ABP-fusion proteins, other elution
strategies including heat (Nilsson, ]. et al. 1997a), high pH (Makrides et al. 1996) and lithium
diiodosalicylate (Lorca et al. 1992) have been successfully investigated. Furthermore, the
different binding affinities measured for albumin from different species has also been
proposed as a means to achieve milder elution conditions by for example using albumin
from mouse as the affinity ligand instead of the human equivalent (Nygren et al. 1990). The
albumin-binding fragments of SPG that have been studied are easily refolded and retain
activity after harsh treatment (Oberg 1994, as cited in Kraulis et al. 1996). This property has
been utilized to facilitate recovery and refolding of fusion proteins from inclusion bodies
(Murby 1994, as cited in Murby et al. 1996; Stahl & Nygren 1997). It can sometimes be an
advantage to produce proteins as inclusion bodies since high production yields can be
achieved and the insoluble proteins are protected from proteolysis (Murby et al. 1996). An
ABP-fusion has been combined with hydrophobicity engineering to express and recover a
slightly modified variant of a very insoluble and easily degraded fragment of the human
respiratory syncytical virus (RSV) major glycoprotein G (Murby et al. 1995). In another
study (Murby 1994, as cited in Murby et al. 1996), efficient recovery was demonstrated in the
presence of chaotropic agents (0.5 M guanidine hydrochloride) for precipitation prone
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fragments of the fusion glycoprotein F from the same virus expressed as ZZ- or BB-tagged
fusions.

Sometimes removal of the fusion tag is necessary to obtain a product of desired quality.
Several chemical and enzymatic methods for tag removal have been devised (Arnau et al.
2006; LaVallie et al. 2001). Chemical methods are often scalable and relatively inexpensive,
they may however produce side-chain modifications, denaturation of the target protein or
be too unspecific to be generally applicable to many larger proteins (Parks et al. 1994). In
general, more specific agents, such as proteases, are required to avoid unwanted cleavage in
the coupled target protein. Strategies where the protease carries the same tag as it cleaves off
from the protein of interest have been described. This facilitates simultaneous capture of
enzyme and cleaved tag in a single step that leaves pure target protein. Such systems are
exemplified by 3C protease in the PreScission system (Walker et al. 1994) and a similar
approach was developed for use with the ABP-tag fused to both the protease and the target
protein (Graslund, T. et al. 1997). Recent developments include the Profinity Exact system
where tagged proteins are captured by a modified subtilisin that is subsequently activated
to specifically cleave off, but retain, the tag and release the pure target protein (Bio-Rad
Laboratories, Hercules, CA).

A maintained tag can sometimes be a way to achieve directed immobilization or detection.
This has been demonstrated for several formats involving different parts of the albumin-
binding regions of SPG (Baumann et al. 1998; Konig & Skerra 1998; Stahl et al. 1989).
Albumin-binding fusions have also found interesting applications in vivo for delivery of
subunit vaccines or protein therapeutics (Nilsson, J. et al. 1997b; Sjolander et al. 1997; Stahl &
Nygren 1997). Fusion of the BB-fragment of SPG to CD4 resulted in stabilization of the
protein in vivo in mice as well as in macaques (Nygren 1991, as cited in Sjolander et al. 1997).
The same concept has been evaluated in rats for the human soluble complement receptor
type 1 (Makrides et al. 1996). Those early attempts suggested that the minimal binding motif
ABD might also be useful to improve the in vivo stability of proteins. Several recent studies
have indeed demonstrated that fusions to albumin-binding domains efficiently prolong the
half-life of the fused protein in vivo (Andersen et al. 2011; Hopp et al. 2010; Nilsson, F. Y. &
Tolmachev 2007; Stork et al. 2009). Albumin-binding proteins may also have
immunopotentiating properties when used as carriers for a fused immunogen. This concept
was originally evaluated for malaria antigens by Sjolander (Sjolander et al. 1995; Sjolander et
al. 1997; Sjolander et al. 1993) and has been observed for other antigens as well, for example
an antigen derived from the syncytical virus subgroup A (Libon et al. 1999). However, it is
not clearly elucidated whether those effects result from prolonged half-life, occurrence of T-
cell epitopes or a combination of both (Stahl & Nygren 1997). Some B- and T-cell epitopes
have been identified in the albumin-binding region of SPG (Goetsch et al. 2003) and an
immunogenicity mapping of the albumin-binding protein has been undertaken (Steen et al.,
manuscript 2011). Related work has shown that the Z-domain can stimulate B-cells and
therefore act as an adjuvant. This has been demonstrated using ZZ as a fusion partner for
immunization (Lowenadler et al. 1987; Stahl et al. 1989). A dual expression system for
immunogens expressed as either a fusion to ZZ or BB was also devised (Stahl et al. 1989).
This strategy facilitated immunization with an immunogen tagged in one way followed by
evaluation of the antibody response using a differently tagged antigen, which eliminates the
background response raised against the fusion partner.
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Gene fusions are not limited to only one fusion partner or one end of the gene of interest.
Several studies exist where two or several tags have been used in combination. A dual
affinity fusion strategy where the gene of interest is expressed flanked by immunoglobulin
and albumin-binding regions was shown to be able to provide active protein after two
sequential affinity purification steps, as exemplified with human insulin-growth factor II
(Hammarberg et al. 1989). The cell lysate was initially passed through an IgG column and
secondly through an HSA column. This system will not prevent truncated forms of the
protein from being produced, but they will not be collected in both purification steps.
Interestingly, it was observed that the proteolytic stability of the recombinant target protein
was increased when expressed between two tags compared to an N-terminal ZZ-tag alone
(Hammarberg et al. 1989). This indicates that the C-terminal affinity tag confers increased
overall stability to the fusion protein. Those findings motivated another study where this
phenomenon was investigated in more detail (Murby et al. 1991). Here, the dual-affinity
fusion approach was used to assess the degradation of the albumin-binding region of SPG in
E. coli, when fused to different recombinant partners with an N-terminal ZZ-protein (Murby
et al. 1991). The tagging made independent recovery of the C- and N-terminal regions
possible, thereby providing a means for characterization of proteolytic events. Proteins were
captured on an HSA column and proteolysis products in the flow through were recovered
by a subsequent IgG-affinity chromatography step. In addition to demonstrating that
susceptibility to proteolysis can be addressed by gene fusion strategies, this study also
showed that small fragments around 6 kDa with functional HSA-binding activity could be
recovered. A related system has been used to stabilize various mammalian proteins from
degradation when expressed in E. coli (Murby et al. 1991). A similar approach utilized dual
tagging with albumin- and metal-binding gene fusions in the termini to recover unstable
derivatives of an IgG-binding domain from SPA (Jansson et al. 1990). Taken one step
further, a tri-functional Bio-His-ABP tag has been evaluated (Nilsson, J. et al. 1996). This
multi-functional tag combines properties of different tags to facilitate detection or
immobilization (by streptavidin binding to the in vivo biotinylated bio-tag), refolding and
solubility enhancing properties of ABP and possibility to purify under both native and
denaturing conditions by immobilized metal ion affinity chromatography through the
hexahistidine tag. In the same study, an alternative format for multiple tagging; including a
FLAG-epitope tag, a His-tag, a strep-tag and an IgG-binding Z-domain; was evaluated. The
main advantage with the former version is the lack of reactivity against antibodies, which
broadens its applicability (Nilsson, J. et al. 1996). Tags based on SPA or SPG have also been
used in tandem affinity purification strategies to efficiently recover low abundant target
proteins and acquire very high purity (Burckstummer et al. 2006; Rigaut et al. 1999).

4. Engineered protein domains derived from SPA and SPG

The robustness of the individual domains of SPA and SPG, together with the knowledge
from previous studies of their various properties and applications, has motivated novel
protein engineering efforts. Using the small and stable domains as starting points, a wide
range of new proteins has been developed for various purposes. Several rational and
combinatorial approaches have been attempted to provide small proteins with novel or
improved properties that advance the field of protein purification. In this section we
summarize some strategies for stabilization, miniaturization, surface engineering and
combination of various domains or modified variants of domains derived from SPA and
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SPG. The focus lies on modification of the Z-domain derived from SPA and the third
albumin-binding domain derived from SPG (figure 8), some associated examples based on
related domains are also discussed.
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Fig. 8. Engineered protein domains. Several strategies have been devised to engineer new or
modified properties into protein domains to facilitate for example affinity purification,
increase or decrease stability or introduce novel binding sites.

4.1 Protein engineering to address stability and its implications on affinity

Several innovative strategies have been devised for stabilization of domains derived from
the bacterial surface proteins and some examples are reviewed below. The Z-domain
represents one of the first rational engineering efforts of a protein domain for increased
stability, however at the expense of Fab-binding ability (Nilsson, B. et al. 1987). The C1-
domain of SPG has also been engineered for increased stability by an approach that first
identified candidate positions for stabilizing mutations and then selected variants from a
combinatorial library encompassing combinations of potentially stabilizing mutations
(Wunderlich & Schmid 2006). An ingenious system that links the stability of a particular
protein variant to the infectivity of a phage particle carrying the same mutant was devised
for this purpose. Earlier attempts to stabilize C1 using computational design tools (Dahiyat
& Mayo 1997; Malakauskas & Mayo 1998) only resulted in modest improvements compared
to this strategy. Stability improvements of C1 have also been achieved by screening of a
small combinatorial library built on the domain with a fragment complementation system
(Lindman et al. 2010). In this method, fluorescence functions as a reporter for increased
affinity between split fragments of green fluorescent protein, which in turn is linked to
stability of the Cl-fusion. Other applications of the Cl-domain include stabilization of a
fusion partner to facilitate for example NMR-based studies (Cheng & Patel 2004). Contrarily,
to decrease the stability of C1, a screen for destabilized but active variants of the same
domain by phage display has been employed (O'Neil et al. 1995). Engineered variants of the
Cl-domain with a pH-sensitive binding to Fc have also been described recently (Watanabe
et al. 2009). Common for those strategies is that they have used C1, which is one of the best-
studied models for protein folding, stability and dynamics and therefore a good model to
evaluate stabilization approaches (Magliery & Regan 2004). In general, combinatorial library
approaches have provided new tools to address the relationship between sequence and
folding, stability and function (Forrer et al. 1999; Hoess 2001; Kotz et al. 2004; Magliery &
Regan 2004).
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Native SPA and SPG are remarkably stable to challenging chemical or physical conditions
(Boyle 1990; Girot et al. 1990; Hale et al. 1994). The alkaline tolerance of the
immunoglobulin-binding domains of SPG is not as good as for SPA, however resistance of
proteins to environmental challenges can be substantially improved by protein engineering.
In a strategy that was first proven effective for the albumin-binding domain of SPG, all four
asparagine residues susceptible to base catalyzed deamidation were replaced with other
residues (Gulich et al. 2000a). This approach resulted in a molecule that could withstand
repeated cycles of cleaning with high concentrations of sodium hydroxide, without any
considerable loss in performance when linked to a chromatographic resin. An increased
thermal stability was also achieved without significant alteration in structure or function
(Gulich et al. 2000a). To improve the performance of this ligand even further, different linker
regions and multimeric formats have been evaluated for tolerance to extended time periods
of alkali exposure (Linhult et al. 2003). The alkali stabilized albumin-binding domain
provides a robust affinity ligand for purification or depletion of albumin from for example
serum to facilitate detection of low abundant biomarkers (Eriksson et al. 2010; Linhult et al.
2003). Furthermore, the strategy for increasing tolerance to alkali has proven effective also
when applied to the Z-domain (Linhult et al. 2004) and the C2-domain (Gulich et al. 2002).
The strategies employed to those domains evaluated, apart from asparagine residues, also
replacements of glutamine residues, and showed that all replacements have to be evaluated
on a case-by-case basis. Some residues may be crucial for binding or stability and thereby
impossible to alter, and one can also take homologous sequences into account to decide on
suitable replacements. When applying the stabilization strategy to the originally very stable
Z-domain, a destabilized point mutant where a core phenylalanine was substituted for an
alanine (Cedergren et al. 1993), was used as a model to assess the influence of various
mutations (Linhult et al. 2004). Finally, the improvements suggested by the bypass
mutagenesis approach were grafted back onto the original domain to verify the result
(Linhult et al. 2004). A multimeric variant of this alkali stabilized Z-domain is now utilized
as a ligand on a commercially available resin for purification of antibodies or Fc-fused
proteins (MabSelect SuRe, GE Healthcare). Furthermore, use of only this domain for
purification of antibodies instead of native SPA results in negligible binding to the variable
region and therefore a more homogenous pH elution profile (Ghose et al. 2005). A truncated
variant of the C2-domain with increased alkaline stability has been described (Goward et al.
1990), however the mutational strategy described above yielded additional tolerance (Gulich
et al. 2002). The alkaline stability of SPG was further evaluated and improved in a recent
study (Palmer et al. 2008). The mutational strategy was expanded to consider
thermodynamic stabilization that retains the tertiary structure and modification of surface
electrostatics as well. These examples illustrate the potential of both a relatively
straightforward approach to improve the tolerance to alkaline conditions of proteins and a
strategy based on more detailed structural understanding. In theory, combinatorial
approaches should also be feasible to address this issue, provided that a sensitive enough
selection protocol, which can distinguish between differences in tolerance to a specific
challenge, can be set up.

Strong interactions between the native domains and their target molecules often require
harsh conditions for elution. This may potentially be harmful for the target protein, for
example recombinant proteins fused to an affinity tag. To address this problem, modified
variants of the B- or Z-domain of SPA have been developed. Variants of the B-domain of
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SPA with different C-terminal truncations have been used for affinity chromatographic
purification of human IgG (Bottomley et al. 1995). Several variants with decreased affinities
were produced and shown to enable elution at elevated pH-values compared to the full-
length protein A. The objective of another approach was to replace or extend the loop
linking the second and third helix of the Z-domain, thereby yielding destabilized variants of
the molecule that facilitate milder elution (Gulich et al. 2000b). Destabilized Z-variants that
dissociate from IgG more rapidly were coupled to columns and shown to elute bound
immunoglobulin at pH 4.5, which is more than one unit higher than what in commonly
used (Gulich et al. 2000b). Potential use of such destabilized immunoglobulin-binding
molecules includes utilization as affinity tags for pH sensitive proteins or, when used on a
solid support, purification of antibodies using milder conditions. The C1-domain has also
served as a more general model to understand how introduction of various loops can affect
stability (Zhou et al. 1996). The modified variants have however not been used in
chromatographic systems.

4.2 Miniaturization and protein mimicking

Several attempts have aimed at miniaturizing the binding units of protein A, and a few
studies have investigated smaller variants of SPG-derived domains. Smaller proteins can
more easily be produced and modified by peptide synthesis, they may be useful as starting
points for design of smaller organic mimetics or aid in the understanding of protein stability
and structure (Braisted & Wells 1996). Analogues of the B-domain of SPA that were
truncated in both termini, which are not directly involved in the domain core packing
(Deisenhofer 1981), have been produced (Huston et al. 1992). The modified proteins were
shown to have lowered affinity against IgG. This was also observed for C-terminally
truncated variants of the B-domain that were used as affinity ligands for the removal of
immune complexes from blood (Bottomley et al. 1995). Similar results indicating that
constructs with a truncated C-terminus are less stable have been reported for dual-tagged
variants of the Z-domain (Jansson et al. 1990). Other studies have also addressed folding
and stability of mutant variants of the B-domain (Bottomley et al. 1994; Popplewell et al.
1991; Sato et al. 2006). A more systematic approach including iterative structure based
design and phage display selections resulted in a miniaturized Z-domain that only
comprises 38 residues (Braisted & Wells 1996). This was achieved by stabilizing the first two
helices so that IgG-binding would be retained even without the third helix (Braisted & Wells
1996). Structural evaluation of the Z38-variant by NMR (Starovasnik et al. 1997) further
strengthened the conclusion that the conformational paratope responsible for IgG-binding
was shared with the original Z-domain. Guided by the structural data, a disulphide bonded
34 amino acid truncated variant was designed, synthesized and structurally characterized
(Starovasnik et al. 1997). Both this variant and the 38 residue version formed two anti-
parallel helices similar to the topology of the corresponding parts in the Z-domain and both
demonstrated retained binding to IgG with affinities comparable to the original scaffold
(Starovasnik et al. 1997). In addition, an X-ray structure of the miniaturized cyclic Z-domain
in complex with Fc demonstrated that the fold and fundamental interactions were preserved
in the interaction (Wells et al. 2002). This cyclization strategy has since then been modified
to a backbone cyclization through a native chemical ligation reaction (Jarver et al. 2011). The
resulting miniaturized molecule was shown to be able to capture human polyclonal IgG
when immobilized onto a solid support. In an interesting modification of the original two-
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helix version of the Z-domain, an elastin sequence was inserted in the inter-helix turn
(Reiersen & Rees 1999). This modification dramatically altered the helical structure of the
resulting protein. However, in contrast to the starting molecule, the elastin-turn mutant
exhibited a more than 20-fold improvement of Fc-binding affinity when the temperature
was increased. This effect is hypothesized to arise through a temperature- or salt-induced
formation of a f3-turn that stabilizes the alignment of the Fc-binding helices and represents a
modular switch to alter structure and activity (Reiersen & Rees 1999, 2000). For small
protein domains, synthesis provides a straightforward means for site-specific labeling,
chemical cross-linking or introduction of non-natural building blocks to make novel variants
available for different applications. Deeper understanding of interaction interfaces between
proteins may also facilitate rational design of small molecular weight mimics (Wells et al.
2002); miniaturized proteins only represent intermediates for the challenging task of
designing small molecule mimetics.

In rational molecular design, starting from a structurally defined scaffold and a binding
surface rather than a sequential stretch of amino acids such as a loop region, usually results
in a more defined binding molecule (Stahl & Nygren 1997). For example, the key
determinants of the interaction site between the IgG-binding domains of SPA and Fc have
stood model for the generation of several small protein mimetic organic molecules. This
concept was beautifully demonstrated for the interaction between the B-domain of SPA and
the Fe-part of IgG (Li et al. 1998). Using the hydrophobic core dipeptide Phe132-Tyr133 as a
starting point, a novel triazine mimetic was rationally designed, synthesized and utilized for
purification of antibodies (Li et al. 1998). Since then, mimetics have also been developed for
other antibody-binding proteins using modified synthetic molecular scaffolds and
chemistries (Haigh et al. 2009; Lowe 2001; Roque et al. 2005). The SPA mimetic peptide PAM
is another example of a protein A mimetic ligand. PAM was selected from a combinatorial
peptide library, and to further increase the stability of this molecule D-amino acids have
been used to hinder degradation of the molecule by proteases (Verdoliva et al. 2002). A
synthetic protein called MAbsorbent® A2P (ProMetic BioSciences), which binds all
subclasses of human IgG, has also been described (Newcombe et al. 2005). One can also use
thiophilic ligands for antibody purification, the most common is called “T-gel”, which
carries linear ligands with two sulfur atoms and displays good selectivity for antibodies in
the presence of high concentrations of lyotropic salts (Boschetti 2001). These small molecule
imitations may provide a competitive, robust, scalable and chemically resistant alternative
to SPA, SPG or domains thereof for purification of antibodies or Fc-fused proteins. They
may achieve increased stability compared to proteinacious ligands, but may however be
limited to lower flow-rates since the binding is normally not as fast as for the protein-based
ligands.

4.3 Engineering and improving new binding surfaces

Protein engineering may also be applied to modify or evaluate larger binding areas (Sidhu
& Koide 2007). Surface exposed amino acids of the Z-domain have been replaced with
charged amino acids to generate modified variants of the molecule that carry an excess of
positive or negative charge (Graslund, T. et al. 2000; Hedhammar et al. 2004). These
molecules, Zpasic and Zaqq, have efficiently been employed as affinity fusion tags for the
purification of recombinant target proteins by cation- or anion-exchange chromatography.



114 Protein Purification

Target protein capture through the Zp.sc-tag has also been exploited for solid-phase
refolding of denatured proteins purified from solubilized inclusion bodies (Hedhammar et
al. 2006), capture of fusion proteins by cation-exchange chromatography in an expanded bed
adsorption mode (Graslund, T. et al. 2002b) and for high-throughput protein expression and
purification (Alm et al. 2007). Those examples illustrate that compact, stable protein
domains may be extensively engineered and still retain the beneficial characteristics of the
original domain.

Another engineering approach related to the concept of affecting stability through
modification of loops has been reported. Here, a biologically active peptide that was
selected by phage display to inhibit cathepsin L, was grafted into the loop between the
second and third helix of the Z-scaffold (Bratkovic et al. 2006). Loop grafting, and thereby
transfer of a novel biological function, could be achieved without loss of structure, as
evaluated by CD spectroscopy. Moreover, all constructs also retained their IgG-binding
ability (Bratkovic et al. 2006). Consequently, the Z-domain could be utilized as a stable
carrier for a new functional entity without loosing its structure or inherent Fc-binding
capability.

Combinatorial approaches using robust protein domains can be a valuable tool for the
development of tailored purification strategies for native biomolecules (Jonasson et al. 2002;
Nygren & Uhlen 1997). Engineering protein surfaces to accommodate novel binding regions
provides a means to produce proteins with new functions. On the Z-domain, 13
discontinuous surface-exposed amino acids on the same two helices that mediate the
interaction with Fc have been targeted for randomization (Nord et al. 1995). The amino acids
involved in the Fc-binding, as identified in the crystal complex of the B-domain and Fc
(Deisenhofer 1981), are situated on the outer surfaces of the first and second helix and are
not involved in the packing of the core. The Fc-binding surface covers an area of roughly 600
A2, which is comparable to interfaces observed in antibody-antigen interactions (Lo Conte et
al. 1999; Nygren 2008). This targeted randomization approach provides a combinatorial
library from which so called Affibody molecules with novel binding specificities may be
selected (Nord et al. 1997; Nord et al. 1995). To enable selection of variants with desired
specificities, the combinatorial library was fused to the gene encoding phage coat protein III
and fusions were expressed on filamentous phage. Post selection output was subsequently
expressed as fusions to an albumin-binding domain to facilitate evaluation (Nord et al. 1997;
Nord et al. 1995). Currently, a large number of alternative display and selection systems are
available, many of which have been utilized for selection of Affibody molecules as well as
other scaffold proteins (Binz et al. 2005; Lofblom et al. 2010; Nygren 2008; Nygren & Skerra
2004). Early targets for selection of Z-based binding molecules include Taq DNA
polymerase, human insulin and a human apolipoprotein variant (Nord et al. 1997) and as of
today Affibody molecules have been selected against a large number of targets for use in a
variety of applications (Lofblom et al. 2010; Nygren 2008). Several variants have found use
within protein purification applications. The before mentioned molecules specific for Taq
DNA polymerase or human apolipoprotein A were, in the form of dimers, successfully
utilized as affinity ligands for the capture of their respective targets from E. coli lysates
(Nord 2000). Repeated cycles were performed with elution at low pH, without any observed
loss in capacity or selectivity of the Affibody-coupled columns. Furthermore, in situ
sanitation of columns with 0.5 M NaOH did not result in any significant loss of performance
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(Nord et al. 2000). Affibody-mediated capture has also been demonstrated for many
proteins, including for example human Factor VIII produced in Chinese hamster ovary cells
(Nord et al. 2001), depletion of transferrin (Gronwall et al. 2007b), human IgA (Ronnmark et
al. 2002a), amyloid-B-peptide (Gronwall et al. 2007a), human IgG (Eriksson et al. 2010) or
combinations of proteins (Ramstrom et al. 2009). Affibody molecules are available, together
with several other capture agents, in commercial multiple affinity removal systems (MARS)
(MARS-7, MARS-14 columns, Agilent Technologies). Those kits and utilization of non-
antibody based capture proteins have been shown to have advantages compared to
utilization of native SPA or SPG for depletion (Coyle et al. 2006; Echan et al. 2005; Eriksson
et al. 2010). In addition to protein capture on columns, binding molecules based on the Z-
domain have also been utilized for capture in protein microarray applications (Renberg et al.
2007; Renberg et al. 2005).

Another recent example of how novel specificity may be incorporated in small protein
domains is illustrated by selection of Affibody molecules with increased affinity to mouse
IgG1 (Grimm et al. 2011). The original Z-domain has practically non-existing affinity against
mouse IgG, which represents the most widely used within biotechnology. The new
specificity possessed by the mouse IgGl-specific binding molecule facilitates specific
recovery of monoclonal mouse antibodies from hybridoma supernatants rich in bovine
immunoglobulin that may cross-react with alternative capture agents (Grimm et al. 2011).
Furthermore, anti-ideotypic Affibody molecules have been generated using other affinity
ligands or SPA itself as the target in the selections (Eklund et al. 2002; Wallberg et al. 2011).
One such molecule was recently used to facilitate the recovery of untagged Affibody
molecules, aimed for imaging studies of human epidermal growth factor receptor 2 over-
expressing tumor xenografts, from E. coli lysates (Wallberg et al. 2011). An interesting
related approach utilized an Affibody molecule specific for SPA as affinity fusion for
purification of fusion proteins on readily available protein A media (Graslund, S. et al.
2002a). Similarly, purification of Fc-fused Affibody molecules in an artificial antibody
format on protein A Sepharose has been described (Ronnmark et al. 2002b). Together, those
examples demonstrate the usefulness of custom-made affinity molecules in various
applications. Several structures of Affibody molecules alone or in complex with their targets
have been solved, which further expands the understanding of structure- and function-
relationships in engineered binding molecules and provides detailed insights for the
interactions (Eigenbrot et al. 2010; Hogbom et al. 2003; Hoyer et al. 2008; Lendel et al. 2006;
Nygren 2008; Wahlberg et al. 2003). Some applications however demand higher binding
affinities than is normally achieved by a single selection from a naive library. Different
approaches to affinity mature Affibody molecules have been devised. For example helix
shuffling, error-prone PCR (Grimm et al. unpublished results) or construction of targeted
libraries with more focused diversification based on first generation binding molecules have
been developed (Gunneriusson et al. 1999; Nord et al. 2001; Orlova et al. 2006).
Alternatively, multimeric formats may provide a sufficient gain in apparent affinity for
more demanding applications (Nord et al. 1997).

The same miniaturizing strategies that were originally applied to the Z-domain have now
also been demonstrated on Affibody molecules with novel binding specificities (Ren et al.
2009; Webster et al. 2009). Those studies demonstrated that the two-helix format could
provide a starting template for the design of miniaturized binding molecules, nonetheless
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some specific optimization may be required to yield a molecule fit for use. Another study
has also shown that truncation of a binding molecule based on structural data, here an
Affibody molecule specific for the amyloid-B-peptide, can provide improved variants
(Lindgren et al. 2010). This may however require case-by-case optimization and only be
applicable when detailed structural data is available. The prospect of producing binding
molecules by solid phase peptide synthesis has also motivated an optimization of the Z-
scaffold for synthesis. This has been accomplished by utilizing a well-characterized human
epidermal growth factor receptor 2-binding molecule as a template (Feldwisch et al. 2010).
In addition, the recent scaffold optimization resulted in increased thermal and chemical
stability as well as improved solubility. A successful grafting of binding-surfaces for a
selection of molecules with other target specificities onto the new scaffold was also
demonstrated (Feldwisch et al. 2010). Taken together, a wide range of technologies are now
available for the construction of combinatorial libraries, selection of molecules with desired
properties, affinity maturation and even miniaturization to provide novel or improved
affinity reagents for bioseparation as well as many other applications (Binz et al. 2005;
Nygren 2008; Nygren & Skerra 2004). Several synthetically produced and modified variants
have so far been described for the Z-domain and C1-domain (Boutillon et al. 1995; Ekblad et
al. 2009; Engfeldt et al. 2005). Robust and tailor-made target-specific affinity ligands provide
an interesting approach to recover recombinant or naturally occurring proteins in their
native forms and will certainly find even broader use in the future. Recent development of
new orthogonal aminoacyl-tRNA synthetase/tRNA pairs, which allows for addition of
various unnatural amino acids to recombinantly expressed proteins, may aid the further
advancement of this expanding field of protein engineering (Liu & Schultz 2010). The
addition of building blocks with novel properties to the 20 amino acids chosen by nature
may further expand the fitness landscape in which proteins evolve to fulfill novel or
enhanced functions. Recent progress includes phage-based in vitro evolution systems that
utilize bacteria designed to read a 21 amino acid code (Liu et al. 2008).

In a similar fashion as explored for the Z-domain derived from SPA, the albumin-binding
domain of SPG has been used as a scaffold for the design of a combinatorial library (Alm et
al. 2010). From this library, bispecific binding molecules with retained binding to albumin
and an additional acquired affinity to a novel target molecule have been selected by phage
display (Alm et al. 2010). In a proof-of-principle study, target proteins with different
characteristics were genetically fused to a bispecific ABD-molecule that had been identified
through biopanning against the Z-domain. Following expression in bacterial hosts, the
target proteins could efficiently be purified to high homogeneity by a two-step affinity
purification protocol utilizing the two binding specificities of the tag for the Z-domain and
HSA. Affinity maturation of ABD-based, bispecific molecules have also been demonstrated
exploiting a cell-displayed library, designed for targeted randomization based on phage
display-selected TNF-a-binding molecules (Nilvebrant et al, manuscript 2011).
Furthermore, the affinity of the ABD-molecule itself has been addressed in a combinatorial
engineering approach (Jonsson et al. 2008). Through several rounds of affinity maturation
and rational design where 15 of the 46 amino acids that constitute the domain were
randomized, a molecule with an extremely strong affinity against HSA was achieved. Both
this molecule and the original albumin-binding domain have successfully been used as gene
fusions with for example antibody fragments (Kontermann 2009) or Affibody molecules
(Tolmachev et al. 2009) to provide improved persistence in vivo, mediated by the binding to
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serum albumin. Moreover, a recent protein engineering effort was aimed at de-immunizing
the affinity-matured albumin-binding domain described above. Identified T-cell epitopes
could be removed without influencing the stability, solubility or high affinity of the protein
domain (Affibody AB, unpublished results).

Phage display has also been used in an attempt to evolve albumin-binding domains with
different species specificities and gain understanding about their mode of interaction,
biophysical properties and structural basis for specificity (He et al. 2007; He et al. 2006). A
GA-domain derived from F. magna with affinity against two phylogenetically distinct serum
albumins was successfully selected (Rozak et al. 2006). The binding mode of the resulting
molecule, referred to as phage-selected domain-1, to albumin of different species has been
further characterized by chemical shift perturbation measurements (He et al. 2007) and
structural evaluation (He et al. 2006). The results demonstrate that increased flexibility is not
a requirement for broadened specificity (He et al. 2006) and also indicate that a core
mutation stabilizes the backbone in a conformation that more closely resembles the structure
found in the complex between the GA-module and HSA (He et al. 2007; Lejon et al. 2004).
This core residue, a tyrosine, is therefore the main reason for the broader species specificity
of the albumin-binding domain from SPG compared to the GA-module derived from F.
magna. Those efforts illustrate how homologs of a naturally evolved protein scaffold can be
used as a starting point to alter the binding specificities through minor modifications of the
binding surface. The in vitro recombination technique used in those experiments, offset
recombinant polymerase chain reaction (Rozak & Bryan 2005), may also be a useful tool to
further evaluate or evolve other homologous small protein domains.

Most of the modifications reported for the C1-C3 domains of SPG relate to structural or
biophysical questions that lie outside the scope of this chapter (Gronenborn et al. 1991;
Gronenborn et al. 1996; Malakauskas & Mayo 1998). However, one interesting example that
relates to engineering of novel binding surfaces is the computational de novo design of a
protein-protein heterodimer based on the C1-domain (Huang et al. 2007). Through rational
design, molecules that spontaneously formed heterodimers could be produced. This
demonstrates a step forward, among many other examples, on the path to envision a link
between design of a primary sequence and a desired structure and function.

4.4 Generation of hybrid proteins

In order to broaden the class- and subclass specificity of immunoglobulin-binding proteins,
several hybrid proteins have been compiled from domains of various bacterial surface
proteins. The first hybrid protein was developed as a fusion between domains of protein A
and G (Eliasson et al. 1988). Four constructs encoding either five domains from SPA, two
domains from SPG, or combinations of domains from both, as well as the synthetic Z-
variant instead of the native SPA-domains, were evaluated. It was shown that binding
specificities from different immunoglobulin-binding proteins could successfully be
combined in the hybrid proteins (Eliasson et al. 1989; Eliasson et al. 1988). In a similar
approach, immunoglobulin-binding domains from SPA and SPG were combined and
expressed in fusion to f-galactosidase to provide a novel enzymatic tool for immunoassays
with broad antibody specificity (Strandberg et al. 1990). Similar concepts have since then
been applied to produce hybrid molecules of protein L from F. magna and protein G
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(Kihlberg et al. 1992) as well as protein L and A (Svensson et al. 1998). Immunoglobulin-
binding domains of protein L have a fold that resembles the immunoglobulin-binding
domains of SPG and interact with the light chain of many antibodies, which provides
potential for broadened specificity of the hybrid proteins (Bjorck 1988; Wikstrom et al. 1994).
Protein LG was constructed from four domains of protein L combined with two domains
from protein G (Kihlberg et al. 1992). Protein LA was assembled from four domains each of
the primary proteins (Svensson et al. 1998). The hybrid protein with the broadest
combination of specificities has been further minimized in the form of a fusion of a single
domain from protein L with one domain from protein G (Harrison et al. 2008). The fused
domains were shown to be able to fold and interact with their respective target proteins in an
independent manner. A combinatorial approach has also been described to combine
individual domains of protein A, G and L (Yang et al. 2008). Randomly arranged domains
were displayed on phage and selected against four different immunoglobulin-baits. Powerful
library and selection technologies may provide a means to further improve or fine-tune the
available range of hybrid proteins to tailor-make new ligands for specific purification or
detection of antibodies, antibody fragments as well as many other target proteins.

5. Conclusions

For a few decades, SPA and SPG have been widely investigated to provide the deep
understanding we have today about the evolution of the proteins, the structure of the
domains and their binding specificities. This, in turn, has enabled us to find many
applications for the proteins in a wide range of areas, the most common being ligands for
antibody purification or depletion of abundant proteins from complex samples. As
structural studies show that individual domains of SPA and SPG fold individually, it is
possible to use single domains of the proteins, which have obtained especially good
applicability as fusion proteins for production of recombinant proteins. Recombinant DNA
technology enables simple construction of expression vectors where a domain of SPA or
SPG is fused to a protein of interest. The domains not only simplify the purification
procedure, but may also act as solubilizing and stabilizing agents.

Moreover, protein engineering has been applied to improve or combine properties of the
stable domains derived from the bacterial surface proteins. Those efforts have resulted in
new refined proteins with wide applicability. Furthermore, those techniques have been
demonstrated to provide new insights in protein folding and dynamics as well, using small
and stable protein domains as models to deepen the understanding of complicated
biophysical processes. In summary, small, stable scaffolds have already proven their value
in the biotechnological field in many ways and new, innovative applications are currently
being investigated. Those rational and combinatorial engineering concepts have the
potential to generate alternatives to antibodies as affinity capture agents in demanding,
large-scale applications and thereby expand the applicability of affinity chromatography to
a wider range of target proteins.
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1. Introduction

Proteins were first described in 1838 by the Dutch chemist Gerardus Johannes Mulder and
named by the Swedish chemist Jons Jacob Berzelius. 1 The term protein comes from the
Greek word proteios, meaning "primary". 2 Protein carries primary functions of the
organisms, including both structural and physiological functions. One of the appropriate
samples of its importance is the enzyme, which catalyzes almost all biochemical process in
vivo. 3 Actually, lots of the most vital biological functions of an organism are fulfilled by
proteins, so the isolation and expression of proteins become an important issue for both
research and application.

Most proteins consist of 20 different L-a-amino acids, which are linked by peptide bonds,
and finally form linear chains. There are 4 levels of structures of a protein. The primary
structure of protein lies in the sequence of amino acids, the secondary structure of protein
means the basic elements like regularly repeating local structures stabilized by hydrogen
bonds, the tertiary structure of protein is its 3-demintional structure, and the quaternary
structure exists in some proteins, in which a few single polypeptide chains aggregate
together and function as a whole complex. ¢

The sequence of amino acids in a protein is defined by the sequence of its genetic code. 5 As
a commonly accepted opinion, the primary structure of a protein determines its higher level
structure; however, the biological function of a protein is not decided by the amino acids
composition, but most by its 3-dimentional structure. That is also why, not like DNA or
RNA, to know the exact sequence of amino acids of a protein cannot ensure the successful
production of the biological active one. During expression, isolation or purification
processes of a protein, the natural structure of the protein must be preserved or recovered
for it to exhibit normal biological activities. In this meaning, to develop a general technology
or a method that can be used to purify every protein becomes an impossible task.

The production of recombinant proteins in prokaryotic system is a powerful tool that has
been developed in the research and production of functional proteins for many years. To
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achieve successful production of a recombinant protein, the genetic code which decides the
final amino acids sequence in the target protein is firstly sequenced. A vector containing the
coding sequence is then cloned or synthesized, and transduced into bacteria, such as
Escherichia coli (E. coli). The protein synthesis system in bacteria then recognizes the specific
sequence, and proteins will be produced by the bacteria. Since the post-translational system
are different in bacteria than the protein’s original organism, the over-expressed
recombinant protein are normally not functional, and will aggregate to form inclusion
bodies. The inclusion bodies are easily to be isolated, and functional proteins will then be
recovered from these inclusion bodies by different denaturing and renaturing techniques.
Fortunately, there are some basic principles that can be applied to the expression and
purification of protein, and in this chapter, some of them will be discussed. ¢

In general, to achieve successful expression and purification of recombinant protein, the
usual steps will be (1) obtain target gene; (2) prepare the expressing vector; (3) clone the
target gene into the expressing vector with accuracy ensured by sequencing; (4) transduce
host bacteria; (5) induce the expression of target protein; (6) analyze the expressed proteins;
and (7) cultivate the engineered strain in large scale and (8) purify the expressed protein.

2. First step: The preparation of engineered bacteria
2.1 The purpose of target protein determines its form

In order to purify a protein, one must first ask themselves a question: what is the purpose of
the target protein? If some wants to investigate the biological functions of a protein, it’s
appropriate to express and purify the protein in its full length or matured form, with natural
bioactivity. Or, if the target protein is for antibody production, segment of the protein will
serve the purpose well. Since proteins are synthesized as linear polypeptides and undergo
post-translational modification and maturation, the denaturing and renaturing must also be
considered in the expression and purification of recombinant proteins.

In order to investigate the biological functions of a protein in vitro or in vivo, full length,
matured proteins need to be expressed and purified. One good example that can be easily
produced and purified in E. coli is recombinant human interleukin-1 receptor antagonist
(rhIL-1Ra) 7. rhIL-1Ra can be produced by E. coli at large scale in soluble form. The
recombinant protein in supernatant of the lyzed bacteria can be purified by 2-steps of ion-
exchange chromatography to yield high-output biological functional proteins. However,
some other proteins, such as recombinant human Midkine (thMK), 8 recombinant mouse
monokine induced by IFN-y (rmMig) % recombinant human Reg 4 (rhReg-4) 10 or
recombinant human Chemerin (rhChemerin), 11 easily form inclusion bodies in E. coli,
hence, necessary denaturing and renaturing steps must be applied. In some other cases, like
recombinant murine CXCL14 (rmCXCL14), 12 full length protein is hard to be purified, and
an additional tag will help to get final products with high yield and high purity.

2.2 The preparation of engineered bacteria
2.2.1 Information collection

Once the target protein is decided, the initial step of the expression and purification of a
protein is to capture target gene of a protein. This can be simply achieved by acquiring
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corresponding information of the genetic code of the gene that determines the amino acids
sequence of the target protein from some database. The fragment of target genes can be
easily synthesized or cloned, and cloned into different commercial available expressing
vectors. The packed vector, containing the target gene, the selective markers and the
elements needed for expressing in bacteria is then cloned into expressing strains, such as E.
coli BL21 (DE3). Once the engineered strain is successfully constructed, it will then use its
own resources to produce the alien protein.

2.2.2 The vectors and strains are the keys ensuring successful expression and
purification

E. coli was discovered by Theodor Escherich in 1885. 13 It is a Gram-negative, rod-shaped
bacterium that is commonly found in the lower intestine of endotherms. 4 E. coli is one of
the most adopted bacteria in the expression and purification of recombinant protein, since it
can be easily cultivated in laboratory in a relative cheap way, and has been intensively
investigated as a widely studied prokaryotic model organism.

The pET system is developed by Novagen Company as a powerful system for the cloning
and expression of recombinant proteins in E. coli. In this system, target genes are cloned in
PET plasmids under control of T7 transcription. The expression is induced by T7 RNA
polymerase in the host cell. When fully induced, target protein may consist more than 50%
of the total cell protein in a few hours after induction. On the other hand, in the un-induced
state, the expression level of target gene is low. pET system and its host bacteria E. coli BL21
(DE3) can be used as an optimized system in the expression and purification of recombinant
protein. In order to choose a suitable pET system, a good source of knowledge comes from
the manual of pET system offered by Novagen. 15

3. The cultivation of engineered bacteria and the extraction of recombinant
proteins

3.1 The cultivation conditions of E. coli should be tested and verified

Although the expression of recombinant protein in E. coli is normally high and consists large
part of total bacteria protein, the expression could also be low, and the cultivation
conditions of bacteria must be tested, including different temperature, vortex speed and
induction conditions.

Soluble, highly expressed target proteins are priorities in some cases, because the yield of
target protein is high, and the biological activity is normally preserved; however, the down-
stream purification may be difficult, because the target protein is mixed with all soluble
bacteria protein. Another side effect is that target protein may be digested by protease. On
the other hand, if the target protein exists in inclusion bodies, it is non-biological active, but
can be easily isolated with high purity, and the recombinant protein will not harmed by the
presence of protease. After the optimized denaturing and renaturing processes, the
downstream process may be much easier than soluble expressed target protein. In each case,
the expressing condition must serve the downstream purification steps.

Normally, the conditions that lead to high growth speed and high expression result in
aggregation of target proteins, for there are short time for the protein to fold correctly and so
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the inclusion bodies will be formed. Strong induction condition easily leads to high-
expressing of target protein, and also leads to the formation of inclusion bodies. 16 On the
contrary, lowering the cultivation temperature, adding some additives in cultivation
medium and change medium can reduce the formation of inclusion bodies, and the target
protein will present in soluble form. 17

3.2 The extraction of crude protein from cell lysates

Different methods can be applied to isolate the target proteins from the cell lysates
maximally. Normally the first step after the induction of target protein is to lyze the bacteria.
This could be achieved by different methods including frozen-thaw, ultrasonication,
lysozyme treatment, or the combination of them. Depending on the forms of expressed
protein, the target protein can be found in supernatant or precipitate of the cell lysate. This
could be identified easily by Western Blotting.

In this step, the target protein should be verified by Western Blotting using certain
antibodies, and the proportion of the target protein in total cell lysates should be calculated.
If the expression level of the recombinant protein is too low, the downstream process will
become very difficult. Optimization needs to be considered to enhance the production of the
target protein.

The goal of the extraction of recombinant protein is to facilitate the downstream process.
The more concentrated proteins in this step, the easier the later purification will be.

4. The denaturing and renaturing of recombinant protein
4.1 The purification of soluble recombinant protein

If the protein exists in soluble form, it will probably possess natural bioactivity. The protein
then needs no denaturing and renaturung treatments. For instance, when packed into
pET11a expressing vector, rhlL-1ra is induced in a soluble form in E. coli. A good example of
how to express and purify soluble rhIL-1Ra is indicated below. 18

The interleukin-1 receptor antagonist (IL-1Ra) is a protein encoded by the ILIRN gene. IL-
1Ra was initially called the IL-1 inhibitor and was discovered in 1984. 24 IL-1Ra binds to
the cell surface interleukin-1 receptor (IL-1R) hence blocks IL-1 signal pathway.

The full length of secreted rhIL-1Ra gene (gi: 186385) is 534bp with a CDS of 534bp,
whereas the first 75 bps encode a 25-amino acid signal peptide. A DNA fragment
corresponding to bp 76 to 534 in the gene ILIRN which encodes 152 amino acid residues
in the matured rhIL-1Ra is cloned and packed into pET11a for the protein expression in E.
coli. After induction, rhIL-1Ra mainly exists in the supernatant of the cell lysates.

The detailed processes of the expression and purification of rhIL-1a are listed below:

e Inoculate a single colony of transformed bacteria into LB medium containing 100
pg/mL ampicillin at 37 °C overnight with vigorous shaking. Inoculate large-scale of LB
medium containing 100 pg/mL ampicillin with small-scale culture mentioned above at
37°C for 2 h with vigorous shaking. 1 mM IPTG was used to induce the strain to



The Denaturing and Renaturing are Critical Steps
in the Purification of Recombinant Protein in Prokaryotic System 141

produce rhlL-1Ra afterwards. The incubation continued for additional 4 h at 37 °C and
the cell pellets were spun down.

The supernatant after ultrasonication was collected. 0.284 g ammonium sulfate was
used for each milliliter of supernatant to precipitate rhIL-1Ra. Precipitated protein was
solubilized 10-fold into the loading buffer 1 (1 mM EDTA, 20 mM Tris-HCI, pH 9.0).
After centrifugation the supernatant was collected and named as rhIL-1RaST (Fig. 1)

Fig. 1. Picture of Commassie-Blue staining after SDS-Page of induced rhIL-1Ra. (Lane 0:
Makers; 1: Engineered E. coli without IPTG inducement; 2: IPTG induced E. coli; 3: Inclusion
bodies, 4: Supernatant after unltrasonication; 5: Solublized inclusion bodies in 8M Urea;

6: thIL-1RalB; 7: Supernatant precipitated by ammonium sulfate; 8: rhIL-1RaST)

rhIL-1Ra can then be purified by running the solution over DEAE-Sepharose and S-
Sepharose, successively. First rhIL-1Ra solution was run over DEAE-Sepharose and
flow through solution is collected. rhIL-1Ra purity was determined by Commassie-Blue
staining after SDS-Page. The solution was then adjusted to pH 4.5. After centrifugation
the supernatant was applied to a cation-exchange S-Sepharose. A 0 - 1 M NaCl gradient
(1%/min) in loading buffer 2 (32.26 mM HAc, 17.74 mM NaAc, 1 mM EDTA, pH 4.5)
was applied to elute bounded rhIL-1Ra from the column. According to UV absorption
peak fractions were collected. The protein purity was determined by Commassie-Blue
staining after SDS-Page (Fig. 2, 3, 4)



142 Protein Purification

LR AR T LUE AR ——mg e i) gy AN 1z
=i
i
Ban
-
b
I_NuCI Concentration in Elution | \
] Y
K(_‘I_
: LA
o l
> ||E!| ] [
[] =) )

Fig. 2. Purification of rhIL-1RaST by DEAE-Sepharose (Flow through solution marked with
4/5/6/7/8/9 were collected)
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Fig. 3. Purification of rhIL-1RaST by S-Sepharose (According to UV absorption peak,
fractions 6, 7, 8, 9 and 10 were collected and determined for its rhIL-1Ra concentration and

purity)
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Fig. 4. Picture of Commassie-Blue staining after SDS-Page of purified rhIL-1Ra (Lane 0:
Markers; 1: Flow through solution of rhIL-1RaST after DEAE-Sepharose purification; 2: rhIL-
1Ra before S-Sepharose purification; 3: rhIL-1Ra after S-Sepharose purification)

4.2 The denaturing and renaturing of recombinant protein in inclusion bodies

If the protein exists in inclusion bodies form, denaturing and renaturung treatments are
mandatory for the purification of this protein.

An ideal denaturing and renaturing system must serve the following purpose: high-output,
low-loss and normal bio-activity final products. In industrial level, the ideal renaturing
technology must also be easily amplified to produce large-scale products. Must commonly
used denaturing solution is 6 M guanidine chloride or 8 M urea. There are some renaturing
methods including dialysis, dilution, ultra-filtration. Some additives can be applied into the
renaturing system to enhance the refolding efficacy such as denaturing agents, PEG,
detergents, redox system, L-Arg, chaperone, etc. However, there are no general guidelines
that can be applied to all refolding systems and one must test the efficiency of each method
to ensure the optimized output. Some commercial available kits can be used to test the
optimized renaturing system.

Here are a few samples of protein expressed in inclusion bodies:

Monokine induced by IFN-y (Mig) is a CXC-chemokine (CXCL9). It plays important roles in
regulation of immune activities, and knowledge of the protein in areas of allograft
transplants, autoimmune diseases, and cancer therapy is evolving quickly. Mature murine
MIG is a protein of 106 amino acids with molecular weight of 14.4 kDa. It contains 4
cysteines and 2 disulfide-bonds. The mature mouse MIG ¢cDNA covers the coding sequences
of the gene without the signal peptide coding sequences. After induction, rmMig mainly
exists in inclusion bodies of the cell lysates. 19
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Chemerin is a novel chemokine that binds to the G protein-coupled receptor (GPCR)
ChemR23. It is secreted as a precursor and executes pro-inflammatory functions when the last
six amino acids are removed from its C-terminus by serine proteases. Mature human
Chemerin is a protein of 137 amino acids with molecular weight of 16 kDa. The mature human
Chemerin cDNA covers the coding sequences of the gene without the signal peptide coding
sequences and the last 21 bps coding the peptide need to be removed during maturation. After
induction, rhChemerin mainly exists in inclusion bodies of the cell lysates. 20

Regenerating gene (Reg) IV is a newly discovered member of the regenerating gene family
belonging to the calcium (C-type) dependent lectin superfamily and was firstly isolated

Recombina |rmMig rhChemerin |rhReg-4 rhMK rmCXCL-14
nt Protein
Protein Full length |Full length Full length  |Full length Full length without signal
Forms without  |without without without peptide
signal signal signal signal peptide
peptide peptide and | peptide
last 6 amino
acids
Tags N/A N/A N/A N/A His-Tag
Engineered |E. coli E.coli BL21 |E.coli BL21 |E. coli BL21 E. coli BL21 (DE3)
Bacteria BL21 (DE3) (DE3) (DE3)
(DE3)
Expressing |pET28a pET28a pET30a pET30a pET28a
Vector
Cultivation |LB @ LB@42°C, |LB@37°C, |LB@42°C, LB @37 °C,
Medium 37°C,3h | 4h 4h 3h 6h
and
Temerature
Induction |1 mM 1mMIPTG |1mMIPTG |1mMIPTG |[0.1 mM IPTG
IPTG
Cell Ultraso- Ultraso- Ultraso- Ultraso- Ultrasonication
Lysate nication nication nication nication
Preparation
Forms Inclusion |Inclusion Inclusion Inclusion Inclusion bodies
bodies bodies bodies bodies
Denaturing (8 M urea, |6 M 6M 6M 6 M guanidine
20 mM guanidine guanidine guanidine hydrochloride,
Na2HPO4, |chloride, 1 chloride, 1 chloride, 20 50 mM imidazole,
1 mM mM EDTA, |mMEDTA, |\mM 0.5 M Nadl,
EDTA, 50 {50 mMNaCl, |50 mM Na2HPO4,1 [0.02 M Tris-HC],
mM NaCl, |50 mM Tris- |NaCl, 50 mM EDTA, 0.1% Tween-20,
pH 9.0. HCL; pH 8.0. |mM Tris- 50 mM NaCl, |1 mM PMSF,
HC], pH 8.0. |0.1 mM pH7.9.
PMSF,
pH 8.0.
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Renaturing

The
protein
solution
was
dropped
by
pumping
into 10-
fold
volume
refolding
Buffer (20
mM
NaPO4, 1
mM
EDTA, pH
6.0) under
vigorous
agitation.
pH of the
solution
was
maintaine
d at 6.0.
Then an
equal
volume
dilution
Buffer (20
mM
NaPO4, 1
mM
EDTA, pH
8.5) was
added into
the folding
buffer. The
refolded
protein
solution
was set at
4°C for
about 24 h.

The protein
was refolded
by slow
dilution of
the
denaturing
buffer into
100 volumes
of renaturing
buffer (1 mM
reduced
glutathione
(GSH), 0.1
mM oxidized
glutathione
(GSSG), 0.5
M guanidine
chloride, 0.4
M sucrose,
0.1 M Tris-
HCI; pH 9.5),
and
concentrated
eightfold
using the
tangential
flow
concentrator
with a 10
kDa cutoff
filter
(Minimate
TFF System;
Pall, USA).
The protein
solution was
further
diluted into
10 volumes
of dilution
buffer (1 mM
GSH, 0.1 mM
GSSG, 0.1 M
Tris; pH 9.5)
and the pH
was adjusted
to 7.5 with 1
M HCL

The
denatured
protein was
added dro-
pwise to a
total of 500
ml of the
optimized
refolding
buffer and
left to stand
for 24 h. The
buffer at pH
10.5 consists
of 50 mM
Tris-HCI, 10
mM KCJ, 240
mM NaCl, 2
mM MgClI2, 2
mM CaCl2,
0.5 M gua-
nidine-HCl,
400 mM
sucrose, 500
mM L-argi-
nine-HC, 1
mM reduced
glutathione,
and 0.1 mM
oxidized
glutathione.
The refolding
buffer was
concentrated
and changed
to the
phosphate
buffer (20
mM, pH 6.5)
using the
tangential
flow concen-
trator with a
10 kDa cutoff
filter (Mini-
mate TFF
System, Pall,
USA).

The protein
refolding was
proceeded by
drop-wise
dilution into
defined
protein
folding buffer
The protein
solution was
dropped by
pumping into
10-fold
volume
refolding
buffer (20 mM
Na2HPO4
and 1 mM
EDTA, pH
7.4) under
vigorous
(magnetic
stirrer)
agitation. pH
value of the
solution was
maintained at
7.4. Then an
equal volume
dilution
buffer (20 mM
Na2HPO4
and 1 mM
EDTA, pH
8.0) was
added into
the folding
buffer, and
final pH of
the solution
was
maintained at
8.0. This
protein
solution was
stored at 4 °C
for 24 h.

Three ml Ni-Sepharose
(Pharmacia, USA) was
loaded onto column and
recharged by 5 column
volumes (CV) of 50 mM
NiSO4 and equilibrated by
3 CV of denatured binding
buffer. Cell lysate was
loaded onto the purifi-
cation column at rate of 0.5
ml/min at 4 °C. Then, the
column was washed with
10 CV of denatured wash
buffer (60 mM imidazole,
0.5 M NaCl, 0.02 M Tris-Cl
pH 7.9, 0.1% Tween 20,
and 6 M Guanidine hydro-
chloride) before elution by
denatured elute buffer (1
M imidazole, 0.5 M NadCl,
0.02 M Tris-Cl pH 7.9,
0.1% Tween-20, and 6 M
Guanidine hydrochloride).
The intermolecular disulfi-
de bonds were reduced by
adding dithiothreitol
(DTT) into protein solu-
tion to final concen-tration
of 0.2 M. After overnight
incubation at 4 °C, the
solution was gradually
diluted with refolding
buffer (20 mM Tris-Cl pH
7.9,0.1 M NaCl, 1 mM
reducing glutathione, 1
mM EDTA, 10% sucrose,
0.1% Triton-X114) to 20-
fold of the initial volume
over 1 h with gentle
stirring at room
temperature and then
incubated at room
temperature for 1 h.
Precipitate was removed
by centrifugation at
20,000xg for 30 min.

Table 1.
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from a cDNA library of ulcerative colitis (UC) tissues by Hartupee et al. Human Reg 1V is
synthesized as a 158 amino acid (aa) precursor with a 22 aa signal sequence and a 136 aa
mature chain. The molecular weight (MW) of mature Reg IV protein is about 16 kDa. The
mature form of human Reg IV is encoded by the cDNA sequences of the gene from 354 to
743 bp without the signal peptide coding sequences. After induction, rhReg IV mainly exists
in inclusion bodies of the cell lysates. 21

Midkine is a heparin-binding growth factor, which plays important roles in the regulation of
cell growth and differentiation. The non-tagged recombinant human midkine (rhMK) is
therefore required to facilitate its functional studies of this important growth factor. The
mature human midkine protein is a protein contains 122 amino acids with a molecular
weight of 17 kDa. The mature form of human midkine is encoded by the full-length
sequence from 289 to 654 bp without the signal peptide coding sequences. After induction,
rhMidkine mainly exists in inclusion bodies of the cell lysates. 22

Mouse CXCL14/BRAK is a monocyte-selective chemokine which is expressed in almost all
normal tissues. The mouse cxcl14 mRNA encodes 99 amino acids, in which N-terminal 22
amino acids serve as a signal peptide which is cleaved as the protein is secreted. The
remaining C-terminal 77 amino acids construct the mature chemokine with a calculated
molecular weight of 9.4 kDa and pl 9.9. The mature form of mouse CXCL14 is encoded by
the full-length sequence from 445 to 678 bp without the signal peptide coding sequences.
After induction, rmCXCL14 mainly exists in inclusion bodies of the cell lysates. 3

The detailed processes of the denaturing and renaturing of those proteins were already
published, and can be brifly introduced below Table 1.:

5. The purification of recombinant protein: Chromatography technologies

Like the denaturing and renaturing, lots of technologies had been developed to purify
recombinant. Among which chromatography technologies are the most powerful tools, and
can give satisfactory purity and yield of final protein products. According to the proteins pl,
Ion exchange chromatography can be adopted. According to the hydrophilic and
hydrophobic properties and molecular size, HPLC can be used. pET system carries certain
fusion tag and can be easily identified by certain types of Affinity Chromatography. The
most important guideline is, the purification of recombinant protein may not be achieved by
simply using one technology mentioned above; on the contrary, the combination of them
can lead to optimized results.

Like the above section, the detailed processes of the purification of the above-mentioned
proteins were already published, and can be briefly introduced in table 2.

Recombi | rmMig rhChemerin rhReg-4 rhMK rmCXCL-14
nant
Protein
Protein |Full length Full length Full length Full length Full length
Forms |without signal |without signal without signal |without signal |without signal
peptide peptide and last 6 | peptide peptide peptide
amino acids
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refolding was
loaded on an
S-Sepharose

loaded onto a Q
Sepharose FF
column

refolding was
loaded on an
S-Sepharose

Recombi | rmMig rhChemerin rhReg-4 rhMK rmCXCL-14
nant

Protein

Tags N/A N/A N/A N/A His-Tag

Purifi- |The The supernatant |The The The supernatant
cation |supernatant of |of refolding was |supernatant of |supernatant of |of refolding was

refolding was
loaded on an
S-Sepharose

loaded onto an SP
Sepharose column
with a volume of

column with a |equilibrated with |column in a column with a |20 ml, which had
volume of 20 |wash buffer 1 (20 |volume of 20 |volume of 20 |been pre-
ml. The mM Tris-HCl, 1 |ml. The ml. The equilibrated with
columnwas |mM EDTA, 25 column was column was Buffer A (20 mM
pre- mM NaCl; pH pre-equili- pre- Tris-HCI, pH 8.0),
equilibrated |7.5) at a speed of |brated with equilibrated | with flow rate
with Buffer A |5 ml/min. The Buffer A (20  |with Buffer A |maintained at 5.0
(20 mM flow-through was | mM phosphate | (20 mM ml/min. After
NaPO4, 1 mM |collected and buffer at pH Na2HPO4 and | washing with 5
EDTA, pH adjusted with 6.5, 1 mM 1 mM EDTA, |[CV of Buffer A,
7.2).Sample |glacial acetic acid |EDTA). pH 8.0). protein was
was loaded at [to pH 4.5. After |Sample was |Sample was |eluted using
speed of 0.5 |centrifugation, |loaded at loaded at a programmed
ml/minand |the supernatant |speed of 3 flow rate of 0.5 | gradient Buffer B
the column was loaded onto |ml/minand |ml/minand |(20 mM Tris-Cl
was then an S-Sepharose the column the column and 1.0 M Nad(],
washed with 2 |FF column was then was then pH 8.0), which
column equilibrated with |washed with 2 |washed with 2 | was linearly
volumes of wash buffer 2 (50 |column column increased from
Buffer A. The |mM NaAc-HAc |volumes of the |volumes of 20% to 80% with a
column bound | buffer, 1 mM Buffer A. The |Buffer A. The |flow rate of 1.0
proteins were |EDTA, 25 mM column bound |column-bound | ml/ml. The
eluted using a |NaCl; pH 4.5) at a | proteins were |proteins were |eluted fractions
programmed |speed of 5 eluted using a |eluted using a |containing the
gradient of ml/min. The programmed |programmed |target protein
Buffer B(20  |protein was gradient of gradient of were desalinated
mM NaPO4, 1 |eluted using a Buffer B (20 Buffer B (20  |using a Sephadex
mM EDTA,1 |0.3-1.0 M NaCl |mM phosphate | mM G25 column
MNaCl, pH |gradientin wash |bufferatpH [Na2HPO4,1 |(height 60 cm and
7.2) at a speed |buffer 2 6.5,1 mM mM EDTA,  |diameter 1.5 cm),
of 3ml/min. |(1%/min)ata EDTA, 1M and 1 mM which was pre-
speed of 1 NaCl) ata NaCl, pH 8.0) |equilibrated with
ml/min. speed of 1 ata flow rate |2 CV of Buffer A.
ml/min. of 1 ml/min.

Target |99% 99% 97% 98% 97%

Protein

Purity

Final 5.2% 14% 28% 6.2% 11%

Yield

Table 2.
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6. Purified recombinant proteins: The quality control and the storage
6.1 The storage of recombinant proteins

Protein samples are easily to lose their bioactivity, so it's important to test appropriate
storage conditions and buffers of this protein. After purification, the composition of storage
solution and storage condition can both affect the bio-activity of recombinant proteins. For
instance, rhIL-1Ra can be safely stored at 4°C for nearly half a year in 10 mM sodium citrate,
140 mM sodium chloride, 0.5 mM EDTA, while rhChemerin, when stored in PBS, pH 7.4,
must be frozen in -80°C refrigerator. A good source of the knowledge of the suitable storage
of the recombinant protein comes from the manual of commercialized recombinant protein.

6.2 The quality control of recombinant proteins

After protein expression and purification, some quality control items should be tested to
serve the later in vivo and in vitro experiment, or other application. These test items include
but not limit to:

Concentration (measured by BSA or Bradford methods, etc.)

Purity (measured by silver staining after SDS-Page, HPLC, or SEC-HPLC etc.)
Sequence confirmation (measured by GC-Mass or etc.)

Endotoxin (measured by TAL or LAL test)

Bioactivity (measurements depends. Bioactivity should be expressed as EC50, if applicable).
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1. Introduction

A variety of phenolic compounds are naturally available, and contain one or more phenolic
rings with or without substituents such as hydroxyl or methoxy groups. The term
phytophenol, or phytochemical, is also used due to the widespread distribution of these
chemicals throughout the plant kingdom (Huang et al., 2007). Phytophenols are secondary
metabolites of plants, which are primarily used in defense against ultraviolet radiation and
pathogens (Beckman, 2000). These chemicals also participate in the formation of
macromolecular structures in plant cell walls, and are naturally present in the form of
monophenols or polyphenols with ester linkages. The presence of phenolic ester linkages
limits the hydrolytic activity of enzymes such as xylanases, cellulases, and pectinases, by
shielding the site of hydrolysis on plant cell walls from these enzymes. Hydrolyzing the
ester linkages within the phytophenols releases the phenolic acids and relaxes the structure
of the plant cell wall, aiding in the degradation and maximizing the nutritional value of
dietary fiber. Phenolic acids such as ferulic acid, caffeic acid, chlorogenic acid, and
rosmarinic acid are studied extensively due to their anti-oxidative, anti-inflammatory, and
other health related properties which have been demonstrated both in vitro and in vivo
(Srinivasan ef al., 2007). Even though phenolic acids can be easily found in dietary fiber, the
ester linkages prevent their absorption in the human intestine. It has been demonstrated that
only small monophenolic acids, but not esterified phenolic acids, can be absorbed efficiently
by the monocarboxylic acid transporter (Konishi et al., 2005). Thus, an enzymatic step is
required to convert the esterified phenolic acids into monophenolic acids prior to
absorption. In the presence of water, a specific type of enzyme, feruloyl esterases (FAEs), is
able to hydrolyze the phenolic compounds into respective alcohols and phenolic acids.
Thus, FAEs become one of the target fields of study to improve the bioavailiability and
assimilation of phenolic acids in the human diet.

Feruloyl esterases (EC 3.1.1.73) are classified as a subclass of carboxylic acid esterases (EC
3.1.1.1). Alternate names such as ferulic acid esterases, cinnamoyl ester hydrolases,
cinnamoyl esterases, and hydroxycinnamoyl esterases are generally used in the literature.
They are also termed hemicellulase accessory enzymes because they can act synergistically
with xylanases, cellulases, and pectinases to degrade the hemicellulose of plant cell walls.
High substrate preference of FAEs is achieved when the carboxylic ester is in the
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phenolic/aromatic form, such that an aromatic hydrocarbon is attached to the carbon atom
of the carbonyl group of the ester. FAEs are important enzymes in the rumen ecosystem due
to their ability to increase the absorption of plant-based energy sources in ruminant animals.
In recent years, several FAEs from fungi were partially characterized, but little is known
about bacterial or plant FAEs. For both medicinal and industrial applications, there is an
increasing amount of research focused on FAEs that are capable of releasing monophenols
from plant biomass. To the best of today’s knowledge, humans do not synthesize FAEs.
However, FAE activity is found in total human gut microbiota (Kroon ef al., 1997, Gonthier
et al., 2006), indicating that FAEs are present in the intestine and may contribute to the
release of phytophenols from dietary fiber. Currently, most characterized FAEs have been
identified from fungi, and the lack of FAEs identified in other organisms, particularly
intestinal bacteria, has limited their application.

Tertiary structure information on FAEs is scarce, while primary and secondary structure is
poorly conserved between fungi and bacteria. Identifying and characterizing FAEs in
bacteria is an important challenge. This chapter tells the story of the identification,
purification, characterization, and crystallization of FAEs from probiotic bacteria. The
potential FAEs were identified based on the enzymatic activity displayed by the bacterial
strains as well as bioinformatics analysis. The work discussed herein will provide insight for
further exploration of FAEs in other species, enhancing the path for medicinal and industrial
application of these enzymes.

2. Identification of feruloyl esterases from bacteria

Our understanding of the relevance of the commensal microbiota in relation to the healthy
status of the host is rapidly expanding. However, the mechanisms by which these
microorganisms interact with the host are still unclear. Important technological advances
such as rapid sequencing methods, bioinformatics, and species identification using 16S
rDNA are valuable tools to describe the variability and composition of these small
ecosystems. One of the most interesting applications of the study of commensal microbiota
is the identification of species potentially responsible for, or correlated with, specific host
diseases. For example, there are noticeable changes in the composition of the gut microbial
ecosystem of diabetes patients compared to healthy individuals (Vaarala ef al., 2008). Some
studies indicate that there is a predominant presence of probiotic bacteria such as
Lactobacillus johnsonii, Lactobacillus reuteri, and Bifidobacterium species in healthy individuals
(Roesch et al., 2009).

Lactic acid bacteria (Lactobacilli) are well known bacteria present in the human intestine
and used in probiotic supplements. There are a variety of explanations in the literature as to
the mechanisms responsible for the probiotic effects of these bacteria. These mechanisms
include competitive exclusion of pathogens, secretion of bioactive compounds, immune
system alteration, and host metabolism modification. However, there is no general
consensus as to the mechanism of probiotics action, and studies of mechanism typically
differ depending on the species or strain of bacteria. For example, a feeding study using the
biobreeding diabetes-prone (BB-DP) rat model for type 1 diabetes with the intestinal
bacteria L. johnsonii showed that oral administration of the probiotic bacterium L. johnsonii
decreases the incidence of type 1 diabetes, possibly by decreasing the intestinal oxidative
stress response (Valladares ef al., 2010). The decreased oxidative stress at the intestinal level



Identification and Characterization of Feruloyl Esterases Produced by Probiotic Bacteria 153

could be a consequence of multiple factors. For example, the rat chow is formulated with
many ingredients containing 6% to 8% (weight to weight) of fiber in the form of sugar beet
pulp. The sugar beet pulp is an important source of ferulic acid, a phytophenol with anti-
oxidative and anti-inflammatory effects (Couteau et al., 1998). It has been demonstrated that
low dosage of cinnamic acids (especially ferulic acid) has been related with the stimulation
of insulin secretion (Balasubashini et al., 2003, Adisakwattana et al., 2008), prevention of
oxidative stress and lipid peroxidation (Balasubashini et al., 2004, Srinivasan et al., 2007), and
inhibition of diabetic nephropathy progression (Fujita et al., 2008). The interaction of select
bacteria in the host intestines with dietary fiber, and the possible release of phenolic acids, is
an interesting process to be analyzed in order to generate a rationale understanding of the
problem.

Despite the fact that total human gut microbiota displays FAE activity, specific bacterial
species producing FAEs have not been investigated in depth. FAE activity was identified in
several lactobacilli, including L. fermentum, L. reuteri, L. leichmanni, and L. farciminis, however
the genes encoding the FAEs were not identified (Donaghy et al., 1998). It is hypothesized
that probiotic bacteria could enhance the release of bioactive phenolic acids from dietary
fiber by producing the necessary FAE activity and aiding in the assimilation of phenolic
acids. It is necessary to identify and characterize the FAEs from probiotic bacteria to further
investigate this hypothesis.

2.1 Identification of FAE-producing bacterial strains

A screening assay for detection of FAE activity from Lactobacillus strains was first described
by Donaghy et al. (Donaghy et al., 1998). A model substrate for FAEs, ethyl ferulate, was
embedded in de Man Rogosa Sharpe (MRS) plates. The presence of ethyl ferulate created a
turbid appearance in the MRS agar due to the semi-soluble ethyl ferulate at 0.1% (weight to
volume) final concentration. Ferulate assay (MRS-EF) plates were inoculated with cells
obtained from individual overnight MRS cultures. The plates were incubated at 37°C in a
gas pack system for a maximum of 3 days. The formation of halo (clear area) around the
colonies due to the hydrolysis of ethyl ferulate indicated the presence of FAE activity. This
technique was sucessfully applied by Lai et al. (Lai et al., 2009), which identified that L.
johnsonii, L. reutri, and L. helveticus are able to produce FAEs (Fig. 1).

Fig. 1. Halo zone created by L. johnsonii colony on MRS-EF screening plate.
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2.2 Selection of potential FAEs using bioinformatics analysis

Since FAEs are classified as carboxylic esterases, they display the characteristics of serine
esterases (Brenner, 1988, Cygler et al., 1993). These enyzmes have a classically conserved
pentapeptide esterase motif with a consensus sequence glycine-X-serine-X-glycine
(GlyXSerXGly), where X represents any amino acid. Public databases such as
Comprehensive Microbial Resource (CMR) Database (Davidsen et al., 2010) can be used to
predict potential FAEs from the genomic sequences of FAE producing strains. Since there
are only a handful of bacterial FAEs currently identified, most of the potential FAEs are
annotated as hypothetical hydrolases or esterases. Two FAEs, LJ0536 and LJ1228 were
previously identified in a probiotic bacterium L. johnsonii (Lai et al., 2009). The amino acid
sequences of both FAEs can also be used to identify potential FAE homologs using a
BLASTP search in NCBI database (Altschul et al., 1997).

2.3 Purification and characterization of FAEs

Apart from fungal FAEs, most of the bacterial FAEs described in the literature are purified
directly from the growth media of bacterial strains, without previous knowledge of their
coding gene or protein amino acid sequence. In order to obtain a large amount of enzyme to
carry out thorough biochemical characterization, it is necessary to express and purify the
target FAEs as recombinant proteins.

2.3.1 Cloning and purification of FAEs

After selection of potential FAEs from genomic analysis of FAE-producing strains, the genes
of interest can be cloned into an expression vector. pET vectors are one of the most common
expression vectors used for the cloning and expression of recombinant proteins in
Escherichia coli. The pET System is driven by the T7 promoter, so target genes are regulated
by the strong bacteriophage T7 transcription and translation signals. In this system, gene
expression is effectively induced by the presence of isopropyl p-D-1-thiogalactopyranoside
(IPTG). The host cells, such as E. coli BL21 DE3, provide T7 RNA polymerase during protein
expression. The proteins are expressed with specific tags such as Histidine Tag or S epitope
tag, depending on the vector used.

Using pET15 vector as an example, the expression of Hiss-tagged proteins is carried out in E.
coli BL21 using IPTG (1 mM) to induce gene transcription on the recombinant vector p15TV-
L. The cells are collected by centrifugation at 8000 RPM (JLA8.1000 rotor, Beckman Coulter)
for 25 min. The collected cell mass is resuspended in 25 mL binding buffer (5 mM imidazole,
500 mM NaCl, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.5)
and then disrupted by French press (20000 psi). The cell free extract is collected by
centrifugation at 4°C, 17500 RPM (JA25.50 rotor, Beckman Coulter) for 25 min. The soluble
Hise-tagged proteins are purified by affinity chromatography. All solutions pass through the
nickel-nitriloacetic acid (Ni-NTA) column by gravity flow. The Ni-NTA column is first
washed with 30 mL of ultra-pure water to wash out unbound nickel ions. It is then pre-
equilibrated with 30 mL binding buffer. The cell free extract is then applied to the Ni-NTA
column. During this step, the His¢-tagged proteins bind to nickel ions that are immobilized
by NTA. The resin is washed with 30 mL of binding buffer to wash out any unbound
proteins. 200 mL of wash buffer (20 mM imidazole, 500 mM NaCl, 20 mM HEPES pH 7.5),
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which contains a higher concentration of imidazole, is used to remove unspecific proteins
that are bound to the resin. Imidazole is a competitive molecule that displaces the nickel
ions bound to Hise-tagged protein. The His¢-tagged proteins are eluted using 20 mL elution
buffer (250 mM imidazole, 500 mM NaCl, 20 mM HEPES pH 7.5). The purified proteins are
dialyzed at 4°C for 16 hours. The dialysis buffer is composed of 50 mM HEPES buffer pH
7.5, 500 mM sodium chloride (NaCl), and 1 mM dithiothreitol (DTT). After dialysis, the
samples are flash frozen and preserved at -80°C in 200 pL aliquots until needed. The Hiss-
tag can be removed by treatment with tobacco etch virus (TEV) protease (60 ug TEV
protease per 1 mg of target protein) at 4°C for 16 hours. The sample is applied to the nickel
affinity chromatography column to eliminate the released Hise-tag. Collected proteins are
dialyzed at 4°C against dialysis buffer for 16 hours. The purified proteins without His¢-tag
are flash-frozen and preserved in small aliquots at -80°C until needed.

A rapid method to evaluate the FAE activity can be used immediately after purification. 3 ul
of the purified proteins (3-5 pl equivalent to 0.1 pg total protein) are dropped on the surface
of the MRS-EF screening plate. The formation of halo zones indicates the presence of FAE
activity. This system was used to purify the recombinant proteins L]J0536 and L]J1228 (Lai et
al., 2009). By using the same strategy, a hypothetical protein LREU1684 was purified from L.
reuteri and identified as a FAE.

2.3.2 Enzymatic substrate profile analysis

The change in pH that occurs during ester hydrolysis can be used to screen for substrate
preference of FAEs. A pH indicator such as 4-nitrophenol (Janes et al., 1998) can be used to
detect the change of pH during a reaction by monitoring the absorbance with a
spectrophotometer. From the information in absorbance change, an estimate of enzymatic
activity on different ester substrates can be determined. Enzymatic substrate profiles are
determined at 25°C using an ester library composed of a variety of aliphatic and phenolic
ester substrates (Liu et al., 2001). The purified enzymes are first thawed from -80°C and re-
dialyzed against 5 mM N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) buffer
pH 7.2. The reactions are carried out in 96 well plates. Each enzymatic reaction contains 1
mM ester substrate, 0.44 mM 4-nitrophenol (proton acceptor), 4.39 mM BES pH 7.2, 7.1%
(volume to volume) acetonitrile, and 30 - 35 pg - mL-! of enzyme in a total volume of 105 pL
reaction mixture. The 96 well plates are incubated at 25°C using Synergy™ HT Multi-
Detection Microplate Reader (Biotek). The reactions are continuously monitored for 30 min
at 404 nm. FAEs such as LJ0536 and LJ1228 display high activity towards phenolic esters
(Lai et al., 2009).

This techique is used only to demonstrate enzyme substrate preferences since it allows the
use of several substrates in parallel. It utilizes specific conditions to detect the release of
hydrogen ion (proton) during hydrolysis. The buffer (BES buffer) and the pH indicator (4-
nitrophenol) to be used in this type of assay must have similar affinity (BES buffer pK, =
7.09; 4-nitrophenol pK, = 7.15) for the release of protons. In this way, the ratio of
protonated buffer and the protonated indicator remains constant. The pH shifts by the
proton release during the enzymatic reaction and it is detected as a change in the yellow
color of the indicator present in the mixture. Thus, this technique is not flexible enough to
adjust to the best conditions (pH, type of buffers, ions, etc.) that many enzymes require to
function at their maximum activity. The specific enzyme activity determined using this
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method does not reflect the true specific enzyme activity. In addition, the stability of
several enzymes could be affected by exhaustive dialysis in the reaction buffer. The
dialysis was performed using 120 to 150 times the volume of the original enzyme
suspension. Consequently, the technique is valid only to demonstrate substrate
preferences. An alternate method involving the commerical equipment HydroPlate®
instead of the tranditional 4-nitrophenol pH indicator can be used to monitor the pH
during ester hydrolysis. The HydroPlate® is a 96 well plate containing immobilized pH
sensor layers in each well (PreSens). The sensor contains a stable reference dye and one
sensitive to oxygen. Thus, the measured fluorescence used to determine pH are internally
referenced for precision across the plate.

2.3.3 Biochemical properties of FAEs

As enzyme reactions are saturable, the biochemical parameters such as K (Michaelis
constant: amount of substrate required to reach half of Vma), Vmax (maximum rate of
reaction or maximum enzyme specific activity, pmol - mg? - min?), Ke (catalytic rate
constant, s1), and Ke.t / K (catalytic efficiency, M1 - s1) can be determined by measuring
the initial rate of the reaction over a range of substrate concentrations. The optimal
conditions such as pH and temperature should be determined with model substrates before
attempting to determine these biochemical parameters. Naphthyl esters and 4-nitrophenyl
esters are common model substrates used to determine the biochemical parameters of
esterases using saturation kinetics. Hydrolysis of naphthyl esters or 4-nitrophenyl esters
generates napthol or 4-nitrophenol respectively, resulting in a specific absorbance at 412 nm.
In similar ferulic acid esterase screenings, phenolic esters such as ethyl ferulate and
chlorogenic acid should be included to compare the differences in biochemical parameters
between aliphatic and phenolic esters. The hydrolysis of these phenolic esters can be
monitored at 324 nm (Lai et al., 2009). FAEs have higher catalytic efficiency and affinity
towards phenolic esters. However, phenolic esters have higher values of absorbance and are
less stable compared to the model substrates such as 4-nitrophenyl esters. The concentration
of phenolic esters used to obtain the initial rate of the reaction is usually limited to 0.1 mM
due to the upper limit of plate reader absorbance. Using absorbance to obtain enzyme
kinetic parameters from phenolic ester hydrolysis can be difficult. An alternative method
such as high performance liquid chromatography could be used to estimate the enzymatic
activity by monitoring the release of products during phenolic ester hydrolysis (Mastihuba
et al., 2002).

3. Structural analysis of FAEs

FAEs belong to a structural group described as a / {3 fold hydrolases (Ollis et al., 1992). The
secondary structure of this group is composed of a minimum of eight p-strands in the center
core surrounded by a-helices. The term a / P barrel is also used to describe the structure.
The p-strands in the central core and a-helices are mostly parallel. The a-helices and p-
strands tend to alternate along the chain of the polypeptide. There are only few structures of
FAEs deposited in public databases (PDB) (Berman et al., 2000). All the structures (apo-
enzymes or co-crystallized with a substrate) deposited in the PDB belong to two enzymes
purified from only two species, a fungus Aspergillus niger and a bacterium Butyrivibrio
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proteoclasticus. Five additional structures related to the probiotic bacterium L. johnsonii FAE
LJ0536 were recently released in the PDB. The recently available structures of bacterial FAEs
will allow researchers to identify new FAEs based on structural alignments and conserved
structural features.

3.1 GlyXSerXGly is the classical esterase motif

In general, carboxylic acid esterases have one classical esterase motif composed of a
consensus sequence GlyXSerXGly. Analysis of the LJ0536 amino acid sequence showed that
LJ0536 has two GlyXSerXGly motifs, an exception to the general one motif rule for
carboxylesterases. Mutiple sequence alignments indicated that LJ0536 and its homologs,
including LREU1684, all have two GlyXSerXGly motifs (Fig. 2). The reason for the presence
of two GlyXSerXGly motifs in enzymes has not been addressed clearly in the literature. A
recent structural study on L]J0536 (Lai et al., 2011) shows that LJ0536 displays a typical a /
hydrolase fold, which is composed of twelve P-strands and nine a-helices. Only one
GlyXSerXGly motif (Gly104-X-Ser106-X-Gly108) of L]J0536 is catalytically active, while the
other (Gly66-X-Ser68-X-Gly70) maintains the folding of the protein by hydrogen bonds. The
newly identified FAE LREU1684 shares 47% amino acid sequence identity with LJ0536.
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Fig. 2. Multiple sequence alignment of L]0536 with its respresentative homologs. LJ0536: L.
johnsonii N6.2, cinnamoy] esterase, GI# 289594369; L]1228: L. johnsonii N6.2, cinnamoyl
esterase, GI# 289594371; LREU1684: L. reuteri DSM 20016, alpha / beta fold family
hydrolase-like protein, GI# 148544890; LGAS1762: L. gasseri ATCC 33323, alpha / beta fold
family hydrolase, GI# 116630316; LHV1882: L. helveticus DPC 4571, alpha / beta fold family
hydrolase, GI# 161508065; LAF1318: L. fermentum IFO 3956, hypothetical protein, GI#
184155794; PBR1030: Prevotella bryantii B14, hydrolase of alpha-beta family, GI# 299776930;
HMPREF9071: Capnocytophaga sp. oral taxon 338 str. F0234, hydrolase of alpha-beta family
protein, Gl# 325692879. Two GlyXSerXGly motifs are located and boxed in the sequences.
Amino acids are color coded.
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3.2 Identification of critical amino acids involved in substrate hydrolysis

Ferulic acid esterase features such as the catalytic triad and the oxyanion hole are usually
maintained by several amino acid residues that are highly conserved among homologs.
Other critical amino acids involved in substrate recognition and binding are also conserved
among closely related homologs, but not necessarily with less related homologs. A
technique called alanine scanning, or site-directed mutagenesis, is helpful to determine the
conserved amino acids critical for catalysis in proteins with unknown structure. The target
amino acids selected for modification are replaced by alanine. Alanine is chosen because the
inert alanine methyl functional group generally does not interact with other residues or alter
the overall protein structure. To introduce the alanine mutation, 39-nucleotide long
complementary primers containing the desired amino acid replacement are used to
introduce individual mutations. The protein variants are then constructed by Polymerase
Chain Reaction using Finnymes Phusion™ high fidelity DNA polymerase. This approach
was used to identify the critical amino acids of LJ0536 (Lai ef al., 2011).

The enzymatic activities of alanine variants are impared when the mutated amino acids are
critical to function of the proteins. However, the results obtained from alanine scanning
may not be useful in distinguishing the specific function of the amino acids, such as the
involvement of amino acids in the formation of catalytic triad, oxyanion hole, tertiary
structure of the protein, or substrate recognition and binding. The amino acids involved
in substrate recognition and binding can be determined by measuring the enzymatic
activity of the protein variants with different substrate types. For example, mutation of
the amino acids that are only necessary for phenolic ester binding would not impair the
enzymatic activity when aliphatic esters are used as substrates (Lai et al., 2011).
Ultimately, the tertiary structure of the proteins are still necessary to conclude the
findings from alanine scanning,.

3.2.1 Catalytic triad of FAEs is composed of serine, histidine, and aspartic acid

Two basic steps are involved during ester hydrolysis: acylation and deacylation (Ding et al.,
1994). During acylation, the hydroxyl oxygen of the catalytic serine carries out a nucleophilic
attack on the carbonyl carbon of the ester substrate. After the attack, a general base (the
histidine of the catalytic triad) deprotonates the catalytic serine and the first tetrahedral
intermediate is formed. The hydrogen bonding of the third member of the triad, aspartic
acid, plays a critical role in the stabilization of the protonated histidine. The oxyanion of the
resulting tetrahedral intermediate is positioned towards the oxyanion hole. The oxyanion
hole is created by hydrogen bonding between the substrate carbonyl oxygen anion and the
backbone of two nitrogen atoms from other residues of the catalytic pocket. The general
base, histidine, transfers the proton to the leaving group. The deprotonation of histidine
leads to the protonation of an ester oxygen to release the first product (for example:
methanol with methyl ferulate as substrate). As a consequence, the tetrahedral intermediate
collapses and the characteristic acylenzyme intermediate is formed. Thus, the residual half
of the substrate remains attached to the catalytic serine.

The second step of the reaction, deacylation, takes place in the presence of water. A
molecule of water performs a nucleophilic attack on the carbonyl carbon of the remaining
substrate in the acylenzyme intermediate. The general base (histidine) immediately
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deprotonates a molecule of water, leading to the formation of a second tetrahedral
intermediate. The catalysis follows a similar pattern described for the acylation. The second
tetrahedral intermediate is stabilized by the formation of the oxyanion hole. The proton of
the general base moves to the nucleophilic serine. Consequently, the ester oxygen is
protonated and the tetrahedral intermediate collapses. The protonation of ester oxygen
releases the final product (for example: ferulic acid with methyl ferulate as substrate), and
reconstitutes the native serine residue and the original state of the enzyme.

The catalytic center of esterases always consists of a triad composed of a nucleophile (serine
or cysteine), a fully conserved histidine, and an acidic residue (aspartic acid). In order for
the catalytic triad residues to carry out their roles during hydrolysis as described above, the
histidine must be located next to the catalytic serine, while the aspartic acid must be located
next to the histidine. The catalytic triad of LJ0536 is composed of serine, histidine, and

Fig. 3. Three dimensional structures of LJ0536 and LREU1684. (A) Ribbon and (B) surface
representation of LJ0536. The catalytic triad of LJ0536 is colored orange. (C) Ribbon and (D)
surface representation of LREU1684. The catalytic triad of LREU1684 is colored yellow.
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aspartic acid (Ser106, His225, Asp197). Due to the high amino acid sequence identity
between L]J0536 and LREU1684, it is expected that both enzymes could have similar tertiary
structures. Hypothetical tertiary structure of LREU1684 is predicted using SWISS-MODEL
(Arnold et al., 2006). SWISS MODEL is a structure homology-modeling server, which allows
users to predict the structure of a protein with a simple input of the peptide sequence. The
modeling is generated based on the existing protein structures. The results indicate that the
folding of LREU1684 is highly similar to LJ0536 (PDB: 3PF8). The catalytic triad of
LREU1684 is arranged in an identical orientation as in L]J0536. It is composed of Ser109,
His228, and Asp200 (Fig. 3). The catalytic serine residue (Ser109) is located on top of the
sharp turn of an a-helix (nucleophilic elbow). The catalytic triad arrangement of both LJ0536
and LREU1684 follows the general rule of ester hydrolysis.

3.2.2 Classical oxyanion hole aids in substrate binding

Co-crystallization assays of the LJ0536 catalytic serine deficient mutant Ser106Ala (LJ0536-
5106A) with various ligands identifies the classical oxyanion hole of L]J0536 (Lai et al., 2011).
LJ0536-S106A was co-crystallized with ethyl ferulate (PDB: 3QM1), ferulic acid (PDB: 3PFC),
and caffeic acid (PDB: 352Z). All these structures show that the oxyanion hole of LJ0536 is
formed by the backbone nitrogen atoms of phenylalanine and glutamine (Phe34 and
GIn107). The oxyanion hole is an important structural feature, which stabilizes the
tetrahedral intermediates during hydrolysis. Structural superimposition of LREU1684 and
LJ0536 shows that the oxyanion hole of LREU1684 is formed by the backbone nitrogen
atoms of Phe34 and GIn110 (Fig. 4).

Fig. 4. Binding cavities of LJ0536-S106A co-crystallized with ethyl ferulate and LREU1684.
(A) The oxyanion hole of L]J0536 is formed by Phe34 and GIn107 (palecyan). The catalytic
triad residues are colored orange. Ethyl ferulate (EF) is colored pink. Dashed lines represent
hydrogen bonds. (B) The oxyanion hole of LREU1684 is formed by Phe34 and GIn110
(cyans). The catalytic triad residues are colored yellow.
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3.2.3 Specific inserted domain contributes to substrate binding

The study of the LJ0536 structure indicated that a specific a / B inserted domain is critical
for substrate binding (Lai et al., 2011). The inserted domain of L]J0536 is formed by a
sequence of 54 amino acids from proline to glutamine (Pro131 to QIn184), and is located on
top of the binding cavity. The two protruding hairpins from the inserted domain decorate
the entrance and form the roof of the catalytic compartment. The phenolic ring of the ester
substrate binds in the deepest part of the binding cavity, towards the inserted domain. In
addition, three amino acid residues of the inserted domain, Asp138, Tyrl69, and GIn145,
contribute to the specific phenolic ester binding. The 4-hydroxyl group (ethyl ferulate,
ferulic acid, and caffeic acid) and 3-hydroxyl group (caffeic acid) of the phenolic ring of the
substrates are hydrogen bonded to Asp138 and Tyrl69, respectively. GInl45 creates a
bridge-like structure on top of the binding cavity, serving as a physical clamp holding the
substrate inside the binding cavity. It also orients a water molecule in the binding cavity,
which is important for activating the catalytic serine residue during hydrolysis.

Similar to LJ0536, LREU1684 has an a / P inserted domain formed by a sequence of 53
amino acids from Pro134 to QInl185 (Fig. 5). Asp141, GIn148, and Tyrl72 of LREU1684
correspond to Asp138, GIn145, and Tyr169 of LJ0536, respectively. They adopted the same
orientations as the residues in L]J0536 (Fig. 6). Thus, it is highly possible that Asp141, GIn148,
and Tyr172 of LREU1684 also adopt the functional roles of Asp138, GIn145, and Tyr169 of
LJ0536. LREU1684 and LJ0536 have both high amino acid sequence identity and high
structural conservation.

A

Fig. 5. (A) Ribbon and (B) surface representation of the LREU1684 a / {3 inserted domain. It is
composed of two short B-hairpins and three a-helices. The domain is colored dark blue. The
catalytic triad residues are colored yellow. The binding cavity is circled with dashed lines.
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S106A co-crystallized with caffeic acid. The phenolic ring of the ester is stabilized in the
binding cavity by Asp138, GIn145, and Tyr169. The inserted domain is colored dark green.
The catalytic triad residues are colored orange. Caffeic acid (CA) is colored grey. Dashed
lines represent hydrogen bonds. (B) Binding cavity of LREU1684. Critical amino acid
residues for phenolic ester binding are identified as Asp141, GIn148, and Tyr172. The
inserted domain is colored dark blue. The catalytic triad residues are colored yellow.

3.3 Folding of LJ0536 is conserved among homologs

Since LREU1684 is predicted to have tertiary structure and binding mechanism that are
similar to LJ0536, it is hypothesized that the other LJ0536 homologs should also contain the
structural features of L]J0536. To test this hypothesis, the models of LJ0536 homologs are
predicted using SWISS MODEL. The quality of the modeling is estimated by the E-value,
QMEAN Z-Score, and QMEANSscore4 (Benkert et al., 2011). The E-value is a parameter that
describes the number of hits that you expect to find a protein by chance when searching a
database. The lower the E-value, the more structurally significant the hit is. The Q-MEAN Z-
Score measures the absolute quality of a model. A strongly negative value indicates a model
of low quality. The QMEANSscore4 represents the probability that the input protein matches
the predicted model. The value ranges between 0 and 1. The results obtained using an
automatic template search are summarized in Table 1.

All predictions provided good quality models except for the modeling of EVE, a
hypothetical protein from Eubacterium ventriosum ATCC 27560. EVE has an E-Value of
1.40E-28, a QMEANSscore4 of 0.477, and a QMEAN Z-Score of -4.276. BFI-1, a cinnamoyl
ester hydrolase from Butyrivibrio fibrisolvens E14, has the best quality of model with an E-
Value of 1.61E-91, a QMEANSscore4 of 0.82, and a QMEAN Z-Score of 0.425. Among all 12
homologs, 10 were predicted to have similar folding to Est1E (Goldstone et al., 2010), a
feruloyl esterase from Butyrivibrio proteoclasticus (PDB: 2wtmC and 2wtnA). The structures
of LJ0536 and EstlE are highly similar as previously studied (Lai et al., 2011). The
predictions were validated by including the sequences of L]J0536 in the analysis. The
homologs, LBA-1 and BFI-2, do not have a similar Est1E folding. LBA-1 is annotated as a
/ B superfamily hydrolase in L. acidophilus NCFM. It was predicted to be similar to lipase
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in Burkholderia cepacia (PDB: 1YS1). BFI-2 is annotated as a cinnamoyl ester hydrolase in B.
fibrisolvens E14. It was predicted to be similar to acetyl xylan esterase in Bacillus pumilus

(PDB: 3FVR).

Protein PDB match Sequence Identity [%] | E-value %ﬁfﬁ:«? %%)EreAﬁlN
LJO-1 | 2wtmC (1.60A) 30.9 6.00E-42 -1.223 0.696
LJO-2 | 2wtmC (1.60A) 31.3 4.70E-43 -1.844 0.651

LRE 2wtmC (1.60A) 329 1.20E-43 -1.599 0.669

LBA-1 1ys1X (1.10A) 24.6 2.40E-08 -2414 0.556

LBA-2 | 2wtmC (1.60A) 29.7 4.20E-41 -1.490 0.677
EVE 2wtmC (1.60A) 25.6 1.40E-28 -4.276 0.477
TDE 2wtmC (1.60A) 244 8.50E-38 -1.362 0.686
BFI-1 2winA (2.10A) 64.6 1.64E-91 0.425 0.820
BFI-2 3fvrC (2.50A) 20.1 1.70E-32 -3.380 0.539
LPL 2wtmC (1.60A) 29.7 3.60E-42 -0.949 0.717
LGA | 2wtmC (1.60A) 30.9 1.20E-40 -1.046 0.710
LHV | 2wtmC (1.60A) 29.7 480E-42 | -1.558 0.672
LAF 2wtmC (1.60A) 32.0 3.60E-42 -1.819 0.653

Table 1. LJ0536 homologs model automatic prediction using SWISS MODEL. L. johnsonii
N6.2 cinnamoyl esterase LJ0536 (LJO-1), GI# 289594369. L. johnsonii N6.2 cinnamoyl esterase
LJ1228 (LJO-2), GI# 289594371. L. gasseri ATCC 33323 alpha/beta fold family hydrolase
LGAS1762 (LGA), GI# 116630316. L. acidophilus NCFM alpha/beta superfamily hydrolase
LBA1350 (LBA-1), GI# 58337623. L. acidophilus NCFM, alpha/beta superfamily hydrolase
LBA1842 (LBA-2), GI# 58338090. L. helveticus DPC 4571 alpha / beta fold family hydrolase
LHV1882 (LHV), GI#161508065. L. plantarum WCSF1 putative esterase LP2953 (LPL), GI#
28379396. L. fermentum IFO 3956 hypothetical protein LAF1318 (LAF), GI# 184155794. L.
reuteri DSM 20016 alpha/beta fold family hydrolase-like protein LREU1684 (LRE), GI#
148544890. Butyrivibrio fibrisolvens E14 cinnamoyl ester hydrolase Cinl (BFI-1), GI# 1622732.
B. fibrisolvens E14 cinnamoyl ester hydrolase Cinll (BFI-2), GI# 1765979. Treponema denticola
ATCC 35405 cinnamoyl ester hydrolase TDE0358 (TDE), Gl# 41815924. Eubacterium
ventriosum ATCC 27560 hypothetical protein EUBVEN_01801 (EVE), GI# 154484090.
Numbers in parentheses indicate X-ray resolution.

In order to prove that the folding of LJ0536 is conserved in LBA-1 and BFI-2, a second
prediction was preformed using Est1E or L]J0536 as the template structure. When Est1E was
used as the template, the E-value of LBA-1 improved from 2.40E-08 to 2.70E-32. QMEAN Z-
Score and QMEANSscre4 decreased from -2.414 to -3.495 and from 0.556 to 0.527,
respectively. When the prediction was done using LJ0536 as a template, the E-value
improved to 1.2E-32, the QMEAN Z-Score decreased to -2.533, and the QMEANscre4
improved to 0.598. A similar scenario was observed when the protein BFI-2 was analyzed.
The results indicated that the folding of LJ0536 is conserved in LBA-1 and BFI-2. The overall
structure of LJ0536 is conserved among all homologs studied.
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4, Conclusion

FAE application is one of the major fields of study for improving the bioavailability of
phenolic acids in food components (phytophenols). After FAE activity on phytophenols in
the intestinal tract, released phenolic acids become bioavailable and are absorbed in the
intestines and can provide beneficial effects to the host. The identification and crystallization
of the first intestinal probiotic bacterium FAE, LJ0536 identified from L. johnsonii, provides
the fundamental knowledge (protein sequence and structural features) required to further
identify FAEs from other species. Using a hypothetical protein LREU1684 as an example,
this chapter provides a basic approach on how to identify, purify, and characterize FAEs,
predict the model structure, and compare the model with known FAE structures. Further
FAE crystallization is required to prove that the structure of L]J0536 is conserved among all
homologs.
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1. Introduction

The term “lectin” was coined by William Boyd in 1954 from the Greek word “legere” which
means “to select” or “to bind”. Lectins and hemagglutinins are proteins/glycoproteins of
non-immune origin, which have at least one non-catalytic domain that exhibits reversible
binding to specific monosaccharides or oligosaccharides (Lis and Sharon, 1986). The lectin-
monosaccharide interactions are relatively very weak and the dissociation constants lie in
millimolar range. However, in nature for the multimeric sugars the dissociation constants
are several folds higher indicating that multiple protein-carbohyrate interactions are
involved in the recognition and binding events (Ambrosi et al., 2005). Thus, lectins are
multivalent in nature and can bind to the carbohydrate moieties on the surface of
erythrocytes and agglutinate the erythrocytes, without altering the properties of the
carbohydrates (Lam and Ng, 2011). Lectins are ubiquitous and are extensively distributed in
nature. Many hundreds of these lectins have been isolated from varied sources like plants,
viruses, bacteria, invertebrates and vertebrates but in all, lectins from different sources show
little similarity. Lectins are invaluable tools for the detection, isolation, and characterization
of glycoconjugates, primarily of glycoproteins, for histochemistry of cells and tissues and for
the examination of changes that occur on cell surfaces during physiological and pathological
processes, from cell differentiation to cancer (Sharon and Lis, 2004).

Cell identification and separation

Detection, isolation, and structural studies of glycoproteins

Investigation of carbohydrates on cells and subcellular organelles; histochemistry and
cytochemistry

Mapping of neuronal pathways

Mitogenic stimulation of lymphocytesb

Purging of bone marrow for transplantation®

Selection of lectin-resistant mutants

Studies of glycoprotein biosynthesis

a Lectins from sources other than plants are rarely in use.
b In clinical use.
Source: Sharon and Lis, 2004

Table 1. Major applications of lectins2



168

Protein Purification

Lectin Category | Definition

Merolectins

Proteins that consist exclusively of a single carbohydrate-binding
domain. They are small, single-polypeptide proteins that are
incapable of agglutinating cells because of their monovalent nature.

Hololectins

These are composed exclusively of carbohydrate binding domains,
but contain at least two such domains.

Chimerolectins

These are fusion proteins composed of one or more carbohydrate-
binding domains and an unrelated domain with a well-defined
biological activity. Based on the number of sugar-binding sites,
chimerolectins behave as either merolectins or homolectins.

Source: Van Damme and Peumans, 1996.

Table 2. Classification of lectins

(CRP)

Lectin name Family Glycan ligands

Plant lectins

Concanavalin A (Con A; jack bean) Leguminosae Man/Glc

Wheat germ agglutinin (WGA; wheat) | Gramineae (GlcNAc)1-3, NeuSAc

Ricin (castor bean) Euphorbiaceae Gal

Phaseolus vulgaris (PHA, French bean) Leguminosae None known

Peanut agglutinin (PNA; peanut) Leguminosae Gal, Galb3GalNAca
(T-antigen)

Soybean agglutinin (SBA; soybean) Leguminosae Gal/GalNAc

Pisum sativum (PSA, pea) Leguminosae Man/Glc

Lens culinaris (LCA; lentil) Leguminosae Man/Glc

Galanthus nivalus (GNA; snowdrop) Amaryllidaceae Man

Dolichos bifloris (DBA; horse gram) GalNAca3GalNAc,

Leguminosae GalNAc

Solanum tuberosum (STA; potato) (GIcNAc)n

Animal lectins

Asialoglycoprotein receptor C-type Gal

(ASGPR) H1

Galectin-3 galectins Gal

Sialoadhesin I-type NeubAc

Cation-dependent mannose-6- P-type ManéP

phosphate receptor (CD-MPR)

C-reactive protein Pentraxins Gal, Gal6P,

galacturonic acid

Source: Ambrosi et al., 2005

Table 3. Examples of lectins, the families to which they belong and their glycan ligand

specificities
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Lectins are often classified based on saccharide-specificity. Though this conventional
method is familiar and practically useful, it is not necessarily relevant for refined specificity.
Lectins in the same category (e.g., galactose-specific lectins) show considerably different
sugar-binding preferences. Moreover, an increasing number of lectins which never show
high affinity to simple saccharides have been found. They can also be categorized according
to the overall structures into merolectins, hololectins, chimerolectins and superlectins, or be
grouped into different families (legume lectins, type II ribosome-inactivating proteins,
monocot mannose-binding lectins, and other lectins).

The first protein showing inhibition of microorganisms was isolated from wheat flour in
1942 (Balls et al., 1942). However, it was found as late as 1980 by Duguid that E. coli
possesses the ability to agglutinate erythrocytes and this ability is inhibited by mannose and
methyl a-mannoside. Erzler in 1986 reported that lectins in higher plants defend against
pathogenic bacteria and fungi by recognizing and immobilizing the infecting
microorganisms via binding, thereby preventing their subsequent growth and
multiplication. The role of lectins as those of the herbaceous Amaranthus in inhibiting
bacteria and fungi has long been known (Bolle et al., 1996). Microbes have lectins that help
in recognition and the blocking of these can prevent the infection has been established in
mouse models. However, success of such treatments in humans has not been achieved yet
(Sharon, 2006). Lately, with the emerging problem of multiple drug resistance, research in
characterization of newer lectins to combat infections is gaining momentum.

2. Lectins as tools in cell recognition

Lectins agglutinate cells and react with the glycoconjugates present on their surface. Cells
at different stages of growth and differentiation express different glycoconjugates on their
surface and this made lectins an important tool to investigate the cell pathology and
physiology. James Sumner in 1919 isolated concanavalin A in crystalline form and in 1936,
together with Howell, reported that it agglutinates cells such as erythrocytes and yeasts
and that this agglutination is inhibited by sucrose, thus demonstrating for the first
time the sugar specificity of lectins. Walter Morgan and Winifred Watkins in the early
1950s used blood type-specific hemagglutinins to show that the blood type A
immunodeterminant is a-linked N-acetylgalactosamine and that the H(O) determinant is
a-L-fucose. This was the first demonstration that cell surface carbohydrates can serve as
carriers of biological information.

Several basic features of membranes were revealed, or their existence confirmed, with the
aid of lectins. Singer and Nicolson using ferritin-conjugated concanavalin A and ricin as an
electron microscopic probe found that the lectin derivatives bind specifically to the outer
surface of the human and rabbit erythrocyte membrane and concluded that the
oligosaccharides of the plasma membrane of eukaryotic cells are asymmetrically distributed
(1971). Vincent Marchesi used ferritin-labeled phytohemagglutinin (PHA) and showed that
glycophorin is oriented in such a way that its carbohydrate-carrying segment is exposed to
the external medium, whereas the other segments of the same molecule are embedded in the
lipid bilayer or protrude into the cytoplasm (Sharon, 2007).

It was later found that lectin-induced clustering and patching of the corresponding
membrane receptors on lymphocytes and other kinds of cell, as illustrated for example by
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the treatment with fluorescein-labeled concanavalin A of rat or mouse lymphocytes (Inbar
and Sachs, 1973). Reorganization of cell surface carbohydrates was later shown to be
required for various activities of lectins on cells such as mitogenic stimulation and induction
of apoptosis. There is increasing evidence that changes in cellular glycosylation attend
alterations in cell behaviour in both normal and in pathological processes, and that this may
be of particular interest in malignancy. The malignant cells differ from the normal cells in
the distribution of carbohydrates on the outer surface; many of these have an affinity for
lectins (Brooks et al., 2001, Kannan et al., 2003). The reports of Inbar and Sachs also proved
that lectins agglutinated malignantly transformed cells but not their normal parental cells
(1973). They provided compelling evidence that cancer might be associated with a change in
cell surface sugars, an idea that only a few years before had been considered completely
unfounded. It was also found that SBA (specific for galactose and N-acetylgalactosamine)
also possesses the remarkable ability to distinguish between normal and malignant cells
(Sharon, 2007). Numerous subsequent studies have demonstrated that high susceptibility to
agglutination by lectins is a property shared by many, albeit not all, malignant cells. The
herbal Viscum album (Mistletoe) lectin (ML-1), has been shown to have antitumoral activity
because of its ability to modulate and activate natural killer cells (Joshi, S, 1993). ML-1 also
induces apoptosis in myelomonocytic leukemia (Joshi, S et al.,, 1994). Another herbal
medicine Agaricus bisporus lectin (ABL), has also been shown to reverse the proliferation of
colorectal and breast cancer cells in humans (Yu L et al., 1983).

Bacterial lectins are typically elongated submicroscopic multi-protein appendages, known
as fimbriae (or pili) which mediate their adhesion to glycocalyx. Adhesion appears to
prevent bacterium removal by intestinal peristalsis, facilitating colonization of the small
intestine. Lectins from human pathogens like E.coli, Actinomyces naeslundii, C. jejuni, E.
cloacae, H. influenzae, H. pylori, K. pneumoniae, N. Qonorrhoea, N. meningitides, S. mutans and P.
aeruginosa with diverse specificities have been isolated and characterized. An individual
bacterium may co-express more than one lectin, e.g., certain strains of E. coli are both
mannose and galabiose specific and those of H. pylori recognize simultaneously the tri- and
tetrasaccharide. The major function of the enterobacterial surface lectins, as that of similar
lectins of other microorganisms, is to mediate the adhesion of the organisms to host cells, an
initial stage of infection. This has been extensively demonstrated both in vitro, in studies
with isolated cells and cell cultures, and in vivo in experimental animals, and is supported
in some cases also by clinical data. It is best documented for E. coli type 1 and P fimbriae
(Bergsten et al., 2005). P-fimbriae have been shown to enhance the early establishment of E.
coli in the human urinary tract, and a strong association has been found between the
presence of P-fimbriae with disease severity, suggesting that adherence mediated by these
organelles has a direct effect on mucosal inflammation in vivo (Sauer et al., 2000).
Concerning the type 1 fimbriae, it has been reported that mutants of E. coli deficient in Fim
H, the carbohydrate-binding subunit of the fimbriae, are unable to cause cystitis in monkeys
(Sauer et al., 2000). Attachment of a pathogen to a tissue does not of itself initiate disease. It
must be coupled to specific responses that lead to infection. Adherence of P-fimbriated E.
coli or of the isolated P fimbriae to galabiose of uroepithelial cells induces a two-way flow of
biological crosstalk via the lectin bridge, affecting both partners. Following adherence, the
target cells are activated, with resultant production of cytokines that engender acute
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inflammation and other symptoms of disease, while in the bacteria the interaction leads to
up-regulation of signal transduction systems that allow responses to the changing
environment (Sharon, 2006).

The FimH subunits of both E. coli and K. pneumoniae are 88% homologous, yet they have
different specificities (Gupta et al., 2009). They mediate not only bacterial adhesion, but also
invasion of human bladder and intestinal, respectively. In contrast, adhesion mediated by
PapG, the lectin subunit of P fimbriae, did not initiate bacterial internalization. E. coli strains
that cause urinary tract infections are not strictly extracellular pathogens and FimH can
directly trigger host cell signalling cascades that lead to bacterial internalization. Type 1
fimbriae are instrumental also in the attachment of E. coli to human polymorphonuclear cells
and human and mouse macrophages, in the absence of opsonins. This is often followed by
the ingestion and killing of the bacteria, a phenomenon named “lectinophagocytosis” (Ofek
and Sharon, 2000), an early example of innate immunity; it may function in vivo, for
example in sites poor in opsonins, and in the peritoneal cavity. Indeed, injection of type 1
fimbriated E. coli into the peritoneal cavity of mice led to the activation of the peritoneal
macrophages; no activation was observed in the presence of methyl a-mannoside or when
non-fimbriated bacteria were used (Bernhard et al., 1992). Enterobacteria can attach by their
surface lectins to mast cells as well, with resultant activation of the target cells and
production of high levels of certain cytokines, in particular TNF-a (Malviya and Abraham,
2001). Activation of mast cells can also be induced by purified type 1 fimbriae, and by FimH.
The cytokines released by the activated mast cells cause rapid recruitment of neutrophils
into the site of infection, resulting in early clearance of the bacteria. As expected, mice
lacking mast cells were significantly less efficient in clearing intranasal or intraperitoneal
infection caused by K. pneumoniae.

Specific binding of lectin to Chlamydial cell wall structures is demonstrated by the binding
of Galanthus nivalis lectin (GNA). Binding of sialic acid residues to peanut agglutinin
(PNA), and jackfruit lectin (JFL), were also found in two Chlamydial glycopeptides
(Siridewra, et al., 1993). The study suggests that lectins may be of use as therapeutic agents to
keep Chlamydial organisms from entering human cells, thus rendering them more
susceptible to immune system elimination.

3. Antibacterial effect of lectins
3.1 Direct inhibition of lectin

Quite recently novel lectins are usually tested for any potential antimicrobial activity. A
novel galactoside binding lectin from Bothrops leucurus snake venom was purified and it
exhibited antibacterial effect against the human pathogenic Gram positive bacteria
Staphylococcus aureus, Enterococcus faecalis and Bacillus subtilis (Nunes et al., 2011).
Archidendron jiringa seed lectin showed inhibitory activity against B. subtilis and S. aureus but
did not show any activity against E.coli and P. aeruginosa (Charungchitrak et al., 2010).
Lectins have been islated from serum, plasma, skin mucus and egg of fishes (Jensen et al.,
1997;, Ottinger et al., 1999; Dong et al., 2004; Tasumi et al., 2004). A galactose binding lectin
has been isolated from Indian catfish Clarias batrachus. The lectin agglutinated E.coli, P
aeruginosa and Klebsiella strains (Dutta et al., 2005).
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Plant (tissue) Lectin Antibacterial activity

specificity
Eugenia uniflora Carbohydrate | Bacillus subtilis, Corynebacterium bovis,
(seeds) complex Escherichia coli, Klebsiella sp.,

Pseudomonas aeruginosa,
Streptococcus sp., Staphylococcus aureus

Myracrodruon GlcNAc B. subtilis, Corynebacterium callunae, E. coli,
urundeuva Klebsielln pneumoniae, P. aeruginosa, S. aureus,
(heartwood) Streptococcus faecalis.
Phthirusa pyrifolia Fru-1,6-P2 B. subtilis, K. pneumoniae,
(leaf) Staphylococcus epidermidis,

S. faecalis

Table 4. Lectins with antibacterial activity, Source: Paiva et al., 2010.

3.2 Lectins against the virulence properties of pathogenic bacteria

The use of lectins in antiadhesion therapy has already been proposed in the literature (Ofek
et al., 2003; Mody et al., 2005).This may be of particular importance for controlling diseases
where opportunistic pathogens are involved and bacterial adhesion is critical, followed by
attainment of sedentary mode of bacterial lifestyle (biofilms) like in oral infections. The
acquired enamel pellicle is an organic and acellular film formed by selective adsorption of
salivary molecules to the teeth (Yin et al., 2005). Oral bacteria adhere to this pellicle during
the initial events of dental plaque formation (Saxton 1973; Yao et al., 2001), a crucial event to
dental caries, pathology that represents a health expenditure of several billion dollars per
year in the United States alone (Global Oral Health 2006). As bacterial adhesion to the
acquired pellicle is one of the primary stages of plaque formation which may lead to caries
(Scheie, 1994), it is reasonable to suppose that avoiding adhesion could be a good method to
prevent this disease at early stages. Lectins may be good candidates to carry out this
approach, as the adherence of bacteria to host cells is, in many cases, mediated by lectin-like
adhesins on the bacterial surface that recognize carbohydrate receptors (Ofek and Sharon
1990; Hytonen et al., 2000). Marine algal lectins are especially interesting for biological
applications because they have generally lower molecular masses as compared with most
land plant lectins. An additional benefit might be that small algal lectin molecules may be
expected to be less antigenic than the larger land plant lectins (Rogers and Hori, 1993).
Further, they possess great stability on account of their several disulfide bridges and present
high specificity for complex carbohydrates and glycoconjugates, especially for mucins
(Ainouz et al., 1995; Sampaio et al., 1998; Nagano et al., 2005). The ability of two algal lectins
BSL and BTL to bind to the SHA beads and their effectiveness in decreasing the adhesion of
streptococci to the pellicle: BSL showed statistically significant results (<0 01), especially for
S. mutans, whose adhesion was decreased almost totally; while BTL achieved this type of
result for only two strains (S. sobrinus and S. mitis) (Teixeira et al., 2007)

The streptococcal cell wall contains four major antigenic polymers: peptidoglycan, group
and type-specific polysaccharides, proteins and the glycerol form of teichoic and lipoteichoic
acids. We studied lectins from edible sources and different specificities to the different
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components of the cell wall of oral pathogen, Streptococcus mutans. Lectins from Canavalia
ensiformis (ConA), Trigonella foenumgraecum (TFA), Triticum aestivum (WGA), Arachis
hypogaea (PNA), Cajanus cajan (CCL), Phaseolus vulgaris (PHA) and Pisum sativum (PSA) were
tested against the growth and biofilm formation of S. mutans on saliva coated surface. None
of these lectins inhibit the bacterial growth even up to a concentration of 1000mg/ml.
However, all the lectins inhibited the biofilm formation by S.mutans in-vitro. Amongst these,
lectins with Mannose/Glucose (ConA, TFA, CCL and PSA) specificity showed the highest
inhibitory effect on the biofilm formation while lectins with N-acetylglucosamine specificity
(WGA and PHA) and N-acetylgalactosamine specificity (PNA) also showed inhibition,

albeit to a lesser degree (Islam et al., 2009).

Organism Target tissue | Carbohydrate For

mb

C. jejunic Intestinal Fuca2GalpGIcNAc GP

E. coli Type 1 Urinary Mana3Mana6bMan GP
P Urinary Gala4Gal GSL
S Neural NeuAc (a2-3)GalB3GalNAc GSL

CFA/1 Intestinal NeuAc (a2-8)- GP
F1Cd Urinary GalNAcp4Galp GSL

F17e Urinary GlcNAc GP

K1 Endothelial GlcNAcB4GIcNAc GP
K99 Intestinal NeuAc(a2-3)GalPB4Glc GSL
H. influenzae Respiratory [NeuAc(a2-3)]o1Galp4GlcNAcB3GalB4GlcNAc | GSL

H. pylori Stomach NeuAc(a2-3)Galp4GIlcNAc GP

Fuca2Galp3(Fuca4)Gal GP

K. pneumoniae Respiratory Man GP
N. gonorrhoea Genital Galp4GIc(NAc) GSL
N. meningitidis Respiratory [NeuAc(a2-3)]o1Galp4GlcNAcB3GalB4GlcNAc | GSL

P. aeruginosaf Respiratory L-Fuc GP
Respiratory GalP3Glc(NAc)B3Galp4Glc GSL

S. typhimurium Intestinal Man GP
S. pneumoniae Respiratory [NeuAc(a2-3)]o1Galp4GlcNAcB3GalB4GlcNAc | GSL
S. suis Respiratory Gala4Galp4Glc GSL

Source: Gupta et al., 2009.

Table 5. Carbohydrates as attachment sites for bacterial pathogens on animal tissues2

A surface glycoprotein of S.mutans of 60 kDa (with mannose and N-acetylgalactosamine)
has been known to involve in saliva and bacterial interaction. The lesser adherence in the
presence of glucose/mannose and galactosamine specific lectins could be because of the
interaction with this protein. The PHA and WGA lectin binds to a constituent of the
peptidoglycan of the cell wall (Sharon and Lis 2003). The attachment of bacteria is mediated
by glucan binding lectin (GBL) and the presence of lectin in the growth media perhaps leads
to competition between GBL of bacteria and plant lectins for the attachment sites on salive-
coated plates resulting in less binding of the cells. With regard to bacterial surface lectins
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that often play a role in the initial step of adherence, plant lectins by interfering in this
process show a promising future as anti-adherence agents (Islam et al., 2009). A schematic
description of how lectins might inhibit attachment of bacteria to the host tissue is shown in
Figure 1 (Ghazarian et al., 2011).

Use of bacterial lectin inhibitors such as mannose to prevent the adhesion of Eschericia coli to
bladder epithelial cells has been employed in clinical practice for some time. Other
bioglycans, such as that from Crenomytalus grayanus (mussels), has been found to
considerably decrease the adhesion of the bacteria Eschericia coli, Staphylococcus aureus and
Pseudomonas aeruginosa (Zaporozhets et al., 1994). Plant lectins such as those from Datura
stramonium, Robinia pseudoacacia and Dolichos biflorus agglutinated Streptococcal Group C
bacterial cells (Kellens et al., 1994) which prevents them from adhering to human cell
surfaces.

4. Antiviral effect of lectin

The surfaces of retroviruses such as human immunodeficiency virus (HIV) and many other
enveloped viruses are covered by virally-encoded glycoproteins. Glycoproteins gp120 and
gp4l present on the HIV envelope are heavily glycosylated, with glycans estimated to
contribute almost 50% of the molecular weight of gp120 (Mizuochi et al., 1988; Ji et al., 2006).
The antiviral activity of lectins appears to depend on their ability to bind mannose-
containing oligosaccharides present on the surface of viral envelope glycoproteins. Agents
that specifically and strongly interact with the glycans may disturb interactions between the
proteins of the viral envelope and the cells of the host (Botos & Wlodawer, 2005; Balzarini,
2006). Sugar-binding proteins can crosslink glycans on the viral surface (Sacchettini et al.,
2001; Shenoy et al., 2002) and prevent further interactions with the co-receptors. Unlike the
majority of current antiviral therapeutics that act through inhibition of the viral life cycle,
lectins can prevent penetration of the host cells by the viruses. Antiviral lectins are best
suited to topical applications and can exhibit lower toxicity than many currently used
antiviral therapeutics. Additionally, these proteins are often resistant to high temperatures
and low pH, as well as being odorless, which are favorable properties for potential
microbicide drugs. Antiviral activity of a number of lectins that bind high-mannose
carbohydrates has been described in the past. Examples of such lectins include jacalin
(O’Keefe et al., 1997), concanavalin A (Hansen et al., 1989), Urtica diocia agglutinin
(Balzarini et al., 1992), Myrianthus holstii lectin (Charan et al., 2000), and Narcissus
pseudonarcissus lectin (Balzarini et al., 1991). However, lectins derived from marine
organisms, a rich source of natural antiviral products (Tziveleka et al., 2003), such as CV-N
(Boyd et al., 1997), SVN (Bokesch et al., 2003), MVL (Bewley et al., 2004) and GRFT (Mori et
al., 2005), exhibit the highest activity among the lectins that have been investigated so far
(Ziotkowska NE and Wlodawer A 2006). Some lectins found in algae, such as cyanovirin-N
(CV-N) (Boyd et al., 1997; Esser et al.,, 1999; Barrientos et al., 2003; O’Keefe et al., 2003;
Helleet al., 2006); scytovirin (SVN) (Bokesch et al., 2003), Microcystis viridis lectin (MVL)
(Bewley et al., 2004), and griffithsin (GRFT) (Mori et al., 2005; Ziétkowska et al., 2006) exhibit
significant activity against human immunodeficiency virus (HIV) and other enveloped
viruses, which makes them particularly promising targets for the development as novel
antiviral drugs (De Clercq, 2005; Reeves & Piefer, 2005)
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Fig. 1. Representation of bacterial lectins binding to the host cell (left) and specific lectins,
used as drug interfering with this bacteria-host interaction (right)

Keyaerts et al., (2007) described the antiviral activity of plant lectins with specificity for
different glycan structures against the severe acute respiratory syndrome coronavirus
(SARS-CoV) and the feline infectious peritonitis virus (FIPV) in vitro. The SARS-CoV
emerged in 2002 as an important cause of severe lower respiratory tract infection in humans,
and FIPV infection causes a chronic and often fatal peritonitis in cats. A unique collection of
33 plant lectins with different specificities were evaluated. The plant lectins possessed
marked antiviral properties against both coronaviruses with EC50 values in the lower
microgram/ml range (middle nanomolar range), being non-toxic (CC50) at 50-100 pg/ml.
The strongest anti-coronavirus activity was found predominantly among the mannose-
binding lectins. In addition, a number of galactose-, N-acetylgalactosamine-, glucose-, and
N-acetylglucosamine-specific plant agglutinines exhibited anti-coronaviral activity. A
significant correlation (with an r-value of 0.70) between the EC50 values of the 10 mannose-
specific plant lectins effective against the two coronaviruses was found. In contrast, little
correlation was seen between the activities of other types of lectins. Two targets of possible
antiviral intervention were identified in the replication cycle of SARS-CoV. The first target is
located early in the replication cycle, most probably viral attachment, and the second target
is located at the end of the infectious virus cycle (Keyaerts et al., 2007).
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The carbohydrate binding profile of the red algal lectin KAA-2 from Kappaphycus alvarezii
was studied by Sato et al (2011). They tested the anti-influenza virus activity of KAA-2
against various strains including the recent pandemic HIN1-2009 influenza virus. KAA-2
inhibited infection of various influenza strains with EC50s of low nanomolar levels.
Immunofluorescence microscopy using an anti-influenza antibody demonstrated that the
antiviral activity of KAA-2 was exerted by interference with virus entry into host cells. This
mechanism was further confirmed by evidence of direct binding of KAA-2 to a viral
envelope protein, hemagglutinin (HA), using an ELISA assay. These results indicate that
this lectin could be a useful antiviral agent (Sato Y et al., 2011).

5. Antifungal effects of lectins

Despite the large numbers of lectins and hemagglutinins that have been purified, only a few
of them manifested antifungal activity (Table 5). The expression of Gastrodia elata lectins in
the vascular cells of roots and stems was strongly induced by the fungus Trichoderma viride,
indicating that lectin is an important defense protein in plants (S4 et al., 2009). Following
insertion of the precursor gene of stinging nettle isolectin I into tobacco, the germination of
spores of Botrytis cinerea, Colletotrichum lindemuthianum, and T. viride was significantly
reduced (Does et al., 1999). Thus, lectins may be introduced into plants to protect them from
fungal attack.

Plant lectins can neither bind to glycoconjugates on the fungal membranes nor penetrate the
cytoplasm owing to the cell wall barrier. It is not likely that lectins directly inhibit fungal
growth by modifying fungal membrane structure and/or permeability. However, there may
be indirect effects produced by the binding of lectins to carbohydrates on the fungal cell
wall surface. Chitinase-free chitin-binding stinging nettle (Urtica dioica lectin) impeded
fungal growth. Cell wall synthesis was interrupted because of attenuated chitin synthesis
and/or deposition (Van Parijs et al., 1991). The effects of nettle lectin on fungal cell wall and
hyphal morphology suggest that the nettle lectin regulates endomycorrhizal colonization of
the rhizomes. Several other plant lectins inhibit fungal growth. The first group includes
small chitin-binding merolectins with one chitin-binding domain, e.g., hevein from rubber
tree latex (Van Parijs et al., 1991) and chitin-binding polypeptide from Amaranthus caudatus
seeds (Broekaert et al., 1992). The only plant lectins that can be considered as fungicidal
proteins are the chimerolectins belonging to the class I chitinases. However, the antifungal
activity of these proteins is ascribed to their catalytic domain.

6. Lectins and the immune system

To initiate immune responses against infection, the surface receptors on antigen
presenting cells must recognise the corresponding molecules on infectious agents.
Pattern recognition receptors (PRR) which include C-type lectin like receptor (CLR)
recognise and interact with carbohydrate moieties of many pathogens. Despite the
presence of a highly conserved domain, C-type lectins are functionally diverse and have
been implicated in various processes including cell adhesion, tissue integration and
remodelling, platelet activation, complement activation, pathogen recognition,
endocytosis, and phagocytosis.
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Natural source of lectin Fungal species inhibited |Sugar specificity | Reference
Amaranthus viridis Botrytis cinerea, Asialofetuin, Kaur et
(Green Amaranth) seeds Fusarium oxysporum fetuin, al.2006
T-antigen, N-
acetyl-d-
lactosamine,
N-acetyl-d-
galactosamine
Astragalus mongholicus Borrytis cinerea, d-galactose, Yan et
(huanggqi) roots Colletrichum sp., lactose al.2005
Droschslara turia,
Fusarium oxysporum
Capparis spinosa (caper) seeds | Valsa mali D(+)galactose, Lam et
a-lactose, al.2009
raffinose,
rhamnose,
L(+)-arabinose,
D(+)glucosamine
Capsicum frutescens Aspergillus flavus, d-mannose, Ngai and
(red cluster pepper) seeds Fusarium moniliforme glucose Ng 2007
Curcuma amarissima Roscoe Colectrotrichum cassiicola, | Not found Kheeree et
(wei ji ku jiang-huang) Exserohilum turicicum, al. 2010
Rhizomes Fusarium oxysporum
Dendrobium findlayanum Alternaria alternata, Not found Sattayasai
(orchid) pseudobulbs Colletrichum sp. et al. 2009
Phaselous vulgaris cv “ Mycosphaerella arachidicola | Not found Xia and Ng
flageolet bean” seeds 2005
Phaselous vulgaris cv Valsa mali Not found Lam and
“French bean 35” seeds Ng 2010
Phaseolus coccineus seeds Gibberalla sanbinetti, Sialic acid Chen et
Helminthosporium maydis, al.2009
Rhizoctonia solani,
Sclerotinia sclerotiorum
Phaseolus vulgaris cv Coprinus comatus, Lactoferrin, Ye et al.
“red kidney bean” seeds Fusarium oxysporum, ovalbumin, 2001
Rhizoctonia solani thyroglobulin
Pouteria torta Saccharomyces carevisiae, C. | Fetuin, Boleti et
(pouteria trees/eggfruits) musae, Fusarium asialofetuin, al.2007
seeds oxysporum heparin,
orosomucoid,
ovoalbumin
Talisia esculenta (pitomba) Microsporum canis d-mannose Pinheiro et

seeds

al. 2009
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Natural source of lectin Fungal species inhibited |Sugar specificity | Reference
Withania somnifera Fusarium moniliforme, Not found Ghosh
(Ashwagandha/Indian Macrophomina phaseolina 2009
ginseng/Winter

cherry/ Ajagandha/Kanaje
Hindi/ Amukkuram) leaves

Zea mays (maize) endosperm | Aspergillus flavus D(+)galactose Baker et
al., 2009

Table 6. Examples of lectins with antifungal activity, Source: Lam and Ng, 2011

6.1 Mannose Receptor

The MR binds a broad array of microorganisms, including Candida albicans, Pneumocystis
carinii, Leishmania donovani, Mycobacterium tuberculosis, and capsular polysaccharides of
Klebisella pneumoniae and Streptococcus pneumonia (Chakraborty et al., 2001; Ezekowitz et al.,
1991; Marodi et al., 1991; O'Riordan et al., 1995; Schlesinger, 1993; Zamze et al., 2002). The
receptor recognises mannose, fucose or N-acetylglucosamine sugar residues on the surfaces
of these microorganisms (Largent et al., 1984) and carbohydrate recognition is mediated by
CTLDs 4-8 (Taylor et al., 1992). The MR has been implicated in the phagocytic uptake of
pathogens, but there are limited examples actually demonstrating MR-dependent
phagocytosis.

6.2 Dectin-1

Dectin-1 is a type II transmembrane protein that is classified as a Group V non-classical C-
type lectin and lacks the conserved residues involved in the ligation of calcium that are
usually required to co-ordinate carbohydrate binding. Dectin-1 was initially identified as a
dendritic cell specific receptor that modulates T cell function through recognition of an
unidentified ligand (Ariizumi et al., 2000; Grunebach et al., 2002). It was subsequently
reidentified as a receptor for B-glucans, which are carbohydrate polymers found primarily
in the cell walls of fungi, but also in plants and some bacteria (Brown and Gordon, 2001,
2003). Dectin-1 can recognise a number of fungal species, including C. albicans, P. carinii,
Saccharomyces cerevisiae, Coccidioides posadasii and Aspergillus fumigatus (Brown et al., 2003;
Gersuk et al., 2006; Saijo et al., 2007; Steele et al., 2003, 2005; Taylor et al., 2007; Viriyakosol et
al., 2005).The ligation of Dectin-1 also triggers intracellular signalling resulting in a variety
of cellular responses, including phagocytosis.

6.3 DC-SIGN (CD209)

DC-SIGN is a type II transmembrane protein that is classified as a Group II C-type lectin.
DC-SIGN was originally identified as a receptor for intercellular adhesion molecule-3
(ICAM-3) that facilitates DC-mediated T-cell proliferation and binds HIV-1 (Geijtenbeek et
al., 2000a, b). It has since been reported that the receptor interacts with a range of pathogens,
including M. tuberculosis, C. albicans, Helicobacter pylori, Schistosoma mansoni and A. fumigatus
(Appelmelk et al., 2003; Cambi et al., 2008; Geijtenbeek et al., 2000b, 2003; Serrano-Gomez et
al., 2004; Tailleux et al., 2003; van Die et al., 2003). There have been no reports of a
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mechanism for DC-SIGN mediated phagocytosis. However, activation of DC-SIGN triggers
Rho-GTPase (Hodges et al., 2007) making it conceivable that Rho could be involved in
phagocytosis mediated by this receptor.

6.4 Mannose-binding lectin (MBL)

Mannose-binding lectin (MBL) is a Group III C-type lectin belonging to the collectins
(Holmskov et al., 2003), which are a group of soluble oligomeric proteins containing
collagenous regions and CTLDs. MBL is secreted into the blood stream as a large multimeric
complex and is primarily produced by the liver, although other sites of production, such as
the intestine, have been proposed (Uemura et al., 2002). It recognises carbohydrates such as
mannose, glucose, I-fucose, N-acetyl-mannosamine (ManNAc), and N-acetyl-glucosamine
(GleNAc). Oligomerisation of MBL enables high avidity binding to repetitive carbohydrate
ligands, such as those present on a variety of microbial surfaces, including E. coli, Klebisella
aerogenes, Neisseria meningitides, Staphylococcus aureus, S. pneumoniae, A. fumigatus and C.
albicans (Davies et al., 2000; Neth et al., 2000; Schelenz et al., 1995; Tabona et al., 1995; van
Emmerik et al.,, 1994).MBL has also been proposed to function directly as an opsonin by
binding to carbohydrates on pathogens and then interacting with MBL receptors on
phagocytic cells, promoting microbial uptake and stimulating immune responses (Kuhlman
et al., 1989). It was shown in a recent study that MBL modifies cytokine responses through a
novel cooperation with TLR2/6 in the phagosome (Ip et al., 2008).

7. Lectins and drug delivery

The concept of lectin-mediated specific drug delivery was proposed by Woodley and
Naisbett in 1988 (Bies et al., 2004). Delivery of targeted therapeutics via direct and reverse
drug delivery systems (DDS) to specific sites provides numerous advantages over
traditional non-targeted therapeutics (Rek et al., 2009). Targeted drug delivery increases the
efficacy of treatment by enhancing drug exposure to targeted sites while limiting side effects
of drugs on normal and healthy tissues (Rek et al, 2009). Furthermore, specific drug
delivery increases the uptake and internalization of therapeutics that have reduced cellular
permeability (Rek et al., 2009). Lectin based drug-targeting can be done in two ways. In the
first approach, carbohydrate moieties form a part of DDS. The carbohydrate tag drives the
drug to the endogenous lectins present on the cell surface. In the second approach, lectins
are present on the drug surface and it interacts with the glycosylated surfaces of the cells
(Gabor et al., 2004). Considering the fact that epithelial cells contain a thin layer of mucus
which has mucins that are highly glycosylated proteins, the lectin-encapsulated drug
strategy offers great potential. As non-specific interactions are susceptible to changes in pH
and to interactions with food digesta, which probably reduce the mucoadhesive effect,
specific mucoadhesiva of the second generation seem to be preferable. The second target is
the glycocalyx of the absorptive epithelium. In case of identical oligosaccharide structures of
the mucin and the glycocalyx, partitioning of the formulation to the cell surface is facilitated
due to full reversibility of the mucin-lectin interaction. In case of lectin-matching
carbohydrates only at the glycocalyx, the formulation has to penetrate the mucuos layer.
Both pathways result in fixation of the drug delivery system closer to the site of absorption.
That way cytoadhesion will increase the concentration gradient between the extracellular
and intracellular compartment, which facilitates at least passive diffusion of the drug into
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the cell. The third target is represented by glycosylated receptors at the cell membrane. The
binding of some lectins, such as WGA to the EGF-receptor, induces active receptor mediated
endocytosis, which can improve cytoinvasion of prodrugs as well as nanoscaled carrier
systems (Gabor, 2004).

In an approach towards pulmonary delivery, lectinised liposomes (130-170 nm in diameter)
were screened for binding to alveolar type II epithelial cells (Bruck et al, 2001). As
compared to plain liposomes, the binding to A549 cells increased 6-11-fold upon surface
modification with wheat germ agglutinin (WGA), Concanavalin A (ConA) or soybean
agglutinin. The binding was not affected by a synthetic lung surfactant and no cytotoxic
effect of the free lectins or the lectinised liposomes was observed. Upon incubation with
primary cultured human alveolar epithelial cells, which exhibit barrier functions, the WGA-
liposomes were not only bound but also taken up into the cells. In search for non-viral
vectors for gene therapy of cystic fibrosis and as a basis for lectin-mediated gene transfer, 32
lectins were screened for binding and uptake into living human airway epithelium (Yi et al.,
2001). Whereas ConA was internalised within 1 h, the lectins from Erythrina cristagalli and
Glycine max, peanut lectin, and Jacalin were taken up into the epithelium within 4 h. The
endocytosis of WGA was minimal even after 4 h. Irrespective of the specificity of the lectin-
carbohydrate interaction; the internalised lectins exhibited a non-selective binding pattern on
the epithelium. Only peanut lectin bound to subpopulations of ciliated and non-ciliated cells.

Owing to their remarkable specificities, plant lectins with affinities for the carbohydrates on
microbial cell surface are already well characterised. Given the potential of porphyrins to act
as antimicrobials it is pertinent to ask whether lectins could be used in vivo to specifically
deliver porphyrins into pathogenic microbial cells, thereby improving the efficacy of the
treatment, reducing the concentration of the drug required to be introduced into the system
and thereby reducing the possible side-effects. In particular, lectins could be successful oral
and mucosal drug delivery agents. Not only are a large number of lectins part of our
everyday diet, but also several of them are known to survive the harsh conditions of human
gastro-intestinal tract. Similarly, attempts have been made to use lectins in ocular drug
delivery. Specific hydrophobic binding sites on lectins provide the ideal opportunity to
expand the use of these molecules in targeted therapy (Komath et al., 2006).

8. Conclusions

Lectins are ubiquitous in nature and have garnered much attention due to specificity of its
interaction with the carbohydrates. Glycosylation is a key step in many cellular processes
and with more reports about the change in cell-surface carbohydrates in different
pathological conditions, research about exploiting lectins as a therapeutic tool is now at the
forefront. Lectins are now routinely used in the identification and purification of
glycoproteins. Their use in blood typing as well as in clinical diagnostics is well established.
Many lectins show antibacterial, antiviral or antifungal activities in-vitro. However, clinical
trials need to be done for establishing their therapeutic effect and optimising their dosage
delivery. As microbes use their surface lectins for attachment to the host tissue,
dietary/therapeutic lectins may interfere in this interaction. Thus lectins can be used anti-
adhesion agents and prevent the colonization of the microbe and hence the establishment of
the infection. In the immune system, endogenous lectins play a role in ligand recognition
and hence are an important component of the host’s defense against microbes. Given their
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ability to specifically target different cell types, they have always been looked upon as
useful candidates for targeted drug delivery. Research utilizing lectins as carriers of
monoclonal antibodies or specific chemotherapeutic agents has been conducted. Alongwith
the beneficial effect, lectins have been reported to have caused severe allergic reactions.
Most of the information on the acute toxicity of lectins in humans has been derived from
observations of incidences of accidental poisoning. Since no experimental data is available to
show the possible adverse effects of lectins on humans but can be inferred from experiments
with laboratory animals. Although results obtained with mice, rats or pigs cannot simply be
extrapolated to humans, the observed effects on the gut and other organs of these animals
demonstrate the possible toxicity of the lectins. Thus lectin-based therapeutics for combating
infections is very promising owing to its highly selective nature, provided the dosage is well
below the toxic limits.
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1. Introduction

Phosphorylation is the most widespread and studied Post Translational Modification (PTM)
in proteins [Collins et al. 2007]. It is involved in almost all cell functions: metabolism,
osmoregulation, transcription, translation, cell cycle progression, cytoskeletal
rearrangement, cell movement, apoptosis, differentiation, regulation of the signal
transduction pathways, intercellular communication during the development and
functioning of the nervous system [Graves & Krebs, 1999; Hunter, 2000; Sickmann & Mayer,
2001].

The phosphorylation/dephosphorylation process is regulated by the switch
kinases/phosphatases. Kinases add a phosphate group to a receptive side chain of an
aminoacid; phosphatases catalyze instead the hydrolysis of a phosphoester bond
[Raggiaschi et al., 2005; Thingholm et al., 2009a]. The effect of the addition or subtraction of
a phosphate group is the modification of enzymatic activity, protein-protein interaction and
cellular localization.

Phosphorylation is not an unique process: often a single protein can display more than a
single site suitable for the process, often catalyzed by different kinases. For example,
glycogen synthase contains at least 9 phosphorylation sites, and its modulation is performed
by at least 5 protein kinases acting on different sites of the protein [Nelson & Cox, 2004].

A misregulation of the phosphorylation processes can cause severe damage to the cells,

leading to diseases like cancer, diabetes or neurodegeneration [Clevenger, 2004; Zhu et al.,
2002].

The most common kind of phosphorylation in eukaryotes is O-phosphorylation, on serine,
threonine and tyrosine with a ratio of 1800/200/1 [Grenborg et al., 2002; Kersten et al.,
2006]. Other sites of phosphorylation can be histidine, lysine, arginine, glutamic acid,
aspartic acid and cysteine [Sickmann & Mayer, 2001], even though are less studied due to
the lability of the chemical bond and the subsequent necessity to use very special techniques
to analyse them.

It is esteemed that 2-4% of eukaryotic genes are associated with kinases and phosphatases
(there are about 500 kinase and 100 phosphatase genes in the human genome) [Manning et
al., 2002; Twyman, 2004; Venter et al., 2001]. Around 100,000 phosphorylation sites may
exist in the human proteome, the majority of which are presently unknown [H. Zhang et al.,
2002]. The importance of studying the phosphorylation was marked by the success of the
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cancer drug Gleevec, the first to inhibit a specific kinase, which gave definitely an impulse to
the research on kinases and their substrates as potential drug targets [Manning et al., 2002].

The comprehensive analysis of the protein phosphorylation should include: identification of
phosphorylated proteins and of their sites of phosphorylation, how these phosphorylations
modify the biological activity of the protein and kinases and phosphatases involved in the
process.

2. A delicate analysis
Working in phosphoproteomics presents a series of hurdles in the analytical strategy.

The first issue concerns the reversible nature of the phosphorylation. The study of the
phosphoproteins necessitates their isolation from a cell extract or a sub-cellular
compartment. Subsequently to the cell lysis, however, many enzymes like phosphatases
become active, determining the degradation of the proteins and detachment of phosphate
groups from their sites. Also kinases can express their action, confusing the picture of which
phosphate groups are biologically relevant [Raggiaschi et al., 2005]. Working at low
temperature helps significantly in slowing down these processes, but it's not enough. In
order to stop the action of these enzymes it is essential to add to the cell extracts a specific
mix of inhibitors of proteases and phosphatases [Hemmings, 1996; Reinders & Sickmann,
2005; Schmidt et al., 2007; Thingholm et al., 2008a], while to inhibit kinases EDTA, EGTA or
kinase inhibitors are added. It is also important to choose an inhibition mix that doesn’t
interfere with the downstream analytical methods, like the phospho-specific enrichment
methods.

Another issue relates with phosphoproteins characterization, mostly performed through
Mass Spectrometry (MS) methods after enzymatic digesting. The detection of
phosphopeptides (FPs from now on) with MS is hampered by the presence of the non
phosphorylated partners; moreover, the efficiency of ionization is higher for the latter ones,
also generally more present in the sample (this fact is referred to as “low stoichiometry” of
phosphorylation).

It follows that enrichment methods are necessary to extract the phosphoproteins or the FPs
from the sample. There are various methods to choose from, depending to the kind of
sample and the aims of the study [Kalume et al., 2003; Mann et al., 2002].

3. Detection of phosphoproteins

The detection of phosphoproteins in a sample still relies on optimized “classical” methods.

3.1 Isotopic labeling of phosphoproteins

One of the oldest methods used to study phosphoproteins is the metabolic labeling with 32P
and 3P. It consists in nourishing living cells or organisms with substances labeled with these
radioactive isotopes which are incorporated in the synthesised proteins. Following lysis of
the cells, the protein population is isolated through 1-DE or 2-DE, visualized on the gels
with autoradiography or acquired digitally with Phosphorimager systems. This method is
still largely employed, because of its simplicity and reliability when somebody works with
alive systems in vitro or in vivo [Eymann et al., 2007; Su et al., 2007].
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A comparison between the performances of 32P and 33P in labeling the proteins was made
[Guy et al,, 1994], indicating that 33P gives more neat image and higher resolution, even
though after a longer exposition time, respect 32P.

Apart from the safety and environmental implications in using radioactive isotopes, this
method has other drawbacks. First of all it is not compatible with some downstream
methods, like MS. Furthermore it can only be applied on viable cells, since the radioactive
isotopes have to be taken from the media and metabolized: it cannot be therefore applied on
post-mortem tissues or biopsies.

In in vivo studies, cells are incubated with 32P, however the presence of ATP reservoirs
inside the cells can interfere with the labeling, reducing the efficiency of the method [Steen
et al., 2002]. Furthermore, 32P is toxic for the cells, and over time can cause damages [Hu &
Heikka, 2000; Hu et al., 2001; Yeargin & Haas, 1995].

In in vitro studies, proteins are incubated with specific kinases in the presence of [y-32P]-ATP
and, under specific conditions, the radioactive atom is incorporated into aminoacidic
residues. Due to the unnatural presence of kinase respect the target protein, however, it is
frequent the phosphorylation of a different target instead of the natural one (promiscuity)
[Graham et al., 2007].

3.2 Western blotting employing phosphospecific antibodies

Western blotting is a quite old technique. It is based on the selective binding of an
antibody to a protein, transferred from a 1D or 2D gel to a nitrocellulose or
polyvinylidene difluoride (PVDF) membrane support, and the subsequent revealing of
the antibody marked spot with some visual method [Magi et al., 1999; Towbin et al.,
1979]. The key role is played by the antibody, that should be specific for the protein
epitope of interest: in this case epitopes are phosphoserine, phosphothreonine and
phosphotyrosine. The selectivity and affinity characteristics of the antibody are of major
importance, to perform specific recognition and limit false positives. While excellent anti-
phosphotyrosine antibodies have been developed (e.g. (PY)20, (PY)100 and 4G10
hybridoma clones), better antibodies are still needed for phosphoserine and
phosphothreonine. Antibodies generated against pSer and pThr, in fact, very often
necessitate of a consensus sequence flanking the phosphoaminoacid; this might be due to
the lower immunogenicity of pSer/pThr compared to pTyr [Schmidt et al., 2007].

Gronborg et al. performed a test for specificity and reliability of anti-phosphoserine and
anti-phosphothreonine antibodies [Grenborg et al., 2002]. They made a large scale
differential analysis of phosphorylated proteins, succeeding in identifying phosphorylation
sites and FPs not identified with dedicated prediction software. The combination of high
resolution 2-DE techniques and the Enhanced Chemiluminescence (ECL) system give
improved sensitivity to the method, i.e. intensification of around 1000 times of the light
emitted from a spot [Buonocore et al., 1999; Kaufmann et al., 2001].

Although Western blotting is an efficient technique to reveal even small amount of protein
(1010 mol), its use in quantitative analysis is limited by the variability of the amount of
proteins that can be transferred to the membrane.
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3.3 Direct staining of phosphoproteins

The easiest way to detect phosphoproteins in a sample is the direct staining with a
phosphospecific dye after a SDS-PAGE gel. Many attempts have been done from the 1970’s
[Steinberg et al., 2003], but all these methods face problems in terms of sensibility and of non
specificity, e.g. the inability to discriminate between phosphorylated and non
phosphorylated proteins or to detect phosphotyrosine. Quite recently a novel fluorescent
dye has been introduced: Pro-Q Diamond [Schulenberg et al., 2003]. This dye selectively
binds to phosphoproteins requiring a very simple experimental protocol. The sensitivity of
the stain depends on the number of phosphorylated residues of the proteins: the detection
limit was 16 ng for pepsin (1 phosphorylated residue) and 2 ng for casein (8 phosphorylated
residues) [Schulenberg et al.,, 2003]. Thus, the method is very useful for a preliminary
screening, but still not sufficient for a comprehensive analysis of the phosphoproteome.

The dye is also compatible with MS and with Multiplex Proteomics (MP), i.e. detecting
simultaneously phosphoproteins and total proteins (e.g. these latter stained with SYPRO
Ruby dye) on the same 2D gel. The combination of the two staining methods permits to
distinguish low represented but highly phosphorylated proteins from highly represented
but poorly phosphorylated ones, comparing the results from the two different colorations.

3.4 Detection of phosphoproteins employing protein phosphatases

The presence or absence of a phosphate group on a protein is enough to change its pI and
subsequently its position in the 1st dimension of a 2D gel. That's why, by employing a
phosphatase enzyme, it is possible to modify the position of a protein spot on a map and
thus determine its nature comparing the maps before and after the treatment. Softwares
have been also developed that can predict the pl shift due to the addition/removal of a
phosphate group, that can be of 1-2 pH units [Kumar et al., 2004]. As an example, Yamagata
et al. exploited the specific enzymatic activity of k-phosphatase (kPPase) on phosphoserine,
phosphothreonine, phosphotyrosine and phosphohistidine residues to identify novel
phosphoproteins in cultured rat fibroblasts [Yamagata et al., 2002].

The methods employing phosphatases, however, are not suitable for quantitative analysis,
mainly because of the complexity of the analysis and the variable efficacy of the enzymatic
action.

4. Selective enrichment of phosphoproteins and FPs

The identification of the PTM sites on a protein is generally performed by using MS
approaches. On most occasions, the only enrichment of the sample in phosphoproteins
followed by protease-specific digestion and MS analysis is not sufficient to identify the sites
of phosphorylation present (due to the general low stoichiometry of the phosphorylation),
thus a second enrichment step at the FP level is often also required.

Some commercial kits for phosphoprotein and FP enrichment are available, offering ease of
use and reproducibility; nevertheless it has been clearly demonstrated that the different
methods available differ in the specificity of isolation and in the set of phosphoproteins and
FPs isolated [Bodenmiller et al., 2007], strongly suggesting that no single method is
sufficient for a comprehensive phosphoproteome analysis. Strategies for phospho-specific
enrichment are shown in fig.1.
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Fig. 1. Selective enrichment of phosphoproteins and phosphopeptides.

A) Immunoprecipitation: phosphoproteins or phosphopeptides are selectively precipitated
through the use of appropriate anti-phospho antibodies; at the moment only the use of anti-
pTyr antibodies has proven to be robust. B) Affinity chromatography: a resin with
immobilized chelated metal or TiO; can selectively bind the phosphoric group of peptides
and also proteins in IMAC (par. 4.2). A combined approach is SIMAC (IMAC + TiO,). An
alternative technique could be the use of Molecularly Imprinted Polymers (MIPs, par.4.10).
C) Chemical derivatization: the phosphoric group reacts with the aminogroup of a tag in
PAC or can be subdued to p-elimination and linking of a suitable tag through Michael
addition (par. 4.11).

4.1 Phosphoprotein enrichment by Immunoprecipitation

Phospho-specific antibodies can be used to selectively immunoprecipitate phosphorylated
proteins depending on the specificity of the antibody. As for Western blotting (see above)
anti-phosphotyrosine antibodies are the most reliably and widely used in order to enrich
tyrosine-phosphorylated proteins from complex mixtures.

After immunoprecipitation (IP) the phosphotyrosine enriched sample can be analyzed with
different analytical methods such as 1-DE and 2-DE [Blagoev et al., 2004; Stannard et
al., 2003].

Also in this case, variations of protein phosphorylation levels are very difficult to
characterize unless in combination with a particular protein labeling (Stable Isotope
Labeling with Aminoacids in Cell culture: SILAC, see par.6.1) with stable isotopes (13C or
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15N) is used [Ong et al, 2002]. This strategy allowed a quantitative and temporal
investigation of tyrosine phosphorylation events of proteins involved in signaling pathways
after stimulation with Epidermal Growth Factor (EGF) [Blagoev et al., 2004].

4.2 Phosphopeptide and phosphoprotein enrichment using Immobilized Metal Affinity
Chromatography (IMAC)

IMAC exploits the material formed through chelation of a di-, tri- or tetravalent metal by
nitrilotriacetic acid (NTA), iminodiacetic acid (IDA) or Tris(carboxymethyl)ethylenediamine
(TED) immobilized on a solid support, like porous silica beads [Porath et al., 1975]. The most
commonly used resins make use of Fe3*, Ga3* and Al3*, even though Zn?* and Zr4* are used
as well [Feng et al., 2007].

This method is routinary employed in FPs enrichment prior to MS analysis, nevertheless it
has some limits; the most evident is its undesired ability to bind acidic peptides. This
limitation has been largely surpassed by the acidification of the media (to protonate the
carboxylic groups) [Posewitz & Tempst, 1999] and esterification of the carboxylic moieties
with methanolic HCI before the enrichment step, even if this method introduces complexity
due to the variable yield of methylation [Ficarro et al., 2002].

A second limitation is the net bias of the method towards monophosphorylated peptides
[Ficarro et al., 2002].

The method is particularly effective when used in combination with an enrichment step at the
protein level. This operation can be carried out with methods like IMAC itself [Collins et al.,
2005], exploiting however a more suitable solid support, like Sepharose beads. Moreover,
secondary interactions have to be reduced, e.g. with the use of denaturing conditions (6M
urea). The detachment of the potentially many phosphate groups from the column imposes
instead the use of strong eluting buffer as 0.1-0.2 M EDTA [Collins et al., 2005].

Other phosphoprotein enrichment methods are phosphotyrosine IP [Ficarro et al., 2003],
Strong Anion eXchange chromatography (SAX) [Trinidad et al., 2006], Strong Cation
eXchange chromatography (SCX) [Niihse et al., 2003] and SDS-PAGE [Villen et al., 2007].

4.3 Metal Oxide Affinity Chromatography (MOAC)

Metal oxide chromatography (MOAC) employs mainly Ti, Zr or Al oxides, in the form of
solid or coated beads, as chromatographic media to sequestrate FPs. Many different
crystalline forms and nanostructured materials have been devised [Leitner, 2010].

The first report about the potentialities of these materials regarded the use of TiO»-based
columns to sequestrate phosphate ions from the water [Connor & McQuillan, 1999; Ikeguchi
& Nakamura, 2000].

In 2004, Pinkse et al. published a paper on the use of this material to bind FPs. They devised
a 2D-LC-MS online strategy with TiO, beads (Titansphere) as first dimension and RP as
second one [Pinkse et al., 2004]. Acidic conditions (pH 2.9) promoted the adhesion of FPs to
the first column, leaving the non-phosphorylated ones to flow through and to be analysed
with nano-LC-RP- MS/MS. Basic conditions (pH 9.0) eluted FPs in a second step. The
method was tested on a 153kDa homo-dimeric ¢cGMP-dependent kinase, promoting the
discovery a total of 8 phosphosites, 2 of which were novel.
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Larsen’s group then devised an off-line strategy to bind FPs to a TiO, material. The use of
additives as 2,5- dihydroxybenzoic acid (DHB), phthalic acid or glycolic acid largely
reduced the aspecific attachment of acidic peptides [Jensen & Larsen, 2007; Larsen et al.,
2005; Thingholm et al., 2006]. This technique has been named HAMMOC, for hydroxy acid
modified metal oxide chromatography.

A significative advantage of TiO; is its tolerance towards most buffers and salts used in
biochemistry and cell biology laboratories [Jensen & Larsen, 2007]. This is one of the reasons
which made TiO, so common in large scale phosphoproteomics studies [Dengjel et al., 2007;
Molina et al., 2007; Olsen et al., 2006; Olsen et al., 2007; Thingholm et al., 2008a].

Not only titania has been employed as metal oxide for FPs enrichment. Natural substitutes
can be oxides belonging to the same group. For example, ZrO, microtips have been recently
introduced as mean for FPs enrichment. This oxide shows a preference towards singly
phosphorylated FPs, while TiO, preferentially retains multiply phosphorylated ones
[Kweon & Hakansson, 2006]. However, subsequent large-scale studies demonstrated also a
lower selectivity versus acidic peptides [Sugiyama et al., 2008], suggesting the necessity of
further improvements.

4.4 Sequential elution from IMAC (SIMAC)

The identification of multiply phosphorylated peptides has proven to be a hard task, mostly
because of their difficult ionization and subsequent low signal compared to singly- and not-
FPs, so to be not selected for the subsequent fragmentation in the mass spectrometer.

To address this issue, in 2007 Martin Larsen’s group presented an analytical strategy for
sequential elution of mono- and multiphosphorylated peptides. The sequential elution from
IMAC (SIMAC) exploits the complementary characteristics of IMAC and TiO; in enriching
the sample respectively in multiply and singly phosphorylated peptides [Thingholm et al.,
2008b].

In particular, the elution from IMAC in acidic conditions (pH 1.0) enriches the sample in
mono-FPs, while the basic conditions (pH 11.3) elute subsequently the multi-FPs
[Thingholm et al., 2008a]. A further enrichment with TiO, chromatography is needed only in
the acidic fraction, because the basic one is enough depleted of non-FPs.

The separation of singly and multiply FPs permits then their analysis with pdMS?
(phosphorylated directed fragmentation) in optimized settings for each group [Raggiaschi et
al., 2005; Thingholm et al., 2008b].

The method was tested on a 120ug whole-cell extract from human mesenchimal stem cells
(hMSCs) and the results compared with those from TiO, enrichment alone. A total of 716
phosphosites was identified with SIMAC, while 350 with TiO,. Moreover the number of
multiply phosphorylated peptides was significantly increased [Thingholm et al., 2008b].

Recently, a new intriguing method for multiply phosphorylated peptides enrichment based
on polyarginine-coated diamond nanoparticles was presented, however it has still to be
tested on large scale samples and where a low amount of starting material (micrograms) is
available [Chang et al., 2008].
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4.5 Magnetic beads

Starting from the TiO-based chemistry with the idea to find an easier way to perform the
extraction of FPs, Chen and Chen [Chen & Chen, 2005] thought to conjugate the properties
of magnetic materials with those of TiO,, coating Fe;O4 nanoparticles with TiO, through a
silanic bridge. The nanobeads are mixed with a tryptic digest, vortexed and captured with a
magnet. The captured FPs are subsequently analysed through a laser desorption/ionization
from the inorganic particles and a run in MS. The method was named SALDI-MS, from
Surface Assisted Laser Desorption/Ionization Mass Spectrometry [Schiirenberg et al., 1999;
Sunner et al., 1995].

There were subsequent improvements of the method, using for example Fe;0,@C@SnO,
core-shell microspheres (the symbol @ means “coated by”), with which scientists were able
to detect 77 phosphorylation sites in rat liver cells [Qi et al., 2009].

4.6 Calcium Phosphate Precipitation (CPP)

In 1994, Reynolds et al. presented a strategy for FPs enrichment through Ca2* ions and 50%
ethanol precipitation. The precipitated peptides from a tryptic digest of casein mostly
contained multiple phosphoserines [Reynolds et al., 1994].

Zhang et al. tested the strategy by using calcium chloride (CaCly), ammonia solution
(NHs.H20) and disodium phosphate (Na;HPO,) on a rice embryo preparation [X. Zhang et
al., 2007]. The dissolved and desalted pellet was then enriched through IMAC. In total, 227
non-redundant phosphorylation sites were identified, of which 213 on serine residues and
14 on threonine.

Through phosphate precipitation directly coupled to LC-MS/MS, Qiangwei Xia et al.
identified 466 unique phosphorylation sites (379 on serine and 87 on threonine) in post-
mortem Alzheimer disease brain tissue, 70% of which were not reported in Phospho.ELM
database [Xia et al., 2008].

In both studies no tyrosine phosphorylated peptides were identified: it is not clear if this is
due to the low abundance of these or to the poor selectivity of the method. Anyway the
method offers the advantage of being rather simple, column-free and straightforward.

4.7 lon exchange chromatography (IC)

The simple enrichment of FPs with IMAC, TiO; or SIMAC has generally proven to be not
enough productive when a deep knowledge of the phosphoproteome is required [Rigbolt et
al., 2011]. A fractionation step is also needed. Chromatography techniques based on charge
interaction, hydrophilic interaction or a combination of both have been employed for this
purpose [Zarei et al., 2011].

Anion exchange chromatography exploits the generally higher affinity of FPs for the
positively charged stationary phase due to the intrinsic high negative charge carried by the
phosphate group. Strong anion chromatography (SAX) has been employed both as
fractionating technique before a FPs enrichment step (e.g. with IMAC or TiO») [Niihse et al.,
2003; K. Zhang, 2006] and also as sole fractionating technique before LC-MS/MS.
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Sample
Method Target tayrf); Strategy | Results | Reference | Comments
amount
IMAC protein, |HI stem |SCX- 10844 Swaney et |Proven to be
(Immobilized peptide |cells IMAC-  |phosphos |al., 2009 |effective in
Metal proteins, |RPLC- ites at1% large scale
Affinity 10 mg MS2 FDR analysis.
Chromatography) (ETD-OT)
IDA or NTA on a Limited
polymer matrix or D. SCX- 13720 Zhai et al., |capacity and
magnetic beads with mela- IMAC-  |phosphos [2008 specificity,
chelated Fe3*, Ga 3, nogaster RPLC- ites at directed
Al3* or other metal lysate MS2 0.63% towards
cations. Binding Kc167, (LTQ-OT) |FDR multiply
through electrostatic 10 mg phosphoryla
interaction between ted peptides,
phosphategroups affinity for
and metal cations. acidic
peptides.
MOAC peptide |HeLa SCX- 6600 Olsenet |Robustand
(Metal Oxide lysate TiO>-RP- |phosphos |al., 2006  |chemically
Affinity (amount |MS? ites, 2244 inert
Chromatography) not given) |&MS3 proteins material,
(LIT-FT- |at high capacity
TiO,, ZrO; or Nb,Os ICR) <1%FPR and fast
as particles absorption.
or layered on a K562 SCX- 622/642/ |Ficarro et
Fe304 magnetic core. lysate, TiO,/Nb, (834 al., 2008  |Slow flow
Bidentate binding 400 pg Os-RP-  |phospho desorption,
between MS2 peptides most
metal and (MALDI- ((Ti/Nb/ effective for
phosphoric group TOF) all*) at singly
oxigens. 4%FPR phosphoryla
ted peptides.
SCX (Strong Cation |peptide |HeLacell |[SCX-RP- |2002 Beausoleil |Coelution
Exchange) lysate, LC- phosphos |et al., 2004 |with other
300 pg MS2&MS3 |ites acidic
Ion Exchange (IT) peptides.
Chromatography.
Phosphopeptides HEK 293 |SCX-RP- [>5000 Mohamme |Useful as
less retained by cell lysate, |[LC-MS?2  |unique |d & Heck, |pre-
stationary phase 1mg (ETD,LIT) |phospho {2011 enrichment
due to their higher peptides technique
negative charge 1%FDR
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Sample
Method Target tayrf); Strategy | Results | Reference | Comments
amount
SAX (Strong Anion |peptide |[Human [SAX- 274 Guanghui |Useful for
Exchange) liver RPLC- phosphos |et al., 2008 |peptide
protein  |MS2&MS? [ites at fractionation
digest, (LTQ) 0.96% Useful as
Ion Exchange 100 pg FDR pre-
Chromatography. enrichment
Phosphopeptides A.thaliana  |SAX- 299 Niihse et |technique
more retained by membrane IMAC-  |phospho |al., 2003
stationary phase proteins  |RPLC- peptides
due to their digest, MS2 (Q-
higher negative 500 pg TOF)
charge
HILIC (Hydrophilic |peptide |HeLacell [HILIC- |1004 McNulty |Coelution
Interaction lysate,1 |RP-MS & |phosphos |& Annan, (with other
Chromatography) mg MSA(IT)  |ites 2008 acidic
peptides.
Useful as
Phosphopeptides S.cerevisiae [IMAC- (8764 Albuquerq |pre-
more retained by total HILIC-  |unique |ueetal, |enrichment
stationary phase protein,  |RP- phospho |2008 technique
due to their higher 6 mg HPLC-  |peptides,
polarity MS2 2278
(LTQ) proteins
Chemical peptide |D.melanog |PAC-RP- |535 Bodenmill |Modulation
derivatisation aster LC-MS?  |phosphos |eretal.,, |of peptide
Kc167 ites 2007a properties
tryptic for MS
Phosphoric group digest, 1.5 purposes.
directly bound to a mg
tag through
phosphoramidate
chemistry, diazo Jurkat T  |PAC-RP- |79 Tao etal.,, |Reaction
chemistry or cells LC-MS?  |tyrosine (2005 yield, side
oxidation-reduction lysate (LTQ) phospho reactions,
and condensation. (amount proteins large amount
Alternatively p- not of sample
elimination reported) required.
/Michael addition
can be

performed.
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Sample
Method Target tayrf); Strategy | Results | Reference | Comments
amount
Immuno- protein, |(JurkatT |IP(pY-100 |194 Rushet  |Mostly
precipitation peptide |cells antibody) [phosphot |al., 2005 |directed to
lysate -RP-LC-  |yrosine p-Tyr
Affinity of the (amount |MS2 sites phosphosites
phosphosite to the not (LCQ-IT)
antibody reported)
HME IP (pY- 481 Heibeck et
Cells 100 phosphot |al., 2009
lysate, antibody) |yrosine
4mg -RP-LC-  [sites at
MS2 FDR 1%
(LTQ-OT)

*superimposition without redundancies of Ti and Zr detected phosphosites.

Table 1. Comparation of enrichment and fractionation methods for phosphopeptides.
Abbreviations: CID, Collision-Induced Dissociation; DHB, Dihydroxybenzoic acid; ECD,
Electron Capture Dissociation; ETD, Electron Transfer Dissociation; FDR, False
Discovery Rate; FPR, False positive rate; FT-ICR, Fourier Transform Ion Cyclotron
Resonance; b-HPA, b-hydroxypropanoic acid; LIT, Linear lon Trap; OT, Orbitrap; Q-
TOF, Quadrupole-Time-Of-Flight; RP, Reversed Phase; SCX, Strong Cation Exchange;
LTQ, Linear Trap Quadrupole; LCQ, Liquid Chromatography Quadrupole; IP,
Immunoaffinity Purification.

Niihse et al. for example identified more than 300 phosphorylation sites in the plasma
membrane fractions of Arabidopsis thaliana using a SAX + IMAC approach [Niihse et al,,
2004], while Han and co-workers identified 274 phosphorylation sites in human liver tissue
extract without the enrichment step [Han et al., 2008].

A drawback of this method has been reported by Thingholm et al. [Thingholm et al., 2009a],
who noted a strong attachment of FPs to the SAX resin, from which they are difficultly
recovered.

Its counterpart, strong cation chromatography (SCX), has been largely employed as
prefractioning technique for proteins and peptides. The pioneering work on FPs was carried
out by Beausoleil et al. in 2004 [Beausoleil et al., 2004]. Tryptic peptides were acidified at pH
2.7, where most of the peptides carry a +2 charge due to C-terminal lysine or arginine and
the N-terminal aminogroup. FPs, instead, carry a reduced charge due to the phosphate
group, e.g. +1 in monoFPs. The reduced affinity of the resin should therefore leaving FPs to
flow more easily through the column. This idea was confirmed by the results, which
brought to the identification of 2000 phosphosites in 8mg of nuclear extract of HeLa cells
lysate.
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Trinidad and co-workers evaluated the efficiency of SCX as prefractionation method prior to
IMAC to the efficiency of IMAC and SCX alone, finding a three-fold increased FPs
identification in the combined approach respect both methods [Trinidad et al., 2006].

The strength of SCX as prefractioning system was further confirmed by Olsen et al., who
identified 6600 phosphosites in 2244 proteins in EGF-stimulated HeLa cells through SCX +
TiO; [Olsen et al., 2006]. In more recent reports 23000 and 36000 phosphorylation sites have
been identified respectively with SCX followed by IMAC and TiO; respectively [Huttlin et
al., 2010; Rigbolt et al., 2011]. This remarkable increase in number of detected phosphosites
is mainly due to instrumental and software improvements [Zarei et al., 2011].

It remains to be assessed if the fractionation/enrichment approach can be suitable in
samples where a small amount of starting material is available.

4.8 Hydrophilic interaction chromatography

Hydrophilic interaction chromatography (HILIC) is a separation technique for biomolecules
[Alpert, 1990]. The method relies on the interaction of the analytes, e.g. peptides, with a
neutral stationary phase through hydrogen bonding. They are eluted from the column with
a decreasingly organic mobile phase according to their polarities (hydrophilicity).

McNulty and Annan introduced this method as prefractionation step before IMAC
[McNulty & Annan, 2008]. They tested the FPs enrichment capacity of HILIC compared to
SCX and IMAC alone, as well as the fractionation ability of HILIC before and after IMAC
treatment. The analysis of 1 mg of tryptic digest of HeLa cells evidenced the prefractionation
vocation of the method. The use of IMAC prior to HILIC gave in fact a high level of
nonspecific binding due to not FPs, while the reversed approach improved the selectivity for
FPs to more than 99%.

ERLIC (Electrostatic Repulsion - Hydrophilic Interaction Chromatography), or Ion Pair
normal phase, is a newly developed chromatographic method able to enrich and fractionate
FPs in a single step [Alpert, 2008].

At pH 2.0 the C-termini and the carboxylic side chains of Asp and Glu are neutral, thus the
peptides are generally positively charged and are not retained by a positively charged
stationary phase. The presence of a phosphate group, however, reduces the net charge of
FPs; this is not enough to overcome the overall repulsion for the stationary phase due to the
basic residues, however an organic mobile phase, e.g. acetonitrile 70%, promotes their
hydrophilic interaction with the column. The attraction for the column is enhanced in
multiply phosphorylated peptides.

Zarei et al. evidenced in fact a higher efficiency of ERLIC compared to SCX and HILIC in
fractionating multiply phosphorylated peptides [Zarei et al., 2011], more retained by the
stationary phase.

In a recent article [Chen et al., 2011] Xi Chen et al. compared the FPs profiles obtained from
a HelL a cell lysate by using 4 HPLC methods after a phosphor-enrichment with IMAC. Even
though with any of the four methods (SCX, HILIC, ERLIC with volatile and not volatile
solvent) 4-5000 peptides could be identified, the combination of all the methods gave a total
number of 9069 unique FPs, with a considerable amount of non-overlapping unique FPs.
The four methods are thus complementary to get a full coverage of the phosphoproteome.
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4.9 Hydroxyapathite (HAP)

Firstly introduced by Tiselius and co-workers in 1956 [Tiselius et al., 1956], hydroxyapathite
(HAP) chromatography has been very popular until the 1980s, when new matrices have
been introduced. HAP is a crystalline form of calcium phosphate with formula
Ca0(PO4)s(OH),, which binds FPs in virtue of both anionic and cathionic interactions. In
particular Ca2* binds phosphoric groups, and more strongly than it does with other acidic
groups. The binding to the matrix is thus proportional to the number of phosphogroups on
the peptides and can be exploited for a sequential elution of them according to their degree
of phosphorylation. Mamone et al. [Mamone et al., 2010] exploited this material to analyse a
tryptic digest of standard proteins. The advantages of HAP are the low cost of the material
and the possibility to elute stepwise the peptides according to the degree of
phosphorylation. Yet the system has to be tested on more complex biological samples.

4.10 Molecularly Imprinted Polymers (MIPs)

Recently [Emgenbroich et al., 2008; Helling et al., 2011], Borje Sellergren’s group has
proposed a method for the depletion of phosphotyrosine containing peptides based on
Molecularly Imprinted Polymers (MIPs). FPs imprinting was performed by an epitope
approach [Nishino et al., 2006; Rachkov & Minoura, 2001; Titirici et al., 2003], i.e. using a
part of the analyte of interest (in this case the N- and C- protected phosphotyrosine) as a
template to prepare a MIP able to fish FPs. The Solid Phase Extraction analysis showed a 18-
fold preferential retention for phosphorylated angiotensin II respect the non phosphorylated
one, preference not shown in the not imprinted polymer. Moreover, the material showed a
preference for a triply phosphorylated peptide over a monophosphorylated one, showing
opposite behaviour comparing to TiO, material. Of course a more extensive analysis and
improvements are needed in order to tackle more complex samples.

4.11 Chemical derivatisation strategies

The chemical derivatisation strategies exploit the typical properties of the phosphate groups
in the peptides, like the lability of the phosphoesteric bond and the subsequent easy
substitution of the phosphate with a nucleophilic tag.

A different widely used approach is the methyl esterification of the carboxylic groups,
notoriously competitive with the phosphate groups due to their negative charge (fig.2).

4.11.1 Methyl esterification of carboxyl-groups

In IMAC strategy carboxylic groups influence the elution of FPs, due to their charge
attracted by the positively charged metal of the resin. For this reason their esterification
could prove useful. Ficarro et al. first applied this strategy for the analysis of the cell extract
from S.Cerevisiae [Ficarro et al., 2002] through IMAC approach: 383 sites of phosphorylation
were detected with this method. Some characteristics of this approach have already been
depicted in par. 4.2 and will be no further analysed.

Methyl esterification can be also exploited as a mean of isotopic labeling (with CH;OH
and CD;OH for two different cellular states) for quantification purposes [Ficarro et al.,
2003].
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4.11.2 Biotin tagging by B-elimination and Michael addition

Many chemical derivatisation strategies have been devised to displace the phosphoryl group
and binding a tag to the “naked” peptide. One of these methods [Jaffe et al., 1998] relies on the
B-elimination of the phosphate from phosphoserine and phosphothreonine producing
dehydroanaline and -aminobutyric acid respectively. These products can be directly detected
using tandem MS or derivatised, for example by Michael addition of a reactive thiol and
subsequent binding of a tag. One common tag is biotin, notoriously having great affinity for
avidin, liable of immobilization to an affinity column [Oda et al., 2001].

This technique shows the limits of not being applicable to phosphotyrosine containing
peptides and of the occurrence of side reactions like tagging of non phosphorylated serine.

Zhou et al. [Zhou et al., 2001] proposed another method of derivatisation applicable to all

residues, even if it involves many steps and it has not been tested on complex samples yet.
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Fig. 2. Chemical derivatisation methods for phosphorylation capture and analysis.
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A. IMAC suffers of aspecific binding of acidic peptides to the resin. Esterification of
carboxylic groups with Methanol/HCl is a strategy to overcome this problem.

B. In presence of a strong base the [-elimination at phosphoserine and phosphothreonine
produces dehydroanaline and -aminobutyric acid. These can be derivatised with a
thiol through a Michael-like addition and a tag can be added. If the tag is biotin, its
affinity with avidin can be exploited.

C. FPs can be derivatised to phosphoramidates after esterification of carboxylic groups. If
a dendrimer is employed the derivatised peptides can be separated through size-
selective methods.

D. p-elimination and Michael-like addition of cysteamine converts phosphoserine and
phosphothreonine in lysine analogues that specific enzymes leave in the C-terminus.

4.11.3 Phosphoramidate conversion

In 2005 Aebersold’s group proposed a derivatisation procedure based on the carboxyl
protection through methyl esterification followed by conjugation to a soluble polymer with
phosphoramidate chemistry (PAC) [Tao et al., 2005].

The mixture of peptides is first converted to the corresponding methyl esters. In this step
two cellular states can also be differentially labeled for quantitative analysis.
Subsequently, the methylated peptides are combined and put to react with EDC,
imidazole and a polyamine dendrimer. Phosphopeptides are converted in the
corresponding phosphoramidates, easily separated from the non FPs through size
selective methods. FPs are recovered with a brief acid hydrolysis and sent to the MS
analysis.

When coupled with pervanadate stimulation and an initial antiphosphotyrosine protein
precipitation step, this method allowed the identification and quantification of all
known plus previously unknown phosphorylation sites in 97 tyrosine proteins in Jurkat
T cells.

A modification of this method was proposed [Bodenmiller et al., 2007], exploiting the
reaction of the phosphate groups with cystamine and a reducing agent instead of the
dendrimer. The -SH group of cystamine reacts with maleimide-activated glass beads,
immobilizing the FPs on a solid phase. This method allowed the identification of 229 FPs in
the cytosolic proteome of Drosophila melanogaster Kc167 cells without any pre-enrichment
step.

4.11.4 Conversion to aminoethylcysteine

Even after a good preconcentration step it is difficult the exact assignation of a
phosphorylation site, due to the lability of the phosphate group, often lost during the
backbone fragmentation in a MS collision, and to the intrinsic low abundance of
phosphorylated peptides.

To address this problem, Knight et al. [Knight et al., 2003] devised a derivatisation method
based on p-elimination and Michael addition of cysteamine to convert phosphoserine and
phosphothreonine in aminoethylcysteine (Aec) and p-methylaminoethylcysteine
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respectively. Due to the resemblance of Aec to lysine, the use of proteases that recognize this
aminoacid (e.g. Lys-C and lysyl endopeptidase) cleaves proteins leaving it in the C-
terminus. The system works also with f-methylaminoethylcysteine and permits to identify
the exact site of phosphorylation.

The limit of the method is the racemization in the addition step, converting only 50% of the
phosphoaminoacids in the appropriate enzyme substrate. In the case of multiply
phosphorylated peptides this fact greatly increases the complexity of the peptidic mix
arising from the protein.

4.12 Comparison of enrichment methods

From this survey of enrichment methods emerges that no single technique is able to tackle
the entire phosphoproteome. Some methods work in the direction of enriching only some
species, like the antibodies for phosphotyrosine or the combination [-elimination/
Michael addition selective for phosphoserine and phosphothreonine. Other methods, like
calcium precipitation, SAX, SCX and HILIC, work better as preseparation techniques to
reduce sample complexity before more specific enrichment methods like IMAC, MOAC,
SIMAC and PAC.

Every enrichment technique presents advantages and disadvantages, but also different
specificities. Usually, MOAC is more specific for monophosphorylated peptides, due to the
strong affinity for the multiply phosphorylated ones, not enough eluted. On the contrary,
IMAC is more specific for multiply phosphorylated peptides, but has a low capacity and
selectivity when used with highly complex samples. The combined approaches, like SIMAC,
seem to be promising but revelate the necessity of a pre-enrichment step [Han et al., 2008;
Thingholm et al., 2008a].

A systematic comparison of methods was made by Bodenmiller and co-workers (fig.3). They
examined the reproducibility, specificity and efficiency of IMAC, PAC and two protocols for
TiO, chromatography: pTiO; (phthalic acid in the loading buffer to quench nonspecific
binding) and dhbTiO, (2,5 dihydrobenzoic acid, quencher too) [Bodenmiller et al., 2007].
Each method was tested through the injection of 1.5 mg of tryptic digest from cytosolic
fractions from Drosophila melanogaster cells. The authors found a very good reproducibility
of all the methods, making them suitable for quantitative analysis. Moreover, none of the
methods was able to reveal the entire phosphoproteome, but they show partial overlapping
results between each other.

In general a simple and straightforward strategy is desired, with few preparation steps and
little sample handling in order to avoid loss of FPs. It is of course critical also the amount of
starting material and the expertise of the people performing the extractions. For this reason
detailed protocols are needed [Goto & Inagaki, 2007; Thingholm et al., 2006; Thingholm et
al., 2009b; Turk et al., 2006].

The graph shows the efficiency and selectivity of IMAC, PAC and TiO,, applied on a tryptic
digest of a cytosolic protein extract of D.melanogaster cells [Bodenmiller et al., 2007]. In the
starting material no FPs were detected, while the best selectivity in terms of P vs. not-P sites
was IMAC.
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Fig. 3. Comparison of phosphorylation enrichment methods.

5. MS-based strategies for phosphoproteome analysis

Mass spectrometry has become the preferential method for peptide and protein
identification following the separation steps, also in the PTM analysis [Bennett et al., 2002;
Domon & Aebersold, 2006; Loyet et al., 2005].

The first step of a typical MS analysis consists in the cleavage of a single protein or a mixture
by using a dedicated enzyme, usually trypsin, which preferentially cleaves the peptide
bonds after arginin or lysine. Moreover, the tryptic fragments” weight is 700-3500 Da, a size
suitable for MS analysis. The peptides are thus separated by nanoLC and vaporized/ionized
through an ESI source. Their mass is evaluated and a second fragmentation, generating
MS/MS spectra, permits to evaluate also their aminoacidic sequence. This is possible
because of the higher lability of the bonds between aminoacids. Depending on the position
of the cleavage along the peptide chain, the MS/MS fragments are classified in a,b,c
(starting from the N-terminal) or x,y,z (starting from the C-terminal) according to Roepstortf
and Fohlman [Biemann, 1988; Roepstorff & Fohlman, 1984] (fig.4). Only the highest
abundance peptides are submitted to MS/MS. This creates a hurdle in phosphoproteomics,
because of the lower abundance and difficult ionization of FPs compared to the co-present
not-FPs, thus introducing the need of an enrichment step, as explained in section 4.
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Fig. 4. Common nomenclature of peptide fragment ions.
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The information about the peptide sequence is submitted to database-digging softwares as
MASCOT [Perkins et al., 1999] or SEQUEST [Ducret et al., 1998], which explore protein
databases to find a sequence match with previously annotated proteins and rank the
correlations through a probability score.

The peptide fragmentation in MS/MS mostly breaks the inter-residue bonds to generate
fragment series. CID generates preferentially y and b ions, while mostly z and c ions are
originated by ECD and ETD. Phosphotyrosine immonium ion is diagnostic of tyrosine
phosphorylation.

5.1 Collision Induced Dissociation (CID)

The most established method to induce a secondary fragmentation in peptides is the
collision induced dissociation (CID). Basically, the peptide ion collides with an inert gas (He
or Ar) which transfers its kinetic energy, subsequently redistributed between the atoms
bringing to the breaking of the bonds. When a phosphoserine or phosphothreonine is
present in the peptide sequence, the phosphoesteric bond is by far the most labile, thus a
neutral loss of phosphoric acid HsPOs (98 Da) takes place, originating respectively
dehydroalanine and dehydroaminobutiric acid. Given that most part of the energy is
employed to break the phosphoesteric bond, far less energy is available for the subsequent
fragmentation of the peptide chain [Larsen et al., 2005]. This drains information when the
identification of the phosphate group position is needed: only the bare presence or absence
of a phosphate is assessed.

To overcome this issue several strategies have been applied. The first one is the introduction
of a tertiary fragmentation, specifically directed towards peptides where a phosphate loss is
detected. This strategy is named pdMS?® (phosphorylation directed MS3) [Reinders &
Sickmann, 2005]. The information due to the alternative fragmentations of the precursor ion
are in this case lost, but they can be kept through another approach, named Multi-Stage
Activation (MSA) [Steen et al., 2001]. In this case the ion trap, filled with the selected ion
coming from neutral loss, is filled again with the original peptide and both are fragmented
at the same time, originating a superimposed MS2 / MS3 spectra more information-rich.

Partial neutral loss happens also on phosphotyrosine residues, which leave a HPOs group
(80Da) originating a characteristic phosphotyrosine immonium ion at m/z 216 (fig.4). The
phosphoesteric bond is however in this case more stable, thus not compromising the
information collection. Steen et al., for example, used the diagnostic fragment at m/z 216 for
the selective detection of phosphotyrosine-containing peptides in chicken ovalbumin and
murine MAP-kinase 2 [Steen et al., 2001].

5.2 Electron Capture Dissociation (ECD)

The limit of the peptide backbone poor fragmentation in the presence of a phosphate group
was overcome in 1998 with a new fragmentation strategy. Electron Capture Dissociation
(ECD) is a method developed by Zubarev and colleagues to improve the fragmentation of
multiply charged protein and peptide ions [Zubarev et al., 1998]. These ions capture easily a
thermal electron (<0.2 eV), which induces a non ergodic fragmentation, i.e. without
vibrational energy redistribution like in CID. The result is a fragmentation mostly at S-S and
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N-Ca backbone bonds, leaving intact the PTM bonds. The generated ions are ¢ and z type
(fig.4) [Kleinnijenhuis et al., 2007, Stensballe et al., 2000]. The method has some drawbacks,
like a bigger affinity for disulphide bonds and a difficult fragmentation of N-terminal
proline, which has two bonds to break. Moreover it can be carried out only with expensive
FT-ICR instruments (up to 1$ million) to generate the static magnetic field for the electrons,
which reduces its wide scale diffusion.

5.3 Electron Transfer Dissociation (ETD)

The efforts to find an ECD-like method without the need of expensive instruments brought
to the advent of ETD (Electron Transfer Dissociation). In this approach the electron is
transferred to multiply charged peptides (charge >2+) through a radical anion with low
electron affinity, like anthracene or azobenzene [Schroeder et al., 2005; Syka et al., 2004]. The
method can be implemented on linear quadrupole ITs, with the natural drawback of a
reduced resolution and accuracy [Syka et al., 2004]. Molina et al. carried out a large scale
analysis of human embryonic kidney 293T cells, identifying 1435 phosphosites, 80% of
which were novel. Moreover, they identified 60% more FPs with ETD compared to CID,
mainly due to the 40% more fragment ions [Molina et al., 2007]. It has to be remarked the
little overlap between the two fragmentation techniques, that was exploited to develop an
integrated approach. Since ETD works better with high charge peptides, Lys-C was thought
to give better results than trypsin, cleaving the peptides only at C-terminal lysine.
Surprisingly the results didn’t match the expectations, probably due to the high number of
missed cleavages in the tryptic lysate [Molina et al., 2007]. Another way to generate highly
charged peptides was attempted by Larsen et al, who added 0.1% m-nitrobenzyl alcohol (m-
NBA) to the LC-MS solvent [Kjeldsen et al., 2007]. This approach increased the predominant
charge from 2+ to 3+, improving the ETD results. The approach is currently being tested on
more complex samples. Another fact to remark is the evolution of the software, born for the
CID approach, in the direction of meeting the features of spectra generated by new enzymes
and fragmentations [Kim et al., 2010, http:/ / www.matrixscience.com]
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Thermal Fragmentation Need of
ECD electron z,C FT-ICR only along the | expensive FT-
peptide bond ICR
Low electron Fragmentation L Hsitiv
ETD | affinity anion Z,C IT, Q-TOF only along the ess sensitive
) than CID
(e.g.anthracene) peptide bond

Table 2. Comparison of fragmentation methods.

All the methods show good results with a class of peptides, suggesting that an integrated
approach CID/ECD or CID/ETD could be more effective [Molina et al., 2007].



208 Protein Purification

6. Quantitative approaches for phosphoproteome analysis

In order to take a dynamic picture of the phosphorylation events in a particular pathway, it
is desirable monitoring which sites are phosphorylated and to which extent following a
stimulus. To achieve this goal some quantification methods are available and can be
classified on the basis of the analysis step in which the quantitative information is generated:
a differential isotopic label can be introduced in the cell culture, e.g. with labeled aminoacids
(SILAC), in the protein mixture (ICAT), in the enzymatic digestion (180 labeled water), or in
the peptide mixture (iTRAQ), otherwise, in label-free experiments, the quantitative
information is extracted at the MS level (fig.7). A thorough review about quantitation
strategies has been published by Bantscheff et al. [Bantscheff et al., 2007].

LEVEL
e sl e
CELL PROTEINS PEPTIDES Ms
METHOD SILAC X
*o
ICAT X X
iTRAQ X
LABEL-free X

Fig. 7. Strategies for quantitative analysis of protein phosphorylation.

An isotopic label can be introduced in different moments of the analysis or not at all, in
label-free experiments.

6.1 Metabolic labeling

Metabolic labeling was first described in 1999 [Oda et al., 1999]. In 2002 Mann and
coworkers introduced the term Stable Isotope Labeling by Aminoacids in Cell culture
(SILAC) and used it for quantitative analysis of protein phosphorylation in 2003 [Ibarrola et
al., 2003]. The typical experiment consists of growing a cell population in a medium
containing an essential aminoacid labeled with a stable isotope (1*N or 3C), and growing in
parallel another cell population in a medium on non-labeled aminoacid. Usually labeled
arginine and lysine are used, in order to ensure that every peptide from one culture contains
a label after tryptic digestion. After several doublings, the cells are harvested from both
cultures, and the protein extracts mixed together. After proteolysis, peptides can be
analysed by MS and differences in the abundance of a peptide in the two cell extracts are
shown through the different heights of two mass shifted peaks.

Recently, with this method Olsen et al. [Bodenmiller et al., 2007] reported the most
comprehensive analysis of the effects of EGF stimulation on phosphoproteome dynamics in
HeLa cells. This strategy has allowed the drawing of some detailed maps of time-resolved
signaling pathways [Blagoev et al., 2004; Bose et al., 2006; Goss et al., 2006; Olsen et al.,
2010]. The major limitation of SILAC stays in the cost of labeled aminoacids.
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6.2 Protein and peptide labeling

Post-biosynthetic labeling of proteins and peptides is performed by chemical or enzymatic
derivatization in vitro.

Enzymatic labeling exploits the incorporation of 180 atoms from marked water during
protein digestion. Trypsin and Glu-C introduce two heavy oxygen atoms, resulting in a 4 Da
mass shift, generally sufficient for the differentiation of isotopomers. This method has been
applied for quantitative proteomic purposes [Dengjel et al., 2007], but complete labeling is
difficult to obtain.

Chemical modification can be carried out at protein or peptide level introducing a tag on a
chemically reactive side chain of an aminoacid [Ong et al., 2005], in practice only cysteine
and lysine are used for this purpose. A group of labeling reagents targets the N-terminus
and the e-aminogroup in the lysine side chain. They mostly exploit the N-
hydroxysuccinimide (NHS) chemistry or other active esters and acid anhydrides, like in the
Isotope-Coded Protein Label (ICPL) [Schmidt et al., 2005], isotope Tags for Relative and
Absolute Quantification (iTRAQ) [Ross et al., 2004], Tandem Mass Tags (TMT) [Thompson
et al,, 2003] and acetic/succinic anhydride [Che & Fricker, 2002; Glocker et al., 1994;
X.Zhang et al., 2002].

iTRAQ is a commercially available reagent, allowing to follow the evolution of biological
systems over multiple time points. It was used, for example, to quantify 222 tyrosine
phosphorylation sites across seven time points following EGF stimulation [Wolf-Yadlin et
al., 2007].

Carboxylic groups of side chains of aspartic and glutamic acid as well as of the C-termini of
peptidic chains can be isotopically labeled by esterification using deuterated alcohols, for
example d0 and d3 methanolic HCI [Goodlett et al., 2001; Syka et al., 2004]. This reaction is
particularly interesting, because the methylation is also a step used in the IMAC enrichment
method to reduce aspecific binding of acidic peptides to the resin (par. 4.2).

General drawbacks of the chemical derivatization methods are the production of not desired
side products, that negatively influence the quantification results and the cost of some of the
mentioned reagents.

6.3 Absolute quantification using internal standards

The use of isotope-labeled internal standards in the field of proteomics is known with the
name AQUA: Absolute QUAntification of proteins [Gerber et al.,2003].

The simplest protocol requires adding a known amount of a stable isotope-labeled peptide
to the protein digest and in comparing the signal of it in the mass spectra respect the other
peak areas [Pan et al., 2005].

There are some drawbacks with this approach. First of all the high dynamic range of
concentrations of peptides makes difficult to find an appropriate concentration of standard
for every analyte; second, it's likely to find an isobaric peptide to our standard in the
peptide mixture, therefore limiting its specificity. These problems, however, have been
addressed with the approach called Multiple Reaction Monitoring (MRM) [Kirkpatrick et al.,
2005], in which the triple quadrupole MS monitors both peptide and its fragments mass
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during the experiment. The combination of retention time, peptide mass and fragment mass
practically eliminates the ambiguities, extending the dynamic range to 4-5 orders of
magnitude [Bondarenko et al., 2002]. The real value of the quantification through the AQUA
approach is naturally biased by the manipulation of sample before adding the standard: the
amount of protein determined may therefore not reflect its actual expression level in the cell.

6.4 Label-free quantification

There are two approaches for label-free quantification of proteins. The first one relies on the
measure of the area of a MS peak of a peptide related to a protein: the increase of this area
means also an increased amount of the protein. This approach is called eXtracted Ion
Chromatogram (XIC), because a single ion peak area is extracted from a plot of signal
intensities against time in the chromatogram [Bondarenko et al., 2002; Wang et al., 2006].
Signal intensities of the same peptide in different experiments is then compared to extract
quantitative information, for example the stoichiometry of phosphorylation [Steen et al.,
2005].

The other approach measures the amount of peptides generated from a protein: the more is
the amount of a protein the more are the tandem-MS generated peptides. Relative
quantification is thus achieved by comparing the number of spectra generated from a
protein in different experiments. It is necessary a normalization, for example depending
from the protein mass, creating therefore Protein Abundance Indexes (PAls) [Rappsilber et
al., 2002]. The relationship between number of peptides observed and protein amount had
been found to be logarithmic (emPAl) [Ishihama et al., 2005; Lu et al., 2007].

7. Non-MS approaches to elucidate cellular signaling networks
7.1 Antibody-based approaches

In order to monitor previously identified phosphorylation sites, arrays employing
phosphospecific antibodies have been used to investigate dozens of phosphorylation sites
simultaneously [Sheenan et al., 2005; Belluco et al., 2005]. The general hurdle of these
techniques is the limited availability of dedicated antibodies, however further
improvements could extend the use of microarray technology in phosphoprotein studies
[Schmelzle & White, 2006].

Methods were developed to monitor the phosphorylation status of tyrosine [Gembitsky et
al., 2004] and the kinetics of phosphorylation [Khan et al., 2006] in proteins in a multiplex
format.

In order to evaluate the phosphorylation dynamics on a cellular scale, flow citometry
approaches have been also devised to monitor up to 11 phosphorylation events in parallel
[Irish et al., 2004; Krutzik et al., 2005; Sachs et al., 2005]. Again, the main limit of this
approach is the availability of suitable fluorescent-labeled antibodies.

7.2 Interaction of phosphoproteins and phosphorylated sites

The phosphorylation-related events include also protein-protein interactions in the cell
signaling network. To investigate these phenomena, Jones et al. [Jones et al., 2006] devised a
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protein array to study the binary interactions between 61 fluorescent-labeled, tyrosine
phosphorylated peptides from EGFR receptors with approximately 150 SH2 and PTB
domains. By measuring the fluorescence at different titration points they determined the Kp
values for every peptide-receptor couple.

Another approach was followed by Yaoi et al. [Yaoi et al., 2006], that immobilized SH2
domains on microspheres to extract interacting proteins and phosphoproteins from a
complex mixture of different cell lines.

Both approaches revealed new insights in the cellular signaling networks.

7.3 Kinase screening on peptide and protein arrays

Peptide microarrays consist of synthetic peptide sequences deposited onto glass slides or
attached to a derivatised surface, usually in triplicate, with peptides having substitutions in
the phosphorylation sites as controls. The in vitro phosphorylation reaction is performed in
the presence of radiolabeled ATP, the array exposed to a film and the image captured. The
method assumes that phosphorylation of peptides should be in most of the cases similar to
that of the same sequence in the intact protein, due to the fact that many phosphorylation
sites are in accessible and flexible regions of the protein structure [Niihse et al., 2004].

Collins et al. used this approach for phosphorylation investigation of synaptic proteins,
finding 28 unique phosphorylation sites [Collins et al., 2005].

The in vitro phosphorylation can naturally be different from the in vivo action, but the
screening can select and give priority to some phosphorylation sites for further
investigation.

The same approach can be used for immobilized proteins or protein domains.

Ptacek et al. [Ptacek et al., 2005] immobilized yeast proteins on high density (4400 proteins
in duplicate) arrays on glass slides. They screened 87 kinases, finding that each kinase
recognized up to 256 substrates, with a media of 47 substrates per kinase. These data
allowed the construction of a global kinase-substrate interaction network. There is of course
a concern about non specific phosphorylation, but also the perspective of a high throughput
analysis for mapping phosphorylation networks.

8. Bioinformatics

The knowledge discovery process in proteomics has been greatly boosted in the last years
by the introduction of new bioinformatic tools.

Widely developed phosphoproteomics databases are for example PhosphoSite [Hornbeck et
al., 2004], containing around 100000 non-redundant phosphorylation sites (as well as other
modifications, given that the cell signaling is not exclusively phosphocentric), and Phosida
[Gnad et al., 2007], containing temporal phosphorylation data from cell stimulation in time-
course experiments.

These databases permit not only the data mining, but also the interpretation of the data in
the context of biological regulation, diseases, tissues, subcellular localization, protein
domains, sequences, motifs, etc. [http:/ /www.phosphosite.org]
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9. Conclusion

Phosphoproteomics is a rapidly growing field, owing this evolution to the importance of the
protein phosphorylation in many biological processes and its alteration in many diseases.

The analysis is usually performed with MS-based methods, supported by enrichment steps
at the protein or peptide level. The improvement of MS has been enormous, with increase in
resolution, mass accuracy, larger dynamic range and more sensitivity and speed, driving the
progress in this field. Of course it must be mentioned also the evolution in bioinformatics,
with the developing of adequate software for literature mining, prediction algorithms, post-
analysis annotation and so on. The aim of phosphoproteomics is not only to find
phosphorylation sites, but also monitor the dynamic of phosphorylation following stimuli to
characterize completely signaling networks.

Nowadays the phosphoproteome of highly complex samples has been tackled [Niihse et al.,
2003; Olsen et al., 2006; Trinidad et al., 2006; Villen et al., 2007], but further development of
the methods, including of the bioinformatic tools to integrate complex databases, is needed
for a more thorough knowledge of the mechanisms of phosphorylation networks.
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