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�(�O�H�F�W�U�R�V�W�D�W�L�F���,�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���'�H�Q�V�H���'�1�$���3�K�D�V�H�V��
�D�Q�G���3�U�R�W�H�L�Q���'�1�$���&�R�P�S�O�H�[�H�V��

�$�����*�����&�K�H�U�V�W�Y�\��
�,�Q�V�W�L�W�X�W�H���R�I���&�R�P�S�O�H�[���6�\�V�W�H�P�V�����,�&�6���������)�R�U�V�F�K�X�Q�J�V�]�H�Q�W�U�X�P���-�•�O�L�F�K�����-�•�O�L�F�K����

�,�Q�V�W�L�W�X�W�H���I�R�U���3�K�\�V�L�F�V���D�Q�G���$�V�W�U�R�Q�R�P�\�����8�Q�L�Y�H�U�V�L�W�\���R�I���3�R�W�V�G�D�P�����3�R�W�V�G�D�P���*�R�O�P����
���*�H�U�P�D�Q�\��

�������,�Q�W�U�R�G�X�F�W�L�R�Q����

�&�K�D�U�J�H�V�����0�D�Q�\�� �F�R�Q�V�W�L�W�X�H�Q�W�V�� �R�I�� �O�L�Y�L�Q�J�� �F�H�O�O�V�� �E�H�D�U�� �O�D�U�J�H�� �F�K�D�U�J�H�V�� �R�Q�� �W�K�H�L�U�� �V�X�U�I�D�F�H�V���� �7�K�H�� �O�L�V�W��
�L�Q�F�O�X�G�H�V���'�1�$���5�1�$���Q�X�F�O�H�L�F���D�F�L�G�V���>���@�����F�H�O�O�X�O�D�U���O�L�S�L�G���P�H�P�E�U�D�Q�H�V���>���@�����'�1�$���E�L�Q�G�L�Q�J���>�������@���D�Q�G��
�D�U�F�K�L�W�H�F�W�X�U�D�O�� �>�������@�� �S�U�R�W�H�L�Q�V���� �Q�D�W�X�U�D�O�� �L�R�Q�� �F�K�D�Q�Q�H�O�V�� �>���@�� �D�Q�G�� �S�R�U�H�V���� �H�O�H�P�H�Q�W�V�� �R�I�� �F�\�W�R�V�N�H�O�H�W�R�Q��
�Q�H�W�Z�R�U�N�V�� �>���@���� �D�Q�G�� �P�R�O�H�F�X�O�D�U�� �P�R�W�R�U�V���� �(�6�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �R�Q�� �W�K�H�� �Q�D�Q�R���V�F�D�O�H�� �R�I�W�H�Q�� �G�R�P�L�Q�D�W�H�� �W�K�H��
�S�K�\�V�L�F�D�O���I�R�U�F�H�V���D�F�W�L�Q�J���E�H�W�Z�H�H�Q���W�K�H�V�H���F�R�P�S�R�Q�H�Q�W�V���L�Q���W�K�H���O�D�V�W�����������Q�P���S�U�L�R�U���W�R���V�X�U�I�D�F�H���V�X�U�I�D�F�H��
�F�R�Q�W�D�F�W�����R�I�W�H�Q���J�R�Y�H�U�Q�L�Q�J���W�K�H�L�U���V�S�R�Q�W�D�Q�H�R�X�V���D�V�V�H�P�E�O�\���D�Q�G���O�R�Q�J���U�D�Q�J�H���V�S�D�W�L�D�O���R�U�G�H�U�L�Q�J�����7�K�H�U�H��
�K�D�V�� �E�H�H�Q�� �D�� �Q�X�P�E�H�U�� �R�I�� �H�[�F�H�O�O�H�Q�W�� �U�H�Y�L�H�Z�V�� �F�R�Y�H�U�L�Q�J�� �W�K�H�� �J�H�Q�H�U�D�O�� �S�U�L�Q�F�L�S�O�H�V�� �R�I�� �(�6�� �H�I�I�H�F�W�V�� �L�Q��
�Q�X�F�O�H�L�F���D�F�L�G�V���>���������@�����S�U�R�W�H�L�Q�V���>�����������������@�����O�L�S�L�G���P�H�P�E�U�D�Q�H�V���>���������������@�����D�Q�G���V�R�P�H���R�W�K�H�U���E�L�R���V�R�I�W��
�P�D�W�W�H�U���V�\�V�W�H�P�V���>�����@�����6�D�O�W�����D�Q�G���S�+���V�H�Q�V�L�W�L�Y�L�W�\���R�I���(�6���I�R�U�F�H�V���S�U�R�Y�L�G�H�V���F�H�O�O�V���Z�L�W�K���D���X�V�H�I�X�O���K�D�Q�G�O�H��
�W�R�� �G�L�U�H�F�W���W�X�Q�H�� �W�K�H�� �S�D�W�K�Z�D�\�V�� �R�I�� �P�D�Q�\�� �E�L�R�O�R�J�L�F�D�O�� �S�U�R�F�H�V�V�H�V���� �$�P�R�Q�J�� �W�K�H�P�� �D�U�H�� �'�1�$���'�1�$����
�S�U�R�W�H�L�Q���'�1�$�� �>�����@�� �D�Q�G�� �S�U�R�W�H�L�Q���S�U�R�W�H�L�Q�� �(�6�� �L�Q�W�H�U�D�F�W�L�R�Q�V�� �>�����@���� �'�1�$�� �F�R�P�S�D�F�W�L�I�L�F�D�W�L�R�Q�� �L�Q�W�R��
�K�L�J�K�H�U���R�U�G�H�U�� �V�W�U�X�F�W�X�U�H�V�� �>�����������@���� �'�1�$�� �V�S�R�R�O�L�Q�J�� �L�Q�V�L�G�H�� �Y�L�U�D�O�� �V�K�H�O�O�V�� �>�����@���� �D�F�W�L�Q�� �D�J�J�U�H�J�D�W�L�R�Q����
�5�1�$�� �I�R�O�G�L�Q�J�� �>�����������@���� �D�Q�G�� �L�R�Q�� �W�U�D�Q�V�O�R�F�D�W�L�R�Q�� �W�K�U�R�X�J�K�� �P�H�P�E�U�D�Q�H�� �S�R�U�H�V���� �(�6�� �I�R�U�F�H�V�� �P�R�G�X�O�D�W�H��
�V�W�U�X�F�W�X�U�H���D�Q�G���F�R�Q�W�U�R�O���I�X�Q�F�W�L�R�Q�L�Q�J���R�I���V�X�E���F�H�O�O�X�O�D�U���V�X�S�U�D���P�R�O�H�F�X�O�D�U���D�V�V�H�P�E�O�L�H�V���>�����������@���D�Q�G���F�D�Q��
�D�I�I�H�F�W���F�H�O�O���F�H�O�O���L�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���W�L�V�V�X�H�V���>�����@����

�2�Y�H�U���W�K�H���O�D�V�W���\�H�D�U�V�����W�K�H���(�6���P�H�F�K�D�Q�L�V�P�V���R�I���V�R�P�H���'�1�$���U�H�O�D�W�H�G���S�K�H�Q�R�P�H�Q�D���P�H�Q�W�L�R�Q�H�G���D�E�R�Y�H��
�K�D�Y�H�� �E�H�H�Q�� �G�H�Y�H�O�R�S�H�G�� �L�Q�� �R�X�U�� �J�U�R�X�S���� �*�H�Q�H�U�D�O�� �F�R�Q�F�H�S�W�V�� �R�I�� �W�K�H�� �3�%�� �W�K�H�R�U�\�� �R�I�W�H�Q�� �J�L�Y�H�� �D��
�V�D�W�L�V�I�D�F�W�R�U�\�� �S�K�\�V�L�F�D�O�� �G�H�V�F�U�L�S�W�L�R�Q�� �R�I�� �(�6�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �P�R�O�H�F�X�O�H�V�� �L�Q�� �V�R�O�X�W�L�R�Q�� �D�Q�G��
�P�D�F�U�R�P�R�O�H�F�X�O�D�U�� �F�R�P�S�O�H�[�H�V���� �%�H�O�R�Z���� �Z�H�� �W�U�\�� �W�R�� �N�H�H�S�� �W�K�H�� �S�U�H�V�H�Q�W�D�W�L�R�Q�� �R�Q�� �L�O�O�X�V�W�U�D�W�L�Y�H�� �O�H�Y�H�O��
�D�Y�R�L�G�L�Q�J�� �F�R�P�S�O�L�F�D�W�H�G�� �D�O�J�H�E�U�D���� �D�O�O�� �D�Q�D�O�\�F�D�O�� �H�[�S�U�H�V�V�L�R�Q�V���� �W�K�H�� �G�H�W�D�L�O�V�� �R�I�� �W�K�H�L�U�� �G�H�U�L�Y�D�W�L�R�Q���� �D�Q�G��
�U�H�J�L�P�H�V�� �R�I�� �D�S�S�O�L�F�D�E�L�O�L�W�\�� �F�D�Q�� �E�H�� �I�R�X�Q�G�� �L�Q�� �W�K�H�� �R�U�L�J�L�Q�D�O�� �S�D�S�H�U�V�� �F�L�W�H�G���� �:�H�� �U�D�W�K�H�U�� �I�R�F�X�V�� �R�Q��
�X�Q�G�H�U�O�\�L�Q�J���S�K�\�V�L�F�D�O���P�H�F�K�D�Q�L�V�P�V�����F�R�P�S�D�U�L�Q�J���W�K�H���V�\�V�W�H�P���E�H�K�D�Y�L�R�U���X�Q�G�H�U���Y�D�U�\�L�Q�J���F�R�Q�G�L�W�L�R�Q�V����
�:�H���R�I�W�H�Q���W�U�H�D�W���(�6���I�R�U�F�H�V���L�Q���G�H�Q�V�H�����Z�H�D�N�O�\���I�O�X�F�W�X�D�W�L�Q�J���V�W�U�X�F�W�X�U�H�V���F�R�P�S�O�H�[�H�V�����Z�K�H�U�H���H�Q�W�U�R�S�L�F��
�H�I�I�H�F�W�V�� �D�U�H�� �Z�H�D�N�� �D�Q�G�� �F�D�Q�� �E�H�� �Q�H�J�O�H�F�W�H�G���� �%�H�F�D�X�V�H�� �R�I�� �O�L�P�L�W�H�G�� �V�S�D�F�H���� �Z�H�� �I�R�F�X�V�� �R�Q�� �O�D�W�H�V�W�� �(�6��
�P�R�W�L�Y�D�W�H�G���G�H�Y�H�O�R�S�P�H�Q�W�V���I�U�R�P���R�W�K�H�U���J�U�R�X�S�V�����W�U�\�L�Q�J���W�R���S�R�V�L�W�L�R�Q���R�X�U���U�H�V�H�D�U�F�K���L�Q���W�K�L�V���F�R�Q�W�H�[�W������

��������������������������������������������������������������������������������������������������
���$�E�E�U�H�Y�L�D�W�L�R�Q�V�����(�6�����H�O�H�F�W�U�R�V�W�D�W�L�F�����+�%�����K�\�G�U�R�J�H�Q���E�R�Q�G�����3�(�����S�R�O�\�H�O�H�F�W�U�R�O�\�W�H�����3�%�����3�R�L�V�V�R�Q���%�R�O�W�]�P�D�Q�Q�����3�(�*����
�S�R�O�\�H�W�K�\�O�H�Q�H���J�O�\�F�R�O�����'�+�����'�H�E�\�H���+�•�F�N�H�O�����(�0�����H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�����$�)�0�����D�W�R�P�L�F���I�R�U�F�H���P�L�F�U�R�V�F�R�S�\�����E�S����
�E�D�V�H���S�D�L�U�����N�E�S�����N�L�O�R���E�D�V�H���S�D�L�U�����>�'�1�$�@�����'�1�$���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����>�V�D�O�W�@�����V�D�O�W���F�R�Q�F�H�Q�W�U�D�W�L�R�Q�����G�V�����G�R�X�E�O�H���V�W�U�D�Q�G�H�G����
�V�V�����V�L�Q�J�O�H���V�W�U�D�Q�G�H�G�����&�/�����F�D�W�L�R�Q�L�F���O�L�S�L�G�V�����/�&�����O�L�T�X�L�G���F�U�\�V�W�D�O�O�L�Q�H�����*�1�3�����J�R�O�G���Q�D�Q�R���S�D�U�W�L�F�O�H�����K�R�P����
�K�R�P�R�O�R�J�R�X�V�����1�&�3�����Q�X�F�O�H�R�V�R�P�H���F�R�U�H���S�D�U�W�L�F�O�H�����3�'�%�����3�U�R�W�H�L�Q���'�D�W�D���%�D�Q�N����
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�(�O�H�F�W�U�R�V�W�D�W�L�F���,�Q�W�H�U�D�F�W�L�R�Q�V���L�Q���'�H�Q�V�H���'�1�$���3�K�D�V�H�V��
�D�Q�G���3�U�R�W�H�L�Q���'�1�$���&�R�P�S�O�H�[�H�V��

�$�����*�����&�K�H�U�V�W�Y�\��
�,�Q�V�W�L�W�X�W�H���R�I���&�R�P�S�O�H�[���6�\�V�W�H�P�V�����,�&�6���������)�R�U�V�F�K�X�Q�J�V�]�H�Q�W�U�X�P���-�•�O�L�F�K�����-�•�O�L�F�K����

�,�Q�V�W�L�W�X�W�H���I�R�U���3�K�\�V�L�F�V���D�Q�G���$�V�W�U�R�Q�R�P�\�����8�Q�L�Y�H�U�V�L�W�\���R�I���3�R�W�V�G�D�P�����3�R�W�V�G�D�P���*�R�O�P����
���*�H�U�P�D�Q�\��

�������,�Q�W�U�R�G�X�F�W�L�R�Q����
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1. Introduction 

The electrostatic interactions between charged atoms in natural proteins play a central role 
in specifying protein topology, modulating stability of the molecule, and allowing for the 
impressive catalytic properties of enzymes. In this chapter, we discuss how protein 
engineers use the principles of electrostatics and computational protein modeling to develop 
new proteins for biomedical and biotechnological applications. First, a general introduction 
is given to familiarize the reader with th e important factors to consider in protein 
electrostatics, and the nature of these electrostatic forces. The next section describes various 
levels of theory used for modeling electrostati cs in proteins. The last sections focus on 
specific applications in two conceptual classes: the engineering of ionic interactions (1) on 
protein surfaces, and (2) within the hydrophobic protein core. In both cases, the aim is to 
promote stability or to control molecular recognition.  

2. Important factors influencing protein electrostatics 

Interacting ionic species undergo rearrangement of their charge distributions under the 
influence of each other and their local environmen t. In electrostatics, we consider the static 
electrical field that is formed between these charged species once charge rearrangement has 
occurred. In the context of a protein, this amounts to looking at the many interactions 
among the polar and/or charged residues scattered throughout the three dimensional 
structure. Uncharged polar residues can form hydrogen bonding interactions with the 
hydroxyl (serine and threonine) and amide (asparagine and glutamine) hydrogen bond 
donors and acceptors on their side chains. Ionizable, or charged, residues have the following 
titratable side groups: carboxyl (asparate and glutamate), sulfhydryl (cysteine), hydroxyl 
(tyrosine), guanidino (arginine), amino (lysine), and imidazole (histidine). The ionization 
state of a titratable residue depends on its pKa value or proton affini ty, which represents the 
pH at which there is equilibrium between the neutral and charged forms of their respective 
functional groups. 

Electrostatic interactions with th e local environment influence the pK a values of titratable 
residues. These factors are manifested in the following relationship for the pK a of a buried 
residue (Bashford and Karplus 1990; Kaushik et al. 2006): 
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