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Abstract

STUDYING PROTON PUMPING MECHANISM OF BACTERIORHODOPSIN AND
CYTOCHROME C OXIDASE WITH MULTI-CONFORMATION CONTINUUM
ELECTROSTATICS

by

YIFAN SONG

Advisor: Professor Marilyn R. Gunner

The proton gradient across the biological membrane is important for the biological systems.
Bacteriorhodopsin and cytochrome ¢ oxidase convert different energy sources into this gradient. The
focus of this thesis is to understand the mechanism of these proteins using computational methods.

In bacteriorhodopsin, residue ionization states were calculated in 9 crystal structures trapped in bR,
early M and late M states by Multi-Conformation Continuum Electrostatics (MCC). The three groups in
the central cluster are ionized in bR structures while a proton has transferred from the SB* to Asp 85 in
the late M structures matching prior experimental results. The proton release cluster binds one proton in
bR structure which is lost to water by pH 8 in late M. Modest changes in intra-protein interactions
cause the charge shifts within the clusters. Motions of Arg 82 couple the proton shift in the central
cluster to proton release. Changes in the total charge of the two clusters are coupled by direct long-

range interactions.



Cytochrome ¢ oxidase is a transmembrane proton pump that builds an electrochemical gradient using
chemical energy from the reduction of O,. Ionization states of all residues were calculated with MCCE
in seven anaerobic oxidase redox states ranging from fully oxidized to fully reduced in Rb. sphaeroides
cytochrome c oxidase. At pH 7, only a hydroxide coordinated to Cuy shifts its pK, from below 7 to
above 7, and so picks up a proton when Heme a; and Cu; are reduced. Glu 1-286, Tyr 1-288, His [-334
and a second hydroxide on Heme a, all have pK,s above 7. The propionic acids near the BNC are
deprotonated with pK,s well below 7. This suggests electroneutrality in the BNC is not maintained
during the anaerobic reduction. The electrochemical midpoint potential (E,) of Heme a is calculated to
shift down when the BNC is reduced, which agrees with prior experiments. If the BNC reduction is

electroneutral, then the Heme a E  is independent of the BNC redox state.
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1. Introduction

1.1 Proton transfer in membrane proteins
Energy and matter are the two physical essences of life. Over billions of years, life has evolved

to use different enzymes to extract energy from various sources. One basic mechanism uses a circuit
formed of protons, electrons, and substrates through proteins in the cell or mitochondrial membrane (Fig
1.1). This circuit consists of two parts. In the first part, the energy from the environment is converted
into electrochemical energy in the form of a proton gradient across the membrane (1). In the second part,
the proton gradient is used to produce ATP (2,3), where energy is stored in the form of chemical bonds

and can now be transported in the solution (4,5).

Intermembrane space
-------------,---*--

Mitochondrial matrix

Complex I Complex III Complex IV

X ATP synthase
NADH dehydrogenase bc; complex cytochrome c oxidase

Figure 1.1 Schematic view of the respiratory chain in the inner mitochondrial membrane

Complex I, Il and IV and ATP synthase from the respiratory chain are shown. Blue arrow: flux of
protons; red arrow: flux of electrons

When life first arose on the earth, there was little dioxygen in the atmosphere (6,7).
Photosynthetic reactions evolved, first in bateria (8), to use light, the most abundant energy source on the

earth, to build a trans-membrane proton gradient. Various enzymes are involved in this type of reaction.



Some are very simple, such as bateriorhodopsin (9,10), which consists of only 248 amino acids and
moves one proton across the membrane with each photon (11,12). Some have much more complex
structures and functions. For example, photosystem II (PSII) consists of 25 subunits and several
thousand amino acids (13). Not only is it involved in proton transfer across the membrane, it also uses
water as a terminal electron donor and produces dioxygen as a byproduct (14,15).

As more and more dioxygen was released into the earth atmosphere by PSII, new types of
reactions evolved to utilize this energy source. Dioxygen can be reduced back to H,O. Protein evolved
to convert the energy released from breaking the O-O bond into a transmembrane proton gradient. One
class of proteins that carry out this reaction is the heme-copper oxidases (16,17).

Both bacteriorhodopsin and cytochrome ¢ oxidase are proton pumps. They take protons from the
low potential side of the membrane (low proton concentration, high pH), move them over 30A across
the membrane, and release them to the high potential side (high proton concentration, low pH). The
ability of a proton pump to move protons in one direction efficiently depends on the concerted changes
of charge state of a few key residues. Identifying these key groups and understanding the pumping
mechanism is still a very challenging problem for biochemists and biophysicists. How do they trap the
energy released from a chemical process within pico seconds so that it can be used to drive a reaction on
the time scale of microseconds to seconds? How do these proteins change the proton affinity of each
key group to bind and release a proton at different stages of the reaction? How do they control the
proton transfer direction of each step so that the proton pump doesn’t short-circuit? Most of the work
presented here is devoted to understanding the proton pumping mechanism used by bacteriorhodopsin

and cytochrome c oxidase.



1.2 Bacteriorhodopsin
Bacteriorhodopsin from the archaeon Halobacterium salinarum absorb photons with retinal

chromophore (18-22). Light absorption leads to retinal isomerization, which initiates protein structural
changes. These changes somehow control multiple-step internal proton transfers ensuring that proton
uptake is from the high pH and proton release to the low pH side of the protein.

Bacteriorhodopsin is a helical bundle with seven trans-membrane helices (Fig 1.2). The
chromophore, retinal, is covalently bound to Lys 216 at the center of the protein to form a Schiff base.
Unlike ion and water channels, proton pumps don’t have a pore through the protein. Instead, a proton
transfer pathway is buried in the protein. Nine ionizable residues can be found in the trans-membrane
region, the Schiff base, Asp 85, 96, 115 and 212, Glu 194 and 204, and Arg 82 and 134 (Fig 1.2). Asp
85 and 212 can both serve as a negative counterion of the Schiff base. These three residues form a
cluster at the center of the protein (central cluster). Asp 96 sits on the cytoplasmic side, near the edge of
the membrane. Glu 194 and 204 form another cluster (proton release cluster) near the extracellular edge
of the membrane. Asp 115 is deeply buried in the trans-membrane region, on the cytoplasmic side of the
Schiff base, but ten Angstrom away from the proton transfer pathway. Arg 82 sits between the central

cluster and the proton release cluster, and Arg 134 is near the proton release cluster.



D96

SB
D212

Figure 1.2 Ionizable residues in bacteriorhodopsin

Bacteriorhodopsin structure 1C8R. Acidic (red) and basic (blue) sidechains with terminal nitrogens or
oxygens accented as spheres. All deeply buried residues are labeled. The retinal Schiff base (SB) is in
the protein center. SB, D85 and D212 are the central cluster and E194 and E204 are the proton release
cluster. (*) Lys159 and Glul6land the backbone connecting them is not resolved in 1C8R, and were

added from the early M structure (1DZE).

The proton transfer pathway is divided in two by the Schiff base. On the extracellular side of the
Schiff base, Arg 82, together with a number of polar groups, including Tyr 57, 83 and 185 and Ser 193,
connects the central cluster and the proton release cluster. In contrast, the other half of the pathway,
between the Schiff base and Asp 96 on the cytoplasmic side, is hydrophobic. No other ionizable residue

is found within the ten Angstrom long proposed proton transfer pathway.



The reaction cycle starts with retinal photo-isomerization from all-frans to 13-cis configuration
21,22) (Fig 1.3). The intermediates are designated bR (ground state), K, L, early and late M, N, and O.
The sub-microsecond changes in K and L are localized to the retinal Schiff base (SB) itself and do not
involve proton transfers. In the ground state the retinal is in its frans configuration, the SB is protonated
and each acid in the central cluster ionized. In the proton release cluster one proton is bound. By M a
proton has been transferred from the SB to Asp 85. And the proton on the release cluster is released into
the extracellular space. The next step occurs in the cytoplasmic half-channel as the protonated Asp 96
reprotonates the SB forming the N intermediate. Following reisomerization of the retinal, Asp 96 takes
up a proton from the cytoplasmic side forming the O intermediate. Finally, proton transfer from Asp 85

to the extracellular proton release cluster reforms the ground state.

all-trans

13-cis

Figure 1.3 Schematic structure of a retinal in all-trans and 13-cis configurations
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Table 1.1 Ionization states of functional residues in each bacteriorhodopsin intermediate

Bacteriorhodopsin reaction cycle showing five intermediates with 4 key protonation sites(21,22).
Protons are bound from the intracellular and released to the extra-cellular sides of the membrane. In
an energized membrane this moves protons from high to low pH regions. Charges on Asp 85 + 212 and
on Glu 194 + 204 are summed. A group or cluster charge is in bold for the step where it has changed
charge. SB* gives the configuration of the retinal Schiff base (T: all-trans and C: 13-cis). L and K, the
short lived intermediates that connect bR and M, have the same protonation states as bR and are not
shown. The bR state is repeated at the top and bottom to emphasize the cyclic nature of the sequence.
Bacteriorhodopsin has been the subject of many studies and has become a model system for
study of proton transfer reactions. Still there are questions unanswered: How does proton transfer couple
to structural changes in the protein? How does the protein ensure that each proton transfer is in the same
direction, therefore to avoid reactions that will short-circuit the pumping? Without understanding the

thermodynamic and kinetic properties of the reaction, these questions cannot be addressed.



One advantage of studying bacteriorhodopsin with computational techniques is the abundance of
structural information. Using lipidic cubic phase crystallization (23), it has been possible to obtain a
remarkable series of high-resolution bacteriorhodopsin structures trapped in various stages of the
photocycle. Structures are available of bR (11,24,25), K (26,27), L (26,28), early (25,29) and late (24,30) M and
O-like (31) intermediates. Comparison of these structures show only small differences, with an atomic
RMS deviations of about 1 A. The question is whether the changes required for proton transfer are
trapped in these intermediate structures. In Chapter 2, MCCE calculations are carried out with the
structures from the ground state, and early and late M states to show that the proton shifts are indeed
stabilized by the trapped structural changes.

Studies in Chapter 2 also demonstrate that the enzyme reaction is coupled to the structural
changes trapped in the different crystal structures. The analysis presented here shows that only when the
essential changes are identified can the mechanism be understood. While there is a wealth of
crystallography data for bacteriorhodopsin, most enzymes do not have crystal structures for more than
one intermediate. Then, how can a reaction mechanism be derived from a static structure? One approach
is to model the structural changes using information available from other studies. For example, in
bacteriorhodopsin, the isomerization of retinal from all-trans to 13-cis was identified before
crystallography data was available (32,33). The essential conformational change on Arg 82 was first
predicted theoretically (34). In Chapter 3, proton transfers in bacteriorhodopsin are calculated with the
structural models that are derived from one ground state structure to determine if these are sufficient to

catalyze the movement of proton.



1.3 Cytochrome c oxidase
Cytochrome ¢ oxidases, the most prevalent heme-copper oxidases, are the terminal electron

acceptors in anaerobic organisms. These transmembrane proteins reduce dioxygen and convert the
released chemical energy into an electrochemical gradient, either across the eukaryotic mitochondrial
membrane or the bacterial cell membrane (16,35-37). In cytochrome ¢ oxidases 4 electrons, provided by 4
cytochromes ¢, reduce dioxygen to water. The four protons used to make water are taken from the
negative cytoplasmic side of the membrane, adding to the electrochemical gradient. Four additional
protons are pumped across the membrane (38). Thus, each dioxygen molecule reduced by cytochrome ¢
oxidase is coupled to the transfer of 8 charges across the membrane.

Each of the four electrons transferred to the active site to reduce dioxygen take the same
pathway (Fig 1.4). In the first step, one electron is donated from cytochrome c to Cu,, a di-copper center
in subunit II which extends beyond the membrane on the proton release side of the protein. After
receiving the electron, Cu, reduces the 6-coordinate, low-spin, bis-His-Heme a, which is in the center of
the membrane embedded subunit I. Heme a then passes this electron into the binuclear center (BNC),
formed by a heme with a single His ligand (Heme a;) and a Cu with three His ligands (Cug). The BNC
and Heme a are deeply buried in the protein, approximately 20 A from the proton input side and 15A

from the proton release side of the membrane.



Figure 1.4 Rb. sphaeroides cytochrome c oxidase (PDB: 1M56)

A. Backbone trace of (blue) subunit I, (green) I, (red) Ill, and (grey) IV. Bound ions are shown as
spheres. Cytochrome c in the solution phase is shown schematically above the oxidase structure. Heme
a; and Cuy make up the binuclear center (BNC). B. Electron transfer pathway goes from cytochrome c
in solution to Cu,, then to Heme a, and finally to the BNC.

Starting from a fully oxidized enzyme (O state), with Cu,, Heme a and a; and Cuy oxidized, the
first electron is transferred to the BNC to form a singly reduced state (E state). Then the second electron
transfers to the BNC forming the doubly reduced R state, with Cu, and Heme a still oxidized, Heme a3
in the reduced ferrous form and Cuy in the reduced cuprous state. One dioxygen molecule can now be
bound to the BNC to form A state. No electron transfer occurs at R>A transition when dioxygen is
reduced. The reduction of dioxygen is by four electrons in one step, to avoid forming any toxic oxygen
radical. Other than the two electrons that are already donated to the BNC, two more electrons are

needed. One of them comes from Heme a,, which donates two electrons forming a ferryl (Fe'") species.



The other electron is borrowed from the protein, with Tyr I-288 the best candidate to donate one
electron and a proton, forming the neutral radical species. After this super-oxidized oxidase is formed
with 2 fewer electrons than the starting O state, it is then reduced by two more cytochromes c. The third
electron donated by cytochrome c reduces Tyr 1-288 forming the P state, while the fourth electron
reduces Heme a; to the ferric state. The enzyme is now back to the fully oxidized state. The whole
reaction cycle can be divided into two halves. The reductive phase, from O to R, occurs before O, binds
to the BNC. Before dioxygen binds to the BNC, from O to R transition is the reductive phase. This half
can be carried out anaerobically. The oxidative phase A to O transition is where the chemistry is carried
out.

In order to produce water and pump protons, proton transfers need to be coupled to the O,
reduction reaction. Two channels, D and K, have been identified for protons to travel from the input side
of the protein into the BNC. The D-channel begins with Asp I-132 near the protein surface, and ends
with Glu [-286 near the BNC (39-41). The K-channel begins with Glu II-10142,43), passes Lys [-362 (44),
and ends with Tyr [-288. Both channels are more than 20A long and are assumed to be filled with water
45-47). It has been suggested that the single electron reduction of the fully oxidized oxidase is coupled to
proton uptake via the K channel (40,48-50), and that the second reduction is coupled to proton uptake
either via the D 40) or K channel (51).

The stoichiometry of proton transfer coupled to the electron transfers is still an open question
despite numerous studies(34). It has been proposed that in the anaerobic reductive half of the reaction
cycle, two protons are bound near the BNC (52-54). This requires two groups with in situ pK,s below the
ambient pH in the oxidized enzyme; which allows them to be potential proton acceptors. Then when the

cofactors are reduced, their pK,s would need to shift to be higher than the solution pH; so each can bind

10.



a proton. If there is tight coupling between proton and electron transfers, then the reaction would be
electroneutral, ensuring that the oxidized and reduced BNC complexes have the same net charge.

The standard view of electroneutrality is a reasonable assumption based on the cost of changing
a charge on a site deeply buried in the membrane embedded protein. Electron transfer through oxidase
changes the charge state of the redox cofactors. The favorable charge-dipole interaction of a charge with
water, referred to as the solvation (reaction field or Born) energy, strongly stabilizes ionized states in
water (55-58). If the charge is buried in the protein, then this favorable interaction is much smaller.
Consequently, the loss of solvation energy always shifts reaction equilibria in a protein, favoring states
with the a smaller net charge. The reduced Cu,, Heme a and a, have a charge of zero, and there is a +1
charge on the reduced Cug. Cofactor oxidation in the protein, which increases the positive charge, is
destabilized relative to the same redox reaction in aqueous solution by the solvation energy loss.
Removal from water also shifts the pK,s of the surrounding acids and bases to favor their neutral forms.
However, pairwise interactions with nearby anionic groups or dipoles can stabilize the buried charged
residues and cofactors, compensating for the loss of solvation energy (59). The final in situ cofactor E s
and residue pK,s reflect the relative contribution of these different terms. Significant perturbations,
either stabilizing or destabilizing the charged forms, are common within proteins. For example, bis-His-
hemes have E s ranging from —410 to +360 mV; exhibiting the ability of the protein to modify the
chemical properties of buried groups. The E,, shifts for hemes with the same ligand have been shown to
be caused by differences in the heme electrostatic environment within the protein (60-64).

There have been several proposed proton acceptors including: a hydroxide bound to Cuy (52,65,66)
or Heme a, (67), the Heme a, propionic acids (45,52,68-70), or one of the His ligands of Cuy (71-73). In
Chapter 5, MCCE is used to calculate proton uptake during the individual stages of anaerobic reduction

of Rb. sphaeroides cytochrome ¢ oxidase. The in situ pK,s and proton uptake were determined for all

11.



residues. The stoichiometry of proton uptake for anaerobic reduction of the protein (51,74,75), and the E,,
of Heme a with the BNC cofactors in different ionization states (54,76-78) were computed by MCCE and
compared to published oxidase experiments. The main focus of the work is to determine, given the
structure of the Rb. sphaeroides oxidase, the residues near the BNC whose equilibrium ionization states
allow them to couple proton uptake to cofactor reduction, and to determine if there are two proton
acceptors which can keep BNC reduction electroneutral.

One of the challenges that were encountered during this study was to determine the pK, of the
water bound to Heme a, in the reductive phase of the reaction. In a standard calculation, the calculated
pK, deviated from an experimentally determined pK, by 6 ApK units. Chapter 6 focuses on a series of
pK, calculations with six different aquo-heme proteins, including oxidase, which reveals a breakdown in
the classical continuum electrostatics analysis of pairwise interactions between a ferric water-heme and
positively charged groups facing the heme plane. The interaction of the heme with these charges is
compared in continuum electrostatics (CE) and density function theory (DFT) methods, showing that
CE overestimates the interaction. With the appropriate corrections, MCCE calculations reproduce the
experimental pK,s and E_ s, showing how the protein structures yield the observed in situ reaction

energetics.

12.



2. Methodology

2.1 Molecular Simulation
A protein is a complex heterogeneous system made of one or more chains of amino acids

(polypeptides) folded together. Within a protein each amino acid can take different atomic positions;
acidic and basic amino acids can have different protonation states; in addition, a protein can bind water
and other cofactors, which also have different positions, protonation states and/or redox states.
Therefore proteins are large systems with many degrees of freedom occupying complicated energy
landscape. A full examination of the energy surface is not possible. This is demonstrated by the
Levinthal paradox (79): considering a small protein of 100 residue, and each residue-residue joint has 3
configurations, the fastest motion, using 10" second to sample each microstate, takes 1.6x 10> years to
sample all conformations, much longer than the age of the universe. Although Leventhal’s paradox asks
how nature can fold proteins within seconds after a polypeptide is synthesized, computer simulations
face the same problem (80). Molecular simulation techniques somehow mimic nature to explore only a
small set of configurations that can represent the energy surface. Molecular dynamics and Monte Carlo
sampling are two simulation methods commonly used to analyze a whole protein.

In a molecular dynamics simulation, continuous configurations of a system are generated by
integrating Newton’s laws of motion. The result is a trajectory of position and speed of all atoms
varying with time. Many thermodynamic quantities can be calculated with a molecular dynamics
simulation, such as system energy, heat capacity, and temperature.

A Monte Carlo simulation generates configurations of a system by applying random changes.
Techniques such as the Metropolis algorithm enable the simulation to sample the energy landscape
based on the energy. The result is a population distribution of different configurations that reproduce the

Boltzmann distribution.
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The most obvious difference between molecular dynamics and Monte Carlo is that molecular
dynamics provides time-dependent information. While in Monte Carlo, each change is random, without
any information on how much time it would take in a real system. The advantage for molecular
dynamics is that the kinetic properties can be calculated. However in cases where regions of energy
surface to be sampled are separated by large barriers, Monte Carlo technique has the advantage of
reaching equilibrium more efficiently with a low cost.

In the work reported here, different protein configurations are explored to determine the
protonation states of all ionizable residues. Ionization state change is a chemical reaction, which cannot
be modeled by a classic molecular dynamics simulation. Hybrid programs joining molecular dynamics
with a quantum mechanics calculation at a site of interest can calculate proton and electron affinity
using the QM/MM technique (81-86). However it is a challenge to connect the quantum mechanics (QM)
and molecular mechanics (MM) regions of the simulation to estimate the electrostatic impact of the rest
of protein on the protonation site (87). In addition, the protonation states of the MM region still cannot be
sampled in these calculations.

The Monte Carlo technique can sample changes of ionization states in a grand canonical
ensemble, where chemical potential u is fixed and the number of particles is a variable. The chemical

potential variable for changing a proton is pH, and for changing an electron is E,.

2.2 Electrostatics calculation
Protein is formed of atoms with different electronegativity, which yields an unsymmetrical

electron distribution. As a result, an electrostatic field is generated, driving the motions of atoms and
electrons. Although the charge distribution is raised by nuclei and electron density throughout the space,

a simpler model is used to describe the charge distribution in molecular simulations. In this model,
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fractional charges are assigned to atoms to reproduce the electrostatic field, so called partial charge
model.
The electrostatic potential given by a charge ql, and its interaction energy with another charge in

the space g2 can be described by Coulomb’s law in a vacuum or medium of uniform €:

1
V(l’)z—oL (2.2.1)
4re, |r - r1|

E= 1 o 149
4re, |r2—r1|

(2.2.2)

However protein is surrounded by water instead of a vacuum. Solvent molecules can be
polarized, such as water molecules, and they are highly mobile, so a solvent such as water has a large
polarizability. When a solute is moved into a solvent from a vacuum, solvent molecules re-equilibrate
around the solute. The energy difference moving a solute from vacuum to a solvent is called solvation
energy. Explicitly calculating the energy requires modeling a large number of solvent molecules and
their dynamic properties with and without the solute. In addition, a solute also has polarizable electron
density and fluctuating nuclei, which adds to the cost of the calculation. It is a challenge to explicitly
calculate the solvation effect when studying a large protein.

To calculate the solvation energy with less cost, both solute and solvent are treated as continuum
material with different dielectric constants. Two models are commonly used in molecular simulations,
the generalized Born model and the continuum electrostatics (Poisson-Boltzmann) model.

In the Born model, the self-energy of a spherical object with a radius r (Born radius), having

2

o1 in a material with dielectric of €. The

charge q uniformly distributed on the surface, is
4re, 2er
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energy change moving this object from a vacuum to the medium with dielectric constant € is

2
_ b g1y
4re, 2r £

In a protein, the protein-solvent boundary is not spherical, but has an irregular shape. The

analytical solution of Born model can no longer be used. The generalized Born model was developed to
use the same type of formulism to calculate the solvation energy. In this model, effective Born radius is
used to estimate the effect of the size and geometry of the protein and the burial of the charged atom.
Using the generalized Born model, the solvation energy can be calculated rapidly so is commonly used
in molecular dynamics simulations.

The continuum electrostatics model assigns different dielectric constants to the solvent and
solute, and then solves the Poisson-Boltzmann equation to calculate the electrostatic field and the
solvation energy. The electrostatic field in a position dependent dielectric obeys the Poisson equation,

Vee(r)Vo(r)=—p(r) (2.2.3)

In order to model mobile ions in the solvent, the Poisson equation is modified to the Poisson-
Boltzmann equation. The mobile ions in the solvent are modeled as a charge density distributed in a
Boltzmann distribution under the electric field, which introduces an extra term to the Poisson equation:

Vee(r)Vo(r)—k'sinh[@(r)] =—p(r) (2.2.4)

2
/ 1 . .. . .
where £'= fg(])\;% and e is the electronic charge, I is the ionic strength of the solution and N, is
B

Avogadro’s number. Delphi (88) is one the software packages which can numerically solve the Poisson-

Boltzmann equation.
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2.3 Multi-Conformation Continuum Electrostatics
Protein flexibility has been recognized as being important for determine the protein electrostatic

environment (89), ligand binding (90,91) and other protein functions (92). The static crystal structure does
not provide a dynamic picture of an active protein. To study protein function, it is important to have a
tool that can start with the initial crystal structure, and then model structural changes explicitly.

Electrostatic effects are one source of the correlation between protein structure and function (93-
97). Therefore it is important to calculate electrostatic energies accurately. The Poisson or Poisson-
Boltzmann (PB) equation is considered the most accurate method to calculate these energies (98,99).

Crystal structures from the Protein Data Bank (100,101) usually do not have sufficient resolution to
resolve the position of protons. Changes of ionization states, proton and electron transfers, play an
important role in protein functions (102). A computational tool needs to be able to determine the
ionization states and their changes coupled to protein reaction.

Multi-Conformation Continuum Electrostatics (MCCE) is a hybrid method developed to meet all
these requirements. MCCE includes structure flexibility by adding rotamers to the structure (103). The
entire sidechain rotamer phase space is searched (104). MCCE uses Delphi program to numerically solve
Poisson-Boltzmann equation (98,99,105). And finally by sampling all the configurations added to the
structure, a Boltzmann distribution of residue ionization, positions, and water or ligand binding are
determined.

In the standard MCCE scheme, a protein is broken down to separate residues (amino acids and
cofactors). Each residue is given different positions and ionization states, which are called conformers.
MCCE treats residue motions with a number of pre-selected positions to evenly sample the phase space.
A protein microstate is formed by each residue occupying one conformer. The energy of microstate n

(AG") is the sum of the electrostatic and non-electrostatic energies (63) defined by:
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+(AAern,i + AGPOZ,I')} + 25«"»" stf[AG’j]

i=1 j=itl
where k,T is 0.59 kcal/mol (25.8 meV), M is the number of conformers, &, ; is 1 for conformers that are
present in the state and O for all others. m, is 1 for bases, —1 for acids, and 0 for polar groups and
waters. n, is the number of electrons gained or lost compared to the ground state conformer. For
example, if an oxidized conformer is defined as the ground state, it has n, =0 and a reduced conformer

has n,=1. F is the Faraday constant. pK ,. is the pK, of the ith group in solution. E is the

soli m,sol,i

midpoint potential of the ith cofactor in solution. AAG, . is the difference between the conformer

rxn,i

reaction field energy in solution and in the protein (desolvation energy). AG,,;is the pair-wise

ol,i
electrostatic and non-electrostatic interaction of the conformer with the backbone, and with side chains

that have no conformational degrees of freedom. The torsion energy for each conformer is included
here. AG; is the electrostatic and Lennard-Jones pair-wise interaction between each pair of conformers

in the microstate. The limits on the summation of the inter-conformer terms ensure that each interaction

is counted once.
Each energy term is pre-calculated to make an energy lookup table, once all the conformer

choices are made. pK and E are defined based on residue type and can be measured

sol,i m,sol,i

AG

experimentally. The electrostatic interactions (AAG ol 3

and the electrostatic part of AG;;) are

calculated by solving the Poisson-Boltzmann equation using multiple DelPhi (88) runs integrated into the
MCCE program. This model for electrostatics calculations treats solute as a continuum material with a
low dielectric constant, and solution as a continuum material with a high dielectric constant. Charge

distribution inside the protein is described by atomic charges of each residue. The mobile ions in the
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solution redistribute in response to the electric field raised by the protein and the ions. The ion
distribution can be described by a Boltzmann distribution of charge density under the given potential.
The non-electrostatic interactions include Lennard-Jones interaction and torsion energy. All atom-atom
Lennard-Jones interactions are calculated. Lennard-Jones interactions for those that are directly bonded
(1-2 interaction), or connected by two bonds (1-3 interaction) are set to zero, and for those that are
connected by three bonds (1-4 interaction) are reduced. Torsion energies are defined by four atoms
connected by sequential bonds.

A set of parameters has been defined for a standard MCCE calculation. All the amino acid
pK

, are taken from studies of peptides (106,107). The low dielectric constant for the solute is 4, the

high dielectric constant for the solution is 80. The average ionic strength in the solution is 0.15mM.
PARSE charges (108) are used for the atomic charges of all amino acids. PARSE radii (108), a solvent
accessibility based parameter, are used to draw the boundary between low dielectric solute and high
dielectric solution. The non-electrostatics interactions are calculated with AMBER force fields. In the
Monte Carlo sampling all Lennard-Jones interactions are divided by 4. This rescaling is needed because
the Lennard-Jones parameters are optimized with electrostatic interactions calculated with e=1, while in
MCCE e=4 is used. A smaller Lennard-Jones repulsion is needed with €=4 to ensure that hydrogen

bonds have the correct distance dependence.
The latest version of Multi-Conformation Continuum Electrostatics (MCCE2) (104) is compiled
recently with improved rotatmer making and optimization. The details of the developed subroutines are

described in the appendix section.
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2.4 Material and Methods for calculations of bacteriorhodopsin
Atomic coordinates. Bacteriorhodopsin ground state structures from the protein data bank (101)

IC8R (24), 1C3W (1), 1IKGY (29), IMOM-1 (model 1 in 1MOM) (25) were analyzed. The early M
structures 1DZE (Takeda et. al.), 1IKG8 29), IMOM-2 (model 2 in 1MOM)25), illuminated at =220 K
until the purple to yellow transition has taken place then frozen to 100K, were used. The late M
structures 1C8S (24) and 1F4Z (30) were analyzed. These crystals were frozen to 100K and illuminated
while the cyrosolvent stream was blocked for several seconds. 1C8S is a D96N mutant and 1F4Z an
E204Q mutant, each of which slows the transition from M to N. There are only small differences
between the atomic positions in the different coordinate files. The RMSD amongst the three structures
1C8R (bR), 1DZE (early M) and 1C8S (late M) are 0.5~0.7A for backbone and ~1 A for backbone and
side chains. Except for IMOM-2 all M structures have the SB nitrogen pointing towards the cytoplasm
and Arg 82 pointing towards the extra-cellular space. Mutated residues in the structure files were
replaced by the wild-type residues in the analysis. The 1MOM-1 structure has a very non-standard
conformation for Asp 212 which was relaxed in Swiss-PDB Viewer (109). No other minimization was
carried out.

A full length bacteriorhodopsin has 248 residues. No structure is complete. Missing residues in
the N and C termini and the E-F loop could change the results by exposing the protein interior to solvent
or by removing long-range electrostatic interactions. Comparison of the loss in reaction field
(desolvation) energy in the smaller 1C8S and the other proteins shows the deleted residues do not
significantly change the solvent exposure of central or proton release cluster residues. The loss of pair-
wise interactions with missing residues also creates only minor errors.

The retinal in bacteriorhodopsin is covalently attached to the side chain nitrogen of Lys 216,

forming a Schiff base (SB) which can be neutral or protonated. In bR the retinal is in the all-trans
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configuration while in M it is 13-cis. The same atomic charges(110) were used for both isomers. The
SB pK , issetto7 (111).

Waters with more than 10% of their surface exposed without a membrane slab are always
deleted from the structure file in MCCE (112). For calculations with continuum waters in cavities all
waters were removed. Added side chain rotomers can fill internal cavities. Calculations with
continuum water were run twice. In the second run all buried conformers that were not selected by
Monte Carlo sampling were deleted. This provides a more reproducible water cavity while maintaining
important side-chain positions.

Calculations with explicit waters were carried out with 1C8R, 1DZE and 1CS8S. All buried
crystallographic waters were included. Extra water oxygens were added at every fifth IPECE lattice
point (2.75A) to fill cavities. For the central and exit cluster extra water oxygens were added to make
good hydrogen bonds to the protein. Standard MCCE algorithms added protons to the oxygens so
waters can donate or accept hydrogen bonds to neighboring residues (103). Each water oxygen gets =10
conformers differing in their proton position. Each water also has a conformer with no interactions with
the protein representing movement into the bulk. The atomic charge is -0.8 on oxygen and 0.4 on each
hydrogen. The reaction field energy of an individual water in bulk water is —1.30 ApK, unit.

Reduced model. The 400-500 conformers in each structure generate an extremely large number
of possible microstates. This makes it difficult to identify the factors that control ionization changes. A
reduced model is used to simplify the complexity. Here analysis focuses on a single cluster composed
of several residues where strong interactions yield interdependent ionization states. Conformational
changes of non-cluster residues, which are weakly coupled to cluster residue ionization states, are
ignored. The non-cluster residues interact with the cluster via a mean-field approximation given their

occupancy in a full MCCE calculation. For the cluster, only the most populated ionized and neutral
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conformers in MCCE are considered. Therefore for n residues in the cluster, there are 2" ionization
states. So for SB, Asp85 and 212 in the central cluster there are 8 microstates and for Glu194 and 204 in
the proton release cluster there are 4 microstates. The primary advantage of the reduced model is that
the number of microstates is now enumerable so all state energies can be compared. In the reduced
model, the M conformers are split into m residues in the cluster and M' surrounding residues. The pair-
wise energy in a given cluster ionization microstate is:

{i(i(i) >, <j>[AGi,-]} v {ﬁla <i>{ g p(j)[AG,-j]}} +{§p(i> ,Ai;lmﬁ[AG,,. } 24.1)

=1 j=itl i= = i= j=i

When calculating the full microstate energy in the reduced model equation 2 replaces the third line in
equation 1 which contains the conformer-conformer pairwise interactions in the full MCCE energy
function. Here p(j) is the Boltzmann probability of non-cluster conformer j in the full MCCE

calculations. The first term contains the interaction amongst cluster conformers, calculated explicitly;

'
the second term, 2 p( j)[AGU] , has the mean-field interactions between cluster conformer i and all non-
j=1

cluster conformers; the third term has the interactions between non-cluster conformers, which is the
same for all cluster microstates.
In addition to determining the total microstate energy the energy of each residue in each

microstate can be determined. Without intra-cluster interactions, the protein shifts the energy of a given

M,
conformer i by AAG,,,;+AG,,;+ 2 p( j)[AGU], the first two terms are same as in full MCCE and the

j=1
last term is the mean-field energy from non-cluster residues. The energy difference between ionized

and neutral conformer of residue k is:
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e
AG' = {[AAern,k(l) + AGpol,k(I) + zp(j)Aij(l)]
=1

(2.4.2)

M
{AAern,k(N) + AGpal,k(l) + zp(j)Aij(N) J}

j=1
So without intra-cluster interaction, the pH where ionized and neutral conformers of residue k are of
equal energy is:

pK, = PK . — YAG, (2.4.3)
where pK_, is the pK, of the ionizable group in the solution, y is 1 for bases, -1 for acids. Now the

total energy of a given microstate in the reduced model is:

AG, =33, O|v(pK, - pH)|+ >'5,() 2.8,()[AG,] (2.4.4)

i=1 J=i+l

where 7 is O for all neutral conformers, 1 for ionized bases and -1 for ionized acids.

2.5 Material and Methods for calculations of cytochrome c oxidase
Subunits I-IV of the first model of Rb. sphaeroides cytochrome c oxidase structure in the PDB

file IM56 (113) are analyzed with MCCE. Water molecules are removed and the internal cavities treated
as a high dielectric space in the electrostatics calculation. A 32 A slab of neutral atoms is added to
provide a low dielectric membrane, with the slab position optimized to bury the fewest surface ionizable
residues using the program IPECE (114).

Parameters for E,, and pK, calculations of the cofactors. Cu, is a di—copper complex with eight
sidechain and backbone groups serving as ligands. The copper atoms and ligands are treated as a
complex, and the charge distribution is obtained with Gaussian98 (115). The B3ALYP method (116) with

LANL2DZ basis set (117) was used, and the CHELPG (118) algorithm used to fit atomic charges. This
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charge set is able to recover measured E_s of the designed di-Cu-azurin and of the oxidase soluble
domain from different species (manuscript in preparation).

Both Heme a, and Cug have one open coordinate position to bind water or hydroxyl. Conformers
are built for water—Heme a,, hydroxyl-Heme a,, water—Cuy, and hydroxyl-Cu,. On Heme a,, the Fe—O
bond is oriented perpendicular to the porphyrin plane, and the bond length is 1.95A with square
bipyramidal geometry (119). The oxygen position for Cuy is determined by DFT optimization
calculations using the B3LYP method (116) and LANL2DZ basis set (117) for an isolated cupric

hydroxyl-3His-Cu complex. The C, and Cg atoms of all His ligands and the Cu are fixed in their crystal

positions during optimization. This yields a distorted tetrahedral Cu geometry. The resultant O-Cu-
N.(His 1-333) bond angle is 136° and the Cu-O bond length is 1.9A. Hydrogens are located with

tetrahedral oxygen geometry and bond lengths of 0.96A. On each cofactor, conformers of water and of
hydroxyl are created by rotating the protons by 30° around the Fe—O or Cu—O bond, yielding 12 water
and 12 hydroxyl positions on each cofactor. Thus, there are 48 different conformers for Heme a; and
for Cuy given their two ionization states each with 24 possible water or hydroxyl positions. Cug has an
additional set of conformers described below, which include the possible ionization change of a His
ligand.

The approach used here to calculate the Es of cofactors and pK,s of the water ligands treats the
metal and their ligands as a complex. The assigned E, 501 and pK, so1 is taken from the measurements of a
model system for the complex in solution. The reaction field energy is also calculated treating the whole
complex. Any non-bonded pairwise interactions amongst the metal and its ligands are ignored since
these interactions are included in the Ep, 5o and pK, 0. Treating cofactors and ligands as a complex thus
avoids the errors inherent in using classical electrostatics to calculate the bonding energies joining them

together. However this approach requires prior knowledge of E,, 501 and pK, 51 for the desired complex.
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In this study, an Ep, s of —120 is assigned to the a-type bis-His heme found in the Heme a site
(120,121), 80 mV higher than for a c—type bis-His heme microperoxidase 8 (MP8) (122,123). An a-type
heme has an extra electron-withdrawing formyl group that favors reduction (64). The assigned Ey, 501 for
Heme aj is based on the measurements of a heme ¢ MP8 with a single His ligand. The E, 501 for the His-
H,0 MP8 is —140mV (124,125) and —204mV for the His-OH MP8 (124). Since it is assumed the a-type
heme E,,s are 80 mV more positive than the c-type MP8 with the same ligands, —-60mV and —124mV are
used for Ep g1 for His-H,O and His-OH™ Heme as. For calculating the pK, of water ligands, a pK, s of
9.6 is assigned to the oxidized ferric His-aquo-heme and 10.9 for the reduced ferrous His-aquo-heme,
which has been measured with a c-type MP8 heme (126,127). It is assumed that water pK,s are the same
in c-type and a-type hemes because the water to be protonated is not in the porphyrin plane so should
not be influenced by the additional electron withdrawing group on the porphyrin edge. There are fewer
measurements that can be used to model the water ligand pK, in the Cug complex. A pK,s of 9.4 is
used for aquo-Cug(Il). This is taken from measurements of a tripodal ligand tris[2-(methylamino) ethyl]
amine complex (128,129), which is similar to the Cug complex. A measured pK,soi of aquo—Cug(I) has not
been found in the literature. It is likely to be higher than that of Cug(Il) due to the smaller positive
charge on the metal. A conservative pK, o1 of 9.4 will be assigned to aquo—Cug(I) and the effects of this
choice discussed below.

A metal centered charge set is used for Heme a, Heme a3 and Cug. Heme a and a3 have a +2 or
+3 charge placed on Fe and —0.5 on each N atom of the porphyrin. Cug has a +1 or +2 charge on Cu.
PARSE charges are used for the neutral His ligands. TIP3 charges are used for water ligands. CHELPG
charges for the hydroxide and a His™ are calculated in isolation with the B3LYP method using the 6—
31G* basis set. The metal centered charge distribution differs from that determined by DFT calculations

for the complex where some of the metal positive charge is shifted to the ligands. A +0.3 charge is
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placed on the formyl group C and -0.3 on the of the electron-withdrawing formyl group of the a-type
hemes. This simple metal centered charge set has been used successfully in heme benchmark
calculations for bis-His and His-aquo hemes (61,63,119).

It has been proposed that His 1-334, a ligand to Cug, forms an anionic imidazolate during the
reaction cycle (72,73). Two approaches are used to calculate the pK, of this His ligand. The first is the
same as used for the pK, calculations of the BNC water ligands. Cug and all its His and aquo-ligands are
treated as one complex. There is no experimental pK,s, available for such a complex with a
deprotonated imidazolate. However a pK, s of 9.0 has been calculated with DFT for a isolated Cug
complex with water and 3 His ligands (73). A conformer with ionization state H,O—His —Cug(II) is
added to compete with H,O—His’—Cug(Il) and OH —His’—Cug(II) ionization states to determine the in
situ His 1-334 pK,. The DFT calculations did not analyze ionization energies with both His™ and OH"
both bound on CuB(II) or any pK,s with a reduced Cug so these states cannot be addressed treating Cup
as a complex with its ligands. An alternative approach allows estimation of the His pK, in the presence
of OH', the OH in the presence of His and the pK,s with reduced Cug. Here His is treated as an
isolated group separate from Cugp with its bound water and the two other His ligands. The pK, o of the
free imidazolate of 14.4 is used. The reaction field energy of the His and the smaller Cug complex are
each calculated. Explicit non-bonded electrostatic interactions between His or His™ and the different
redox and protonation states of the smaller Cug complex are included. This approach has been shown to
work for some heme ligands (61), but with a metal centered charge, continuum electrostatics often
overestimates the favorable interactions between a metal and an anionic ligand.

Based on a study of aquo—heme pK,s and E,;s in various proteins (119), the Poisson-Boltzmann
continuum electrostatics calculations are found to overestimate the interactions of ferric Heme a; with

Cug. That study compared the energy of a charge near a ferric aquo-heme in vacuum calculated with
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DFT or with Coulomb's Law. For the neutral, ferric His-hydroxyl-heme, Coulomb's law reproduces the
change in the heme energy found in the DFT calculations within 10%. The correlation between the
Coulomb interaction and the DFT energies has a slope of one, and is independent of the position of the
external charge. Thus, the DelPhi continuum electrostatics calculations in MCCE should provide the
correct interaction energies. However, there are position dependent systematic errors in interactions with
the cationic, His-water-heme complex. While interactions with negative charges, and with charges in the
heme plane, such as the propionic acids and with distant charges, such as Heme a, are well represented
by Coulomb’s law, when a charge is near the face of the heme the interactions are overestimated.
Interactions with groups close to the heme also need correction in the benchmark calculations of the
aquo-heme pK,s in sperm whale and aplysia myoglobin, hemoglobin I, heme oxygenase 1, and
horseradish peroxidase (119).

The interaction between Heme a, and Cuy is investigated with DFT. Different Heme a, and Cuy
redox states, ligand protonation states, hydrogen positions created in MCCE are tested. The correlation
between DFT and Coulomb’s interaction cannot be described by a simple scaling factor. But, these
results showed the ranking of the energy states agrees in the two calculations for different hydrogen
conformations. Thus, MCCE calculations are first carried out using uncorrected Poisson-Boltzmann
(PB) interactions to find the equilibrium hydrogen positions in each BNC redox and protonation state.
The DFT and Coulomb’s law interactions are then calculated with the equilibrium conformations. The
scaling factor required to bring the Coulomb’s law interactions into agreement with the DFT
calculations is applied to PB interactions and the scaled values are used in the pK, calculations.
Conformers that are not occupied in the calculations with uncorrected PB interactions are omitted in the

pK, calculations.
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2.6 Material and Methods for calculations of aquo-heme pK,
Structures of sperm whale myoglobin (1A6G, 1A6K, 1A6M, 1A6N, 1HJT, 1JP6 and 1JP9),

Aplysia myoglobin (IMBA, SMBA), monomeric clam hemoglobin I (1BOB, 1EBT, 1FLP andMOH),
rat heme oxygenase 1 (1IDVE, 1IVE, 11X4, 1ULX and 1VGI), horseradish peroxidase (1ATJ, 1HS5S,
1HS57, 1HS8, THSA, 1H5C, 1H5D, 1HSE, 6ATJ and 7ATJ) and Rb. sphaeroides cytochrome ¢ oxidase
(IM56) were obtained from the Protein Data Bank (i01). All crystal waters are deleted and protein
cavities filled with continuum water. Multi-Conformation Continuum Electrostatics (MCCE) samples
both residue ionization state and rotamer position as a function of pH and E, (103,112). The cytochrome ¢
oxidase calculations use the model generated for analysis of proton uptake coupled to anaerobic
reduction in MCCE2.0 (119). In this larger protein a rotation angle of 120° is used to make sidechain
rotamers, reducing the number of conformers. All other calculations use MCCE 2.2, which adds local
optimization of side chain positions, pruning to delete energetically indistinguishable conformers and
corrections of the CE energy terms for the errors in the dielectric boundary due to extra surface
conformations (see www.sci.ccny.cuny.edu/~mcce). Preselected sidechain rotamers are generated in
60° increments around each rotatable bond for all amino acids. In each protein, a water or hydroxyl is
added to the open heme coordinate position. The aquo-oxygen is placed on the heme iron with square
bipyramidal geometry and a 1.95A Fe—O bond length. Hydrogens are added in a tetrahedral geometry
with a 0.96A H-O bond length. Then additional hydroxyl and water conformations are generated in 30°
increments around the Fe—O bond, creating 12 conformers for both water and hydroxyl.

MCCE calculates the shift in pK, or E, when a group is moved from aqueous solution to the
protein. The solution pK, (pK for

) and E (E,,) is obtained from measurements in water. pK

a,sol 'm,sol a,sol

amino acids are taken from studies of peptides (106,107). The heme propionic acids are treated as

described previously with a pK, ,; of 4.9 (63). The five-coordinate hemes are assumed to bind a water or
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hydroxide as the sixth ligand. Heme and its His and water or hydroxide ligands are treated as a complex.
A pK,, of 9.6 for the hydroxyl in the ferric His-aquo-heme has been measured in microperoxidase 8

(MPS8) which has a heme ¢ (126,127). The E_ ., for the His-water MP8 is —140 (124,125) and —204 mV (124)

'm,sol
for the His-hydroxyl MP8. It is assumed that with the same ligands the E,, of heme a is 80 mV more
positive than heme ¢ (64,120,121) and that the water pK,, are the same for hemes a and c. No explicit
pairwise interactions of water or hydroxide ligands, with the His ligand or heme to which they are

bound are considered since these interactions are included in E , and pK, ., The reaction field energy

a,sol.
in both solution and the protein were calculated for the aquo-heme complexes. A systematic shift of
0.74ApK unit (1 kcal/mol) is applied to the energy of ferric hydroxyl-heme and —0.5ApK unit (-0.67
kcal/mol) to ferrous water-heme. This raises all ferric heme pK,s by 0.74 pH units and raises the aquo-
heme E,_s by 30mV.

MCCE uses continuum electrostatics to calculate the interaction between the aquo—heme and
charges and dipoles in the protein. Selected interactions with the ferric heme porphyrin together with its
imidazole and water or hydroxyl ligand were also calculated using Gaussian 98 (115). The heme and
imidazole are taken from the crystal structure of sperm whale myoglobin (1A6K), with water or
hydroxyl added in GaussView (115). Each structure is then optimized using the B3LYP method (116) with
the LANL2DZ basis set (117). Hydroxyl-hemes are expected to be low-spin (67,130) while water-hemes
are generally high-spin (67,131). The water-heme is given a net charge +1 and spin 5/2, while the
hydroxyl-heme has a net charge O and spin 1/2. The change in system energy is then calculated with an
external charge of +1 or —1 placed next to the aquo-heme complex in positions shown in Fig 2.1. All
atoms are fixed in the structure optimized before the charge is added.

Nine external charges are placed on a plane parallel to the porphyrin plane located 4, 6, 8, 10 or

12A from the heme (Fig 2.1). Points that overlap the water or imidazole ligand are removed. The
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interactions are also calculated with Coulomb's law with the metal centered charges used in the MCCE

calculations with €=1. For the ferric hydroxyl-heme, Coulomb’s law reproduces the DFT interactions

with an error of <10% and a slope of 0.94 with the exception of points within 4 A of the heme plane
(Fig 2.2). However, for the water-heme, the Coulomb’s law interactions with the points above the heme
plane are significantly larger than those obtained with DFT. In contrast, for charges on the heme edge
(Fig 2.1) the Coulomb’s law interactions reproduce the DFT interactions with <5% error and a slope of
1.0 for both water and hydroxyl ligated hemes (Fig 2.2). The source of the error in the CE calculation
is not known. The correction could be needed because there is significant charge at positions that are not
well described by the atom-centered charges used here. Alternatively, there could be a different degree
of polarization of the ferric water- and hydroxyl- hemes by the external charge. Further studies are in
progress to develop a water-heme charge distribution, perhaps including charges out of the heme plane,
which can better reproduce the DFT interaction with Coulomb's law. Preliminary calculations show that
in general there is no systematic error in the CE calculations of the interactions of the standard amino
acids with external charges.

The ferric water-heme interaction of a simple external charge at the position of Arg 38 in
peroxidase or Cuy in oxidase calculated with DFT is only 60% of that found with Coulomb's law. The
interaction with a charge at the position of Arg 99 in hemoglobin I is 65% as large. The influence of the
charge distribution for the external group on the correction was examined by using a PARSE Arg charge
distribution, rather than a single +1 charge. The DFT interaction is now 63% of that found with
Coulomb’s law, very similar to that found with a unitary charge model. The influence of the charge
distribution of Cuy is more complex and cannot be described by a simple scaling factor. The details are

discussed in ref. (132).
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Corrections are applied to interactions of the water-heme with Arg 99 in hemoglobin, Arg 38 in
peroxidase and Cuy in oxidase. However, pairwise electrostatic interactions in MCCE are calculated
with the Poisson-Boltzmann equation (PB), a CE analysis which takes into account the different
dielectric constants of the protein and water (133,134). The scaling factor derived for particular heme-
residue geometry from the comparison of Coulomb's law and DFT interactions in vacuum (Fig 2.2) is
used to scale the individual PB interactions in MCCE. Corrections used for Cuy can be found in ref.
(132).

Interactions with residues that are on the heme plane or far away from the heme are shown to
need no correction. Residues that have significant interactions with the aquo-heme which are not
corrected because of their position include: all the heme propionates; Arg 45 which is hydrogen bonded
to a propionic acid in myoglobin; Lys 179 which is hydrogen bonded to a propionate in hemoglobin 1;
Arg 136 and Asp 140 which form an ion pair on the porphyrin edge furthest from the propionates in

hemoglobinl (see Chapter 7).
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Figure 2.1 Position of external charges for comparison of CE and DFT interactions

Blue points are near the heme face; red in the plane of the heme and near the heme edge. Those within
4A of the heme plane are brown. His-aquo heme is green. The position of Arg 38 in horseradish

peroxidase is shown in blue.
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Figure 2.2 Comparison of heme interactions

Comparison of heme interactions with a positive charge (@) near the heme face; (W) in the plane of the

heme and near the heme edge; (A) within 4A of the heme plane as shown in Fig 2.1 calculated with
DFT or CE Coulomb's law with e=1 for: (A) Neutral, ferric hydroxyl-heme. Ideal straight line through
the origin with a slope of 1 is shown. (B) Cationic, ferric water-heme. Line through points is

y=0.95x-32%x107x" is the best fit to a binomial function for the points near the heme face (blue).

(C) (Hydroxyl-heme) — (water-heme). Line through pointes is y=0.89x—1.1x107x>.
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3. Computational studies of proton transfer in
bacteriorhodopsin using structures from different states.

The pH dependence of the ionization of all acidic and basic residues (Fig 3.1) was determined by
MCCE in nine bacteriorhodopsin protein structures trapped in the bR, early and late M states. Nine
ionizable residues are buried inside the protein: the Schiff base, Asp 85, 96, 115 and 212, Glu 194 and
204, and Arg 82 and 134. The Schiff base, Asp 85 and 212 are in the center of the protein forming the
central cluster. Glu 194 and 204 form the proton release cluster on the extracellular surface. Residue
ionization states within these two groups are strongly interdependent, shifting through the reaction cycle
as will be described in detail below (Table 1.1, 3.1). All other buried residues maintain the same
ionization state in all intermediates. The buried Asp 96 and 115 are neutral from pH O to 10. Arg 82 is
located between the central and proton release clusters and Arg 134 is near the extracellular surface.
Both are deeply buried losing more than 4.5 ApK, units (6.2 kcal/mol) of reaction field energy, which
would lower their pK,s to 8.0 in the absence of other interactions with the protein (134). However both
remain fully ionized to pH 14. The negatively charged central and proton release clusters stabilize
ionization of Arg 82 by more than 12 ApK, units (16.3 kcal/mole). Hydrogen bonds with the backbone
carbonyls of Glu 194, Ala 126 and Thr 128 favor ionization of Arg 134 by >9 ApK, units. There are 19
exposed Arg, Lys, Asp and Glu on the cytoplasmatic surface and 4 on the extracellular side. With the
exception of Lys30 in IMOM-1, Glu 74 in 1KG8 and 1C8S and Lys129 in 1DZE, they are all >90%
ionized at neutral pH. All Tyr in the protein are neutral at pH 7. The buried Tyr 57, 83 and 185
remain neutral to high pH in all structures.

Central cluster titration. The calculations to be discussed first have all waters deleted and

cavities filled by DelPhi with €=80. Calculations with explicit buried waters will be considered below.

The retinal Schiff base (SB) and two acids, Asp 85 and 212 are in the center of bacteriorhodopsin. In all
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3 bR structures (1C8R, 1C3W and 1KG9) the central cluster has a net charge of —1 (pH 5 - 10) (Fig 3.2)
and the Schiff base is 83-97% ionized (pH O - 11) (Table 3.1). When the cluster charge is -1 (pH 5 -
10) any residual neutral SB is matched by protonated Asp 85 or 212. The central cluster in 1C8R and
1C3W begins to loose a proton from SB* at pH>11, but not in 1KG9. The pK, for the cluster moving
from a charge of 0 to —1 is =3 (Table 3.1). 1IMOM-1 and 1MOM-2 are resolved in crystals with 40% bR
and 60% early M (25). While IMOM-1 is identified with bR and 1MOM-2 with M, the results of each
lie between bR and M. Thus, less SB is ionized in IMOM-1 than in any pure bR structure while there is
more SB* in IMOM-2 than in any M structure (Table 3.1). The results from these structures will be
treated separately.

In early M (1DZE and 1KG8), the cluster still has a charge of —1 but the SB is now 88-95%
neutral (pH 6 - 11) (Fig 3.3). The cluster proton is shared by Asp 85 and 212 (Table 3.1). The neutral
cluster stability has increased, moving its pK, from 3 in bR to =4.5 in early M. At high pH (>11) the
cluster begins to lose a proton. Thus, moving from bR to early M, the Schiff base changes from being
almost fully ionized to mostly neutral. Asp 85 and 212 also change from being fully ionized to sharing
a proton. There is 9% protonated 212 in 1KG8 and 57% in 1DZE. The presence of protonated 212 is
unexpected (135) and will be discussed in detail below.

In late M, the SB is =90% neutral from pH 7 to 14 (Fig 3.4) with the cluster proton on Asp 85, in
agreement with experiment (135). The pK, of the neutral cluster has shifted up to 5.5 in 1C8S while it
remains near 3 in the E204Q mutant 1F4Z (Table 3.1).

Proton release cluster titration. Glu 194 and 204, located near the bacteriorhodopsin
periplasmic surface, are implicated in binding the proton to be released to the extracellular space in late
M (22,136,137). While, a hydrated hydronium may be the bR proton reservoir (110,138), no hydronium was

included in the model tested here. Since adding another binding site would increase the overall proton
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affinity, these calculations should provide lower limits for the cluster pK,s. The Glu 194 and 204
ionization states are strongly coupled (Fig 3.2-3.4). In all bR and early M structures the cluster has a
single proton and a charge of —1 from pH 0 to 10. Glu 204 prefers to be ionized and 194 neutral. In bR
there is little proton loss even at pH 14, while in early M ionized 194 begins to be seen by pH 10. The
pK, of 204 remains below pH 0. In the late M (1C8S) 50% of the clusters have a —2 charge by pH 8.
Here, the titration is bimodal with some proton loss by pH 5. The late M E204Q mutant (1F4Z) has an
Asn at 204. This is replaced by an Asp in the calculation. However, while the central cluster ionization
is appropriate for late M, the proton release cluster still binds a proton to pH 10. In addition, the
protonated 204 is more stable than in any other structure. Thus the neutral 204, imposed by the

mutation, is stabilized by changes that are captured in the crystal structure.

The reduced model of cluster ionization.

The titrations calculated for bR, early and late M structures show shifts in cluster proton
distributions (Fig 3.2-3.4). The aim is to understand how the subtle differences between the structures
yield these changes. A reduced model was explored which extracts information from the full MCCE
treatment. Each of the three central cluster residues have an ionized and neutral conformer yielding 8
microstates: one with a —2 charge, three at —1, three neutral, and one at +1. There are 4 release cluster
microstates: two at —1 and one at 0 and one at —2. There are modest differences between cluster
ionization in the reduced model and full Monte Carlo analysis especially in late M when residues
outside of the cluster change their orientation when the cluster changes ionization state. These errors
represents a breakdown of the reduced model mean-field energy approximation,

Why the fully ionized central cluster is favored in the bR state. The three groups in the central
cluster are deeply buried. The 2 acids each lose more than 8.5 ApK, units of reaction field (solvation)

energy. The SB, with its delocalized charge (and larger Born radius) looses 3.4 ApK, units, which
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would lower its pK, from 7, the solution value (111) to 3.6 without other interactions. The rest of the
protein favors ionization of each acid by 5-13 ApK, units while destabilizing the ionized Schiff base by
3-5 ApK, units (Eqn. 3). The general positive potential from the backbone (139) contributes 1 to 4 ApK,
units to each cluster residue. The buried Arg 82 and 134, and nearby polar groups also raise the
potential. With no intra-cluster interactions the acids would be ionized and the SB neutral. In bR, since
the acids favor ionization of the SB, and each acid is stabilized by the SB*™ enough to overcome their
mutual repulsion, the microstate SB*85212" is lowest in energy (Fig 3.5A). The other two states with a
charge of —1, with the SB neutral and either Asp 85 or 212 ionized, are closest in energy. All
microstates with a different net charge are much higher in energy. Thus, if both acids are not ionized the
SB will not be charged.

Why the proton shifts from the SB to the cluster acids in the M states. In early and late M the
fractionally ionized SB is reduced to 0 - 13% (Table 3.1) primarily because intra-cluster interactions
stabilize full ionization less. Retinal isomerization lengthens the distance between the basic SB proton
and the acids, reducing the favorable interactions found in bR by =0.8 ApK, units. Also, the C15-NZ-
CE dipole (0) is reoriented. When the SB nitrogen points towards the acids as it does in bR, the neutral
SB lone pair is destabilized by either ionized acid. When the nitrogen rotates towards the cytoplasm,
either ionized acid stabilizes the neutral SB by as much as 3 ApK, units. The non-cluster portions of the
protein do stabilize acid ionization less and SB ionization more in M than in bR (changes of =1-1.5
ApK, units). In particular, Arg 82 moves towards the extracellular release cluster destabilizing the
ionized acids while favoring SB*. The SB and acids also move into a region with smaller positive
backbone potential. Thus, changes in the non-cluster portion of the protein shift the balance between
protonated SB and acid little since they stabilizes SB" more and either ionized acid less. However intra-

cluster interactions destabilize SB* and stabilize SB, shifting the proton off the Schiff base.
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What determines the distribution of protonated Asp 85 and 212. While experiments have shown
no indication of a protonated 212 in M (140.141), the calculations show SB’85212° and SB85°212" are
close in energy especially in early M. Four factors control the balance of ionized 85 and 212 in different
structures: Thr 89, Tyr 57 and 185 and the dipole orientation (J) of the neutral SB C15-NZ-CE.

Smaller |8] (absolute value of &) and the Thr 89 hydroxyl favors 85, while the two Tyr stabilize 212

(Table 3.1). The early M structure 1DZE has the most protonated 212. It has a short distance between

85 and The 89 as well as a small |5| In late M the proton is bound to Asp 85 in all structures (Fig 3.4,

Table 3.1) because |d| is larger so SB’ stabilizes 212~ more (Table 3.1). In late M the shifted F helix

moving Tyr 185 and the reoriented Thr 89 also stabilize 212"

Why the proton leaves the release cluster in late M. Although Glu 194 and 204 are closer to the
surface than Asp 85 and 212, they also loose >8 ApK, units reaction field energy. As in the central
cluster, the rest of the protein stabilizes negative charges on the release cluster. The backbone dipoles
stabilize each ionized Glu by more than 2 ApK, units. Arg 82 and 134 also stabilize negative charges,
as do the nearby Tyr 83 and Ser 193. The result is that in the absence of intra-cluster interactions both
acids would have very low pK,s and the microstate 194204~ would be fully occupied. It is the mutual
repulsion of the charges on the two acids that destabilizes the fully ionized microstate in each
intermediate.

In bR, 1947204 is disallowed by inter-acid repulsions of 10 to 15 ApK, units in different
structures. In addition, the cluster charge:dipole interactions favor the singly ionized state by 2 to 3
ApK, units. The backbone amide interactions with 204" are =2.5 ApK, units more favorable than with
1947, helping to decide between the two singly ionized microstates. Since the fully neutral state looses

interactions with the positive protein potential, it can be above the fully ionized microstate in energy.
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In early M, Glu 204 has twisted slightly around its CG-CD bond and Glu 194 moves away from
the extracellular surface; Arg 82 has moved down towards the release cluster stabilizing ionization of
194 and to a lesser extent 204 and Tyr 83 moves along with the adjacent Arg 82 providing Glu 194 with
a stronger hydrogen bond (Fig 3.6B). However, the inter-acid repulsion is still 6-8 ApK, units, while
there is still 2-3 ApK, units favorable charge:dipole interaction stabilizing the half ionized cluster. The
fully ionized state is therefore still not accessible at pH 7, but is now sufficiently low in energy that it is
seen at high pH.

In late M, Glu 194 now points directly up towards the cavity near Arg 82 (Fig 3.6B), while the
OE1-CD-OE2 plane of Glu 204 is perpendicular to the membrane normal. At pH 7, the fully ionized
state is only 1.3 ApK, units higher in energy than 194°204" so now the fully ionized release cluster is
seen at neutral pH. The most important reason is that the 2 acids have moved apart. This reduces the
inter-acid repulsion to be =6 ApK, units and the favorable charge:dipole interactions to be less than
1ApK, unit. There are also small changes in interaction with Arg 82 and the backbone. In the E204Q
mutant 1F4Z structure, the release cluster remains protonated. Arg has moved down, but 194 has not
moved up so it is still too close to 204 for both to be ionized. As the protein is trapped with a neutral
204 the preferred state has 194" rather than 204 because Arg 82 is positioned to stabilize 194", while in
the other late M structure, with a wild type release cluster, both acids have similar interactions with the

base.

Coupling between the central and release clusters.

The M state is characterized by a shift of the proton from the SB* to Asp 857, maintaining a
central cluster charge of —1. There is no direct electrostatic coupling between this change in charge
distribution and release cluster deprotonation. Thus, the early M structures and E204Q late M structure

have a protonated release cluster and a neutral SB.  Arg 82 does facilitate coupling between the
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clusters. The SB°85°212" central cluster has a less favorable interaction with the Arg than does SB*85°
212°. This allows the Arg to move towards the release cluster stabilizing a —2 release cluster charge.
However Arg movement does not ensure proton release as they are in early M and E204Q structures
when the two acids in the proton release cluster are still too close. In late M 194 and 204 move apart
lowering the pK, for proton release.

While the two clusters are separated by 12 A, (between 85:212 and 194:204 carboxylates) the
interaction between their net charges is 2 ApK, units (2.7 kcal/mol) providing direct coupling between
their total ionization. Some of the differences between the titrations calculated with different structures
trapped in the same state reflect this. For example, in bR structures 1C8R and 1C3W the central cluster
begins to loose a proton, moving to a charge of -2, at pH >10 while the release cluster retains its —1I
charge to pH >14. In 1KG9 the results are reversed as the exit cluster begins to be deprotonated and the
central cluster keeps its —1 charge. The total charge on the two clusters is quite similar in all structures
(Fig 3.2). Thus, these pK,s in the 2 clusters are close. Small structural differences change the ordering
of the cluster pK,s. Their interaction then ensures that ionization of one cluster suppresses the proton
release from the other.

The 1C8S (late M), titration highlights the coupling of the cluster net charges (Fig 3.4). The
central cluster O to —1 and proton release cluster —1 to -2 titrations are now bimodal with pK,s at 4.5 and
7.5 as the two clusters move from a net charge of —1 (pH < 4) to -3 (pH >8). The break in the global
titration at pH 6 occurs when the total charge is -2, with =74% of the central cluster and 26% of the
proton release cluster ionized. The cluster pK,s in M differ from those in bR because Arg 82 motion
now stabilizes the central cluster O charge state. The release cluster —2 state is also stabilized by the Arg

motion as well as by separation of its two acids.

Addition of explicit waters to cavities inside the protein.
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Calculations with explicit waters. MCCE uses a low, continuum dielectric constant for the
protein of 4, but allows polar group reorientation which stabilizes the equilibrium charge distribution.
This provides an effective dielectric greater than 4 and yields information about the atomic details of the

response. When there are cavities in a protein, DelPhi fills them with high dielectric (¢€=80). Nearby

charges are now stabilized by the continuum reaction field energy which models an averaged water
orientation. Calculations were initially carried out without explicit waters because MCCE calculations
are sensitive to the pre-selection of starting conformers. If a conformer capable of a favorable hydrogen
bond is not included, charge state energies may be wrong. This is a particular problem with waters
which have translational and rotational degrees of freedom which need to be carefully considered when
assigning initial positions.

MCCE titrations were calculated in bR (1C8R), early (1DZE) and late M (1C8S) intermediates
with explicit waters in cavities. There are 13 internal water oxygen positions in the bR, 10 in the early
M and 10 in late M structure. Additional water oxygens were added as described in Methods. Each
oxygen has protons placed to optimize local hydrogen bonding opportunities, resulting in 896, 279, and
313 water conformers for the 66, 36, and 34 oxygen positions tested in bR, early and late M. In Monte
Carlo sampling waters have a conformer that has left the protein. This is chosen if the interaction of an
individual water with bulk solvent (—1.3 ApK, unit) is more favorable than those found in this binding
site (142). Cavities were overfilled, including oxygens separated by small translations which will
compete during Monte Carlo sampling. There are on average 17.5 water molecules bound in bR, 12.8
in early and 7.8 in late M.

Titration with explicit water. For both clusters the calculated titrations are similar with
continuum or explicit waters in cavities (Fig 3.2-3.4). The total central cluster charge is independent of

the water model at low and intermediate pH. It retains its single proton somewhat better at high pH with
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explicit waters. There are some changes in the residue ionization states. At low pH in bR the proton is
exclusively bound by Asp 85, in better agreement with the experimental estimates of the pK,s of the 2
Asps (140,143,144). Above pH 9.5 Asp 85 ionization increases from 92% to 98%, as the cluster as a whole
begins to deprotonate. This may capture the small secondary wave in the Asp 85 titrations near pH 9.5
found experimentally (21,145). This deprotonation is coupled to proton loss from Asp 115. At the
plateau of this wave of titration the central cluster has an average charge of —1.07 and Asp 115 of —0.93.
In early M explicit waters modify the distribution of protonated 212 and 85 slightly at all pHs. In late M
at higher pH explicit waters stabilize 85°212"SB” so no occupied microstates have ionized SB or Asp 85.

There are modest changes in release cluster titrations when the cavities are filled with explicit
rather than continuum water (Fig 3.2-3.4). There are no changes in the bR state. In early M the cluster
is more fully deprotonated at high pH. In late M the fully deprotonated cluster is more stable at lower
pH as explicit water provides additional stabilization of the 194204 state. This lower pK, is closer to
the experimentally determined value of 5.8 (137). Long-range coupling, discussed above, yields the
bimodal titration curves.

Reduced model with explicit water. When explicit waters fill cavities residues loose favorable
continuum reaction field energy but gain favorable pair-wise interactions with water. ~ The waters
rearrange to stabilize the low energy ionization states. In general, the most occupied microstate found in
the continuum cavity analysis is stabilized most, as seen in the reduction of minor ionization states in
the titrations (Fig 3.2-3.3).

Waters in the cavities defined by 402 and 401/406 in the bR structure 1C8R are the only ones
that influence the central cluster (Fig 3.6). In bR waters support ionization of all 3 cluster groups,
although long-range interactions with the buried Arg 82 and 134 destabilize SB* more when interior

cavities are filled with explicit waters with €=4 rather than continuum water with €é=80. The water
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cluster is closer to Asp 85 than 212, and so stabilizes 85~ by about 2 ApK, units and Asp 212" by =1
ApK, units. An added water near 402 is a hydrogen bond donor to both 85 and 212, stabilizing their
ionization by 1.5~1.7 ApK, units. This lowers the energy of microstates with ionized 85 and 212. In
early M, two waters stabilize Asp 85 ionization by 2.7 ApK, units without influencing Asp 212". Asp 85
is now =5% more ionized and Asp 212 10% more protonated than with continuum water. In late M a
chain from the protonated Asp 85, through two waters in the 401/406 cluster to 212" stabilize the
microstate with Asp 85 neutral and 212 ionized by 3.4 ApK, units.

The switch from the averaged water response encapsulated in €=80 to explicit, movable waters

changes the release cluster behavior in modest ways. In bR, a water added near 403 stabilizes both Glu
194" and 204" by 1.5 to 2 ApK, units but this is still insufficient to overcome the inter-acid repulsion. In
early M, water stabilizes ionization of both residues by a small amount, increasing cluster ionization at
high pH. The water changes microstate energies less in early M than in bR, but since the state energies
are closer together it is easier to modify the site titrations. In late M, two waters stabilize ionization of
194 and 204 by =2 ApK, units. Two others are oriented to stabilize194 204" at high pH by 3-4 pK, units

while they reorient to favor the 1947204° microstate at low pH.
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Figure 3.1 Calculated bR titrations

MCCE calculated bR ionization states of (A, D, G, J, M) central and (B, E, H, K, N) release cluster. (C,
F, I, L, O) sum of charges on the two clusters in (A-F) IC8R, (G-1) IC3W, (J-L) 1KG9 and (M-0O)
IMOM-1. Calculation with protein cavities filled by (A-C, G-O) continuum and (D-F) explicit water.
(A, D, G, J, M) Central cluster: Line=—1 x net charge, ionization (@) SB, (A) Asp85 and (H) 212. (B,
E, H, K, N) Release cluster: Line = —1 x net charge. lonization (A) Glu 194 and (®) 204. (C, F, I, L, O)
Line = —1 x sum of total charges on the two clusters; -1 x cluster charge in (M) central and (M) release
cluster. Values and their error bars represent average and standard deviation of five rounds of Monte

Carlo sampling.
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Figure 3.2 Calculated early M titrations

MCCE calculated ionization states in early M of (A, D, G, J) central and (B, E, H, K) release cluster. (C,
F, I, L) sum of total charges on the two clusters in (A-F) 1DZE, (G-1) 1IKG8 and (J-L) 1MOM-2.
Calculation with protein cavities filled by (A-C, G-L) continuum and (D-F) explicit water. Lines and

symbols that same as in Fig 3.1.
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Figure 3.3 Calculated late M titrations

MCCE calculated late M ionization states of (A, D, G) central and (B, E, H) proton release cluster and
(C, F, I) sum of total charges on the two clusters in (A-F) 1C8S and (G-1) IF4Z. Calculation with
protein cavities filled by (A-C, G-I) continuum and (D-F) explicit water. Lines and symbols that same as

in Fig 3.1.

47.



-2.0 -2.0

\¥} \J
ul VYV v

-14.0

-12.0 V U -16.0

bR earlyM late M bR early M late M bR early M late M bR earlyM late M

-4.0

-6.0 U
B\Y

\/

Central Cluster Microstate Energy (ApK, unit)
1

,_.
o
o

Proton Release Cluster Microstate Energy (ApK, unit)

Figure 3.4 Reduced model energy levels of the three central cluster microstates with a charge of
-1 and the low energy proton release cluster microstates

(A, B) Central cluster microstate energies of (thick) SB*85212°, (medium) SB°85212°, and (thin)
SB°85°212". (C, D) Proton release cluster (thick) EI94°E204, (medium) E194 E204° and (thin) E194
E204. pH is 7. (A, C) continuum and (B, D) explicit water calculations. Each microstate is
represented as an arbitrary shaped harmonic energy well. The minimum energy is derived from the

reduced model.
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Figure 3.5 Water molecules in central and proton release cluster

In (A) central and (B) proton release clusters, waters reorient to stabilize ionization states in (red) bR,

(green) early and (blue) late M states. Waters with occupancy of >40% in Monte Carlo sampling are
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shown. Thinner line in B: backbone connecting R82 and Y83. The active, transferred proton on cluster
residues and the Y83 hydroxyl proton are small spheres. The crystallographic waters often have
unfavorable Lennard-Jones interactions with the protein and so are not retained in Monte Carlo
sampling. Waters were added to provide alternate positions and to fill cavities. The numbers refer to the

nearest crystallographic waters.

(A) Central cluster: (a) Water 402 between SB, Asp85 and 212 is 97% occupied in bR and early M
stabilizing the proton on SB in bR and on D212 in early M. The cavity is not big enough for water in
late M. (b) Water cluster 401/406 (bR, late M), 603 (early M) lies to the extracellular side of D85 and
D212. Waters were added to fill cavity. The average cavity water occupancy is 1.7-1.9 in bR, 0.61 in
early, and 1.9 in late M. The cavity is smaller in early M. This cluster can rearrange to stabilize
ionization of either acid. In late M the waters form a hydrogen bond chain from D85 through W401/406

to D212".

(B) Proton release cluster (c) Added waters between E194 and Y83 in bR and early M. One accepts a
hydrogen bond from Y83 in bR. In early M, Y83 moves downward along with Arg 82 to hydrogen bond
to E194 reducing the Y83-water interaction. (d) Water cluster 403/405 and 404 (bR only) with
additional waters added to fill cavity lies between RS2, E194 and E204 in bR and late M. Occupied
conformers accept a hydrogen bond from Arg 82 and donate one to Glu 204. (e) Waters 608 (early M)
and 404 (late M) and additional waters lie between Glu 194 and 204. The average water occupancy in
the cavity is 1 in early and 3 in late M. This cavity is closed in bR. One water is a hydrogen bond
acceptor from Arg 82 and donor to Glu 204, another is a hydrogen bond donor to both Glu 194 and
204. (f) Water 944 is added to the extra-cellular side of the cluster in bR. It makes a hydrogen bond to

E204.
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pH dependence
. . of summed
. Fraction Ionization pH 7
Resolution charge of both
PDB @A) PDBauthor clusters o
Lower Higher
SB Asps5 Asp212 Glu194 Glu204) 2" =5
1C8R 2.3 L:tegfe 095 098 097 000 100 | 35 13.5%|-61.6
1C3W 155 Luecke | ge3 093 090 001 100 | 35 120%|-69.8
bR et al.
KG9 181 Faectci’t“ 099 1.00 099 0.17 083 | 2.5 11.1*|-65.0
IMOM-1 143 awiand | oo g3 000 001 099 | 3.1  11.5% |-64.3
Schobert
IDZE 25 Tjtsza 0.12 067 043 000 1.00 | 50 12.6*|75.9
carly M 1KG8 2.0 Faectci’t“ 005 0.14 091 000 100 | 42 11.6 |995
IMOM-2 143 awiand | o 020 090 000 1.00 | 48 102 |-51.3
Schobert
1C8S 2.0 L:f;fe 0.13 007 092 051 065 ]| 55 83 [1028
late M L k
1F4Z 1.8 :te;e 000 000 100 079 021 | 33 124 1226

Table 3.1 Fraction cluster residue ionization at pH 7, pK,s for total cluster ionization and Schiff

base orientation in each structure

Lower and higher pK, from data in Fig 3.1-3.3. *: pK, of total ionization of two clusters plus Asp115. &:

angle defining orientation of SB relative to Asp85 and 212.

51.



4. Modeling proton transfer in bacteriorhodopsin using
one single structure.

The aim of this work is to model different intermediates of the bacteriorhodopsin reaction cycle
using a single ground state structure (1C8R (30)). Conformational changes that are proposed to couple to
the reaction are modeled by additional conformers in MCCE. Different intermediates are defined by
constraints on conformer selection during the Monte Carlo sampling. Calculations of ground state
bacteriorhodopsin are carried out with retinal fixed in all-frans configuration. A state that mimics the L.
intermediate is modeled by fixing retinal in 13-cis configuration. The next intermediate is calculated by
keeping retinal fixed at 13-cis when moving Arg 82 closer to the proton release cluster. This mimics the
early M intermediate. And finally an additional constraint is applied to Glu 194 to mimic the late M
intermediate. In each case all other residues are allowed to sample all their conformers freely.

The earlier bacteriorhodopsin calculations used MCCE 1.0 (Chapter 3). This new study was
carried out with the additional conformational flexibility of MCCE2 (104). The total charge on each
cluster at the neutral pH is consistent with the earlier studies, however the charge distribution on the
proton release cluster, and the pH-dependence of the cluster changes (Fig 4.1).

In the central cluster, the Schiff base, Asp 85 and 212 are all fully ionized at neutral pH (Fig
4.1). Asp 85 has a pK, of 3, while the Schiff base and Asp 212 both stay fully ionized between pH 0 and
14. These results are essentially the same as the earlier studies (Chapter 3) and in good agreement of the
experiments (140,143,144,146).

Negative charge of the proton release cluster is stabilized by the interactions with backbone, Arg
82 and 134, Tyr 83 and Ser 193. However the large intra-cluster interaction between the two glutamic
acids disfavors both being ionized. This leads to -1 total charge on the cluster, in agreement with earlier

calculations (114). However the negative charge on the cluster is not localized on one group as found in
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the earlier studies (114). Instead it is distributed to give both Glu 194 and 204 50% ionization. This shift
is due to the additional structural flexibility given to Glu 194 in the new MCCE. In the crystal
configuration, ionized Glu 204" is favored over Glu 194" by the backbone and nearby polar residues. In
this work, Glu 194™ can change conformation to receive better interactions with backbone, Ser 193 and
Glu 204°, allowing Glu 194" and Glu 204" to be about equally stabilized. A more distributed proton on
this cluster is in better agreement with the suggestion that this proton is stored in a hydrogen-bonded
network (24,138,144,147-150). At high pH, the proton on the proton release cluster is released with a pK, of
10.5 in the ground state structure. Compared to the earlier calculations where this proton is not release at
pH>14, this result is in better agreement with the measured pK, value of 9.5 (145,151). If both glutamic
acids are fixed in the crystal conformation, the large unfavorable interaction of 13ApK units keeps the
proton bound very tightly. The additional MCCE conformations of Glu 194 reduces this interaction to
8ApK units, lowering the energy of the doubly ionized cluster, allowing it to be accessible when pH

increases.

Charge
iR
o

Figure 4.1 MCCE calculated ionization states in the ground state

(A) Central cluster: Line: total cluster charge; fraction of charge on (@) SB, (A) Asp85 and (M) 212.

(B) Proton release cluster: Line: total cluster charge; fraction of charge on (A) Glu 194 and (M) 204.
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Values and their error bars represent average and standard deviation of ten rounds of Monte Carlo

sampling.

L intermediate model

Retinal isomerization is the first structural change after light is absorbed. The modeled L
structure uses an isomerized retinal and the other amino acids can sample all conformations freely. The
essential structural changes are localized in the retinal binding pocket (26,28). Compared to the ground
state, the changes of ionization states are in the central cluster, while no change is found in the proton
release cluster (Fig 4.2). Due to the isomerization, the charge on SB* moves away from Asp 85 and 212,
destabilizing SB*85212" state. Meanwhile, the neutral SB dipole flips around, stabilizing SB’85°212"
and SB"857212° states by changing the unfavorable interaction between the neutral SB dipole and either
acid to be favorable. This shifts the balance of the proton on SB* and Asp 85° or Asp 212°. Only a small
ionization shift of 0.16 proton from the SB to Asp 85 is observed. The changes of interactions driving
the proton shift has been identified in the earlier studies (114). In addition, due to the isomerization, the
interaction between SB* and a proton on Asp 85 or 212 is reduced. Therefore the pK, for moving the
total charge on the cluster from O to -1 is shifted higher by about 0.5 pK unit, stabilizing the proton
uptake.

The proton shift found in this calculation is smaller than the earlier calculations (114), where over
90% of proton is shifted using early M structures. The difference is mostly from the structure of 13-cis
retinal. [somerization of the retinal is modeled here in CHARMM minimization subroutine with the rest
of the protein in the ground state. As a result the SB is found to be closer to Asp 85 and 212 than in the

M structures. Therefore the changes of the interactions between SB* and the two aspartic acids are
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smaller. Conformational changes of Arg 82 found in the early M structures also contribute to the proton

shift in the central cluster. They are modeled is the next calculation.

Charge

Figure 4.2 MCCE calculated ionization states in the modeled L intermediate

(A) Central cluster: Line: total cluster charge; fraction of charge on (@) SB, (A) Asp85 and (M) 212.

(B) Proton release cluster: Line: total cluster charge; fraction of charge on (A) Glu 194 and (M) 204.

Early M intermediate model

In the next state, Arg 82 is fixed to face the extracellular side. This state is proposed to model the
early M intermediate. In the early M crystal structure (29), conformational changes of Arg 82 have been
observed. Changes of ionization states are observed in both central and proton release cluster. In the
central cluster, now about 0.5 proton is shifted from the SB to Asp 85 and 212. This proton transfer has
been shown by experiments (135) and also found in the earlier calculations (114,152). The additional proton
shift is caused by the reduced interactions between the central cluster and Arg 82, which favors Asp 85~
and disfavors SB™.

The total charge is also changed on both clusters at pH 7. In the central cluster, there is a fraction
of proton uptake (0.15). Meanwhile, a fraction of proton is released from the proton release cluster

(0.20). Conformational change of Arg 82 favors the proton release on the release cluster by 3ApK units,
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shifting the pKa down from 10.5 in the ground state. Proton uptake on the central cluster is also favored
1.5 ApK units by this conformational change. In addition, the proton release and proton uptake are
coupled by 2.5ApK units of long-range interaction. This leads to the bimodal titration of the total charge
on both clusters.

Although about 50% protein still stays in the ground state, the rest of the protein is in a mixture
of later intermediates. About 30% of the protein is now stabilized in early M state, 5% in late M state
and 15% in O state. In the earlier studies using early M state crystal structure (114), most of the protein is
localized in early M ionization state. The additional conformational flexibility in this study allows
doubly ionized proton release cluster to be stabilized so there is more distribution in late M and O

ionization states.

Figure 4.3 MCCE calculated ionization states in the modeled early M intermediate

(A) Central cluster: Line: total cluster charge; fraction of charge on (@) SB, (A) Asp85 and (M) 212.

(B) Proton release cluster: Line: total cluster charge; fraction of charge on (A) Glu 194 and (M) 204.

Late M intermediate model
The next step is to constrain the conformation of Glu 194. This conformational change is

observed in the crystal structure trapped in the late M structure (153). It is the key to stabilize the doubly
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ionized proton release cluster as observed here at high pH in the ground state and in the earlier studies
(114,152).

Large shift of cluster charge pK, is observed on both clusters. In the central cluster, the proton
uptake now has a pK, of 7.3 and is now 65% stabilized with a net charge of 0 at pH 7, in good
agreement with the pK, of 8.2 measured in the late M state of D96N mutant (154). In the proton release
cluster, the proton release is now fully stabilized at neutral pH and the pK, for formation of the -2
charged state is shifted down to 3.5. The calculated pK, is lower than the measured value of 5.8 in M
state (137). Since this calculation forces Glu 194 to take a conformation stabilizing the proton release, the
calculated low pK, is expected.

The calculated ionization states here give 35% of the protein in the late M and 65% in the O
intermediate. Compared to the earlier calculation using late M state structure (114), where 84% of the
protein is in early M ionization states, 4% in late M and 12% in O, the later intermediates are more
stabilized. This is mostly due to the difference of the conformation chosen by Arg 82 and Glu 194. A
strong salt bridge is found here formed by these two residues with 11ApK units of favorable interaction.

This is 3~4 ApK units stronger than in the earlier calculations, stabilizing the proton release.
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Figure 4.4 MCCE calculated ionization states in the modeled late M intermediate

(A) Central cluster: Line: total cluster charge; fraction of charge on (@) SB, (A) Asp85 and (M) 212.

(B) Proton release cluster: Line: total cluster charge; fraction of charge on (A) Glu 194 and (M) 204.

Conclusion

In this work, the pH-dependence of ionization states in bacteriorhodopsin is calculated with
MCCE. Using one ground state structure and by applying three key structural changes, calculations
showed sidechain conformation and charge distribution equilibrate around those key changes,
stabilizing ionization shifts in the right direction. In the ground state, one proton is localized on the SB
in the central cluster and one proton distributed in the proton release cluster. When isomerization of
retinal occurs in L intermediate, there is a little proton transfer from the SB to Asp 85 and 212. Then as
Arg 82 moves from the cytoplasmic side to the extracellular side in early M, proton transfer in the
central cluster is more stabilized. Proton release from the proton release cluster and proton uptake on the
central cluster is partially observed in the early M model and more stabilized in late M as Glu 194
moving away from Glu 204. Most of the proton shift found in the earlier calculations with structures

trapped in different intermediates can be reproduced in using one ground state structure. Although often
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with less proton transfer. In addition, with the additional structural flexibility given by MCCE2, late M

and O intermediates are more stabilized with the conformational changes.
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5. Calculations of cytochrome c oxidase

Ionization states of all residues in the three subunit Rb. sphaeroides cytochrome ¢ oxidase were
calculated with Multi-Conformation Continuum Electrostatics (MCCE) in seven different anoxygenic
redox states (35): fully oxidized (OOOO, O state), singly reduced states with Cu, reduced (ROOO),
Heme a reduced (OROO) or Cug reduced (OOOR, E state), mixed valence states with Heme a and Cug
(OROR) or both Heme a; and Cu; (OORR, R state) reduced, and the fully reduced state (RRRR). Sites
where proton uptake or internal transfer is coupled to electron transfer are identified by the calculated
differences in residue protonation in different redox states (Table 5.1). In addition, pK'7 (Eqn. 7) was
calculated for key residues, which provides the energy required to move away from the equilibrium
protonation state at pH 7 (Table 5.2).

Residues responding to the redox state changes can be assigned to three clusters. The BNC
cluster encompasses hydroxyl groups coordinated to Heme a, and/or Cuy (65-67). In addition, the Heme a
and a, propionic acids (155), Glu [-286 (39-41), Tyr 1-288, Lys 1-362, and His 1-334 (71,72) are essential
ionizable residues in the vicinity of the BNC, which are in a position to couple proton uptake to cofactor
reduction (Fig 5.2). On the proton release side of the protein, His 1-93 and Glu 1-182 form a cluster
which changes ionization as the oxidase cofactors change charge (Fig 5.3a). The third cluster which
includes His [-127 and Glu I-539 is found on the proton entry side near the D-channel Asp 1-132 (Fig

5.3b).
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Figure 5.1. Heme a and a;, Cug, the Mg cluster and nearby ionizable residues

Mg and cofactor metal atoms are purple spheres. The oxygens of the BNC water ligands are red. The
Heme a; water oxygen is behind that of Cu, The only labeled cofactor or ion ligand is His 1-334, a Cuy

ligand whose pK,, is studied here.

BNC hydroxyl pK,s. In the absence of oxygen, Cug and Heme a3 each binds one water or
hydroxide as their 4th and 6th ligand, respectively. To couple proton uptake to BNC reduction, the
hydroxyl pK, must be lower than the solution pH in the fully oxidized state, and higher following
reduction. The pK, s, for deprotonation of an oxidized His-aquo-Heme has been measured to be 9.6
(126), while that of an oxidized Cu(Il) with 3 His ligands is estimated to be 9.4 (128,129). In the fully
oxidized protein, MCCE Monte Carlo sampling places a hydroxyl on Cug down to a pH below 4, and a

water on Heme a; beyond pH 11. Using the Boltzmann sampled ionization states of all other residues at

pH 7 (Table 5.1), the pK'7 of —9.4 for aquo-Cup indicates that 16.4 ApK units (22.3 kcal/mol) are
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needed to protonate the hydroxyl at pH 7 (Eqn. 6, Table 5.2). The Heme a3 pK, is 10.7, indicating the
cost of removing a proton from this water is 3.7 ApK units (5.0 kcal/mol).

The factors that determine pK, can be analyzed using Eqn. 4 (Table 5.3). The oxidized
hydroxyl-Cug has a net charge of +1. When a water is bound its charge is +2. The oxidized hydroxyl-
Heme a3 has a net charge 0 and it is +1 when a water is bound. The larger charge means that the water-
complexes loose more solvation energy (AAGix,) than the hydroxyl-complexes when they are moved
into the protein. The difference stabilizes the hydroxyl form, lowering the in situ aquo-cofactor pK,.
The AAGix, lowers the Heme a; pK, by only 3.9 pH units, while it destabilizes the water-Cug by 14.7
ApK units (Table 5.3). The favorable interaction of each hydroxyl with the positive charge on the other

BNC metal center lowers the pK, by >10 ApK units. The interaction of the hydroxyl with the rest of

the protein (AG,,, and AG™ ) raises its pK, by ~6 ApK units (Table 5.3). The pK, of aquo—Cusg is —

res,7

9.4 when a water is bound to Heme a; (Table 5.2), while the aquo—Heme a3 pK- is —5.0 with water on
Cugp. As a result, at least one hydroxyl is very stable in the oxidized BNC. However, the repulsion
between the two hydroxyls destabilizes the ionization of both by 15.7 ApK units. This is consistent with
earlier MCCEL.0 calculations on P. denitrificans, which also found one hydroxyl group in the BNC in
the fully oxidized enzyme (66). Cug with the lower pK, binds the hydroxyl, while a water is bound to
Heme a;. This is in agreement with the optical absorbance measurements, which have shown a high-
spin Heme a3 in oxidized cytochrome ¢ oxidase (156). Hydroxyl-hemes are expected to be in a low-spin
state (67,130), while water-hemes are generally in a high-spin state (67). EXAFS and ENDOR experiments
support the presence of a hydroxyl-Cug in the oxidized enzyme (65).

When Cug is reduced forming the OOOR state, a single hydroxide is calculated to remain in the

BNC. A pK,so for an aquo-Cu(I) Cug analogue is not found in the literature. The reduced Cug, with its
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smaller charge, should have a higher aquo-heme pK, then the Cu(II) complex. The calculation shows
even leaving the pK,s, for the reduced hydroxyl-Cug at 9.4, the hydroxyl in the BNC shifts to the
oxidized Heme a;. The desolvation penalty, which strongly destabilizes the water-Cug(Il), now favors
water-Cug(I) (Table 5.3). Although, the reduced water-Cug(I) complex has the larger net charge, the

hydroxyl complex has a large dipole moment, and more reaction field energy in water. The pK, of

hydroxyl-Cug is 12.5 with water on oxidized Heme a3, while the aquo-Heme a;3 pK'7 1s 5.9 with water
on the reduced Cugp (Table 5.2). As in the fully oxidized protein, the mutual repulsion of the two
hydroxyls means that only one will be found. Thus, there is little proton uptake into the BNC on the
reduction of Cug, but the hydroxide migrates from Cug to Heme as.

In the OROR state, the aquo-Heme a3 pK, shifts up to 8.4 (Table 5.2). Hence, a proton will be
taken into the BNC at pH 7 coupled to the reduction of Heme a if Cug is already reduced. The change
in pK'7 from OOOR to OROR state is due to the aquo—Heme a; interaction with the neutral, reduced
Heme a being 2.5 ApK units smaller than it is with the cationic, oxidized heme. After two electrons
enter the BNC to form the R (OORR) intermediate, the aquo-cofactor’s pK,s are greater than 7 so both
remain protonated as calculated previously (66). This result agrees with experiments that show little
proton release at pH 7 when CO is photolyzed off the mixed valence complex, initiating back electron
transfer moving from the OORR to OROR state (67). The pK, obtained from the fractional site ionization
in Monte Carlo sampling as a function of pH for aquo-Heme a3 is 8.6 is in good agreement with the
measured pK, of 9 for proton release.

The pK,s of the BNC aquo-cofactors have been calculated by Siegbahn and colleagues using the
hybrid density functional method (157). Since no other residues are allowed to change ionization, their
pK,s are equivalent to pK, here. In the DFT study, the pK, is <10 for the first deprotonation with 2
waters in the site, and 8 when forming 2 hydroxides in the OOOO state. In the MCCE calculations, the
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pK,s are —9.4 and 10.7. Thus, both studies agree that there will be at least one hydroxyl in the BNC.
But, the stability of the system with two hydroxides differs by 3 ApK units. In the DFT calculations,
10% of the oxidized BNCs would have 2 hydroxyls, while MCCE predicts none will.

The protein is treated differently in the two simulations. MCCE includes the whole protein in
the model, while the DFT calculations include only the cofactors, their ligands, the propionates, and Tyr
288. The DFT simulation region is well chosen to make the net interaction of the BNC with other parts
of the protein small. The missing interactions from the rest of the protein favor the hydroxyl groups by
only =1 ApK unit. A more significant difference is that the DFT calculation assumes that the BNC is in

a uniform medium with ¢=4, while MCCE puts €=80 into protein cavities. The high dielectric cavity

stabilizes the more highly charged water-cofactor species, shifting the aquo-Heme a3’s pK, up by =1
pH unit, and the hydroxyl-Cug by =5 pH units. This term destabilizes the second hydroxide in the
MCCE calculations. MCCE calculations were made eliminating the continuum water in the cavities and
the interactions with parts of the protein outside of the DFT simulation region. Here the pK.,sis —15.1
for aquo-Cug as it loses the first proton and 8.3 for aquo-Heme a3 forming the second hydroxyl in the
BNC, significantly closer to the DFT values. In the OOOR state there is only one stable hydroxyl in
either calculation. It has a pK, of 7.6 in the DFT calculations, and 5.9 in the standard MCCE
calculations. In the MCCE calculations using DFT assumptions, the extra solvation energy drops the
aquo-Heme a3 pK'7 to 5.2.

lonization of Tyr I-288. Tyr 1-288 is at the end of the K-channel, hydrogen-bonded to the water
on Heme a, (Fig 5.2). Oxygen reduction chemistry is likely to involve a coupled electron (158-160) and

proton (161-163) transfer from this Tyr to O,. The Tyr could also serve as a proton acceptor when the

BNC is reduced, if it is deprotonated in the fully oxidized state. The MCCE calculated pK, is 8.7 ( pK'7

8.6), so it is 6% deprotonated at pH 7. The relatively high pK,,, and large desolvation energy
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destabilizes its ionization, while the BNC positive charge favors ionization (Table 5.3). The pK., is
lowered by the pK, , being 8.9, 1.3 pH units lower than a standard Tyr, because of its attachment to His
[-284 (161). Thus, this Tyr is neutral even in the oxidized protein, but there is only a 2.2 kcal/mol
penalty for forming the anion at pH 7 in the equilibrated protein with a hydroxyl on Cus.

lonization of Glu I-286. Glu I-286 is an essential residue which been proposed to shuttle
chemical protons from the D channel to the BNC, and pumped protons to the outside at the appropriate
steps in the reaction cycle (39-41). In the fully oxidized protein, Glu 1-286 is calculated to be fully
protonated with a pK, of >10 ( pK 7 9.9). Despite the low pK,, of 4.8, the loss of reaction field energy
destabilizes the ionized form, keeping the Glu neutral (Table 5.3). Nearby cavities leading to the D-
channel (164,165), and to Heme a, 45), solvate the Glu to lower pK 7 Interactions with the protein, mostly
contributed by the oxidized BNC, further stabilize Glu™. The balance of favorable interaction with the
protein and the large desolvation energy tunes the pK 7 so that it takes only 4 kcal/mol to deprotonate
the Glu at pH 7. This puts the ionized state low enough in energy that it can serve as an intermediate in
proton transfer.

Glu 1-286 has been measured to have a pK, of 9.4 in the F state (166). The F state with a water-
Cug(Il) and a ferryl Heme a, (Fe(IV)=07), has the same net charge as the water-Cuy(Il) and ferric
hydroxyl-Heme a,. In the latter state, the Glu 1-286 pK'7 would be 8.9 while it is 10 for Tyr I-288. Here
Glu I-286 is 3% ionized at pH 7, and becomes 50% ionized at 10.9, titrating with a shallow pH
dependence in reasonable agreement with the experimental value. The calculated Tyr pK, is much
higher than its pK 7 which is obtained at pH 7 where Glu 1-286 is neutral. Unfavorable interactions with
the Glu which is ionized first with increasing pH makes it harder to deprotonate the Tyr. Thus, the
ionization of the Glu and Tyr are tightly coupled with an interaction energy of 2.6 ApK units. Once one

of them is ionized, the pK, of the other moves well above 10. The charge distribution in the BNC
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determines which amino acid is ionized first. In an OOOO state with a hydroxyl-Heme a; (similar to the
F state charge distribution), the pK, for the Glu is lower than that of the Tyr. But in the lower energy
0O0OQO state with hydroxyl-Cuy, the Tyr has the lower pK,.

lonization of the heme propionic acids. All of the heme propionic acids are calculated to be
deprotonated in the fully oxidized state (Table 5.1). The propionates on the A- and D-rings
(nomenclature as in the PDB file) of Heme a;, and on the D-ring of Heme a, are close to the BNC and
have been suggested to lie on the proton pumping pathway (45,68-70). All the propionic acids are
stabilized by the presence of Arg [-481 and 1-482. Each D-ring propionate is within hydrogen-bonding
distance of an Arg. The Heme a, A-ring propionate is further stabilized by the Mg** and its ligands: His
[-411, Asp 1-412 and Glu 1I-254. Even though the net charge of the Mg cluster is zero, the propionate
is closer to the Mg”* than to its anionic ligands (Fig 5.3). A hydrogen bond from the neutral His I-411
further stabilizes the charged state. The Heme a A-ring propionic acid is stabilized by Arg 52. The
Heme a, propionate pKs remain below zero in all of the oxidation states, despite their increasing 2 to 5
pH units when the BNC is reduced (Table 5.2). Any changes in protonation of the propionic acids
would need to be coupled to movement of the adjacent Arg, as well as to reduction of the BNC (167).
There is little difference in the propionic acid pK'7s for OOOR and OORR states, because the second
reduction of the BNC is coupled to the protonation of the hydroxide, therefore it is electroneutral with
little long-range electrostatic impact (Table 5.2).

The Heme a A-ring propionic acid has a pK 7 near physiological pH (Table 5.2). It remains fully
ionized when the BNC is reduced (OORR). But, when the BNC and Cu, and Heme a are reduced
(RRRR) its pK 7 is 6.1, so it is partially protonated at pH 7 (Table 5.1). However this proton binding in
the fully reduced protein, is to the propionate furthest from the BNC and it is coupled to the reduction of

Cu, and Heme a, not the BNC cofactors.
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The Heme a, A-ring propionic acid pK'7 has also been estimated by Siegbahn and colleagues,
using DFT calculations (157). They found that in the fully oxidized protein it is 5.2, while MCCE finds it
to be —8.0. This large difference is a result of the DFT calculations being centered at the BNC cofactors,
locating the propionic acids at the edge of the simulation region about 8A from the heme iron. Arg I-
481, 1-482, and the Mg** complex are not included in the calculation. These groups together stabilize
the acid ionization by over 13 ApK units. MCCE calculations with only the groups used in the DFT

calculations gives a pK, of 6.6, in reasonable agreement with the DFT analysis. In the OOOR state,

DFT calculates the propionate pK'7 to be 11.5, while it is —4.5 in MCCE considering the whole protein,
and 11.4 calculated by MCCE considering only the residues included in the DFT simulations. In the
OORR state, the pK'7 is calculated to be 11.5 with DFT calculations, —3.9 with MCCE considering the
whole protein, and 12.0 with MCCE considering the same residues as in the DFT calculation. Hence,
the classical electrostatics calculations can reproduce the DFT pK'7s when the same region of the
protein is considered. The simple classical calculation have the advantage of being able to routinely
include the whole protein.

lonization of His 1-334. His 1-334, a Cu, ligand, has also been proposed to act as a residue
whose protonation state is coupled to the BNC redox state. Earlier work by Wikstrom suggested that
this His might break its bond to Cuy; and be doubly protonated in a His shuttle (71). More recently,
Stuchebrukhov proposed that the His becomes a fully deprotonated imidazolate, coexisting with a
hydroxyl group on Cug in the fully oxidized state. This His™ could then serve as a second proton
acceptor, keeping the BNC reduction electroneutral (72,73). A pK'7 was calculated here, using a DFT
calculated pK,,, for deprotonation of a His ligand on an oxidized water-Cug of 9.0 (73). The His™
reduces the water-Cuy complex charge, so it has a smaller desolvation penalty then the neutral His
(Table 5.3). The His-water-Cuy, is stabilized by =14 ApK units, when it is moved to a uniform medium
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with €=4 in both the MCCE calculations and DFT self-consistent reaction field calculations (73). Within
the protein, cavities and the large unfavorable interactions with the Heme a; propionates destabilize His™
. The resultant pK'7 of 10.3 with a hydroxyl-Heme a, indicates that the His will remain neutral in the
fully oxidized state.

In order to estimate the pK 7 for His deprotonation with a hydroxyl on Cug, a second approach is

used (see methods). Here pK'7 is estimated starting with an isolated imidazolate pK, ., of 14.4, and then

a,S0.

including explicit non-bonded pair-wise interactions between the His and Cug . Despite the fact that this

model is likely to over-stabilize the anionic ligand due to the strong interaction between the metal center

and the ligand, the His pK, is >14 (Table 5.3). Previous calculations by Stuchebrukhov using a

similar model for the His-Cug interaction and a continuum electrostatic based methodology similar to
that found in MCCE (168-172) reported a His™ pK, of = 6 in the oxidized protein with a hydroxyl on Cug
(72). However since the factors that contributed to their calculated pK, were not reported, it is not clear
what the critical differences are between the two calculations.

Protonation changes on residues outside the active site: At equilibrium, after reducing both
cofactors in an initially oxidized protein, one hydroxide on a BNC cofactor has picked up a proton. In
addition, other more distant residues change ionization state, contributing to the net proton uptake. The
protonation of distant sites can be perturbed either by changes in the long-range electrostatic potential
when the BNC is reduced, or by changes in local environment if conformational rearrangements are
triggered by reduction of the BNC cofactors. Electroneutral reduction of the BNC cannot yield long-
range electrostatic changes. In the analysis presented here, where no backbone motions are allowed,
there must be a change in the net BNC charge for proton uptake to distant residues to be coupled to
electron transfer. The residues that are sensitive to small shifts in the long-range electrostatic potential

are partially protonated with pK,s near 7. Two clusters, one on the proton input and one on the release
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side, make the largest contributions to the total proton uptake. On cofactor reduction, there are shifts in
charge distribution within these clusters as well as changes in net cluster ionization.

The ionization states of His I-93 and Glu I-182, 5 A apart on the proton output side of the
protein, are coupled together (Fig 5.3a). At low pH (<5) one proton is bound with 13% HisH*Glu™ and
87% His’GluH’. Both microstates have a net charge of zero and similar energies, so both are occupied.
The doubly ionized state is destabilized by the desolvation penalty for the two ionized groups, but
stabilized by the favorable interaction between them (173). The cluster titrates with a pK, of 6.7 in the
0OO0OQQO state, producing a net charge of —0.64 at pH 7 (Fig 5.4a, Table 5.2). An electron on Cu, shifts
the pK, up to 7.7, while the pK, is 7.2 when Heme a is reduced. The pK, shifts of 1.0 and 0.5 lead to
average protonation changes of 0.44, or 0.27 going from OOOO to ROOO or OROO states (Table 5.1).
The pK, shifts down to 6.9 with the first reduction of the BNC. The cluster pK, is the same in the
OOOR and OORR states, since the second reduction is coupled to the protonation of the BNC hydroxyl
group. And electroneutral reduction has no significant impact on residues far from the active site.
When the BNC is doubly reduced, this cluster has 0.09 more protons bound than in the fully oxidized
protein. Upon the anaerobic 4-electron reduction, the cluster binds 0.59 protons. In earlier calculations
on P. denitrificans showed Lys II-191 (229 here) was involved in proton release rather than the residues

shown here.
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His I-26
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Figure 5.2 Residues around the proton release cluster and proton entry cluster

(A) Cu, and Heme a with their ligands, Arg 52 and the proton release side cluster, His I-93 and Glu I-

182.

(B) Asp I-132 and His I-26 at the D-channel entrance and the proton entry side cluster, His I-127 and
Glu I-539 together with His I-300 and Thr I-537. Conformational changes in the cluster when I-127 is

protonated are shown with thinner purple sticks. Protons bonded to nitrogens of His I-127 and His I-

300 are shown as spheres. Glu I-539 and Asp I-132 are =30A from Cu,.
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His [-127 and Glu [-539 form a cluster on the proton uptake side of the protein, close to Asp I-
132 at the D-channel entry (Fig 5.3B). These are far from any cofactor, and more weakly coupled to
cofactor redox changes than the output-side cluster. In the OOOO state, the cluster has a pK, of 7.4,
which shifts to 8.0 in the RRRR state, leading to the uptake of 0.15 protons for 4 electron reduction at
pH 7.0 (Fig 5.4B). Conformational changes of Glu™ 1-539, His 1-300, and Thr [-537 are calculated to be
coupled to the cluster ionization changes. This reorganization of the hydrogen bonding network could
slow the cluster ionization changes, modifying the proton transfer to this cluster, which is =9 A from the

D channel entry.

Total Charge

Total Charge

Figure 5.3. pH and redox state dependence of the net charge on clusters in cytochrome c oxidase

(A) Proton release cluster: His I-127 and Glu [-539. (B) Proton entry cluster: His I-93 and Glu I-182.
(black) OOOO (6.5, 7.4), (green) ROOO (7.6, 7.4), (blue) OROO (7.2, 7.6), (orange) OOOR (6.9, 7.5),
(red) OORR (6.9, 7.6) and (brown) RRRR (8.6, 8.0) states. The pK,, for the cluster 0 to —1 transition for
the (release, entry) cluster is given in parenthesis. The pK, for the OROR state is (7.6, 7.9) (not shown).

Asp I-132 is at the D-channel entrance (174). It is always ionized with a pK'7 <1 in all oxidase

redox states (Table 5.2). Since Asp I-132 is not deeply buried, it has a small desolvation penalty (Table
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5.3). In addition, nearby backbone dipoles, and an ionized His 26 stabilize the ionized Asp. Glu II-101
is at the K-channel entrance (4243,66). It is also kept ionized by a small desolvation penalty, and
favorable interactions with the backbone and other nearby residues including His 11-96, which is = 30%
ionized at pH 7. This residue is equivalent to Glu II-78 in P. denitrificans, a residue that was previously
calculated to become more protonated as the BNC is reduced 66). Lys [-362 is an essential conserved
residue on the K channel 44). Although, there are some suggestions that it is ionized (175, MCCE
calculates it to be fully neutral with a pK, < 0 in all redox states. It is deeply buried, and has few
favorable interactions with neighboring residues or backbone dipoles that would stabilize the charged
state. It is far enough from the BNC, that its ionization is only moderately destabilized by the cofactor
positive charges.

Net proton uptake on reduction of cytochrome c oxidase. MCCE calculates that the reduction of
Cu,, in the fully oxidized enzyme is coupled to the uptake of 0.6 protons to the proton exit cluster and a
few nearby groups (Table 5.1). When the electron is transferred from Cu, to Heme a, the release side
cluster looses 0.17 proton back to solution, while the uptake side cluster picks up 0.14 proton. All
together, 0.5 protons are bound on reduction of Heme a relative to the fully oxidized state. The
calculations show negligible additional proton uptake as the electron is transferred from Heme a to Cuy,.

There is a wide range of reported experimental values for the stoichiometry of proton uptake
coupled to Cu, and Heme a reduction. Oxidation of the fully reduced oxidase with a CO ligand to
Heme a; (RRRR to OORR states) shows release of 0.3 (176), 0.4 (74), 0.6 (75), 0.8 (177) protons in bovine,
and 0.8 protons in P. denitrificans (51) oxidase. However, the E, of Cu, and Heme a (54,177) vary by no
more than 20 mV per pH unit. This is in better agreement with the smaller estimates of proton uptake.
The proton uptake coupled to Cu, and Heme a reduction in a protein, with the BNC reduced, is

calculated to lead to the binding of 0.9 H"/2e". Almost all of the change is in the exit cluster, with a
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small amount in the proton input cluster. There are no changes in the BNC associated residues moving
from OORR to RRRR states. The MCCE value of 0.5 H/e” means Cu, and Heme a would each have
E,s with a pH dependence of at least 30 mV/pH unit. The overestimation here is most probably due to
the sensitivity of the His I-93 and Glu 1-182 cluster to the electrostatic potential of Cu,. This cluster
binds 0.44 protons on the oxidation of Cu,, and releases 0.28 protons as the electron is transferred to the
BNC.

The second reduction, forming either the OROR or OORR mixed valence states at pH 7, leads to
the binding of one proton to the hydroxyl-Heme a;. The pK, of the aquo-Heme a, is 8.3 in the OROR
state; so it is =90% protonated. Thus, with Cuy reduced, the reduction of Heme a, not a,, is calculated to
be coupled to the proton binding into the BNC (Table 5.1). When the second electron is transferred from
Heme a into the BNC, there are only small changes in total protonation, in agreement with the
experiments photolyzing the CO-Heme a, bond in the mixed valence OORR state (67). Reduction of all
4 cofactors moving from OOOO to RRRR state is coupled to the uptake of 2.5 protons (Table 5.1).
Most of this is accounted for by the hydroxide in the BNC, proton uptake and release side clusters, and
the Heme a A-ring propionate, together with small changes on a few other distant groups. This is in
agreement with the total proton uptake of 2.4 upon full reduction, which was measured in Bovine
oxidase (74,75). Yet, it is smaller than a recent measurement of 3.3 H*/4 electrons in P. dinitrificans (51).

The E,, of Heme a. MCCE has been used successfully to calculate the heme E s in different bis-
His cytochromes (63). This allows the Heme a E_ to be calculated with no free parameters. The
calculated E,, of 360mV, when the other cofactors are oxidized, is in agreement with the experimental
values of 340 mV (54) to 430mV (76). The E, is shifted 480 mV from the E ,; of —120mV mostly by the
desolvation penalty and the positive potential from the backbone amide dipoles. Although the BNC and

groups such as the heme propionates, Arg [-481 and [-482, individually have a large effect on the heme
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E,. these roughly cancel. Therefore, all residues lower the E_ by only 70mV. This match between
experimental and calculated E is obtained with all of the Heme propionates ionized; despite earlier
suggestions by DFT calculations that the E,, would be too low (—150mV) without protonation of one of
the Heme a propionates (155). One of the propionic acid charges was removed from the DFT calculations
to compensate for not including the nearby Arg in the simulation region.

The Heme a E, has been found to depend on the BNC redox state. It is lowered by 80~135mV
when both Cu; and Heme a, are reduced (54,77,78,178). In the OORR state, the E . is calculated to be 260
mV, 100mV lower than in the oxidized enzyme; in good agreement with experiment. Simply adding
two electrons to the cofactors, and one proton to the BNC hydroxide, lowers the E_, by 150mV. Proton
uptake to other distant residues diminishes the E,, shift. If the BNC reduction were electroneutral with
2H*/2e", the heme E,_, would be independent of the BNC redox state. If there are two hydroxyls in the
oxidized BNC, the Heme a E is 260, the same as calculated in the fully reduced BNC, which is

significantly lower than measured in the oxidized protein.
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Figure 5.4. Redox titration of Heme a

Redox titration of Heme a with (brown) the BNC fully oxidized (E,=359mV), (red) Heme a; oxidized
and Cuy reduced (E,=322mV), (blue) the BNC doubly reduced (E,=258), (brown dashed) the BNC
fully oxidized with neutral Arg 52, as in the Arg to Met mutation (E,=161mV).

The Heme a E was also calculated with Arg 52 mutated to Met. This has been observed to
lower the Heme a E,, by about 260mV in P. denitrificans oxidase (178). In MCCE with the Rb.
sphaeroides structure, removal of the Arg charge causes the protein to bind =0.5 protons. About half of
this is to the Heme a A-ring propionate. The resultant Heme a E with the other cofactors oxidized is

calculated to be lowered by 200 mV, in reasonable agreement with experiment.
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Discussion

The number of protons bound at each stage of the electron transfer cycle in cytochrome c
oxidase has been the subject of intensive study (16,35-37). The desolvation penalty for reducing the
deeply buried BNC has been suggested to be the primary source of the tight coupling between electron
and proton transfers needed for pumping in oxidase (52,74,179). Transferring an electron to a cofactor
deep in the protein introduces a large desolvation penalty, which can be diminished by burying another
charge with an opposite sign, such as a proton, nearby. Anions in the surroundings stabilize oxidation of
the deeply buried cofactors, and cofactor reduction increases their pK,s to favor proton binding (Table
5.2). However, in the equilibrium calculations on the Rb. sphaeroides oxidase only one group, the
hydroxyl on Cuy, shifts its pK, from below 7 to above 7 to pick up a proton when 2 electrons are
transferred into the BNC. Similar conclusions were found in the MCCE analysis of the P. denitrificans
structure, where only one proton is also taken up on formation of the R (OORR) state (66). Only one
proton is needed for the O—O bond splitting chemistry of bound O, in the A to Py transition (17,52,180).
This proton and an electron are proposed to be donated by Tyr I-288, forming a hydroxyl on Cug and
unprotonated Heme a, ferryl species (Fe**=0"") (158-163).

At some point in the reaction cycle following O, bound splitting, Heme a, and Cu, each will
have a hydroxyl ligand with a bound chemical proton (52). This work has shown that the stable BNC has
one hydroxide and one water in the fully oxidized state, which marks the end of the oxidative phase and
the beginning of the reductive phase. Thus three chemical protons need to be bound before reaching the
stabilized fully oxidized state. However in the O state, a deprotonated Tyr I-288, hydroxyl on Heme aj,
or anionic His™ 1-334 are only 1.6~3.5 ApK units higher than the equilibrated state, also allowing a
second anion to be accessible in the oxidative phase. This raises the possibility that the equilibrated O

state observed in MCCE calculations is that of the stabilized “resting” (180,181) enzyme, while a fully
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oxidized protein with two deprotonated groups in the BNC is a higher energy, metastable state which
occurs during the reaction cycle.

Relative energy of different BNC ionization states. In order for a group to be a proton acceptor
when the BNC is reduced, it must have a pK, below 7 in the oxidized protein and above 7 when the
cofactors are reduced. Only the hydroxyl-Cu; satisfies the criteria for a group whose protonation state

is tightly coupled to the BNC reduction (Fig 5.6). All propionic acid pK '7s remain below 7 in OOOO

and OORR states. The pK'7s of His I-334, aquo-Heme a,, Glu [-286, and Tyr I-288 remain above 8.
These ionization patterns are in agreement with previous calculations on P. denitrificans (66) and bovine
(72) oxidase. Tyr I-288, with a pK, of 8.7 ( pK 7 8.6) in the fully oxidized state, has a pK, in the different
redox states closest to what would be needed for it to be involved in proton coupled electron transfer.
The Tyr is calculated to be =5% deprotonated in the OOOQO state; so it contributes a small amount to the
proton uptake coupled to the first BNC reduction. Proton uptake via the K channel, as would likely be
used to deliver protons to the Tyr, has been found experimentally on the first reduction of the BNC

48,49). The relatively low Tyr pK, relies on its pK, ., being lowered 1.3 pH units by its covalent linkage

a,sol

to His I-284 (161). With a standard pK,, of 10.2, the cost of deprotonating the Tyr would be 2.9ApK

units. Tyr pK, would be 9.9.
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Figure 5.5. pK, of the residues near the BNC in 0000 and OORR states

In all cases, pK'7 moves to higher values in the more reduced protein. pK'7 fixes all other residues in
their lowest energy ionization state in MCCE calculations at pH 7 (Table 5.1). Thus, there is a
hydroxyl on Cuy in the OOOO state and no hydroxyls in the BNC in the OORR state. The 4 propionic

acids are found to be ionized and Tyr I-288, Glu I-286, and His I-334 are neutral in both states.

The energy of the different ionization states of the possible proton acceptors, including the
hydroxyls on Heme a, and Cug, Tyr 1-288 and His 1-334, can be compared in the fully oxidized Rb.
sphaeroides cytochrome c oxidase (Table 5.4). The highest energy state is where none of these groups
are ionized, and the lowest has the hydroxyl-Cu, as the sole anion. The hydroxyl-Heme a,, water-Cuy
state is 4.4 ApK units higher. States with a single anion on the Tyr, or His, are at still higher energy.
Thus, the lowest energy state has only one group that can serve as a proton acceptor when the BNC is

reduced. The di-anion hydroxyl-Cug, ionized Tyr state is only 1.6 ApK units (2.2 kcal/mol) higher, so
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this is the most accessible state with 2 proton acceptors. All other di-anion states are at significantly
higher energy, even in the fully oxidized protein.

Proton binding on each reduction of the BNC has been studied experimentally. There is
evidence that the stoichiometry should be 2 H*/2e¢™ upon reduction during the O to R transition, rather
than 1.4, with only one proton bound into the BNC, as found here (Table 5.1). Using photoexcited
Ruthium bispyridyl to deliver single electrons to the P. denitrificans oxidase BNC, electrometric
measurements of wild type and Lys [-362 to Met mutants showed one electrometric phase is inhibited in
the mutants, suggesting the first reduction is coupled to the proton uptake via the K-channel (48,49).
Multiple excitation accumulates the doubly reduced enzyme, which is associated with a slower
electrometric phase, attributed to a second proton uptake (49). Proton uptake during anaerobic reduction
of the fully oxidized, CO bound oxidase also supports a model where there are two protons bound on
the two electron reduction of the BNC (74).

In contrast, the good match between the calculated and measured shift in the Heme a E when
the BNC is reduced provides evidence that there is only 1H*/2e” (54,77,78,178). If the BNC reduction is
electroneutral, there is insufficient change in the long-range electrostatic potential to shift the E , of a
residue 13 A away. In addition, the lack of proton release at pH 7 moving from the OORR to OROR
states, following flash photolysis of a bound CO (67) is in good agreement with the protonation of the
BNC being coupled to Heme a reduction in the OOOR state, as found here.

Assumptions and uncertainties in the analysis. The conclusion reported here, that there is one
anionic group in the fully oxidized BNC that is strongly coupled to reduction, relies on a number of
assumptions. The repulsion between the cationic oxidized water-Heme a, and the hydroxyl-Cuy(Il) in
the fully oxidized (OOOOQO) and mixed valence (OROR) states has been shown, by comparison between

Gaussian98 and Coulomb's law, to be overestimated in a continuum electrostatics treatment (119). Using
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the uncorrected interactions, the pK, of the aquo-Heme a, is low enough that both of the BNC cofactors
bind hydroxyl in the fully oxidized protein. The same correction for interactions between nearby
charges is needed to obtain benchmark pK,s in agreement with experiment for aquo-hemes in two other
proteins (119). In addition, a model system with a Cug analogue inserted into myoglobin also shows a
surprisingly small change in the water-Heme E, when a Cu or a Zn is added (182).

A very simple metal centered charge distribution is used for the cofactors in the BNC. The long-
range interactions are only affected by the net charge, but local interactions are sensitive to the partial
charges on individual atoms. Using Gaussian98 charges for the hydroxyl-3His-Cu, complex moves
some of the positive charge from the copper to the His ligands, further from the hydroxyl on Heme a,.
This shifts the aquo-Heme a; pK, up by =2 pH units, indicating that both of the hydroxyls are even less
likely to coexist in the oxidized BNC with a more distributed charge model.

Protein cavities are filled with high dielectric continuum water, instead of explicit water in the
calculations. Buried waters have been suggested to be important for oxidase activity (45-47,165,183,184).
Earlier studies of bacteriorhodopsin have shown that the calculated pK,s are similar with either
continuum or explicit water, even for active site residues (114). In addition, if explicit waters are not
placed carefully, necessary hydrogen bonds cannot be formed to compensate for the desolvation penalty
incurred by filling in the cavities with explicit waters, introducing additional errors.

Kinetic vs thermodynamic control of ionization states. This analysis provides a view of the

equilibrium protonation states throughout the protein in the Rb. sphaeroides oxidase crystal structure.

The MCCE calculated pK 7 provides the free energy needed to change the ionization of a residue,
providing clues to which higher energy ionization states can be kinetically accessible. Glu I-286 and Tyr
[-288 are both near the BNC at the end of the proton uptake channels. They have pK 7 s between 9 and

10 in the fully oxidized state, as well as in the Py and F states in the oxidative phase. Hence, they are
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protonated at equilibrium, but they need only 2.5-4 kcal/mol for them to give up their proton. In
contrast, the heme propionates on the output side of the protein have pK'7s below 0, making it very
difficult for them to be protonated without changes in the protein structure. These calculations may
overestimate the cost of deprotonating the propionates. Arg motion could diminish the cost of acid
protonation, raising the pK,.

Calculations on the bacteriorhodopsin proton pump shows that small changes in the structure can lead to
directional protonation shifts between residues, while each residue remains in equilibrium in the given
structure. These calculations are carried out with high-resolution structures trapped in different states of
the bacteriorhodopsin reaction cycle. MCCE (114) and MEAD (152) calculations with structures differing
by <IA RMSD show changes in the active site ionization, as predicted by experiment (21). The
agreement between the kinetic measurements and equilibrium calculations shows that the protonation
states remain in equilibrium with the structure; at least for processes occurring on the slow microsecond
time scale. The challenge for cytochrome ¢ oxidase is to find the appropriate conformational changes
required to stabilize the proton transfer intermediates. Glu I-286 has been found changing conformation
during an MD simulation (185). If this Glu can move towards the positively charged BNC, the ionized
form would be stabilized, lowering the pK,. The propionic acids are hydrogen bonded to a pair of Args.
If propionic acids and the Arg move apart to break the ion pair, one of the propionic acids could be
protonated (167). His 1-334 is hydrogen bonded to two propionic acids. If the propionic acids move away
from the His, the unfavorable interaction between negative imadazolate and the propionic acids would
be reduced; perhaps, allowing His 1-334 deprotonation. Analysis of protonation states of residues

equilibrated around these modified positions are ongoing.
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A. Net charge 0000 ROOO OROO OOOR OROR OORR RRRR
His 1-93 0.05 0.17 0.12 0.08 0.12 0.08 0.22
Glu 1-182 -0.69 -0.37 -0.49 -0.56 -0.47 -0.54 -0.27
Release side Cluster -0.64 -0.20 -0.37 -0.48 -0.35 -0.46 -0.05
PropA (Heme a) -1.00 -1.00 -1.00 -1.00 -1.00 -1.00 -0.79
aquo-Heme a; 0.00 0.00 0.00 -0.87 -0.09 0.00 0.00
aquo-Cug -1.00 -1.00 -1.00 0.00 0.00 0.00 0.00
Glu 1-286 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tyr [-288 -0.06 -0.04 0.00 0.00 0.00 0.00 0.00
BNC Cluster -1.06 -1.04 -1.00 -0.87 -0.09 0.00 0.00
His 1-127 0.31 0.29 0.48 0.37 0.44 0.44 0.50
Glu 1-539 -0.62 -0.62 -0.67 -0.59 -0.64 -0.66 -0.66
Uptake side Cluster -0.31 -0.33 -0.19 -0.22 -0.20 -0.22 -0.16
Whole protein -4.30 -4.70 -4.80 -4.90 -4.80 -4.90 -5.80
B. Proton uptake relative to

ROOO OROO OOOR OROR OORR RRRR
000QO state
Release side Cluster - 0.44 0.27 0.16 0.29 0.18 0.59
BNC Cluster - 0.02 0.06 0.19 0.97 1.06 1.06
Uptake side Cluster - -0.02 0.12 0.09 0.11 0.09 0.15
Whole Protein - 0.60 0.50 0.40 1.50 1.40 2.50
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0000 ROOO OROO OOOR OROR OORR
C. Step-wise proton uptake -> -> -> -> > >

ROOO OROO OOOR OROR OORR RRRR

Release side Cluster - 0.44 -0.17 -0.11 0.13 -0.11 0.41
BNC Cluster - 0.02 0.04 0.13 0.78 0.09 0.00
Uptake side Cluster - -0.02 0.14 -0.03 0.02 -0.02 0.06
Whole Protein - 0.60 -0.10 -0.10 1.10 -0.10 1.10

Table 5.1 Ionization states of key residues.

MCCE calculated ionization of key residues of Rb. sphaeroides cytochrome c oxidase in selected redox
states; The whole protein ionization includes charges on groups not explicitly noted here. Redox states
of the 4 cofactors are represented by the four-letter key ordered: Cu,, Heme a, Heme a; and Cuy (O:
oxidized, R: reduced). The A and D propionic acids are identified by their connection to the A and D

rings in the PDB file. The IUPAC-IUB designation is D and C respectively.
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O0O0O0 | ROOO | OROO | OOOR | OROR | OORR | RRRR
BNC cluster
aquo-Heme a, 10.7 11.1 12.4 5.9 8.4 21.5 22.6
aquo-Cuy -9.4 -9.1 -7.8 26.2 16.8 18.8 20.7
Glu I-286 9.7 9.5 11.3 11.2 10.6 10.9 12.8
Tyr 1-288 8.6 8.8 9.8 15.7 11.3 15.6 16.9
* His [-334 (a) 10.3 10.9 12.0 N.A. N.A. N.A. N.A.
* His I-334 (b) 15.8 16.4 17.5 22.9 31.8 25.5 27.7
PropA Heme a -1.7 0.0 2.1 -0.1 3.5 0.4 6.1
PropD Heme a -9.3 -1.7 -6.4 -1.5 -4.8 -7.3 -3.7
PropA Heme a, -8.0 -7.2 -6.1 -4.5 -2.3 -3.9 -1.6
PropD Heme a, -1.5 -6.6 -5.4 -3.8 -1.6 -3.6 -0.8
Release side cluster
His 1-93 6.5 7.6 7.2 6.9 7.6 6.9 8.5
Glu I-182 6.3 7.3 6.9 6.7 7.3 6.7 8.1
Uptake Side cluster
His I-127 7.8 7.7 8.0 8.0 8.3 8.0 8.4
Glu I-539 6.9 7.0 7.1 7.0 7.2 7.1 7.2
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D and K channel residues

Asp I-132 0.5 0.6 0.6 0.6 0.6 0.6 0.6
Lys I-362 -2.7 -2.7 -2.9 -2.1 -2.8 -2.0 -1.2
Glu I1-101 2.1 2.1 2.2 2.3 24 24 24

Table 5.2 pK 7 of residues implicated in oxidase activity.

pK'7 gives the effective pK, calculated with the protein ionization and conformation states fixed at pH 7

providing the free energy of site changing ionization at pH 7 (Egn. 5,0). pK'7 depends on the

ionization states of other residues. AGr"ZJf7 is calculated with key residues ionization states given in

Table 5.1. * pK'7 for deprotonation of His I-334 to form the anion is calculated in two ways, as
described in Materials and Methods. (a) The His has a pK,,, of 9.0 in the oxidized water-Cuy complex
(40), pK'7 is calculated with a hydroxyl on Heme a; and water on Cuy in OO0OO, ROOO, OROO states.
This value is used for OOOQO state in Table 5.4 and Fig 5.6. (b in italics) The His pK, is calculated,
starting with a pK,,,, of 14.4 and explicit, non-bonded pairwise interactions with Cuy and its ligands.

The equilibrium state here has a hydroxyl on Cuy in OOOO state. This value is used for OORR state in

Fig 5.6.
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crg || crg AGrHZJ;f}
react- prOd- pKa,sol AAC}rxn AAC}pol OOOO OORR RRRR
ant | uct BNC|RES|BNC|RES BNC|RES
ferric aquo-Heme
0 +1 9.6 39 | 04 02|57 - - - -
a3
ferrous aquo-
-1 0 109 |-104| 04 - - 140 |-46|40 |-57
Heme a,
cupric aquo-Cuy | +1 +2 9.4 147 | 0.4 |10.0[-6.3| - - - -
cuprous aquo-
0 +1 9.4 -47 | 0.4 - - | 1.1 ]-6.2] 1.1 |-8.1
Cug
Glu I-286 0 -1 4.8 6.8 | 0.8 (-43|1.6|-27]1.2|-2.7]3.1
Tyr [-288 0 -1 8.9 104 | 0.3 |-12.4{ 1.3 |-4.8]0.7 [-4.8] 2.1
+2 +1 9.0 -85 | -2.1 | 2.2 | 9.7 IN.A.[N.A.|N.A.[N.A.
His 1-334
0 -1 14.4 14.0 | -2.1 |-20.0/ 9.7 | -9.0 | 8.6 |-9.0|10.4
PropA Heme a 0 -1 4.9 104 | -5.5 (-3.8|-7.7|-1.8 |-7.5|-1.8 |-1.8
PropD Heme a 0 -1 4.9 9.8 | -7.3 | 4.3 -2.1 -12.5/-2.2|-8.8
12.3
PropA Heme a; | O -1 4.9 7.1 | -1.3 |-10.4/-8.3|-5.1{-9.6|-5.1|-7.3
PropD Heme a; | O -1 4.9 6.5 | -3.2 (-9.9|-58|-52]-6.7|-5.2|-3.8
His [-93 0 +1 6.5 29 | 0.7 (0.7 ]-29,04 |-29|04 |45
Glu I-182 0 -1 4.8 48 | -2.7 |-0.7/021-04]0.2|-04] 1.6
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His I-127 0 +1 6.5 48 | 44 | 0.7 - 0.3 |-11.1{ 0.3 |-11.5
11.3

Glu I-539 0 -1 4.8 6.7 | -41(-05(0.0-0.2-0.1]-0.2|0.1

Asp I-132 0 +1 4.8 33 | -29 (-03(-43/-0.2|-44]-0.2|-44

Lys I-362 0 +1 10.8 109 | -07 |26 | 12|16 |1.0|1.7|0.2

Glu I1-101 0 -1 4.8 27 | -1.2 |-0.6 -3.5/-0.3 |-3.6|-0.3|-3.5

Table 5.3 Energy terms used to calculate pK 7

The net charge of the reactant and product states is given. The reference reactant state is neutral for:
Prop, Glu, Lys and His, has a neutral His 1-334 and a hydroxyl on Heme a; and Cug; pK,,: pK, of
isolated group in aqueous solution; AAG,,,: double difference of desolvation (reaction field) energy

[product - reactant], ,;oin - [product - reactant],, ,..,- This is generally a positive, unfavorable term

when the product charge is larger than that of the reactant. AG,, and AG™", : Differences in

res,7 *

electrostatic and non-electrostatic interactions of product and reactant states with the backbone (AG,,)),

with the binuclear center cofactors, and their water or hydroxyl ligands (BNC AGmfe7 ), and with the

res,

protein sidechains and other cofactors (RES AG™,). AG™, uses a mean field energy interaction with

res, res,

the ionization states found by MCCE sampling at pH 7 (see Table 5.1 for key residues). Thus, in the

0OO0OQO state there is a water on Heme a; and a hydroxyl on Cuy. The hydroxyl moves to Heme a; in the
OOOR state. There are no hydroxyls in the BNC in any other redox states.  For example, the AGr"ZJf7
BNC term for ferric aquo-Heme a; in the OOOO state is the (ferric-water-Heme a;) — (ferric-hydroxyl-
Heme a;) interaction with the cupric hydroxyl-Cuy, the MCCE calculated equilibrium state for Cuy. The

interaction of the ferric-water heme and each of the Cuy states is reduced as shown in supplementary

information (see methods and (53)). * pK'7 of His I-334 deprotonation is calculated in two ways, as
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described in Materials and Methods. The top entry uses a Cu(ll)-water-His complex. This does not

allow calculations with a hydroxyl on Cu(ll) or any Cu(l) states. The BNC interactions are with
hydroxyl-Heme a; and its ligands only. In the bottom entry, the BNC AG:’g? term includes the non-

bonded interactions of the Cu, the other 2 Cuy His, and its aquo ligands, as well as Heme a; with His I-

334.
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State energy pH 7
OH Hemea, | OH Cu, | HisI-334" | Tyr [-288
(ApK units)

Neutral state

16.4 0 0 0 0
single anion site pK'7 i
0 0 -1 0 0 94
4.4 -1 0 0 0 -5.0
10.7 0 0 0 -1 1.3
11.7 0 0 -1 0 2.3

di-anionic states

1.6 0 -1 0 -1
33 -1 0 -1 0
3.7 -1 -1 0 0
10.1 0 0 -1 -1

Table 5.4 Relative energy of different protonation states of BNC cluster residues in the fully

oxidized BNC.

Energies are relative to the state with single OH on Cuy (in bold). lonization of all other key residues
are given in Table 5.1. “Using model for His in complex with water-Cuy, with pKg,,,, of 9.0 (40). T pK'7

for groups assigned a —1 charge. This is different from that given in Table 5.2 since those are calculated
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with ionization given in Table 5.1 while here the BNC residues are in the explicitly defined, non-

equilibrium ionization states. 1 ApK unit is 1.36 kcal/mol.
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6. Calculations of aquo-heme pK,

The ferric aquo-heme pK,s were calculated with MCCE in myoglobins from sperm whale and
Aplysia, hemoglobin I, heme oxygenase 1, horseradish peroxidase and cytochrome c oxidase and
compared to measured values. These pK,s span 3.3 pH units from 7.6 in heme oxygenase 1 to 10.9 in
the peroxidase. Two sets of calculations are presented. In the first set, standard Poisson-Boltzmann
continuum electrostatics (CE) calculations are used for all pair-wise interactions between the aquo-heme
and the surrounding protein residues. In the second, an additional correction derived from DFT
calculations is applied. Calculated pK,s are compared to the experimental values. Calculations of the
heme E_s are discussed below.

The pK,s calculated using the standard CE based pairwise interactions in MCCE (63) do not
provide consistent agreement with the experimental data (Fig 6.1). Calculated pK,s for the myoglobins
and heme oxygenase are within 1 pH unit of the measured values. But errors as large as 6 pH units are
found in horseradish peroxidase and cytochrome ¢ oxidase. In these proteins a nearby positive charge in
the heme distal pocket lowers the calculated pK,, while the myoglobins have no charges in similar
positions. As described in the Methods section CE and DFT calculations provide very similar values
for pairwise interactions between a charge and a neutral hydroxyl-heme. For the cationic water-heme,
both methods also yield similar results when the charge is on the heme edge. However when the charge
is above the heme plane near the iron, the interactions derived with a CE analysis are significantly larger
than those obtained with DFT calculations. The closer the charge is to the heme plane, the larger the
discrepancy (see Fig 2.2). The DFT corrections are applied to the pairwise electrostatic interaction of
the water-heme with Arg99 in hemoglobin I, Arg38 in horseradish peroxidase, and Cuy in cytochrome c

oxidase to recalculate the pK,s. Now calculated pK,s in the six proteins agree with the measured values
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within 1 pH unit. Analysis of the MCCE calculations shows how interactions and conformational

changes shift the pK, ,, of 9.6 to different in situ values in these proteins.
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Figure 6.1 Comparison of calculated and experimental pK,s

(M) with and ( O) without the DFT correction for (a) sperm whale myoglobin, (b) Aplysia myoglobin,
(c) hemoglobin I, (d) heme oxygenase, (e) horseradish peroxidase and (f) cytochrome c oxidase. Ideal
line of slope 1 passing through the origin and lines with differences between experimental and

calculated of £1 pH unit (dashed lines) are shown. References for experimental values in Table 6.1.
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Table 6.1 Experimental and calculated pK s and E_ s and energy terms contributing to pK, and

E,, shifts in the protein

a. pK, of ferric aquo-heme.

AAC}rxn AC}pol AC}res
Exp pK, MCCE pK,
(ApK unit) (ApK unit) (ApK unit)
Sperm Whale
8.95 (186) 9.1+1.0 2.07+0.29 0.91+0.14 -2.45+0.83
Myoglobin (7)
Aplysia Myoglobin
7.6 (186) 7.7+1.0 1.70+0.34 0.88+0.23 -0.75+0.49
(2
Hemoglobin I (4) 9.6(187) 9.8+0.3 1.30+0.18 1.02+0.09 -2.57+0.24
Heme oxygenase 1
7.6 (188,189) 7.5+1.5 0.16+0.37 3.34+0.69 -1.44+1.10
Q)
Horseradish
10.9 (186) 10.1+0.7 1.58+0.39 -0.61+0.07 -1.49+0.66
Peroxidase (10)
Cyt ¢ Oxidase (1) 9.0¢67) 8.6 3.9 04 -3.3
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b. E,, of aquo-heme at pH 7.

MCCEE,, AAG,,, AG,, AG,,,
Exp E,, (mV)
(mV) (ApK unit) (ApK unit) (ApK unit)
Sperm Whale
50 (190) 25+33 4.50+0.56 0.98+0.15 -2.97+0.66
Myoglobin (7)
Aplysia Myoglobin
125 (190) 126+64 4.25+1.24 0.89+0.11 -0.89+0.24
(2)
Hemoglobin I (4) 103(191) 8315 4.33+0.17 0.85+0.12 -1.68+0.09
Heme
- 37+13 2.47+0.36 1.84+0.44 -1.61+0.30
oxygenase 1 (5)
Horseradish
-250(192,193) -215+27 3.80+0.51 -0.62+0.06 -4.79+0.49
Peroxidase (10)
Cyt ¢ Oxidase” (1) - -11 5.77 0.77 -5.70

The value in parenthesis is the number of PDB files analyzed. Negative free energy terms favor the

cationic ferric water-heme raising the aquo-heme pK, and favor the oxidized heme lowering the E,,.

The ferric aquo-heme pK,,,, is 9.6 (126,127). The b-type water-hemes have an E,, ,, of —140mV, while the

a-type heme in cytochrome c oxidase has a E,, ,, of -60mV. Hydroxyl-hemes have E,, ;s 64 mV lower

than the water-hemes (124,125). “ The pK, and E,, of the aquo-Heme a; is calculated with Cu, oxidized

and Heme a and Cuy reduced to mimic the experimental pK, measurements in the CO photolyzed mixed-

valence complex (67). 1ApK unit = 58 meV = 1.36 kcal/mol. A systematic shift of 0.74ApK unit (1

kcal/mol) is applied to the energy of ferric hydroxyl-heme and —0.5ApK unit (-0.67 kcal/mol) to ferrous

water-heme in deriving the in situ E,s and pK s using Eqn. 2-4.
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Figure 6.2. Structures of sperm whale myoglobin, Aplysia myoglobin, hemoglobin I, heme
oxygenase, and horseradish peroxidase

(A) sperm whale myoglobin, (B) Aplysia myoglobin, (C) hemoglobin I, (D) heme oxygenase, (E)
horseradish peroxidase. Residues and backbone segments that interact with the cationic ferric aquo-

heme by more than 0.5 ApK units (0.68 kcal/mol) are shown.
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Sperm whale myoglobin. Sperm whale myoglobin has a folded 6-helix core (Fig 6.2). The pK,
of the ferric aquo-heme is 8.95 (18¢), little different from the pK,, of 9.6. MCCE calculations with 7
different crystal structures give an average aquo-heme pK, of 9.1+£1.0, in good agreement with
experiment. This heme is close to the protein surface. However, pK,=pK, ,, not because the heme does
not interact with the protein, but rather because a number of effects cancel (Table 6.1). The water-
heme, with a net +1 charge, has 7 ApK units (9.52 kcal/mol) less solvation energy in the protein than it
does in water, but the hydroxyl-heme, which has a large dipole moment, has a SApK units desolvation

energy. Thus, the resultant desolvation penalty (AAG,,,) favors the water-heme complex raising the pK,

by about 2 pH units. The backbone amide dipoles tend to raise the electrostatic potential within all
proteins shifting residue pK,s (59,139) and cytochrome E,_s (63). Here they favor the hydroxyl-heme,
lowering the pK, by 1 pH unit. The E helix, which contains the His 64 in the distal pocket is the largest
contributor.

There are 4 Arg, 14 Glu, 7 Asp and 19 Lys in the protein and all of them are >95% ionized
between pH 7 and 9. However, most of these charges have little effect on the aquo-heme pK, because
they are solvent exposed. Arg 45, which is hydrogen-bonded to the D-ring propionic acid does shift the
pK, down by 0.6 pK unit (propionate A and D designated as assigned in the PDB structure files). The
two heme propionic acids are both fully ionized and together shift the pK, up by 2.3 units. As these are
all near the heme edge, the CE interaction agrees with the DFT values (Fig 2.2). His 64 in the distal

heme pocket near the aquo-ligand undergoes a conformational change with the change in the aquo-heme

protonation state (Fig 6.2). The His is always neutral, but the & proton tautomer stabilizes the positive
water-heme by 3~4 ApK units, while the protonated € tautomer stabilizes the hydroxyl-heme by 1.6~2.5

ApK units. In different PDB structures the His tautomer is restricted by the rigid backbone to different

extents, yielding the dependence of the calculated pK, on the starting structure. Arg 45 not only lowers
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the aquo-heme pK, by direct electrostatic interaction, it also lowers the pK, indirectly by favoring the €

His 64 conformer.

Aplysia Myoglobin. Myoglobin from the sea hare, Aplysia limacine has a folded 6-helix
structure (Fig 6.2). It is calculated to have a ferric aquo-heme pK, of 7.7, 2 pK units lower than that of
sperm whale myoglobin, in agreement with the experimental value of 7.6 (186). The Aplysia and sperm
whale proteins have the same protein folds and are 27% identical. The analog of myoglobin His 64 is
Val 64 in the Aplysia distal pocket, providing a bigger cavity, so the heme is slightly better solvated

shifting the pK, up. However, the biggest difference between the two proteins is in AG,.,. The loss of

His 64 and protonation of the ring D propionic acid lowers the aquo-heme pK,. The propionate pK, is
raised to 8.6 by the nearby Asp 45, while in myoglobin Arg 45 lowers the propionate pK, to 4.6.

Hemoglobin I. Monomeric clam hemoglobin I also has a folded 6-helix structure (Fig 6.2). The
aquo-heme pK, is calculated to be 9.8 and measured to be 9.6 (187), close to that of sperm whale
myoglobin. The hemoglobin I and myoglobin have similar structures with 23% identity. A larger cavity
in the heme distal pocket leads to a smaller desolvation energy. As His 64 does in myoglobin, Gln 64
changes conformation keeping its oxygen pointing towards the water-heme and nitrogen pointing
towards the hydroxyl-heme. Arg 99, on the proximal side of the heme shifts the pK, down by 1.5 pH
units, while the two propionic acids, both of which are ionized, shift the pK, up by 2.2 pH units.

Heme oxygenase 1. Rat heme oxygenase 1 is a multi-helical bundle with two 3-helix motifs
(Fig 6.2). The aquo-heme pK, is calculated to be 7.5, in agreement with the experimental value of 7.6
(188,189). In this protein heme is an exchangeable substrate and is significantly more exposed than in the

other proteins considered here and so has a very small AAG,,,. The large positive potential from the

rxn®

backbone lowers the pK, by 3.3 pH units. The distal pocket helix is kinked at Gly 143 and 144 so the

backbone amides of Ser 142, Gly 143 and 144 all point toward the heme iron, stabilizing the hydroxyl-
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heme. Arg 136 and Asp 140 are in a salt bridge near the porphyrin edge. While each interacts with the
aquo-heme by over 3ApK units, their combined impact is small.

Horseradish peroxidase. The multihelical peroxidase uses heme to reduce hydrogen peroxide to
water. The aquo-heme pK, is calculated to be 10.1 in reasonable agreement with the measured 10.9 (186).
The aquo-heme has a similar reaction field energy loss as in the globins. Unlike the globins, interactions
with the backbone amides near the metal center are small and somewhat negative raising the pK, by 0.6
pH units. Interactions with other residues raise the pK, by 1.5 ApK units. His 42 and Asp 43 raise the
pK, by 6 pH units while Arg 38 shifts the pK, down by 4.5 pH units (assuming a 60% DFT correction).
His 42 sits in the distal pocket in a position similar to His 42 in myoglobin. However this His is fixed in

the  tautomer by Arg 38, Glu 64 and Asn 70, stabilizing the protonated water-heme.

Cytochrome c oxidase. Heme a, in cytochrome c¢ oxidase is deeply buried in the transmembrane
12 helix subunit I of the protein. In the mixed-valence state, with Heme a and Cu, reduced, the ferric
aquo-heme pK, has been measured to be 9 (67). Using the full CE interaction between Cu, and the aquo-
heme the calculated pK, is 3. The DFT correction reduces the interaction from 6.4 to 3.2 ApK units.
Since the aquo-heme titration now occurs at higher pH, the protein net charge is more negative then
when the titration is at pH 3. This raises the pK, further to 8.6, in good agreement with experiment (132).
The cytochrome ¢ oxidase heme is more deeply buried than in the other proteins, losing more reaction
field energy, which shifts the pK, down. Within the membrane embedded protein, pair-wise electrostatic
interactions with other residues are quite long-range. However, the net interaction of the fully ionized

propionic acids and the rest of the protein shift the pK, up by only 2 pH units.

E, calculations. The aquo-heme E_s were calculated in each protein at pH 7. E_s previously

measured in 4 of the proteins range from —250mV in peroxidase to 125mV in Aplysia myoglobin (190)
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(Table 6.1b). MCCE calculations agree with the experimental values with errors of <35 mV. MCCE
allows protonation of the aquo-heme to be coupled to heme reduction (63). The relevant E, , for water-
heme of —140mV (124,125) and for hydroxyl-heme of —204mV (124) is included in the microstate energy
(Eqn. 1) so the pH dependence of the E,, is properly treated in the redox titration. This degree of
freedom could be important for Aplysia myoglobin and heme oxygenase, which have pK,s near 7.
However since their ferric pK,s are above 7 and ferrous pK,s are higher, the aquo-heme ligand remains
predominately water at pH 7.

Electrostatic interactions that favor the ferric heme with its net charge of +1 over the neutral
ferrous heme shift the E,, down. The same electrostatic interactions favor the cationic ferric water-heme
over the neutral hydroxyl-heme raising the pK,. While a higher pK, is correlated with a lower E , the
connection is by no means exact (Fig 6.3). In most proteins, the AAG,.;, for the redox reaction is
larger than for the protonation reaction so the E,, is shifted from E, ,, by more than the pK, is shifted
from pK, , (Fig 6.3, Eqn. 2-3). One difference is the desolvation energy is on average 2.4+0.3ApK units
larger for the redox reaction than for the protonation reaction (Table 6.1). Because of its significant
dipole the solvated neutral ferric hydroxyl-heme has a solvation energy that is not much smaller than the
positively charged ferric water-heme. Thus, both reactant and product of the protonation reaction have
similar AAG,,,. The desolvation penalty, which always favors the neutral species, shifts the pK, down
by at most 2pH units. In contrast when compared to the neutral, ferrous water-heme, the cationic, ferric
water-heme has much larger interactions with water. The impact of the desolvation energy on the redox
reaction when the heme is buried in the protein is thus much larger.

Hemoglobin I has a pK, which is only 0.2 pH units higher than the pK, ., while the E  is 223
mV more positive than E ; (AAG,,.;,=3.8 ApK units). The difference in desolvation energy for the

two reactions contributes 3 ApK units. In addition, Gln 64 in the distal pocket changes conformation in
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the aquo-heme pK, titration but does not in the E , titration. The rigid Gln 64 raises the water-heme E
by 1 ApK unit (58 meV) more than it shifts the ferric aquo-heme pK, down. The reorientation of the
Gln is part of the protein dielectric response that is captured by the explicit motions available in MCCE
(103,134). The GIn motion coupled to aquo-heme protonation thus diminishes the effective pairwise
interaction.

In horseradish peroxidase, AAG,,;, shifts the E,, down more than it shifts the pK, up. Besides

the 2.2 ApK unit difference in the desolvation energy, AG,,, favors heme reduction 3.3 ApK units more

than water deprotonation. Although both ferrous water-heme and ferric hydroxyl-heme have a net
charge 0, they interact differently with nearby residues. The hydroxyl-heme has a large dipole with its
negatively charged hydroxide pointing toward the distal pocket. Arg 38 in the distal pocket and Asp 247
on the opposite side form a dipole stabilizing the hydroxyl-heme. The difference in interactions with

hydroxyl-heme and water-heme is relatively small leading to a small AG,.,. On the other hand, the

neutral ferrous water-heme is not stabilized by the electrostatic dipole generated by these two amino
acids while interactions of the ferric water-heme with nearby negative charges shift the E,, down.
As in horseradish peroxidase, the favorable interaction of Cup with the hydroxyl-heme in

cytochrome ¢ oxidase makes the contribution of AG, to the in situ pK, smaller than found for in situ

E,. The E_ of Heme a, is predicted to be —10mV in cytochrome c oxidase when Cu, is oxidized and
Heme A and Cug reduced.

There is no experimental data available for the E, in heme oxygenase 1. These calculations
predict an E,, of 40mV. A run of 4 backbone dipoles lowers the pK, more than the E,,. All of the other

proteins studied here have similar values of AG,, for the redox and protonation reactions.

pol
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Figure 6.3. E  versus pK, at pH 7

(a) sperm whale myoglobin, (b) Aplysia myoglobin, (c) hemoglobin I, (d) heme oxygenase, (e)
horseradish peroxidase and (f) cytochrome c oxidase. (&) Calculated and (@) available experimental
values. Solid line has the same AAG,,,.,, for the in situ E, and pK, (Eqn. 2 and 3). Dashed line if
AAG,, i 1s 2.4 ApK units larger for E, than pK,; 2.4ApK units is the average difference in the AAG

rxn

for the two types of the reactions (Table 6.1).

Conclusions

The pK,s of ferric aquo-heme at pH 7 in sperm whale myoglobin, Aplysia myoblogin,
hemoglobin I, heme oxygenase 1, horseradish peroxidase and cytochrome c oxidase were calculated
with MCCE. The calculations reveal a breakdown in the classic continuum electrostatics analysis of
pairwise interactions. Large errors in calculated pK,s were found in horseradish peroxidase and

cytochrome c oxidase. DFT calculations suggest that CE calculations over-estimate pairwise
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interactions between ferric water-heme and a positive charge above the heme plane. This could be due
to significant out-of-plane charge density, which would be ignored in the atom-centered charges used in
the CE analysis. Alternatively, these external charges could polarize ferric hydroxyl-heme significantly

more than the amount accounted for by the e=4 used in the MCCE calculation. Using a correction that

brings the DFT and CE interactions into agreement, the calculated pK,s in six proteins are within 1 pH
unit of the experimental values. The calculated E s using the correction derived from DFT calculations
are within 35mV of the experimental values.

Proteins with higher ferric aquo-heme pK,s have lower E,_s since both arise from the protein stabilizing
a positively charged heme. However, the proteins shift the free energy of the redox reaction (AAG,,yi,)

by an amount that would shift a pK, by >6 pH units (375mV), while the pK,s span only 3.3 pH units

(Eqn. 2-3). The difference in AAG shows there is a larger effective dielectric response for the

protein
protonation than the redox reactions. In sperm whale myoglobin and hemoglobin I protonation is
coupled to conformational changes while the redox reaction is not. These conformation changes allow a
residue in the distal pocket to stabilize both protonation states reducing the energy difference between
them. In contrast, when the group is rigid as it is for the redox reaction the pair-wise interactions are

larger shifting the E,, more. This difference in flexibility for the two reaction typs found in MCCE is

supported by the good match between calculation and experiment for both pK,s and E_s.
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Appendix

MCCE subroutines
The latest version of Multi-Conformation Continuum Electrostatics (MCCE2) 104) added

improved rotatmer making and optimization to the original version of MCCE (103,112). The basic scheme

of MCCE2 is described in ref. (104). The detailed algorithms of the new subroutines are described here.

IPECE (Implementing Protein Environment for Continuum Electrostatics)

IPECE is a subroutine used to place a slab of neutral atoms to provide a low dielectric membrane
and to add water molecules into the protein cavities (114). There are three main parts in this subroutine:
1. The position of the membrane slab is determined and neutral atoms are added to mimic the low
dielectric membrane. 2. a grid based probe to determine the protein occupied region, protein exterior
space and protein cavities. 3. Cavities in the protein are probed and water or ions added into the cavities.

The added membrane slab is made of a box of neutral atoms. The slab position is optimized to
bury the fewest surface ionizable residues. Here is the scheme used in the program:

1. Read in pdb file and the surface accessible area of each atom. The surface accessible area

(SA) is pre-calculated using standalone SURFV program (194), and the values stored in
acc.atm file.

2. All the terminal atoms of ionizable residues, Asp OD1 and OD2, Glu OE1 and OE2, Arg

NHI1 and NH2, and Lys NZ together with their SA are saved in a list.
3. The protein is translated so that the center of all atoms (the average position) is at the origin.
This position is stored as p,.

4. The membrane slab defined between z = i%a, where a is the thickness of the membrane.
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5. A score number is calculated by the weighted summation of all SA from the list made in step

2. s=Y(y,x5A), ¥ is 0 if the atom is not within the membrane slab (z<—3a or z>7a),

and for those atom within the membrane slab, yis 1 for each terminal oxygen or nitrogen of

Asp, Glu and Arg and 2 for Lys in the slab.

6. Starting form p, position, the protein is rotated along the x-axis by 90° ( p,) to calculate the
score s again. Restore to p, position, and then rotated along the y-axis by 90° (p,) to
calculate the score s again. The score s from p,, p,, and p, are compared and the position
with the minimum s is the starting position for the next step.

7. Then the protein is randomly shifted along the z-axis by O~1A, or rotate around a random
axis on x-y plane by 0~15°, and the score s calculated again. If the score is lower than from
the previous position, then this shift or rotation is accepted. If the score gets higher, then the

chance of accepting this shift/rotation is e . A random number is generated to compared

0.2
to e

to decide whether this step is accepted.

A fully surface exposed ionizable residue contributes 60~70A° to the score. Assuming
that it costs 12kT to move an exposed ionizable residue into the membrane region, this leads
to the coefficient 0.2kT/A” used in calculating the acceptance rate. In a real case, it usually
costs more than 12kT to bury a charge, however the purpose here is to sample enough
positions to find the lowest scored position, therefore the energy barrier is lowered to allow
the protein move more freely.

8. Step 7 is repeated until no new lowest score can be found in 20,000 success steps.
9. The protein is then moved back to the lowest score position.
10. The protein is probed. Neutral atoms are added to the grid points that are marked as X.

Assigning all probes (Fig App. 1):
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A grid space covers the whole protein. By default, the grids are separated by 1A.

For each protein atom, the nearest grid point is marked as P (protein).

A probe list is generated starting from the corners. All eight corners are marked as X (protein
exterior) as the first generation of the probes.

The next generation of the probes is generated from all the neighbor grid points of the
previous generation that are neither P or X. They are then marked as X.

Step 4 is repeated until no new probes can be found in a new generation.

Now, those grid points that are not marked as P or X are not accessible for protein exterior,

and they are marked as C (cavities).
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Figure App. 1 Schematic illustration of the probe procedure

The probes start from the corners of the grid box to fill the entire protein exterior space. (@) marked as
P (protein), ( ¥ ) marked as X (exterior) and () marked as C (cavity).

Probe and membrane placing procedures are modified for the pore-forming proteins on the outer
membrane. These proteins, such as porin (Fig App. 2), have a large pore through the transmembrane
region (195,196). On the protein-membrane interface, the protein is hydrophobic, however inside the
protein, there are many ionizable residues facing the transmembrane pore to conduct ions and substrates.
In the probe procedure, now the probe list starts from the corner of the membrane layer (step 3, Fig App.
2). And the propagation of probes stays within the membrane layer. Therefore the probes cannot reach

the pore if the protein is oriented properly relative to the membrane layer.
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The calculation of the score s is also modified. For ionizable residues within the membrane slab,
if it is more than more than 2A away from a grid point that is marked X, then the 7y is O so that residues

in the pore are not counted into the score. And in the membrane placing procedure, each time the protein

is moved, the protein is probed again before the score is calculated.

A. B.

Figure App. 2 Structure of a porin

Structure of a porin (PDB: 2POR) shown in cartoon, ionizable residues in the transmembrane region
are shown in sticks. (A) the trans-membrane pore is filled with ionizable residues. (B) the interface
between porin and membrane is hydrophobic. In the probe procedure, the probes stay in the membrane
layer.

Add water. Water or other small molecules can be added into the protein by IPECE. After the
protein is probed, the grid points marked as C are not directly accessible from the solution through a

corridor of the probe radius (by default is 2.2A). Water oxygen or single atom molecules are then added
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to these grid points. Hydrogen positions of water are generated in MCCE standard hydrogen placement

subroutine.
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REPACK

Rotamers are placed on the protein by rotating around each rotatable bond by a defined step (by
default is 60°) to fill the entire phase space (104). Those with overlaps within a sidechain or between the
rotamer and the rigid backbone are eliminated. The rotamers left at this stage can be further pruned to
eliminate those that are likely to clash to other sidechains. The protein is repacked to find a low energy

state a number of times (5000 by default). The scheme for each repack cycle is:

1. The protein starts with a microstate where each residue is occupied in a random
rotamer.

2. A list is generated with all the residues, and then shuffled to create a random order.

3. Each residue is checked with the order from step 2. The energy of each rotamers is

calculated, where torsion energy, Lennard-Jones energy within conformer itself and
Lennard-Jones energy with the rest of the protein at current configuration are
considered. All the rotamers that have energies within a threshold (5 kcal/mol by
default) to the lowest are defined as low energy rotamers. If the current occupied
conformer is among the low energy rotamers, no flip is needed. Otherwise, this residue
changes to a rotamer that is randomly selected from the low energy ones.

4. Step 2-3 are repeated until no flip is made through the whole protein. A low energy
configuration is generated at this point. Each rotamer has a counter, which increases by
one if the rotamer is a low energy rotamer at this configuration.

After a number of cycles, those rotamers with low chance of being a low energy rotamer (less

than 5% of cycles being counted) are eliminated.
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RELAXATION

The repacked process is carried out with only heavy atoms. Those rotamers having low Lennard-

Jones interactions may have overlapping hydrogens. A subroutine is used to carry out small energy

minimization steps and relax the overlapping hydrogens.

1.

In each cycle, all the conformer pairs are checked. If the heavy atom Lennard-Jones interaction
is small (<5Kcal/mol by default), and the full atom Lennard-Jones interaction is large
(>2Kcal/mol), then this pair is subject to energy minimization.

The sidechain and the backbone atoms of the selected conformer pair are included in the
minimization process and the rest of the protein is not considered. Each process is composed of
many iterations (50 by default). In each iteration, all backbone atoms are fixed and sidechain

atoms are moved under the force field raised by the conformer pair. The displacement is

—

1F . ) ) .
s = E—tz, where ¢ is 1fs by default; m is mass atom; and F is combined force given by torsion
m

energy, Lennard-Jones interaction, electrostatic interaction, and additional user defined
constraints. Torsion and Lennard-Jones energies are calculated with standard AMBER force
field (197). Electrostatic interactions are calculated using Coulomb’s law with €=1, using the
same charge assignment as later in Delphi calculations. Two constraints are added to keep the
sidechains from moving too far from the initial configuration. First an energy penalty is applied
if an atom is moved over a distance (1A by default) away from the initial position that is

recorded before going into the RELAXATION subroutine. The energy penalty can be calculated

1
by E :Ek(|7c—7c0|—d)2, where k is the sprint constant (10 kcal/mol/A%), X is the current

position, X, is the initial position, d is the distance within which no penalty is applied. The

second constraint is applied to the torsion energy. Since the subroutine is mainly used to relax
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the hydrogen clash, at the beginning of the process, the force on hydrogen can be large while the
rest of the conformers are barely moved. Terminal hydrogen can be pushed into a different
torsion minimum to relieve the clash and the desired relaxation between heavy atoms is not
achieved. Therefore all torsion energies are increased (by 20 times by default) at the beginning
of a minimization step. Then linearly scaled to standard value halfway through the minimization.
The second half of the minimization process uses standard torsion energy. No bond-length or
bond-angle energy is applied. SHAKE algorithm (198) is used to constrain all bond-length and

angle to the initial values.

The original conformers from the crystal structure have duplicated conformers used in minimization

step, and the original copy is not moved in this step. No other extra conformers are generated in this

step. After several cycles (10 by default), the final position of each conformer is kept.
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Monte Carlo

The Monte Carlo procedure is the final step of MCCE, which samples the phase space of the

protein to achieve a Boltzmann distribution of all conformers. The scheme for a standard Monte Carlo

procedure is:

1.

The protein is initialized from a microstate where each residue is occupied in a randomly
selected conformer. The system energy is calculated by adding up all the self energy and
pair-wise energy (Chapter 2).

In each iteration, a new configuration is generated by randomly select a residue, and flip to a
random conformer that was not occupied. The change of system energy AE is calculated. If

system energy decreases (AE<0), then the new configuration is accepted. If system energy

AE
increases (AE>0), then the new configuration has a chance, e ¥, of being accepted. A

AE AE
random number () between 0 and 1 is generated, and compared to e . If {<e *7, then

the new configuration is accepted, otherwise the system stays in the old configuration. The
counter of each occupied conformer increases by 1 at the end of the iteration.
The beginning of the simulation is for the system to reach low energy states from a random

configuration, called equilibration period. After a number of iterations (500xN_ . by

conf

default, where N_ . is the total number of conformers), all the counters are reset to zero.

conf
Following is the data collection period. At the end of this period, occupancy of each

ute’:'conf

, where N, is the number of iterations in

iteration

conformer (iconf) is calculated as

iteration

this period (2000 X N, . by default).

conf
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Several techniques have been incorporated into MCCE to achieve fast convergence for large
proteins. In the regions where residues have multiple ionization states and positions, and they are
coupled together due to the large interactions, the energy surface is complicated. Sometimes, these
coupled residues need to change conformation together to move between low energy states, while
changing only one residue brings the system to a higher energy level which is hard to be accepted in a
Monte Carlo simulation. For example, an Asp and Lys pair is buried inside the protein with little
interaction to other residues, but strong interaction between Asp™ and Lys*. Then Asp Lys* and Asp’Lys’
states have low energies as they have zero total charge, while Asp'Lys’ and Asp’Lys" states have high
energies as the energy for burying charge is not compensated by favorable interactions. Flipping
between AspLys* and Asp’Lys’ states is not directly achieved in a standard MCCE flip. The
convergence is hard to achieve without the enough sampling of both states, as the system can be easily
trapped in one. Multi-flip technique (199) is implemented into MCCE to bypass the local high energy
barrier (114).

1. For each residue (ires), a list (BIG LIST) is created to include all the residues that
have at least one large conformer-conformer interaction with ires (>5 kcal/mol by
default).

2. Now in each iteration, the number of residue being flipped (n_ Flip) is randomly
chosen between 1 and a pre-defined N _Flip,_, (3 by default). n_ Flip is calculated
after the first residue to be flipped ( kres) is selected, and the number of residue in the
BIG LIST of kres (N _BIG,

) is checked. N _Flip_ . is modified to N_BIG,, +1

res kres

if N_BIG,, +1<N_Flip,_.

kres

3. The new configuration is generated by flipping conformers of residue kres and

(n_Flip—1) residues randomly selected from the BIG LIST of kres.
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In a large protein, sometimes there are a few regions that have complicated local energy surface
and hard to converge. But the rest of the protein can achieve convergence quickly. In a standard Monte
Carlo simulation, the coupled residues are not explored enough. A modified procedure is used here to
focus the sampling more on these regions.

1. A weighted residue list is created, initialized with one copy of each residue. In each iteration,

kres is now selected from this list.

2. The whole Monte Carlo is divided into small periods of iterations (10,000 by default). At the

end of each period, the average occupancy of each conformer from this period is recorded. A

standard deviation (stdev_occ,,,) is calculated for each conformer using recorded

occupancies. The maximum value is recorded for each residue ( stdev _occ, ). The larger

ires,max

this value is, the harder it is to converge for this residue. The weighted list is then updated

with (l +1000 X stdev _occ. ) copies of each residue ires.

Therefore fore each residue, the less converged it is, the more chance is has to be explore. Since
this list only bias the chosen residue, not trial Metroplis flip of a conformer, the bias on final distribution
is negligible. The calculations with and without this technique differ by less than 5% for all conformer

occupancies.
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