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ABSTRACT: As stringent tests for the molecular model and computational protocol, microscopic pK,
calculations are performed for the key residue, Glu286, in cytochrome ¢ oxidase (CcO) using a combined
quantum mechanical/molecular mechanical (QM/MM) potential and a thermodynamic integration protocol.
The impact of the number of water molecules in the hydrophobic cavity and protonation state of several
key residues (e.g., His334, Cug-bound water, and PRD,;) on the computed microscopic pK, values of
Glu286 has been systematically examined. To help evaluate the systematic errors in the QM/MM-based
protocol, microscopic pK, calculations have also been carried out for sites in a soluble protein (Asp70 in
T4 lysozyme) and a better-characterized membrane protein (Asp85 in bacteriorhodopsin). Overall, the
results show a significant degree of internal consistency and reproducibility that support the effectiveness
of the computational framework. Although the number of water molecules in the hydrophobic cavity
does not greatly influence the computed pK, of Glu286, the protonation states of several residues, some
of which are rather far away, have more significant impacts. Adopting the standard protonation state for
all titratable residues leaves a large net charge on the system and a significantly elevated pK, for Glu286,
highlighting that any attempt to address the energetics of proton transfers in CcO at a microscopic level
should carefully select the protonation state of residues, even those not in the immediate neighborhood of
the active site. The calculations indirectly argue against the deprotonation of His334 for the proton pumping
process, although further studies that explicitly compute its pK, are required for a more conclusive statement.
Finally, the deprotonated Glu286 is found to be in a stable water-mediated connection with PRD,; for at
least several nanoseconds when this presumed pumping site is protonated. This does not support the
proposed role of Glu286 as a robust gating valve that prevents proton leakage, although a conclusive
statement awaits a more elaborate characterization of the Glu286—PRD,; connectivity with free energy
simulations and a protonated PRD,;. The large sets of microscopic simulations performed here have
provided useful guidance to the establishment of a meaningful molecular model and effective computational
protocol for explicitly analyzing the proton transfer kinetics in CcO, which is required for answering key
questions regarding the pumping function of this fascinating and complex system.

One of the key challenges of molecular bioenergetics is
to understand the function and mechanism of membrane-
bound ion pumps in structural and energetic terms. One of
the most fascinating systems in this context is cytochrome ¢
oxidase (CCO),1 which is a complex, multisubunit heme-
copper oxidase and the terminal enzyme of the electron
transfer pathway in cellular respiration. It activates the
kinetically stable oxygen molecule to prevent the release of
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potentially toxic oxygen intermediates and, at the same time,
uses the free energy from oxygen reduction to pump protons
across the mitochondrial membrane in a stochiometric
fashion, creating the proton concentration gradient required
for ATP synthesis (/—35). For each reduced oxygen molecule,
four electrons and four (substrate) protons are consumed in
the oxygen reduction process while four other (pumped)
protons are pumped across the membrane. It is generally
believed that the electron transfer, proton consumption, and
proton pumping are carefully orchestrated by CcO to achieve
a tight coupling between the oxygen reduction and proton
pumping. The precise mechanistic details of the coupling
process, however, have largely remained obscure, making
CcO a current topic of intense research.

With the recent advances in the structural characterization
of CcO in different redox states (6, 7), it has become feasible
to carry out theoretical and computational studies on the
detailed proton pumping mechanism in this complex system.
A series of electrostatic (8—12), classical molecular dynamics
simulations (/3—16), and quantum chemical study of active
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sitte. models (/7—19) have already provided interesting
insights into various mechanistic issues. Nevertheless, fun-
damental issues such as the precise identity of the pumped
proton loading site(s) and the gating mechanism of substrate
versus pumped proton transfers have not been firmly
resolved. Our long-term goal is to make contributions to
solving these key mechanistic issues using combined quan-
tum mechanical/molecular mechanical (QM/MM) calcula-
tions. We believe that QM/MM calculations are particularly
useful in this context because both proton transfer thermo-
dynamics and kinetics (barriers) can be addressed on an equal
footing within such a computational framework. With regard
to CcO, it is important to explicitly estimate the proton
transfer kinetics since a number of authors (20—22), includ-
ing us, have argued that the phenomenon of “kinetic gating”
might be important for CcO to avoid deep thermodynamical
traps and to maintain both efficient and fast pumping (23).

To have a reliable description of substrate/pumped proton
transfers in CcO, it is important to carry out careful
benchmark calculations to establish the reliability of the
simulation protocol and the molecular model for this complex
enzyme—membrane system. For building a proper enzyme
model for CcO, the issues of particular concern include the
treatment of the membrane environment, selection of the
titration states of various titratable amino acid residues, and
the number of water molecules to include in the hydrophobic
region around the active site. A powerful and quantitative
benchmark in this regard is the microscopic pK, calculation
of a residue in the active site using thermodynamic integra-
tion (TI). The specific residue on which we focus is Glu286
in Rhodobacter sphaeroides CcO, which has been experi-
mentally measured (24) to have a significantly shifted pK,
of 9.4. Positioned to connect the D-channel and the “hydro-
phobic cavity” in the active site region, Glu286 is well
accepted as the branching point (25—27) for the substrate
versus pumped proton transfers in CcO, though the precise
gating mechanism is not clear. Although the pK, of Glu286
has been reproduced by continuum electrostatics calculations
(28), the functional importance of this residue and its unique
location make it an ideal target for the purpose of quanti-
tatively benchmarking QM/MM protocols and identifying
key factors that make a large contribution to its pK, value.
As discussed in previous studies (29, 30), although a QM/
MM potential is not required for most simple titratable
groups, accurate pK, predictions within the QM/MM frame-
work rely on many technical details such as the proper
treatment of electrostatics, a sufficient amount of conforma-
tional sampling, and the use of a reliable QM/MM potential.
Therefore, the ability to reproduce the experimental pK,
values of key residues serves as an important quantitative
measure for validating the reliability of the enzyme model
and the simulation protocols being used. In addition, the
results from such calculations will provide valuable guidance
to the choice of a proper molecular model for a quantitative
analysis of proton transfer mechanisms, which are beyond
the capability of continuum electrostatic models and semi-
macroscopic models, especially concerning the role of
structural transitions (37).

In this paper, we describe a series of pK, calculations for
Glu286 in CcO using the TI protocol with a QM/MM—GSBP
approach (32, 33); as an additional benchmark for the
protocol, calculations have also been done for two somewhat
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simpler cases, Asp70 in T4 lysozyme and Asp85 in bacte-
riorhodopsin (bR). We first briefly summarize the enzyme
model in the QM/MM—GSBP framework and the protocol
used for pK, calculations. Following a brief summary of the
T4 lysozyme and bR results, we discuss the calculated pK,
value of Glu286 and its sensitivity to various factors such
as the number of waters in the hydrophobic cavity and the
protonation states of other titratable groups, especially the
commonly assumed proton loading site, the propionate group
of heme,;. Finally, we draw a few conclusions regarding the
reliability of the QM/MM—GSBP simulation protocol and
mechanistic implications of the pK, calculations on the proton
pumping process.

1. COMPUTATIONAL METHODS AND SETUP

The basic simulation protocol used for pK, calculations
in this work is TI with a SCC-DFTB/MM-GSBP potential.
Since this protocol has been presented in detail in several
previous publications (29, 30, 32, 33), we refer the readers
to the original references and include only technical details
for the specific systems studied here. Although Glu286 in
R. sphaeroides CcO is the subject of main interest, two other
cases have also been examined as additional benchmarks for
the pK, of carboxylic acids in biomolecules; these are Asp70
in T4 lysozyme and Asp85 in bacteriorhodopsin (bR). Asp70
in T4 lysozyme was chosen because it has a large pK, shift
and the system is not complicated by the presence of a
membrane, while Asp85 in bR was chosen since the system
is simpler than CcO and the pK, values of critical groups
have been better characterized by previous experimental and
theoretical studies.

1.1. CcO Simulation Setup. 1.1.1. Enzyme Model. The
enzyme model is constructed on the basis of the X-ray
structure for the R. sphaeroides CcO in the fully oxidized
state (PDB entry 1M56) at 2.3 A resolution (7). As noted in
previous studies (11, 34, 35), two critical issues related to
the overall setup concern the number of explicit water
molecules included in the interior, especially the hydrophobic
cavity near the binuclear site (BNC), and the protonation
states of the titratable amino acid residues.

With regard to the issue of water in the protein interior,
the protein is first solvated by the standard overlay protocol
using a box of equilibrated TIP3P waters, taking care not to
add waters in the expected membrane regions. Successive
overlays of the water boxes are performed with all solvent
molecules within 2.8 A of any non-hydrogen protein atom
removed in each iteration. In addition, the hydrophobic cavity
in the active site region is specifically solvated using grand
canonical Monte Carlo (GCMC) (36) simulations. Following
the protocol of Roux et al. (36), all water molecules within
15 A of Glu286 are subjected to Monte Carlo equilibration
while all other protein atoms are kept fixed. Of the 34 water
molecules in the 15 A region around Glu286, GCMC
simulations predict only 26 water molecules to be stable with
six waters in the hydrophobic cavity above Glu286; 14 of
these have been resolved in the X-ray structure, and the rest
are added to the region above the heme groups near the
proposed exit region (four), at the mouth of the D-channel
(one), and near the backbone of Trpl72 (one). During the
subsequent MD simulations, however, one water molecule
moves out of the cavity into the D-channel (see Figure 3a,b).
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FIGURE 1: Illustration of the computational setup for the CcO system
from R. sphaeroides. (a) Location of titratable residues predicted
to have a significantly shifted pK, values by MCCE calculations
(11) (also see Table 2). (b) Partitioning of the system into the inner
rectangular region (40 A x 40 A x 56 A) in the GSBP framework;
the location of several key residues is indicated, and the thickness
of the membrane (¢ = 2) is taken to be 32 A. The water molecules
shown are those determined from the X-ray structure (7) in the
relevant region.

The five remaining waters in the hydrophobic cavity are
stable and inhabit the cavity at all times during nanosecond
simulations. The predicted number of waters is consistent
with the results of Stuchebrukov et al. (35) on the thermo-
dynamic properties of internal water in the hydrophobic
cavity of CcO where five to six water molecules were found
to reside in the cavity. Recent molecular dynamics simula-
tions by Wikstrom et al. (16, 37) also suggest that at least
four water molecules need to be present in the hydrophobic
cavity to facilitate GIlu286 side chain rotation and allow
proton transfer to occur; an upper limit for the number of
waters, however, has not been provided.

An important technical issue related to GCMC simulations
is the choice of the excess chemical potential value for water
(Uey)- Following the work of Roux et al. on the KcsA channel
(36), we chose a value for u., of —5.8 kcal/mol, though a
range of u. values from —6.5 to —5.4 kcal/mol have been
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FIGURE 2: Linear 1 dependence for dAGE rcoommy/d4 for three
independent sets of simulations with the OOOO’—5w—C6 setup.

reported for the TIP3P water model (38). The most appropri-
ate value of u to use in conjunction with a specific protein
force field is not clear. To assess the sensitivity of the number
of predicted waters to u., we have repeated GCMC
simulations with a series of u, values. As shown in Table
1, as u changes from —3.0 to —7.0 kcal/mol, the predicted
number of waters in the hydrophobic cavity varies from
seven to five, which is a fairly narrow range; changing the
protonation state of Glu286 does not lead to the change in
the predicted number of waters. In most subsequent pK,
simulations, five water molecules are placed in the hydro-
phobic cavity following the GCMC simulation with a . of
—5.8 kcal/mol.

With regard to the protonation states of the titratable
groups, recent multiconformation continuum electrostatics
(MCCE) (/1) calculations on CcO suggested that a cluster
of residues near the proton uptake (His127—Glu539) and
release regions (His93—Glul82) as well as some other
residues (Table 2, as shown in Figure 1a) have significantly
shifted pK, values and therefore have nonstandard proton-
ation states depending on the oxidation state of the metal
centers. It should be noted that although most of these
residues are relatively far from Glu286 or the BNC, a change
in their protonation states might have a non-negligible
cumulative effect on the energetics at these sites depending
on how effectively the protein and membrane environment
screen the effect of the charges. We test two sets of
protonation states in the pK, calculations, the MCCE-
predicted protonation states for residues in the fully oxidized
enzyme (net charge of —6, termed the “C6” set of simula-
tions) and the default titration state of all titratable groups
at pH 7 (net charge of —14, term the “C14” set). We note
that the current setup does not allow fractional protonation
of titratable sites, although the net charge in the C6 set of
simulations is rather close to the MCCE prediction (—4.3)
at pH 7 for the fully oxidized enzyme (/7).

The metal centers in all of our calculations are taken to
be oxidized to be consistent with the experimental pK,
measurement for the Pg state (24). However, the ligation
states of the metal centers are not clear from experiments
and chosen on the basis of earlier Poisson—Boltzmann (PB)
calculations (39—417). We specifically vary the protonation
state of two ligands of Cug: water versus hydroxide and
neutral versus deprotonated His334. The protonation state
of Tyr288, which is cross-linked to Cug-bound His284, is
also not clear; some researchers believe it is deprotonated
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FIGURE 3: Distribution of water molecules in the hydrophobic cavity near the Cug center when the simulation is initiated with (a) six, (b)
five, or (c) seven water molecules (also see Table 1 for results of GCMC simulations). Note that in panel a one water escapes from the
hydrophobic cavity into the D-channel during the simulation, while only in panel c are continuous hydrogen-bonded water wires between
Glu286 and both the chemical and physical sites formed simultaneously. Glu286 is protonated in all cases.
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Table 1: Number of Waters Added to the Hydrophobic Cavity of CcO
in GCMC Calculations as a Function of Excess Chemical Potential (zcx)
for the Water”

Glu286 Uex no. of waters in the

case oxidation state protonation state (kcal/mol) hydrophobic cavity
1 0000’ P -3.0 7
2 0000’ P —4.8 7
3 0000’ P —53 7
4 0000’ P —5.8 5
5 0000’ dp —5.8 5
6 0000 P —5.8 5
7 0000’ P —6.3 5
8 0000’ P =7.0 5

“The original X-ray structure for R. sphaeroides CcO in the fully
oxidized state [PDB entry IM56 (7)] with Glu286 in the down
orientation is used; the protonation state of titratable residues is the C6
set (see Table 2).

and negatively charged in Py (31, 42, 43), while recent
continuum electrostatics calculations predict it to have a high
pK, and therefore be in the neutral form at all oxidation states

Table 2: Amino Acids with Nonstandard Protonation States and Their

Positions Relative to Glu286

amino acids
total charge altered from

oxidation on the default state percentage distance

case  state enzyme (subunit)  ionization® (A) to Glu286”

Cl4 0000’ —14 Glu286(A) - -
Lys362(A) - 20

(€9 0000’ —6 Glu286(I) - -
Lys362(T) - 20
Lys442(I) - 29
Glu185(III) - 37
Glu90(I1I) - 21
Asp407(T) - 19
Asp251(IIT) - 33
His67(1) 62 34
His534(I) 62 37
His188(III) 63 45
His37(11I) 88 25
His132(I1I) 57 30

“ Predicted by MCCE calculations published in ref 77. * Estimated on
the basis of the shortest distance to C, of Glu286 in the X-ray structure.
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of the enzyme at equilibrium (//), which is adopted in the
set of calculations presented here. The notation for specifying
the metal redox/ligation states is as follows: all four metal
centers in the oxidized state with water bound to Cug which
is termed the OO0’ state (Cua™", Fepeme,” ", Fe*"™=Oueme >,
Cug?*—HOH) and the oxidized state with hydroxide bound
to Cug is the OO0O state (Cus®", Feyeme,” ", Fe"™=Ogeme,,>
Cug?™—OH). His334 is taken to be charge neutral unless
explicitly stated (see Table 4).

1.1.2. GSBP Setup. Since the membrane dynamics is not
expected to have a dominant impact on the proton pumping
process in R. sphaeroides CcO, the GSBP (44) protocol has
been selected for its computational efficiency; it is also
straightforward to include transmembrane potential in the
GSBP protocol within the continuum electrostatics frame-
work, although this has not been done in this work. As
described in detail previously (30, 45), the system is
partitioned into inner and outer regions and only the
microscopic dynamics of the inner region are followed
explicitly; the contributions from the outer region, including
bulk solvation effects, are approximated at the Poisson—
Boltzmann level. As shown schematically in Figure 1b, we
use the rectangular boundary condition for the GSBP setup
with dimensions of 40 A x 40 A x 56 A. The outer region
has 10562 atoms that are held fixed, while 8447 (7923 protein
and 524 waters) atoms that belong to the inner region are
allowed to undergo explicit thermal fluctuations. Protein
atoms at the boundary of inner and outer regions are
constrained according to the previously described protocol
(44). All bonds involving hydrogen are constrained with
SHAKE (46) to allow a 2 fs time step. Temperature control
is achieved by coupling the system to a Nose-Hoover
thermostat (47). The entire system is heated to 300 K and
equilibrated for ~200 ps prior to any free energy simulations.
We note that all subunits of the CcO monomer have been
included in this study, while most previous studies have
included either only subunit I or only subunits I and II.

In the PB calculations for the various GSBP components,
the static field due to outer region charge distribution, ¢5,
and the reaction field matrix, M, a coarse cubic grid of 1.6
A spacing, and a fine grid of 0.4 A spacing are used in
focusing calculations. To evaluate the contribution of the
inner region charge distribution to the total electrostatic
solvation free energy, the charge density of the inner region
is expressed as a basis set expansion using Legendre
polynomials up to order 12 (48). The membrane—solvent
environment is treated implicitly with a dielectric model, and
the protein—solvent boundary is determined using the atomic
radii of Nina et al. (49). The membrane thickness is set to
32 A with the dielectric constant for the membrane and the
bulk solvent set to 2.0 and 80.0, respectively. A dielectric
constant of 1.0 is assigned to the protein in the inner region
and 4.0 in the outer region. To be consistent with the GSBP
protocol, the extended electrostatics model (50) is used to
treat the electrostatic interactions among inner region atoms
in which interactions beyond 12 A are treated with multipolar
expansions, including the dipolar and quadrupolar terms.

1.1.3. OM/MM Setup and ab Initio Parametrization of
Metal Centers. In all calculations reported here, only the side
chain of the titratable residue (Glu286 in CcO) is treated
with a QM approach (see section 1.3) while the rest of the
system is treated using the all-atom CHARMM?22 force field
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(51). As discussed in earlier publications (30, 52), one of
the key issues in QM/MM simulations that involve a
significant change in the QM charge distribution is the
treatment of the QM/MM frontier. In our set of calculations,
we follow the EXGR scheme with the link atom added
between Cg and C, of the Glu286 side chain. The EXGR
scheme involves zeroing out the partial charges on the entire
MM host group and has been shown to avoid spurious QM/
MM electrostatic interactions; it has been shown to give
satisfactory proton affinity values in gas phase models (52)
and pK, values for protein and solution systems (53).

As for the MM part, force field parameters for heme,s,
heme,, and Cug motifs are not available in CHARMM?22
(51) and hence have to be developed. For this purpose, a
simple gas phase model is constructed for the Cug metal
center, in which a Cu(Il) ion is coordinated with three methyl
imidazoles and a hydroxide or water molecule; Tyr288,
which is cross-linked to His284, is modeled as a methyl
group bound to N, of His284. The choice of oxidation state
and ligands for the Cug center in the gas phase models is
appropriate for the states (OOOO and OOOQ’) used in the
pK. calculations. The gas phase model for heme,; is
constructed with the farnesyl chains in the porphyrin ring
substituted with hydrogens, and the axial histidine (His419)
ligand coordinated to the iron is replaced with a methyl
imidazole while the other axial ligand is oxygen [Fe(IV)=0].
For the Fe(IV)=0O0 state of heme,3, the triplet electronic state
is calculated since it is the lowest in energy among the
singlet, triplet, and quintuplet electronic states. The gas phase
model for heme, is similar to that for heme,; except that
both the axial histidine ligands (His421 and His102) are
replaced with methyl imidazoles. The doublet state is found
to be most stable for the Fe(Ill) state of heme, among
doublet, quartet, and sextuplet electronic states. Geometry
optimizations of the gas phase models are done at the B3LYP
level (54, 55) using the Hay—Wadt pseudopotential/basis
(Lanl2dz) (56—58) for Cu/Fe and 6-31G* for other atoms
(59). All calculations are done with Gaussian03 (60).

Using these optimized gas phase models, partial charges
are assigned on the basis of ESP charges (61, 62) calculated
at the 6-311+G** level (63). The van der Waals parameters
are then fitted using the standard protocol for the CHARMM
force field (57): a water molecule is placed at a series of
distances and orientations relative to the gas phase model,
and the van der Waals parameters are then fitted such that
the QM interaction energies are reproduced with the water
described by the TIP3P model (parameters included in the
Supporting Information).

1.2. Model Benchmark Systems: T4 Lysozyme and Bac-
teriorhodopsin (bR). 1.2.1. Simulation Setup. As the starting
atomic configuration, the X-ray structure for lysozyme from
T4 bacteriophage at 1.9 A resolution (PDB entry 1L54) (64)
is used and all amino acids are kept in their standard titration
states. For bR, the X-ray structure for the ground state at
1.5 A resolution (PDB entry 1C3W) (65) is used; all amino
acids are kept in their physiological protonation state except
Asp96 and Aspl15, which are known to be protonated in
the ground state (66). The all-trans-retinal is treated using
the CHARMM force field developed in refs 67 and 68. the
Schiff base is kept protonated throughout the simulations,
consistent with the previous prediction for the ground-state
bR using continuum electrostatics (69). For both structures,
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successive overlays of a 25 A water sphere are performed
to solvate the protein, removing after each iteration all solvent
molecules that are within 2.8 A of any non-hydrogen protein
atom. The added solvent molecules are relaxed at 300 K for
20 ps with all protein and crystallographic water molecules
held fixed. The solvation layers beyond 18 A are deleted,
providing the final structure used as the starting point for
subsequent simulations. In the TI simulations, the inner
region was further partitioned into Newtonian and Langevin
regions. Atoms beyond 20 A are fixed; those between 16
and 20 A are treated with Langevin dymanics, while the rest
are treated with standard Newtonian dynamics. The protein
atoms in the Langevin region are harmonically constrained
with force constants determined from the crystallographic
B-factors. All bonds involving hydrogen are constrained with
SHAKE (46) to allow a 2 fs time step. The entire system is
heated to 300 K and equilibrated for 200 ps prior to any
free energy simulations.

1.2.2. GSBP Setup. In the GSBP calculations, the protein
is partitioned into a 20 A spherical inner region with the
remaining portion of the system in the outer region. The static
field due to outer region atoms, ¢, and the reaction field
matrix, M, are evaluated using PB calculations with a
focusing scheme that places a 56 A cube of fine grid (0.4
A)into a larger 132 A cube of coarse erid (1.2 A). The inner
region charge density is expressed using the first 20th-order
spherical harmonics with a total of 400 basis functions. Other
details of the PB calculations (dielectric constants for
different regions and atomic radii) are the same as in the
CcO setup.

1.3. pK, Calculations. The pK, calculations are carried
out using the TI approach (70, 71) within the dual-topology
single-coordinate (DTSC) scheme (29, 30, 32). In this
approach, the dominant contribution to the total free energy
of deprotonation is from the electrostatic free energy change
[AGH) rcoomm] associated with converting the acidic proton
to a dummy atom (D), i.e., the transformation from
E—RCOOH to E-RCOOD, where E represents the protein
and R-COOH is the titratable acidic residue (Glu286 in CcO,
Asp85 in bR, and Asp70 in T4 lysozyme). The corresponding
free energy derivative is given by

(1)
8AGE—RCOO(H/D) UE RCOOD X i
al < elec E—RCOO(H/D)]
E—RCOOH
Uelec [XE—RCOO(H/D)] >l ( 1 )

which represents the QM/MM energy difference averaged
for a specific coupling parameter A using the same set of
coordinates [Xg-rcoomm)] for both protonation states,
E—RCOO(H/D). The total electrostatic free energy contribu-
tion [AG# rcoompy] is determined by integrating the con-
verged free energy derivatives [0AGH rcoompy/d4] over A
from O to 1.

Even though the absolute pK;, of a residue can, in principle,
be estimated using the protocol described above, to do so
the solvation free energy of a proton has to be taken into
account. When considering “pK, shifts” relative to a reference
molecule in solution the proton solvation term, which is
difficult to measure or compute accurately, does not con-
tribute. Therefore, as in recent studies (53), we choose to
compute the pK, shift relative to acetic acid in solution
[experimental pK, ~ 4.8 (72)], which also helps to cancel
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other contributions, such as the zero-point energy difference
between the protonated and deprotonated states and van der
Waals interactions involving the acidic proton (29). The lack
of explicit treatment of electronic polarization in the protein
and solvent is also expected to partially cancel out in such
pK, shift calculations, although the degree of cancellation
remains an interesting topic that will be discussed in separate
work (J. Yu and Q. Cui, work in progress).

Finally, as also noted in the recent study (53), since
AGH rcoomm) is electrostatic in nature, one expects that the
free energy derivative depends linearly on the coupling
parameter A (73). Rigorously speaking, this is only true if
there are no major structural transitions in the protein during
the titration process, which can cause the distribution of an
“energy gap” (rhs of eq 1) to deviate from Gaussian and
therefore nonlinearity in the dAGE rcoommy/dA—A rela-
tion (74, 75). Nevertheless, many previous studies found that
the approximate linear relation holds even in the presence
of distinct local structural rearrangements (75, 76).

1.3.1. Statistical Analysis. During the thermodynamic
integration-based pK, simulations, the net charge of the
system changes. The response of the entire protein to the
altering charge can be substantial and slow to converge due
to its collective nature. Therefore, it is crucial to carefully
monitor the statistical and sampling errors and reproducibility
of the microscopic pK, simulations. In this study, multiple
independent trajectories have been carried out for the key
sets of pK, simulations (see the tables). For each set of pK,
simulation, the average free energy derivative value of a
particular 4 is determined using a block averaging scheme
that has been discussed in detail in recent studies (53, 76).
For bR and T4 lysozyme, the statistical analyses are
summarized together with the pK, results in Table 3. For
CcO, the amount of simulation identified as the equilibrating
phase and the number and size of blocks for the equilibrated
data are summarized in Table 6, and the statistical average
and error for different A values in different sets of simulations
are summarized in Table 5. The amount of data excluded
from meaningful ensemble average calculations ranges as
much as ~1.2 ns, which highlights the importance of careful
statistical analysis of the simulation data. The typical
statistical error is on the order of 0.4—1.4 kcal/mol.

1.3.2. B3LYP/MM Correction. In the SCC-DFTB/MM
method (77), the electrostatic interaction between QM and
MM atoms is calculated using Mulliken charges on the QM
atoms

A
preem— 3y B0 ®)

leMmyeQm T
where Ag; is the Mulliken charge on QM atom J. This
formulation is consistent with the way that charge relaxation
is achieved for the QM atoms in SCC-DFTB (78). Since
the QM electron distribution is represented by atom-based
point charges, this approximation does not allow MM charges
to interact with different orbitals on a QM atom differently.
The more rigorous QM/MM coupling treatment includes the
contribution from the MM point charges in the one-electron
integrals, which is done in B3LYP/MM calculations (79).
Therefore, correcting SCC-DFTB/MM results based on
B3LYP/MM calculations improves not only the QM level
itself but also the way that MM region interacts with and
polarizes the QM region. The correction is done on the basis
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Table 3: Free Energy Derivatives, AGH rcoomm) PKas and Statistical Analysis of pK, Simulations for Asp70 in T4 Lysozyme and Asp85 in

Bacteriorhodopsin®
A Asp70 T4 Asp85 bR (set 1) Asp85 bR (set 2) Asp85 bR (set 3) Asp85 bR (set 4)

0.00 218.2 (0.4) 202.6 (1.1) 190.8 (1.9) 193.6 (1.5) 200.7 (0.6)

0.25 183.4 (0.4) 154.7 (0.5) 160.1 (0.4) 158.7 (0.5) 168.2 (1.4)

0.50 140.7 (0.5) 129.7 (0.8) 131.8 (0.4) 131.6 (1.2) 138.4 (0.9)

0.70 108.6 (0.5) - - - -

0.75 - 91.7 (0.4) 100.4 (1.2) 94.1 (0.3) 103.2 (1.0)

0.90 73.5 (0.6) - - - -

1.00 49.5(0.8) 59.6 (0.9) 56.3 (1.2) 57.9 (1.8) 60.8 (0.9)

A G recoomm” 138.0 (0.99) 128.0 (0.99) 128.1 (0.99) 127.2 (0.99) 135.8 (0.99)

pK.¢ 0.0 2.1(1.9) 2.2 (1.8) 1.5(1.4) 7.8 (7.3)
Asp70 T4 Asp85 bR (set 1) Asp85 bR (set 2) Asp85 bR (set 3) Asp85 bR (set 4)

A prod(equi) T (n) prod(equi) T (n) prod(equi) T (n) prod(equi) T (n) prod(equi) T (n)
0.00 3.2 (0.5) 40 (80) 2.0 (0.4) 26 (62) 2.0(1.1) 12 (25) 2.5(1.2) 22 (59) 2.5(1.5) 17 (59)
0.25 3.2 (1.1) 40 (53) 2.0 (0.8) 15 (80) 2.0 (1.0) 14 (42) 2.5(1.1) 18 (78) 2.5(0.9) 59 (27)
0.50 3.2 (0.5) 40 (80) 2.0(0.9) 20 (55) 2.0 (1.0) 12 (50) 2.5(1.3) 16 (75) 2.5(1.1) 27 (51)

Asp70 T4 Asp85 bR (set 1) Asp85 bR (set 2) Asp85 bR (set 3) Asp85 bR (set 4)

A prod(equi) T (n) prod(equi) T (n) prod(equi) T (n) prod(equi) T (n) prod(equi) T (n)
0.70 3.2(0.5) 40 (69) - - - - - - - -

0.75 - - 2.0 (1.1) 23 (39) 2.0 (1.1) 10 (50) 2.5(0.7) 26 (69) 2.5(1.1) 22 (63)
0.90 3.2(0.4) 40 (71) - - - - - - -
1.00 3.2 (0.5) 40 (76) 2.0 (1.0) 13 (77) 2.0 (1.1) 16 (38) 2.5(1.6) 20 (45) 2.5(0.8) 56 (30)

“The free energy derivatives are given in kilocalories per mole, and the values in parentheses are statistical errors. ” Computed on the basis of the
linear fit of the free energy derivatives vs A and subsequent integration over A; the values in parentheses are the R* values for the linear fit. “ The pK, is
computed using the calculated pK, shift relative to the acetic acid in solution, whose experimental value is 4.8 (72); the numbers in parentheses include
correction using single-point B3LYP/6-311+G**/MM energy calculations at 500 SCC-DFTB/MM geometries with a second-order cumulant expansion
(see section 1.3.2). ¥ prod(equi) gives the total amount of simulation time (in nanoseconds) and the segment identified as equilibration (in parentheses). 7
gives the size of the block (in picoseconds), and n gives the total number of blocks in the final free energy derivative calculations.

Table 4: Summary of Computed pK, Values for Glu286 in the Py State of CcO Using a SCC-DFTB/MM-GSBP-Based Thermodynamic Integration

Approach®
no. of waters
ligation state in the hydrophobic net charge His334/PRD,;

setup of Cug cavity on enzyme protonation state computed pK, perturbation”
0000’ —5w—C6—set 1 H,O 5 —6 0/—1 154 (11.3) — ()
0000’ —5w—C6—set 2 H,O 5 —6 0/—1 14.8 (11.7) —1.3(1.1)
0000’ —5w—C6—set 3 H,O 5 —6 0/—1 16.1 (12.1) —0.7 (—0.3)
0000’ —7w—C6 H,O 7 —6 0/—1 11.8 (11.8) —=3.6 (1.1)
0000—5w—C7—set 1 OH™ 5 =7 0/—1 18.8 (15.8) 3.4(4.5)
0000—5w—C7—set 2 OH™ 5 =7 0/—1 19.8 (16.2) 4.4 (4.9)
0000—5w—C7—set 3 OH™ 5 =7 0/—1 19.6 (16.0) 4.2 (4.7)
0000—5w—C6—PRD,3 OH™ 5 —6 0/0 11.0(8.1) —3.4(-32)
0000’—5w—C7—H334 H,0 5 =7 —1/-1 19.8 (17.6) 4.4 (6.3)
0000'—5w—Cl14 H,0 5 —14 0/—1 22.8 (21.3) 8.1(9.8)

“The experimental measured value is 9.4 (24); the numbers in parentheses include correction using single-point B3LYP/6-311+G**/MM energy
calculations at 500 SCC-DFTB/MM geometries with a second-order cumulant expansion (see section 1.3.2). ® Using the first set of O0O00’'—5w—C6

results as a reference.

of a straightforward one-step free energy perturbation
calculation

AGys; yp.sce = —kT 1n<e*ﬂ(UﬁsLYP/MM*USCC/MM)>SCC/MM 3)

at both end states (A = 0.0 or 1.0). The difference between
the perturbative correction at the two end states gives the
B3LYP/MM correction to the free energy of deprotonation
[AGH rcoomm)]. Since only a small number (500) of
snapshots from SCC-DFTB/MM trajectories are used, a
second-order cumulant expansion is used to improve the
numerical stability of the perturbation calculation

AGBSLYP-SCC = <UB3LYP/MM - USCC/MM>SCC/MM B

2
§[<(U saLyeamv — Uscomm) >SCC/MM —(U B3LYP/MM

Uscenw)’] (4)

As discussed extensively in the literature (80), such one-
step perturbation is effective only if the configuration space
at the two levels overlaps significantly; this is assumed to
be the case considering the previous observation (81, §2)
that SCC-DFTB often gives reliable geometries and energet-
ics compared to B3LYP.

2. RESULTS AND DISCUSSION

In this section, we first briefly discuss results for the
somewhat simpler benchmark systems, T4 lysozyme and
bacteriorhodopsin. Next, we present the results for CcO and
discuss in detail the various factors that may influence the
computed pK, for Glu286.

2.1. Benchmark Systems: T4 Lysozyme and Bacteriorho-
dopsin. 2.1.1. pK, of Asp70 in T4 Lysozyme. As discussed
in section 1, Asp70 in T4 lysozyme is selected because it
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Table 5: Free Energy Derivatives and AGHrcoomm from pK, Simulations of Glu286 in CcO with Different Setups®

2 0000’ —5w—C6—set 1 0000’ —5w—C6—set 2 0000’ —5w—C6—set 3
0.00 214.6 (1.2) 214.1 (1.4) 218.8 (1.4)
0.25 178.2 (1.1) 176.2 (0.8) 178.9 (1.6)
0.50 150.8 (0.9) 148.2 (0.7) 150.4 (0.7)
0.75 110.6 (0.9) 111.8 (1.1) 114.5 (0.7)
1.00 77.6 (0.5) 74.6 (0.6) 73.3(0.9)
AGH rcoomnm 146.2 (0.98) 145.4 (0.99) 147.2 (0.99)
) 0000—5w—CT7—set 1 0000—5w—CT7—set 2 0000—5w—CT7—set 3
0.00 218.9 (1.3) 2243 (1.6) 218.6 (0.6)
0.25 176.8 (1.0) 180.9 (1.2) 177.3 (0.3)
0.50 151.8 (0.8) 155.7 (0.7) 155.3 (0.8)
0.75 129.1 (0.4) 127.1 (0.6) 125.3 (2.7)
1.00 76.8 (0.7) 77.2(0.8) 80.2 (0.5)
AGE rcoomm 151.0 (0.98) 152.3 (0.98) 152.0 (0.98)
Y 0000’ —7w—C6 0000—5w—C6—PRD,; 0000'—5w—C7—H334
0.00 208.0 (0.6) 196.7 (1.0) 2153 (0.8)
0.25 180.1 (1.0) 167.3 (0.5) 182.0 (1.0)
0.50 140.7 (0.9) 142.8 (0.4) 155.8 (0.4)
0.75 112.1 (0.5) 114.7 (1.3) 125.3 (1.0)
1.00 68.9 (0.8) 79.0 (0.9) 80.9 (1.0)
AGH rcoomn 141.9 (0.99) 140.2 (0.99) 151.9 (0.99)

“ See the footnote of Table 3 for the format and notation used.

has a large pK, shift due to its involvement in salt bridge
interaction with His31 (83); in addition, the system is not
membrane-bound, and therefore, the computed pK, reflects
the intrinsic accuracy of the TI protocol with the SCC-DFTB/
MM-GSBP potential for carboxylic acid in proteins, without
complication from the simplified treatment of the membrane
environment.

The H31—D70 cluster in T4 lysozyme is solvent accessible
from one side and close to a hydrophobic core on the other
side. Because of their proximity and salt bridge interaction,
the titration states of His31 and Asp70 are expected to be
coupled. The experimentally measured pK, of His31 is
shifted up to 9.1, while the pK, of Asp70 is shifted down to
0.5. In the current pK, calculation for Asp70, the His31 is
in the protonated state, which is justified by the large
difference between the intrinsic pK, values of the two
residues (84). During simulations, the H31—D70 salt bridge
remains intact and flipping of His31 into solution has not
been observed even for the A = 0 window (protonated
Asp70), though large fluctuations in the salt bridge distance
are seen. The protein structure remains stable during the pK,
simulations with a rmsd of 0.5 A for the backbone C, atoms
(inner region atoms only). The calculated pK, shift is —4.0
pK, units, which is in good agreement with the experimen-
tally measured value of —3.5 (85), indicating that the current
computational protocol gives reasonably accurate pK, shifts
for carboxylic acids such as Asp and Glu in proteins.

2.1.2. pK, of Asp85 in Bacteriorhodopsin (bR). In CcO,
the interplay between the membrane hydrophobicity and
complex electrostatics modulated by polar amino acids and
trapped water molecules controls the pK, of Glu286, and all
these factors need to be taken into consideration for a
quantitative prediction of pK,. To understand whether the
complex membrane electrostatics can be reliably captured
within the SCCDFTB/MM-GSBP protocol, we compute the
pK, of Asp85 in the ground-state bR. The choice of bR as a
benchmark is motivated by the fact that the system is
experimentally (66, 86, 87) and theoretically (69, 88, 89)
much better characterized than CcO, and the pK, values of

groups such as Asp85 are unambiguously known (66), unlike
the case of Glu286 in CcO, whose pK, is an apparent kinetic
value determined using a simple reaction scheme (see below)
(24).

Four sets of pK, calculations have been conducted for
Asp85 in bR. Sets 1 and 2 simply use independent seeds for
sampling; set 3 differs in the dielectric constant used for the
protein in the outer GSBP region (e¢p = 4 vs ¢p = 1 in the
other three sets), while in set 4, the proton release group
(PRG, cluster of Glul94/Glu204 near the extracellular
surface) is treated as deprotonated. We note that the precise
identity of the PRG is still under debate; on the basis of our
recent study on this issue (89), this study adopts the
simplified model where the protonated PRG (sets 1—3)
includes Glu194/204 with Glul94 in the protonated state,
while the deprotonated PRG (set 4) includes deprotonated
Glu194/204. The sampling time for each A window is
typically 2.5 ns following careful statistical analysis. The
calculated pK, values are 2.2, 2.1, 1.5, and 7.8, respectively.
The first three values are in good agreement with the
experimental value of 2.6 (66). The last value of 7.8 is
significantly higher, which is in fact consistent with the
experimental observation that the pK, of Asp85 is signifi-
cantly shifted up to ~7.5 when the proton release group is
deprotonated or when Arg82 near that region is mutated into
a neutral residue (Ala/Gln) (66); we note, however, the
comparison to the WT experiment with the deprotonated
PRG is not straightforward because the experimental value
is for the M kinetic state, which has a number of essential
structural differences compared to the ground-state bR.
Performing the B3LYP/6-311+G**/MM single-point cor-
rection (eq 4) leads to a very small difference between bR
and the solution reference of ~1.0 kcal/mol. Therefore, these
calculations clearly show that the SCC-DFTB/MM-GSBP
scheme describes the electrostatics and pK, shifts in mem-
brane proteins like bR in a reproducible and satisfactory
manner.

2.2. pK, of Glu286 in CcO. The pK, of Glu286 has been
estimated from kinetic experiments to be 9.4 (24), but FTIR
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data (90, 91) showed no deprotonation of Glu286 even at
pH >11. Continuum electrostatics calculations by Stuche-
brukhov et al. on CcO models resembling our OOOO and
0000’ states predicted pK, values in the range of 9.4—24.1
(Table 3 of ref 28), depending on the dielectric constant used
for the interior cavities (80/20/15/4); the protein was assigned
a dielectric constant of 4 throughout their study. MCCE pK,
calculations by Gunner et al. (//) predicted a pK, of >10
for Glu286 in the OOOOQ’ state. Although continuum
electrostatic calculations have been able to reproduce the pK,
of Glu286, the pK, value is sensitive to the value of dielectric
“constants” for the heterogeneous protein component and
water-filled cavities. In the following, we discuss in detail
results of microscopic pK, calculations for Glu286. As
emphasized above, the goal of these calculations is to
understand the sensitivity of Glu286 pK, to various envi-
ronmental factors such as the number of waters in the
hydrophobic cavity and the protonation state of various
titratable groups, including ligands of the Cug center (water
and His334) and the assumed pumped proton loading site.

2.2.1. Statistical Analysis and Convergence Behavior of
BAGE’LRCOO(H/D/BA. First, we discuss the issue of convergence
of the microscopic TI simulations using the OOOO’ state
with five waters in the hydrophobic cavity as a specific
example; the MCCE protonation states for the titratable
residues (see Table 2 and section 2.2.2 below) are used. Three
independent sets of simulations have been carried out, all
starting with the GCMC (using the excess chemical potential
Uex = —5.8 kcal/mol) equilibrated structure with five waters
in the hydrophobic cavity but different initial velocities. Free
energy derivatives are calculated for five A values (0.0, 0.25,
0.5, 0.75, and 1.0) with ~2.0—4.0 ns of sampling in each
window (see Table 6). The final value of IAGHE rcoo/py/ 04
corresponding to each A is determined in the forward
direction using statistical analysis discussed in section 1.3.1.
Figure 2 shows the plot of dAGHrcoommy/d4 versus A for
the three different sets, which show that the linear ap-
proximation once again works well. As shown in Table 5,
the IAGH rcoommpy/04 values in some A windows differ by
~1—5 kcal/mol among the three sets of simulations, which
is substantially larger than the statistical uncertainty of the
free energy derivative, reflecting the different phase space
explored in the independent sets of simulation. Nevertheless,
integration of the linear equations obtained from the linear
fit of 8AG§1RCOO(H/D)/8/1 values gives a fairly narrow range
for AG]%QRCOO(H/D) between 146.4 and 147.7 kcal/mol, which
corresponds to a pK, for Glu286 in the range of 15.2—16.5.
With the B3LYP/6-311+G(d,p)/MM single-point correction
included, which was found to improve the description of QM/
MM interactions in our previous pK, studies (29), our best
pK, estimate with the OOOO’—5w—C6 model falls in a
narrow range of ~11.0—11.8 (Table 4). As discussed below
(section 2.2.6), these estimates are not too different from
experimental values of ~9.4, although we should consider
the kinetic nature (24) of the experimental value.

2.2.2. Effect of the Protonation State of Titratable Amino
Acid Residues on the pK, of Glu286. As discussed in section
1.1.1, one of the issues of major concern in CcO is the
protonation state of titratable groups in the protein. If we
use the default titration states for all titratable groups,
including those found to have significantly perturbed pK,
values by MCCE calculations (shown in Figure 1a and Table
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2), the total charge on the enzyme increases to —14 from
the net charge of —6 as in most pK, calculations in this work,
where the MCCE predicted protonation states are used. As
shown in Table 4, the predicted pK, for Glu286 in the —14
charge state (OOOO’—5w—C14) is significantly higher by
~8 pK, units than that predicted for the OO00’—5w—C6
setup. Since most perturbed residues are relatively far from
Glu286, this observation indicates that unlike soluble proteins
where a large number of water dipoles effectively screen
out charges, the low-dielectric membrane and the lack of a
large number water molecules in CcO lead to less effective
screening of the electrostatics. In this regard, we note that
almost all previous microscopic simulations (/14—16, 26, 92, 93)
reported for CcO have not explicitly addressed the issue of
protonation states of titratable groups, which is worrisome.

2.2.3. Effect of Waters in the Hydrophobic Cavity. The
number of waters in the hydrophobic cavity around Glu286
in CcO has been a subject of much discussion (34, 35). The
fact that no water molecules are observed in the hydrophobic
cavity in any of the published X-ray structures suggests that
water molecules in this region are highly mobile and the
cavity becomes transiently filled with water molecules during
the catalytic cycle to help mediate proton transfer. From a
functional prespective, the presence of waters in the active
site region is imperative since the catalytic cycle of CcO
involves proton transfer over long distances (~10—15 A)
and water is continuously produced during the catalytic cycle.

To probe the sensitivity of the pK, of Glu286 to the
number of waters in the hydrophobic region, we carry out
pK, calculations for the OOOQ’ state with two setups that
differ in the number of water molecules in the hydrophobic
cavity. As discussed in section 2.2.1, with the GCMC-
equilibrated five-water structure (Figure 3b), our calculations
reproducibly give (see Table 4) a pK, of 14.8—16.4 (without
B3LYP/MM correction). The five waters inhabit the hydro-
phobic cavity at all times during the nanosecond scale
trajectories, but steady water wires connecting GIlu286 to
either the substrate (Cug) or the postulated pumped proton
loading (PRD,; of heme,;3) site are not observed. Therefore,
another set of simulations is carried out in which two extra
waters are added to the hydrophobic cavity above Glu286.
Interestingly, with these extra waters, continuous and stable
water wires are frequently formed between Glu286 and both
the Cug center and PRD,; (Figure 3c). As shown in Table
4, the pK, of Glu286 decreases significantly from 15.4 to
12.1 upon going from the five- to seven-water case.
Comparison of the IAGE)rcoomny/d/ values for the two sets
of simulations (Table 5) indicates that the lower pK, value
in the seven-water case is due to an increased level of
stabilization of both the deprotonated and protonated states
via better solvation, which is evident from the integrated
value of the water radial distribution function averaged over
both carboxylic oxygens of Glu286 (Figure 4). When the
B3LYP/6-3114+G(d,p)/MM single-point corrections are in-
cluded, however, the computed pK, (~11.0—12.0) becomes
fairly insensitive to the number of water molecules in the
hydrophobic cavity (Table 4). This is largely because the
B3LYP correction is more important when the ionized Glu
is less solvated, relative to the solution reference; when Glu
is well solvated as in the seven-water case, the B3LYP
correction largely cancels out between the protein and
solution reference, as also found for the bR case (see section
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Table 6: Statistical Analysis of pK, Simulations of Glu286 in CcO with Different Setups®

0000’ —5w—C6—set 1

0000"—5w—C6—set 2

0000’ —5w—C6—set 3

A prod(equi) T (n) prod(equi) T (n) prod(equi) T (n)
0.0 4.0 (1.3) 19 (56) 2.5(1.2) 18 (72) 2.0 (0.5) 25 (60)
0.25 4.0 (1.7) 26 (53) 2.5(1.5) 27 (37) 2.0 (1.1) 18 (50)
0.5 4.0 (2.0) 14 (90) 2.5(1.0) 31 (48) 2.0 (0.8) 19 (63)
0.75 4.0 (1.4) 39 (90) 2.5(0.9) 47 (34) 2.0 (0.7) 24 (54)
1.0 4.0 (1.4) 36 (67) 2.5(1.3) 39 (31) 2.0 (0.8) 32 (38)

0000—5w—C7—set 1

0000—5w—C7—set 2

0000—5w—C7—set 3

A prod(equi) T (n) prod(equi) T (n) prod(equi) T (n)
0.0 2.0 (1.0 20 (50) 1.8 (0.7) 24 (46) 1.8 (0.7) 25 (44)
0.25 2.0 (1.0 32 (30) 1.8 (0.8) 15 (67) 1.8 (0.9) 19 (47)
0.5 2.0 (0.6) 46 (30) 1.8 (0.5) 20 (65) 1.5 (0.6) 17 (53)
0.75 2.0(0.8) 26 (65) 1.8 (0.7) 18 (61) 1.5(0.5) 27 (38)
1.0 2.0 (1.0) 20 (48) 1.8 (0.6) 22 (55) 1.8 (0.9) 14 (64)

0000’ =7w—C6

0000—5w—C6—PRD,3

0000’—5w—C7—H334

A prod(equi) T (n) prod(equi) T (n) prod(equi) T (n)
0.0 2.0 (0.9) 11 (100) 2.0(0.8) 16 (75) 1.5 (0.8) 11 (64) 1.5(0.9)
0.25 2.0 (0.8) 17 (71) 2.0(0.7) 13 (100) 1.5 (0.8) 18 (39) 1.6 (0.8)
0.5 2.0(0.9) 18 (61) 2.0(0.8) 22 (55) 1.5 (0.9) 10 (60) 1.6 (0.4)
0.75 2.0 (1.0) 8 (125) 2.0 (0.9) 28 (40) 1.5 (1.0) 10 (50) 1.6 (0.8)
1.0 2.0 (0.9) 13 (84) 2.0(1.3) 12 (58) 1.5 (1.0) 16 (31) 1.6 (1.1)

“ See the footnote of Table 3 for the format and notation used.
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FIGURE 4: Comparison of the water oxygen radial distribution
function (RDF, dotted lines) around Glu286 oxygens (averaged over
both oxygens) and the integrated RDF (solid lines) from the A =
0.0and 1.0 windows for (a) OOO0O’—5W—C6 and (b) OOOO'—7W—C6
simulations.

2.1.2). Subjecting the equilibrated protonated and deproto-
nated (A = 0.0 or 1.0) states from the seven-water simulations
to GCMC equilibration (u.x = —5.8 kcal/mol) results in the
loss of the two extra added waters, indicating that the five-
water configuration is more stable. However, in light of the

uncertainty in . values in the hydrophobic interior of
proteins, the existence of seven waters in the hydrophobic
cavity cannot be completely ruled out.

2.2.4. Effect of the Cug Ligation State. During the catalytic
cycle of CcO, Cug in the active site undergoes changes in
both oxidation (I/II) and ligation states. For example, during
the Pr to F transition, it is believed that the Cug -bound
hydroxide in the Pgr state (OOOO) accepts a proton from
Glu286 to form the F state (OO0OQ’) with a Cug-bound water.
This alters the net charge in the active site region which in
turn perturbs the electrostatic field around Glu286 and
therefore its pK,. To explore the magnitude of the perturba-
tion, we calculate the pK, of Glu286 with Cug-bound
hydroxide (OOOO) using two independent sets of simula-
tions and compare it to that of the OOOQ’ state; the only
difference between the two setups is the net charge in the
active site, which changes from 0 (OO00’) to —1 (O0O0O).

As shown in Table 4, the pK, of Glu286 increases by
3.4—4.4 pK, units (4.5—4.9 with B3LYP correction) when
the ligation state of Cug is changed from H,O to OH™, which
is in a reasonable range considering the distance (10.4 A)
between the two sites; i.e., the pK, shift approximately
corresponds to an effective dielectric constant of 5.8, which
seems reasonable for the protein interior. Comparision of
the free energy derivatives in the two cases (Table 5) shows
that the increased negative charge in the OOOO state
preferentially destabilizes 4 windows with considerable
negative charge buildup on Glu286 (4 = 0.5, 0.75, and 1.0),
resulting in the observed upshift in pK,.

The calculated pK, shift is larger than the related results
on the basis of continuum electrostatics calculations. In the
work of Song et al. (/7), the calculated pK, for Glu286
increases from 9.7 to 11.2 upon reduction of the BNC, which
corresponds to a shift of 1.6 pK, units. The change in the
charge distribution between the two redox states in their
calculations, however, is rather complex: in their fully
oxidized state, Cug is predicted to bind a hydroxide while
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heme,; binds a water; upon reduction, Cug binds a water
while heme,; binds a hydroxide. Therefore, although the net
charge of BNC decreases by 1 as in the OO0OO” to OO00
transition studied here, the detailed charge redistribution is
more complex and might explain the differences in the
computed pK, shifts.

As stressed in section 1.1.1, Tyr288 is treated as charge-
neutral in the current work to be consistent with recent
MCCE calculations (/). This choice is also consistent with
the observation that the side chain oxygen in Tyr288 is close
(<3 A) to the carbonyl in the farnesyl chain of heme,; in
two independent X-ray structures [PDB entry 1M56 (7) for
R. sphaeroides and PDB entry 1V54 (94) for bovine heart],
therefore unlikely favoring a negatively charged state unless
conformational changes occur. Nevertheless, several recent
IR studies (42, 43) have pointed out evidence that Tyr288
is deprotonated and charge-negative in the Py state. Clearly,
additional pK, calculations using different protonation states
for Tyr288 are valuable.

2.2.5. Effect of the His334 Protonation State. Recent
continuum electrostatics pK, calculations (39, 40) and earlier
work by Wikstrom et al. (95) have postulated the involve-
ment of His334, one of the ligands of Cug, in the proton
pumping process. This is supported by recent calculations
of Stuchebrukhov et al. (39, 40), who predicted the His334
(20) protonation state to be strongly coupled to the oxidation
state of the metal centers in the active site. However, recent
MCCE calculations by Gunner et al. (/7) and DFT-based
continuum electrostatic pK, calculations by Pomes et
al. (10, 96, 97) have, on the other hand, found His334 likely
to be protonated for all oxidation states of the enzyme.

An indirect way to estimate the role of His334 is to probe
the sensitivity of the pK, of Glu286 on the protonation state
of His334. A change in the protonation state of His334 is
likely to affect the pK, of Glu286 due to an alteration of the
total charge of the BNC in the proximity (10.2 A). Indeed,
changing only the protonation state of His334 (from O to
—1) in the OO0OO’—5w setup leads to a calculated pK, of
18.0 (without B3LYP correction), which is ~4.4 pK, units
higher than that of the neutral His334 state. This difference
is comparable to the pK, upshift observed for deprotonation
of the Cup water, which is expected since both cases
represent the addition of a negative charge to the BNC at
similar distances from GIu286. This is reassuring with regard
to the reproducibility of the challenging microscopic pK,
calculations. Interestingly, in the PB calculations of Stuche-
brukov et al. (28), changing the protonation state of His334
also alters the pK, of Glu286 by ~3 units, if the dielectric
constants of the protein and interior cavity are taken to be
4.0 and 15—20, respectively.

2.2.6. Effect of Protonating the Pumped Proton Loading
Site (PLS). As discussed in section 1.1.1, the ligation state
of Cugp in the Py state is uncertain. On the basis of the
calculations discussed in section 2.2.3 and section 2.2.4, the
combination of Cug-bound water and neutral His334 gives
the closest agreement with the experimental pK, of Glu286.
However, on the basis of the proposed catalytic cycle (31),
it might not be correct to assume that the Py state has a Cug-
bound H,O because the Cug center is thought to accept a
proton from Glu286 during the Pr to F transition. The
experimental pK, is estimated on the basis of the kinetics of
the Pg to F transition, where the apparent pK, reflects the

Ghosh et al.

fraction of CcO with a protonated Glu286 available for the
proton transfer to the BNC (24). We note that in our model
of proton pumping (23) as well as in recent discussions by
Hummer et al. (16, 98), protonation of the pumped proton
site precedes that of the substrate proton site; this is consistent
with the experimental pK, measurements in which the
apparent kinetic value is associated with the protonation of
the substrate proton site. Therefore, to characterize the
fraction of “functional” Glu286 for the Pi to F transition,
not only should Cug be bound with OH™ (OOOO state) but
the PLS should be loaded with a proton. In other words, the
microscopic pK, of Glu286 ought to be calculated with the
presumed PLS protonated, which may substantially lower
the Glu286 pK, with a hydroxide-bound Cusg.

With regard to the identity of the PLS, it is commonly
postulated that the A-propionate (PRD,3) of heme,3, despite
being involved in salt bridge interaction with two arginines
(Arg481 and Arg482), is the most likely candidate; the other
propionate group, PRA 3, has also been proposed to be the
loading site (99), although its protonation would still require,
at least transiently, protonation of PRD,;. Mutation experi-
ments comparing proton pumping in the R481K mutant and
wild-type CcO identified a group with a pK, of 6.3 in the
wild-type enzyme, and it was assigned to the Arg481/
Arg482/PRD,; cluster (100). On the other hand, continuum
electrostatic calculations of Gunner et al. (/) using the X-ray
structure predicted the pK, of the PRD,; to be lower than 0
for all oxidation states (//), indicating that the PRD,; is
unlikely to be protonated in the X-ray structure. However,
as pointed out by many authors (/1, 101, 102), there can be
significant structural transitions in the relevant region such
as breaking of the R481/R482—PRD,; salt bridge which
would result in an increased pK, of the PRD,;. For example,
Wikstrom and co-workers using MD simulations (27) have
shown that the hydrogen—oxygen distance of the Arg481/
PRD,; pair can increase to >4 10\, indicating that the ion
pair can indeed dissociate. That study also showed that
dissociation of the ion pair is controlled by the oxidation
states of heme, and heme,;, suggesting a redox-state
dependence of the dissociation event. Following upon that
work, Voth and co-workers have recently calculated the
potential of mean force for PRD,; side chain rotation as a
function of redox state and showed that the PRD,; can indeed
reorient and dissociate from Arg481 (93).

Bearing those discussions in mind, we compute the Glu286
pK. in the OOOO—5w state in the presence of a protonated
PRD, 3. As shown in Table 4, the estimated pK, for this state
is 11.0 without B3LYP correction; including the B3LYP
correction further reduces the pK, to 8.1, which is fairly close
to the experimental value of 9.4. We note that protonating
PRD,; in the OOOO—5w state leads to the same net charge
seen in the OOOO’—5w setup, where the Cug hydroxide
ligand is protonated to become water. However, the calcula-
tions suggest that the pK, of Glu286 decreases further (by
~3 pK, units; see Table 4) when the PRD,; instead of the
Cug ligand is protonated. This difference does not seem to
be a solvation effect since protonating the PRD,; does not
induce significant changes in the solvation of Glu286 (see
Figure 5). Comparing distances between the Glu286 side
chains from various centers [PRD,3;, Cug, and Arg481(Cy);
see Figure 6] consistently indicates that the Glu286 side chain
is closer to these charged centers (especially in the A = 0.0
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FIGURE 5: Same as Figure 4 but for (a) OOOO—5w—PRD,; and
(b) OOO0O—5w—C7 simulations.

state) when the PRD,; is protonated relative to when the
Cug center is protonated instead. Therefore, the lower pK,
value in the OOOO—5w—C6—PRD setup compared to that
in the OO0O0’'—5w—C6 setup likely has an electrostatic
origin.

Protonating the PRD,3 group causes the Argd81—PRD,3
salt bridge to break, and the distance between R481 (Ny,/
Ni») and PRD 3 (O,p/Oqp) fluctuates between dissociated and
associated forms (Figure 7a,b), at a frequency significantly
higher than when the PRD,; is deprotonated (Figure 7c,d).
The dissociated Arg4d81—PRD,; ion pair samples two dif-
ferent kinds of structures. In one configuration, as shown in
Figure 8a, the side chain of PRD,; forms a hydrogen bond
with PRA;. Trpl172, which along with PRD,; has been
implicated (27) as a residue involved in gating proton release,
interacts with the dissociated ion pair through hydrogen
bonds either directly or via water. Interestingly, Figure 8a
represents a configuration that allows the proton to be
released to the P side of the membrane. Although the precise
identity of the exit pathway still remains unclear, the
observed structure is consistent with the predictions of
continuum electrostatic calculations (/03) and experimental
studies on the E286Q (7) and E286H mutants (/02), where
the Arg481/Argd82—PRD,; salt bridge and residues around
them have been implicated as a possible conduit for proton
exit. In the other observed orientation (Figure 8b), the PRD ;3
side chain upon dissociation reorients itself toward the
hydrophobic cavity, forming a continuous hydrogen-bonded
chain with Glu286 through waters in the hydrophobic cavity.
This is similar to the structure observed by Wikstrom et al.
(27) in their MD simulations, where spontaneous dissociation
of the Arg481—PRD,; salt bridge was observed to lead to
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the formation of a continuous water wire between protonated
Glu286 and deprotonated PRD,;. Although the snapshots in
Figure 7 appear to indicate that the orientation of PRD,; is
correlated with the protonation state of Glu286, multiple
simulations indicate that this is not the case (data not shown).

In addition to the Argd81—PRD,; ion pair, the Glu286
side chain also shows considerable conformational flexibility
and fluctuates between the “down” and “up” conformations
as illustrated in Figure 9. Figure 10a shows the Glu286
(Cs)—heme,; (O,p) distance as a function of time for the
deprotonated Glu286 state (4 = 1.0), which remains rela-
tively short throughout the nanosecond scale simulation. With
a protonated PRD,;, the short separation between the
deprotonated Glu286 and the protonated PRD,; is stable
because the dissociation of the Arg481—PRD,; salt bridge
allows the positively charged Arg481 to better stabilize the
anionic Glu286; moreover, the formation of stable and
continuous water chains that connect the ionized Glu286 with
protonated PRD,; (see Figure 10b) helps maintain their
proximity. This is further supported by the observation that
once PRD,; is deprotonated, the Argd81—PRD,; ion pair is
re-formed, which leads to disruption of the water wires to
Glu286 and its downward rotation. To confirm that the
observed trend is not an artifact of limited sampling, three
additional simulations (~1 ns) with different seeds are carried
out for the 4 = 1.0 window with the OOOO—5w—
C6—PRD,; setup. In two cases, Glu286 adopts an orientation
similar to that in Figure 8b, while in the other set, Glu286
adopts a downward orientation without a continuous water
wire connecting the deprotonated Glu286 to PRD,;.

These observations hint at communication between Glu286
and PRD,3, which may have important mechanistic implica-
tions. For example, the recent study of Hummer et al. (16)
found that the deprotonated Glu286 strongly preferred
(occurs on a picosecond scale!) the downward orientation
even if the charges of PRD,; were set to zero to mimic
protonation. Since the downward orientation of Glu286 was
presumed to lack a water wire connection with PRD,3, the
observation led them to the interesting proposal that Glu286
functions as a valve to prevent leakage of protons from the
P side of the membrane. By contrast, in three of four
independent trajectories, we observe that protonating PRD,3
helps stabilize the deprotonated Glu286 in an orientation in
which a steady water wire connects the two groups for at
least several nanoseconds. Therefore, zeroing out partial
charges, which also affects PRD,;—water interaction, is
unlikely an appropriate way to investigate the effect of
protonating PRD,;. More importantly, our observations
undermine the robustness of Glu286 as a valve that prevents
proton leakage. Considering that the proton leakage from
the P side is likely on the microsecond scale or slower,
however, a more conclusive statement regarding Glu286 has
to rely on a more elaborate characterization of the Glu286/
PRD,; connectivity with free energy simulations and a
protonated PRD,;.

If Glu286 rotation is not a robust gating motion and a
deprotonated Glu286 is in a steady water-mediated connec-
tion with the loaded (protonated) PRD,; for a sufficiently
long period, what prevents proton leakage from the P side?
The simulations in this work do not directly address this
important mechanistic question, and we believe that the
answer lies in the energetic cost associated with generating
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(Cp)] in the OOOO—5w—C6—PRD,; and OOO0O’—5w—C6 simulations. Note that the Glu286 side chain is consistently closer to these

charged centers when the PRD,; is protonated.

a hydronium-like species near or in the hydrophobic cavity,
as argued by Warshel and co-workers in their recent analysis
(22). A related question is after PRD,; is loaded, what
prevents the pumped proton from “falling back” to the
presumably thermodynamically more favorable substrate
proton site? Indeed, with a deprotonated Glu286, the pro-
tonated PRD,; is also connected to the substrate proton site
through a water wire (see Figure 10c). Therefore, it is likely
that the key still lies in the energetic penalty associated with
generating a hydronium-like species in the hydrophobic
cavity; the same principle may also be responsible for the
kinetic gating (i.e., proton transfer to the pumped proton
loading site precedes to the substrate proton site) phenomena
that several groups have suggested (20—23) as an important
factor governing the pumping function of CcO. In short,
answering these important mechanistic questions requires

explicitly dealing with the energetics (especially barrier) of
proton transfers in CcO, which will be reported separately.

3. CONCLUDING REMARKS

Proton pumping in CcO is a fascinating and complex
process. Since the process is likely dependent on relatively
subtle structural rearrangements of protein motifs and water
molecules, detailed theoretical and computational analyses
can effectively complement experimental investigations in
revealing the key molecular factors that govern the pumping
function. As appreciated by many authors, however, a
meaningful computational analysis requires the establishment
of a molecular model and computational framework that can
properly describe the structure, dynamics, and, more impor-
tantly, energetics of the CcO active site.
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deprotonated Glu286 and the chemical site (Cug with a hydroxide). Independent simulations show that the orientation of the PRD,3 is not

necessarily tightly coupled to the protonation state of Glu286.

In this work, we have attempted to carefully evaluate the
molecular model and our QM/MM computational protocol
by computing the pK, of the key residue, Glu286 in R.
sphaeroides CcO. As emphasized in several studies, par-
ticularly those by us (76, 104) and Warshel (105, 106),
microscopic pK, calculations are among the most stringent
and relevant tests for proton transfer problems. Specifically,
we have examined the impact of the number of water

molecules in the hydrophobic cavity and protonation state
of several key residues on the computed microscopic pK,
value of Glu286. To help evaluate the systematic errors in
our SCC-DFTB/MM-GSBP-based thermodynamic integra-
tion protocol, microscopic pK, calculations have also been
conducted for sites in a soluble protein (Asp70 in T4
lysozyme) and a better characterized membrane protein
(Asp85 in bacteriorhodopsin).
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There are several useful conclusions from this study. First,
although it is acknowledged that microscopic pK, calculations
are generally highly challenging, especially concerning the
degree of sampling (53, 7107) and treatment of long-range
electrostatics (including polarization) (105), the results
obtained here show a significant degree of internal consis-
tency that support the effectiveness of the computational
framework. For example, the pK, shift of Glu286 is similar
when either the water or His334 of Cug is deprotonated,
which is consistent with the fact that these two groups have
a similar distance separation from Glu286; protonating PRD 3
helps bring the deprotonated Glu286 closer, which is in line
with the larger pK, shift compared to changing the charge
state of Cug ligands. In cases where multiple independent
simulations are carried out, the computed pK, values are
usually within 0.5—0.8 pK, unit.

Second, with a careful treatment of the QM/MM interac-
tion, the number of water molecules in the hydrophobic
cavity (five vs seven) has a relatively small impact on the
microscopic pK, of Glu286, which is consistent with the idea
that the pK, of Glu286 should not fluctuate dramatically as
water molecules keep being produced during the functional
cycle. More importantly, however, the protonation state of
several residues, some of which can be rather far away, has
a more important impact on the pK, of Glu286, implying
limited screening in membrane protein systems. Adopting
the standard protonation state for all titratable residues leaves
a large net charge on the system and also a significantly
elevated pK, for Glu286 beyond the expected error range of
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FIGURE 10: Properties that characterize the connection between the protonated PRD,; and Glu286/Cug in the A = 1.0 (deprotonated Glu286)
window of OOOO—5W—C6—PRD,; simulations. (a) Distance between Glu286 (Cs) and PRD,3 (O,p), which was used in ref /6 to characterize
the up or down orientation of Glu286. (b) Percentage of trajectory frames that contain a productive water wire between protonated PRD,;
and Glu286 (O,,). The distribution of water wires of different lengths is also shown. (c) Same data for the connection between PRD,; and
the OH ligand of Cug. The algorithm for determining the water wire distribution follows from our recent studies of proton transfers in

carbonic anhydrase (30, 76, 104, 109).
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our computational protocol. Therefore, any attempt to address
the energetics of proton transfers in CcO at a microscopic
level should carefully select the protonation state of residues,
even those not in the immediate neighborhood of the active
site. Along this line, combining continuum electrostatic
models and microscopic models, as we have done here, is a
productive avenue.

Third, although we have not explicitly calculated the
redox-dependent pK, of His334, the computed pK, of Glu286
with a negatively charged His334 is very high even with an
oxidized Cug and a water ligand. If one argues that the
relevant state should include a protonated PRD,; and Cug
hydroxide, the trends in Table 4 would still point to a pK,
for Glu286 that is too high compared to the experimental
value. Therefore, our calculations indirectly suggest that
His334 is unlikely to become deprotonated (charge-negative)
in the pumping cycle.

Last but certainly not the least, we find that the orientation
of the Glu286 side chain is coupled to the protonation state
of PRD,3, the presumed pumped proton loading site. With a
protonated PRD,3, the deprotonated Glu286 is in a steady
water wire connection with PRD,; for at least several
nanoseconds due to the electrostatic stabilization provided
by Arg481 following its dissociation from PRD,;. This
observation highlights the importance of explicitly proto-
nating PRD,; for studying its conformational coupling with
Glu286 and, more importantly, undermines the robustness
of Glu286 as a gating valve that prevents proton leakage
(16).

Ultimately, answering key mechanistic questions about
proton pumping in CcO, such as factors that govern kinetic
gating (20—23) and prevent proton leakage (16, 19, 22),
requires detailed analysis of proton transfer kinetics. The
microscopic analysis performed here has provided useful
guidance to the development of a meaningful molecular
model for this complex system. The large sets of calculations
also help validate the QM/MM-GSBP-based computational
framework for addressing the structural and energetic features
of the CcO active site. Although additional benchmark
calculations should be done with, for example, a different
MM parametrization for the cofactors (heme,, heme,;, and
Cug) (108) and different protonation states of Tyr288 (42, 43)
and the other emerging candidate for the loading site (PRA,3)
(99), we believe that the stage is set for detailed analyses of
various proton transfer pathways and, in turn, disclosure of
molecular features of CcO that make it one of the most
fascinating ion pumps in biology.
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