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Abstract

We propose a new algorithm for obtaining proton titration curves of ionizable residues. The
algorithm is a pH replica-exchange method (PHREM) which is based on the constant pH
algorithm of Mongan et al. [1]. In the original replica-exchange method, simulations of different
replicas are performed at different temperature, and the temperatures are exchanged between the
replicas. In our pH replica-exchange method, simulations of different replicas are performed at
different pH values, and the pHs are exchanged between the replicas. The PHREM was applied to
a blocked amino acid and to two protein systems (Snake Cardiotoxin and Turkey Ovomucoid
Third Domain), in conjunction with a generalized Born implicit solvent. The performance and
accuracy of this algorithm and the original constant pH method (PHMD) were compared. For a
single set of simulations at different pHs, the use of PHREM yields more accurate Hill coefficients
of titratable residues. By performing multiple sets of constant pH simulations started with different
initial states the accuracy of predicted pK, values and Hill coefficients obtained with PHREM and
PHMD methods becomes comparable. However, the PHREM algorithm exhibits better samplings
of the protonation states of titratable residues and less scatter of the titration points and thus better
precision of measured pK, values and Hill coefficients. In addition, PHREM exhibits faster
convergence of individual simulations than the original constant pH algorithm.
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l. INTRODUCTION

Cellular pH can have profound effects on the structure, physical properties and function of
proteins and nucleic acids. In some cellular compartments, changes in pH as small as 0.1 can
have physiological consequences [2]. Thus, the pH in cellular compartments needs to be
tightly regulated. In spite of this tight regulation, the actual pH may vary between different
cellular compartments: in vacuoles and lysosomes it is more acidic, while in the nucleus and
the peroxisomes it is more basic. Some proteins, such as some viral proteins, or human
hemoglobin harness the differences in cellular pH for their functions.
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The subcellular pH can affect the charged state of ionizable residues in proteins, i.e., Asp,
Glu, His, Lys, Cys, Tyr and Arg. The charged states of these residues can modulate the
protein’s stability, solubility, enzymatic activity, interactions with small molecules or other
proteins [2]. The charged state of an ionizable residue is a function of its pK; value. The pKj,
values of ionizable residues in proteins can be shifted significantly relative to the pK, values
that ionizable residues exhibit in water. The shifts in the pK, values are caused by the
removal from the aqueous environment, as well as through interactions with polar and
charged groups of the protein. Sometimes, when titratable residues are near each other, such
as in active sites of proteins, they can titrate in a coupled fashion. To complicate things
further, titrations of internal ionizable groups are often coupled to structural relaxation of the
protein [3-6].

The measurements of pK 4 values of functionally important ionizable residues in proteins are
not always straightforward. Carefully calibrated computational methods offer a possibility of
obtaining these pK; values. Some popular theoretical methods for calculations of pK, values
are based on static protein structures (usually crystallographic or NMR structures) and rely
on either the macroscopic description of the protein and solutions of the Poisson-Boltzmann
equation [7-11], or are empirical in nature [12]. The pK, values obtained through continuum
electrostatics methods are highly dependent on the choice of the protein’s dielectric
constant. It has been shown that such methods cannot self-consistently reproduce the pK,
values of internal groups if a single protein dielectric constant is used [13-16]. This is
because proteins are heterogeneous and anisotropic and because protonation/deprotonation
of internal groups can be coupled with structural transitions. Attempts to improve structure-
based pKj calculations with methods that account for multiple structures are promising [17-
19]. One of the problems with these approaches is that contributions related to
conformational relaxation (including backbone relaxation) associated with charging or
uncharging of the internal groups, is not accounted for properly. Methods that combine
molecular dynamics (MD) simulations with free energy perturbation [20-22] are useful at
simultaneously treating the coupling between protonation and conformational changes in a
more correct way. However, within the framework of these methods, titration of only one
group is performed.

To account simultaneously for the coupling between protonation, conformational transitions,
and possible coupling of various ionizable groups with each other, several methods for MD
simulations at a constant pH have been developed [23]. The methods for constant pH
simulations fall into two categories - the discrete protonation state methods, and the
continuous protonation state models. In constant pH simulations with discrete protonation
states, titratable groups are modeled as either protonated or deprotonated. Molecular
dynamics simulations with certain set of charges on ionizable groups are periodically
intercepted with Monte Carlo (MC) trials to change the protonation states of the titratable
groups. The MD simulations with new sets of charges are then continued. Several flavors of
constant pH simulations with discrete protonation states were developed that use either
implicit solvents [1, 24], explicit solvents [25], or a combination of explicit and implicit
solvents [26]. These methods also differ in the frequency with which protonation states are
updated, or in the way the free energy difference between protonated and deprotonated
states are determined.

Within the framework of continuous protonation state models, titratable groups can have
protonation states that can take any value in between fully protonated and deprotonated. In
the method of Baptista et al. [27] MD simulations are performed with “average” charges on
titratable groups (determined with continuum electrostatics) that get periodically updated
during simulations. Other methods include the extended Hamiltonian approach [28], the
acidostat method [29], the A-dynamics approach [30-32].
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All of the methods for constant pH simulations face a common problem: the accuracy of
calculated pK 4 values depends on the accuracy of conformational sampling. Sampling is
especially difficult for groups found in protein interiors, where water penetration can be a
key determinant that is often difficult to explore in simulations [5, 33]. Protonation/
deprotonation of internal ionizable groups can be accompanied by significant
conformational relaxation [5, 34]. Large conformational relaxation accompanied with
changes in secondary structure is not easily sampled even with standard MD methods, and
additional methods for enhanced sampling, such as those based on coarse graining [35-39],
smoothing protocols [40-43], generalized ensembles [44-51], optimization of actions [52],
or additions of constraints or forces [53-55] need to be employed. Recently, two constant
pH methods have been coupled with the temperature replica-exchange method (REM) for
enhanced sampling [56, 57], while the method of Mongan et al. [1] has been coupled with
accelerated molecular dynamics [58]. The methods have been shown to exhibit better
accuracy than the original constant pH methods [59].

To determine the titration curves and the pK, values, simulations at several different pH
values need to be performed. Often the titration curves resulting from such calculations have
a large scatter when fitted with the Henderson-Hasselbalch or Hill equation. Note that for
multi-site systems, the titration curves need not follow the Hill equation. Thus, fairly
converged curves would be needed to identify the non-Hill behavior and distinguish it from
a simple lack of sampling. To speed up and improve the convergence of titration curves, we
have implemented a new method that combines constant pH simulations with replica-
exchange simulations in the pH space, which we refer to as the pH replica-exchange method
(PHREM). This method is based on the constant pH method by Mongan et al. [1]. The
original method by Mongan et al. has been implemented in the program AMBER [60], and
uses the AMBER force field. Our method has been implemented in the program CHARMM
[61] and uses the CHARMM force field [62]. Another constant pH-replica exchange
method, based on continuous protonation states, has been recently implemented in
CHARMM [63].

II. MATERIALS AND METHODS
A. Constant pH algorithm

The constant pH algorithm is based on the method proposed by Mongan et al. [1] which
employs a combination of molecular dynamics (MD) simulations with periodic Monte Carlo
(MC) samplings of protonation states. We will refer to this method as PHMD. The
generalized Born implicit solvent model is used to model the aqueous environment. Protein
conformations are sampled with standard MD simulations. At regular intervals, trials to
change the protonation state of a titratable residue are performed with an MC scheme [64].

For the MC sampling of protonation states of titratable residues at a given pH value, the free
energy difference between protonated and deprotonated states (A F) is needed. Within this
scheme A Fis approximated by [1, 25, 26]

AF=k,T (pH-pK, )In10+AF cle—=AF ele - (1

Here &g is the Boltzmann constant, 7'is a temperature, and pKj y is the experimentally
determined pK, value of a model compound in agueous solution. The experimental pKj v
values that we employ are listed in Table I. A /e and A e\ are the electrostatic
components of the free energy differences between the protonated and deprotonated states of
the titratable residue in the protein and of the model compound (a blocked amino acid) in
aqueous solution, respectively. As discussed in more detail by Mongan et al. [1], Equation
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(1) is based on the division of the total transition free energy into electrostatic and non-
electrostatic components. The non-electrostatic components, including the free energy of the
bond between the proton and the titratable residue, and the proton solvation free energy are
assumed to cancel out between the titratable residue in the protein and in aqueous solution.
In the current model the electrostatic components of the free energy A A v is the difference
in the electrostatic energy calculated with the charges of the current state and the charges of
the proposed state. Van der Waals radii are not changed during titration.

In the grand canonical ensemble of protons the ratio of the protonated and deprotonated
states of a titratable residue at a given pH is exp(—-BAF), where A Fis given by Equation 1.
Here, = 1/kg T. Changes of the protonation states of the titratable residue through the
Metropolis scheme [64] are carried out on the basis of this ratio. The transition probability
md — p) from the deprotonated state to the protonated state is defined by [1, 25]

w(d — p)= 1, forAF <0,

P=Y exp(-BAF), for AF>0. @
If the transition is accepted MD simulations are continued with the new protonation state,
and if it is rejected MD simulations are continued with the old protonation state.

B. Replica exchanges in the pH space

In order to realize effective sampling of protonation states in constant pH simulations, we
couple the constant pH algorithm with the REM. Let us consider M non-interacting replicas
of a system, where the replica 7/ (/= 1, -, M) has a coordinate vector g;and a momentum
vector p;at a temperature 7and a pH value of pH;(/=1, ---, M) in the grand canonical

ensemble of protons. Moreover, the system has A titratable residues, and N? titratable
residues are protonated in the replica 7 In our new replica-exchange method, we exchange
pH values between replicas instead of temperatures which are exchanged between replicas
in the original REM. These exchanges are carried out so that detailed balance condition is
satisfied for all exchanges. For an exchange between the replica 7at pH,and the replica jat
pH ;, the detailed balance condition is defined by

P (X)) P(XTyw (X}, X} — X[" X

D=P (X" P (X w (X X5 — X1, XT), @®

where Pis the equilibrium probability, X! = (g;, p;, N”, pH)), and wis the transition
probability. In the grand canonical ensemble of protons, the equilibrium probability Pwith a
kinetic energy Kand a potential energy Vat the temperature 7is given by [65]

1
P (X})==exp (=B(K (pi, N} )+V(gi, N))+k, T,HiIn10N?)), @)

where E is the grand canonical partition function. From Egs. (3) and (4), the ratio of the
transition probabilities is calculated from

(X! 1
w (X}, X7 — X", X")
w (X[, X — XL, XT)

L

=exp (-A), 5)

and
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The exchange probability is obtained as
1 forA <0
| [ m m IN_ > - 7
w(X;, Xj' — X", X))= { exp(—=A) for A>O0. 0

Note that acceptance ratio of pH exchanges between replicas decreases exponentially with
the difference of the two pH values as seen from these equations. Therefore, the pH values
at which the simulations are performed must be empirically adjusted to keep sufficient
acceptance ratio, for example, more than 20 %.

We remark that a change in protonation states should not be attempted when a replica
exchange trial was performed in order to keep the replica-exchange Markov chain
uncoupled from the constant pH Markov chain.

C. Simulation protocols

Our constant pH method was implemented within the program CHARMM [61]. The
CHARMM 22 force field [62] was employed. We employed the GB/SA model [66, 67].
More details about the implicit solvent model are given in Section Il E. During the constant
pH MD simulations the SHAKE algorithm [68] was used to constrain bond lengths with
hydrogen atoms. The time step was taken to be 1.0 fs. The temperature of 300 K was
maintained with the Nosé-Hoover thermostat [69-71]. Electrostatic and vdW interactions
were truncated with a switching function that starts at 16 A and ends at 18A.

Trials of changing protonation states were performed every 10 MD steps. Trials to exchange
replicas were performed every 50 MD steps.

D. Protonation State Models

The following groups were treated as titratable in our constant pH simulations: aspartate,
glutamate, histidine, lysine and tyrosine. Following Mongan et al. [1], the only difference
between the protonated and deprotonated states was in the charge distributions. The bonded
and van der Waals parameters are those corresponding to the protonated species. Thus, even
in the deprotonated state the groups contain a hydrogen atom which has a van der Waals
radius of the protonated species, and a non-zero mass. Mongan et al. [1] discussed this
approximation in their original constant pH paper and argued that this approximation does
not substantially affect the results. However, in the future we will replace this model with a
more realistic model in which van der Waals radii and mass are changed as well. The
charges of the titratable residue atoms in the protonated and deprotonated states were taken
from Ref. [30] for the CHARMM 22 parameter set.

E. GB/SA model

We employed the GB/SA model [66, 67] as the implicit solvent model for our simulations.
In the GB/SA model, the total solvation free energy Gy is given by the sum of a
generalized-Born term Ggp and a solvent accessible surface area term Gga:

Gslov =GGB +G5A . (8)

The generalized-Born term Ggpg is defined by
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where &g is the dielectric constant of bulk water (we took e =80.0), Q;is the partial charge
of the atom /, rj;is the distance between the atoms 7and j, a;;= y@ia;, a;is the so-called

Born radius of the atom / and Pii= 4[, . The Born radii were calculated from the GB
molecular volume method (GBMVZ) [72] The solvent accessible surface area term Ggp is
defined by

GSA:ZO-ICAI\” (10)
k

where A is the total solvent-accessible surface area of the atom kand oy is an empirically
determined proportionality constant, which was taken to be 20.0 cal/mol/A2 as suggested in
[30].

F. Calculation of AFgjew

To perform constant pH simulations the free energy differences A e in Eq. (1) of
reference compounds need to be provided. As the reference compounds we employed amino
acids, Asp, Glu, His, Lys, and Tyr with their N-termini and C-termini blocked by the acetyl
groups and the N-methyl groups, respectively. The free energy differences A e\ Were
determined following procedure in Ref. [1]; constant pH simulations were performed for 2.5
ns after the equilibration of 0.5 ns for an arbitrary value of AFe . In an iterative fashion,

A Fole w Was adjusted until the populations of the protonated and deprotonated states
obtained at pH = pK, \ were equal. For all of the reference compounds we list the calculated
free energy differences A Fe w at T=300 K in Table I.

In constant pH simulations of the reference compound only one group is titrated. Thus, the
values of A Fgje Obtained through the constant pH simulations should coincide with the
results obtained from thermodynamic integration (T1):

1, {0Vee(d
AFee=] Od/l< el )> .
A

E (11)

Here A is the coupling parameter between the protonated and deprotonated states of the
titratable residue, and V4 is the electrostatic potential energy. When the electrostatic
potential energies of the protonated and the deprotonation state are described by Vgje p and
Vele,a, respectively, the potential energy Vg (A) can be defined as

Vele(/l)z(l_/l) Vele,p"'/lvele,d- (12)

We evaluated the free energy difference A e v in Eq. (11) for all titratable residues by
performing REM simulations in the A space for 3.0 ns including 0.5 ns equilibration. The
number of replicas was 8 with equal increments 1/7 of A. Trials of replica exchanges were
carried out every 500 fs. The free energy differences A Fe w calculated from Eq. (11) were
in good agreement with those calculated from the adjusting process for all of the titratable
residues. The largest observed difference between the two free energy differences was less
than 0.15 kcal/mol.
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As the first model system for testing the performance and accuracy of PHREM we use the
blocked aspartic acid. We compared results of simulations with the original method, PHMD,
with those obtained with PHREM. For PHREM simulations we used 8 replicas at pH values
ranging from 1 to 8 in increments of 1. The PHMD simulations were also performed at pH
values ranging from 1 to 8 with an increment of 1. All simulations were carried out for 4.5
ns after the equilibration of 0.5 ns.

Figure 1 shows the deprotonated fraction of the titratable residue Asp at 300 K obtained
from the PHMD and PHREM simulations. Two different initial conformations of the Asp
system were employed. For each initial conformation the PHMD and PHREM simulations
were performed. Red lines in this figure are titration curves based on the Henderson-
Hasselbalch (HH) equation, and these curves are expressed by

Ja(pH)= (13)

1+10®K.—pH)’

where fyis the deprotonated fraction of the titratable residue and for an Asp residue pK, =
4.0 (Table ).

This equation is valid as long as the titratable group interacts negligibly with other titratable
groups. For the case of a single titratable residue this is fulfilled. By comparing the
simulation results with this equation we can evaluate the accuracy of the calculations. Figure
1 indicates that deprotonated fractions obtained with both the PHMD and PHREM
simulations agree well with this equation. Thus, for simple systems such as a single
titratable residue in aqueous solution accurate results can be obtained even without the use
of PHREM.

For a titratable group that has no interaction or weak interactions with other titratable
groups, the pK, can be calculated from constant pH MD simulations by rewriting the
equation (13) as follows:

(14)

fa(®) )

pKa(t):PH_logIO (l_fd(t) °

Here 7,(?) represents the deprotonated fraction obtained as an average from time 0 to the
time ¢ and the pK 49 is the corresponding time series of pK values. pK 42 was calculated
from the deprotonated fractions 7,(#) for each pH value according to Eq. (14). pH dependent
pK 49 values for the blocked Asp residue are for each initial conformation shown in Fig. 2.
The predicted pK, values obtained from the deprotonated fractions at pH values that were
far from 4.0 were converging more slowly. This is because the frequency of changing the
protonation state is smaller when the pH of the system is farther from the pK, value, and it is
difficult to sample changes of the protonation states sufficiently. Figure 2 shows that the pK,
values obtained with the PHREM simulations were converging faster than those obtained
with the PHMD simulations, suggesting that PHREM provides more effective sampling of
the protonation states than PHMD.

Figure 2(c) indicates that the pK ; value obtained with the PHMD simulation at pH = 7.0 was
shifted from 4.0. This is because the proton of the Asp residue became trapped in the ant/
location. This is an artifact caused by the fact that the zero charge “ghost” proton was

Proteins. Author manuscript; available in PMC 2012 June 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Itoh et al.

Page 8

employed to describe the deprotonated state. Because it has zero charge, this “ghost” proton
can more easily become trapped in some conformations. In the protonated state, the syn
conformation is much more favorable than the ant/ conformation. However, if the proton
gets trapped in the anti conformation, the deprotonated state appears to be more favorable
than the protonated state. In the PHREM simulations, however, Asp readily escaped from
the anti conformation due to pH exchanges between replicas, shortening the convergence
times.

B. Snake Cardiotoxin

We employed cardiotoxin V from Naja naja atra (CTX Ab) to test the PHREM algorithm.
CTX A5 has 62 residues and only four ionizable residues, His4, Glul7, Asp42, and Asp59.
The pK 4 values of these residues are available experimentally [73, 74]. To increase
conformational sampling, and to test the accuracy of the simulations we generated six initial
conformations, labeled IC1-6. These initial conformations were generated starting from the
pdb structure in the 1CVO PDB file [75]. To generate conformations 1C1-6, six different
seed numbers were used to assign initial velocities during the heating process. The heating
to the temperature of 300 K was 100 ps long. The PHMD and PHREM simulations were 3
ns long including 0.5 ns equilibration for each initial conformation. The simulations were
performed at 16 different pH values which ranged from 1.0 to 8.5 with an increment of 0.5.

The predicted pK; values and experimental pK, values of the four ionizable residues are
listed in Table Il. The pK,values were calculated through the fitting of the deprotonated
fractions to the Hill equation:

Ja (pH)= (15)

1410 PKapH)”

where 1 is the Hill coefficient. The pK, values and Hill coefficients in Table Il were
obtained through the following averaging methods:

e Method I: The fittings were performed separately for each simulation (IC1-6), and
the averages of the six pK, values and of six Hill coefficients were taken to be the
predicted values. The physical meaning of the averages obtained with Method | are
the most probable pK, values and Hill coefficients that would be obtained from a
single set of short MD simulation performed at different pH values.

e Method II: The deprotonated fractions were averaged over the six constant pH
simulations (1C1-6). The fittings were performed based on the averaged
deprotonated fractions, and pK, values and Hill coefficients determined only once.
This approach corresponds more closely to the titration experiments which
effectively measure the ensemble averaged deprotonated fractions. We note that
with Method 11, the statistical errors of the deprotonated fractions are not taken into
account during the fitting procedure. The Newton’s method was employed to
perform non-linear least square fitting for Method I and Method II.

»  Method IlI: this method is the same as Method Il, however, the statistical errors of
the deprotonated fractions (based on the six simulations, 1C1-6) are taken into
account during the fitting procedure. If the error was smaller than 0.01, we set the
error to 0.01. This is due to the fact that the systematic errors due to uncertainties in
the forcefield, approximations in the method, and possibly insufficient sampling are
not accounted for. The uncertainties in the errors are the reason why we present
both Method Il and Method I11. Method 11 will give equal statistical weight to all
points, while Method 111 will weight them according to the error. To fit the data
points in Method I11, )(2 that takes into account errors on each data points is
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minimized with respect to fit parameters pK, and 54 using the gradient search
method implemented in package ROOT [76].

For Method I, we determined the root-mean-square deviation of pK, values and Hill

coefficients
1 6 —2
— _E —AY 16
RMS(A) 6i=1(Al A) (16)

Here, A/is a pK,value or a Hill coefficient obtained from a single set of simulations, and A
is the average of A;, determined with method I. For Method Il, as a measurement of the
scattering of pK, values and Hill coefficients we determines the modified root-mean-square

deviation
’ 1 6 — 2
RMS(A) = 8;(A,-—A) . 17

Here, A" is the pK, value or Hill coefficient determined with Method 1. As are the same as
in Eqg. 16. With Method 111 the errors on the fit parameters are computed using the parabolic
approximation from the shape of the 12 [77]. The root-mean-square deviations of individual
pK values and of Hill coefficients obtained with Method | and Method 11, as well as the
errors obtained with Method I11 are given in Table II.

The pK 4 values of His4, Glul7 and Asp59 obtained with the two constant pH methods were
within 0.3 pH units of each other. The difference of the pK, value of Asp42 obtained with
the two constant pH methods was larger than in other residues. The pK, value obtained with
the PHREM simulations was closer to the experimental value than the pK, obtained with the
PHMD simulations. For Method I, the Hill coefficients obtained with the two methods were
close to each other for His4 and Glul7, but differed considerably for Asp42 and Asp59. On
the other hand, the differences of the calculated Hill coefficients were not large when
Method Il and Method 11 were used, suggesting that the averaging method used does impact
on the results.

The titration curves obtained from individual PHREM and PHMD simulations (Method 1)
are shown in Figs. 3 and 4, respectively. For the PHMD simulations, both the individual data
points as well as the fitting curves exhibit more scatter than the PHREM data points and the
fitting curves, suggesting a better convergence of the data obtained with the PHREM
method. Table Il is also showing that pK ; values and Hill coefficients obtained from the
PHMD simulations had larger scatter than those obtained with PHREM. For the PHREM
simulations the deprotonated fractions exhibit very small or no noticeable scatter from the
fitting curves in Fig. 3 suggesting an excellent convergence of individual simulations.
However, for three of the four titratable residues, the fitting curves that correspond to
different initial conformations are shifted from each other. This suggests that global
convergence is not achieved, and that the results are dependent on the initial conformation.
Therefore, more accurate results will be expected through additional sampling, possibly
through the coupling of PHREM with other methods that increase conformational sampling
such as the self-guided Langevin dynamics method, or the temperature REM.

Titration curves obtained with Method I11 are shown in Figs. 5 and 6. The data points
obtained with PHREM method are in much better agreement with the fitting function, than
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the data points obtained with the PHMD simulations. The y? values, which are a measure of
the dispersion of the data points are much smaller for PHREM simulations than for PHMD
simulations.

One may ask whether the smoothness of the individual titration curves obtained with the
PHREM method in Figs. 3 and 5 is due to the strong coupling between the replicas which
could end up keeping them confined to the same conformational region. In order to
investigate this, the principle component analysis (PCA) [78] was employed. This PCA was
performed with respect to the C, atoms in CTX A5 as follows: First, all structures (C,
atoms) in the trajectory of the PHREM and PHMD simulations starting from the same I1C
were superposed by the rigid translations and rigid rotations on the I1C. This superposition
was performed to remove the translational and rotational degrees of freedom. From these
superposed structures, the variance-covariance matrix Sj;was calculated. This variance-
covariance matrix Sy is given by

Sii=((qi—(g)) (q;—{q;M) (18)

where gjis the coordinate of the C, atoms. The Sj;matrix was determined based on
structures resulting from 2.5 ns long simulations at all 16 pH values, for IC1, and for IC2.
We also performed the same analysis on structures taken during all of the simulations, i.e.,
2.5 ns long simulations at all 16 pH values and for all ICs. For this latest analysis, the
structure used for the alignment was the IC1 structure. The first and second principal
component axes were defined as the eigenvectors with the largest and second-largest
eigenvalues, respectively. The #h principal component of a structure is the inner product of
ith eigenvectors and coordinate vector (g;— {g2)). In Figure 7 we show the distributions of
the first and second principal components in the PHREM and PHMD simulations starting
from IC1 and IC2 as well as for all ICs. The figure suggests that the PHREM and the PHMD
methods have the same effectiveness of conformational samplings.

To investigate this issue further, we look in detail into the coupling between conformations
and protonation states of one of the titratable residues in PHMD and PHREM simulations.
We take an example of His4 at pH = 4.0. The deprotonated fraction of His4 at pH = 4.0
obtained from the PHMD simulation with IC1 was almost zero, as shown in Fig. 4(a). The
time series of the distances between the C atom of C-terminus and the N® atom of His4 is
shown (Fig. 8). In simulations with the PHMD at pH = 4.0, and with the initial conformation
IC1, this distance was approximately 3.3 A. Because the C-terminus is negatively charged,
the probability of deprotonation of His4 was small, and the protonation state was fixed to the
protonated form. This in turn resulted in favoring of conformations with short distances
between these two atoms. In the PHREM simulation at pH = 4.0 with IC1, due to the ability
to exchange conformations with replicas simulated at other pH values, the distance between
these two atoms varied, as shown in Fig. 8(a). When the distance was larger than 6.0 A, the
deprotonated form was favored as shown in Fig. 8(c). This in turn allowed His4 to sample
the deprotonated states even at distances of 3.3 A. Figures 8(c) and (d) thus clearly
demonstrate how replica-exchange methodology can increase the efficiency of sampling of
protonation and conformational states for a given pH value. This increase in sampling
results in smoother titration curves in Fig. 3.

To estimate the speed of convergence of simulations we examined the time series of the
average of the predicted pK; values for the titratable residues of CTX A5 in Figs. 9 and 10.
From Eq. (15), the predicted pK, values are given by
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Ja®
log ;o (Tdu))

H

pK,(t)=pH- (19)

From this equation, pK 4§ is obtained from the averaged deprotonated fraction (7(4) from 0
to the time #at the corresponding pH value for each initial conformation. Each Hill
coefficient 4 in Eq. (19) was estimated from the entire 2.5 ns simulation. The predicted

pK 49 values were then averaged over six PHREM/PHMD simulations started with the six
initial conformations (averaging Method I). Figures 9 and 10 are showing the results from
the PHREM simulations and the PHMD simulations, respectively, with the averaging
Method I. If Method 11 was used to perform the averaging, the pK4(# values are shown in
Figures 11 and 12 for the PHREM simulations and the PHMD simulations, respectively. We
employed pH values 4.0-5.0 for His4, 3.5-4.5 for Glul7, 1.0-2.0 for Asp42, and 1.0-2.0 for
Asp59 in these figures. These pH values are in the neighborhood of the predicted pK, values
obtained from the PHREM and PHMD simulations (see Table I1), and thus the sampling of
both protonation states is high. Accurate pK, values could not be obtained from simulations
at pH values which were far from the pK, value, because the protonation states rarely
changed.

Figs. 9 and 10 show that the pK, values obtained from individual simulations with PHREM
for all titratable residues of CTX A5 converged faster than those obtained with the PHMD
simulations. Moreover, the predicted pK ; values obtained from the PHREM simulations at
different pH values coincide, suggesting that the sampling in the pH space has converged. If
Method Il was used for averaging (Figs. 11 and 12), the pK; values appear to converge
faster than with method I, however, the predicted pK ; values obtained at different pH values
still do not coincide, especially in case of Asp42 and Asp59.

C. Turkey ovomucoid third domain

We employed turkey ovomucoid third domain (OMTKY3) to compare PHREM with PHMD
for a more complicated system. OMTKY3 has thirteen ionizable residues, and both the pKj,
values and the Hill coefficients of these ionizable residues are available experimentally [79,
80]. We performed constant pH MD simulations in two pH regions, the low pH region and
the high pH region. The division into two regions is not necessary, however, by using two
pH regions the number of required replicas in the PHREM simulation can be cut in half.
However, two PHREM simulations, one for each pH region need to be performed. The
following residues were modeled as titratable in the simulations in the low pH region: Asp7,
Glul0, Glul9, Asp27, Glu4d2, His52, as well as the N-terminus and the C-terminus. All of
the basic residues were fixed to the protonated states during these simulations. In the
simulations in the high pH region, the following residues were modeled as titratable: Tyr11,
Lys13, Tyr20, Lys29, Tyr31, Lys34, and Lys55, His52 as well as the N-terminus. The
protonation states of the acidic residues were fixed to the deprotonated states during these
simulations. Six initial conformations were prepared for PHREM and PHMD simulations in
each pH region. These were obtained by equilibrating the model 1 structure in the 1OMT
PDB file [81] for 100 ps at 300 K with different initial velocities. Additional simulation
details were as described in the Methods section.

Both the PHREM and PHMD simulations were run for 3.0 ns including 0.5 ns equilibration.
In the low pH region, the PHREM and PHMD simulations were carried out at 16 different
pH values which ranged from 1.0 to 8.5 with an increment of 0.5 for each of the six initial
conformations. In the high pH region, the PHREM and PHMD simulations were carried out
at 16 different pH values which ranged from 6.0 to 13.5 with an increment of 0.5.
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The predicted and experimental pK, values and Hill coefficients of the ionizable residues in
the low pH region and the high pH region are shown in tables 111 and 1V, respectively.
Results with Method I, Method 11 and Method I11 for calculation of the pK ; values and Hill
coefficients are shown. The pK, values and Hill coefficients predicted for OMTKY3
displayed the same trends as the pK, values and Hill coefficients predicted in the case of
CTX Ab; for most residues the difference between the predicted pK, values obtained from
the PHREM and PHMD simulations were small, i.e., mostly less than 0.3 pK, units with the
three averaging methods. The largest observed difference was for Lys13 (0.4 pK units) with
Method I11. For some residues, the Hill coefficients predicted with Method | differed
substantially between PHMD and PHREM methods, while the Hill coefficients predicted
with Method 11 and Method 111 were comparable between PHMD and PHREM. However,
the Hill coefficients obtained from the PHMD simulations had larger scatter compared to
those obtained with the PHREM simulations. This is due to the fact that individual
simulations are better converged with PHREM than with PHMD. We note that the pKj,
value for Tyr31 could not be estimated because the residue titrated outside the high pH
region. The same was true for Tyr11, but only for the PHMD simulations.

We employ the RMSD to estimate the difference between results obtained from simulations
and experimental data. This RMSD R s calculated from

1 N 082
R= N;mf—m : (20)

where Nis the number of ionizable residues, A;is the predicted pK, value or Hill coefficient

of the ionizable residue /obtained from simulations, and A? is the experimental pK; value or
Hill coefficient of the ionizable residue /. RMDS values with respect to pK, values and Hill
coefficients are listed in Table V. As shown in this table, the predicted pK, values obtained
with both PHREM and PHMD simulations displayed a similar average RMSD, of about 1,
with all averaging methods. With Method I, the Hill coefficients predicted from PHREM
simulations were in much better agreement with the experimental data than those obtained
from the PHMD simulations. With Method 11 and Method I11, the Hill coefficients predicted
with PHREM and PHMD were of comparable accuracy. Furthermore, the pK, values and
Hill coefficients predicted with Method 11 and Method 111 were comparable to each other.

IV. CONCLUSIONS

We propose a new constant pH algorithm that is a combination of the constant pH algorithm
by Mongan et. al. [23] with the replica-exchange method. In this algorithm, replicas
exchange their pH values instead of their temperatures. We applied PHREM to proteins, and
compared the results obtained with PHREM and PHMD. To increase sampling, multiple
simulations started with six different initial velocities were performed with both PHREM
and PHMD methods.

When pK, values and Hill coefficients were determined from individual simulations and the
resulting pK; values and Hill coefficients then averaged (averaging Method I) the PHREM
yielded significantly better Hill coefficients, and in some cases better pK ; values than the
PHMD results. This suggests that if only one set of constant pH simulations is performed, on
average, the PHREM will yield better Hill coefficients. However, when the fractions of
deprotonated species for each pH value were averaged between the six simulations started
with different initial velocities, and the pK, values and Hill coefficients determined based on
those averages (averaging Method Il and I11), the Hill coefficients determined with PHREM
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and PHMD were of comparable accuracy. Methods 11 and 111 differed among each other in
the way errors were treated during the fitting procedure. Both methods yielded comparable
results. The result suggests that the accuracy of predicted pK, values and Hill coefficients
can be improved by running multiple simulations, and by using Method I1 or 111 to do the
averaging. However, from the observed lower scatter of the calculated pK, values and Hill
coefficients, as well as faster convergence, we conclude that the PHREM method is more
efficient than the PHMD method.

In individual simulations at a given pH value, the PHREM realizes more effective sampling
of both conformations and protonation states of titratable residues than the PHMD. This is
because conformations and protonation states are coupled. When replicas are exchanged,
new conformations and new protonation states can be sampled. However, the increase in
conformational sampling offered through the pH replica exchange is, in some cases, still
insufficient for accurate pK, calculations. In the future we will combine the PHREM with
other methods for enhanced conformational sampling in order to obtain more accurate pK,
values and Hill coefficients, as well as apply this method to more challenging systems, such
as lysozyme or variants of staphylococcal nuclease with internal ionizable groups.
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FIG. 1.

(a) The deprotonated fractions of the blocked Asp residue obtained from the PHREM
simulations. (b) The deprotonated fractions of the blocked Asp residue obtained from the
PHMD simulations. Open circle and square show the results of two different initial
conformations. The error bars were calculated by the jackknife method [84-86]. The number
of bins was taken to be 8 for the jackknife method. See Ref. [86] for more details on the
jackknife method. The red solid lines are the deprotonated fractions 7;in Eq. (13).
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(a), (b) The time series of the pK , values for the blocked Asp residue obtained with
PHREM. The difference between (2) and (b) is the initial states. (c), (d) The time series of
the pK, values for the blocked Asp residue obtained with the PHMD simulations. The
difference between (c) and (d) is the initial states.
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FIG. 3.

The deprotonated fractions of titratable residues in CTX A5: (a) His4, (b) Glul7, (c) Asp42,
and (d) Asp59, obtained with the PHREM simulations. Red circles, blue squares, green
triangles, black open circles, magenta open squares, and cyan open triangles are showing the
results with 1C1-6, respectively. The solid lines of the corresponding colors are the fitting
curves to Eq. (15) for the results with 1C1-6, respectively.

Proteins. Author manuscript; available in PMC 2012 June 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Itoh et al.

(@)

Deprotonated Fraction

o
L)

Deprotonated Fraction

Page 21

(b)

Deprotonated Fraction

(d)

Deprotonated Fraction

FIG. 4.

The deprotonated fractions of titratable residues in CTX A5: (a) His4, (b) Glul7, (c) Asp42,
and (d) Asp59, obtained with the PHMD simulations. Red circles, blue squares, green
triangles, black open circles, magenta open squares, and cyan open triangles are showing the
results with 1C1-6, respectively. The solid lines of the corresponding colors are the fitting
curves to Eq. (15) for the results with 1C1-6, respectively.

Proteins. Author manuscript; available in PMC 2012 June 12.



1duosnuei\ Joyiny Vd-HIN 1duosnueiN Joyiny Vd-HIN

1duosnuey JoyIny vd-HIN

Itoh et al.

(a)

Deprotonated Fraction

—
O
~

Deprotonated Fraction

FIG.5.
The deprotonated fractions, averaged over simulations 1C1-6, of titratable residues in CTX
Ab: (a) His4, (b) Glul7, (c) Asp42, and (d) Asp59, obtained with the PHREM simulations.
The solid line is the fitting curve to Eq. (15).
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FIG. 6.

The deprotonated fractions, averaged over simulations 1C1-6, of titratable residues in CTX
Ab: (a) His4, (b) Glul7, (c) Asp42, and (d) Asp59, obtained with the PHMD simulations.
The solid line is the fitting curve to Eq. (15).
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FIG. 7.

The distributions of the first and second principal components in the PHREM simulations
from (a) IC1, (c) IC2, (e) all ICs. The distributions of the first and second principal
component in the PHMD simulations from (b) IC1, (d) 1C2, (e) all ICs. The abscissa and
ordinate axes are the first and second principal component axes, respectively.
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The time series of the distance between the C atom of the C-terminus and the N¢ atom of

His4. These results were obtained from (a) the PHREM simulation and (b) the PHMD

simulation at pH = 4.0 with IC1. Probability distributions of the distances with protonated
states (blue solid line) and deprotonated states (red solid line). These results were estimated

from (c) the PHREM simulation and (d) the PHMD simulation at pH = 4.0 with IC1.

Proteins. Author manuscript; available in PMC 2012 June 12.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Itoh et al.

Page 26

8 T T T 8 T T T T
pH=4.0 — . pH=35 —
6l |pH=45 His4 i 6 L |PH=40 Glu17 i
pH=5.0 pH=45
4k E 4 S =
T T
4 4
Q Q
2+ = 2+ =
0 4 0 4
2 1 L 1 1 2 1 1 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (ps) Time (ps)
C d
( ) 8 T T T T ( ) 8 T T T T
pH=1.0 pH=10
6 L |pH=15 Asp42 B 6L [pH=15 Asp59 i
pH=2.0 pH=20
4 B 4 N
© ©
4 N 4
=Y - — e —— | [y
2+ = 2+ =
o . o .
2 1 1 1 1 2 1 Il 1 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (ps) Time (ps)

FIG. 9.

The time series of the predicted pK, values obtained with the averaging Method 1 for (a)
His4, (b) Glul7, (c) Asp42, and (d) Asp59 of CTX A5. These results were obtained from the
PHREM simulations at the pH values which were specified in the small windows around the
pK 4 values.
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The time series of the predicted pK, values obtained with the averaging Method | for (a)
His4, (b) Glul?, (c) Asp42, and (d) Asp59 of CTX A5. These results were obtained from the
PHMD simulations at the pH values which were specified in the small windows around the
pK z values.
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The time series of the predicted pK, values obtained with the averaging Method 1l for (a)
His4, (b) Glul?, (c) Asp42, and (d) Asp59 of CTX A5. These results were obtained from the
PHREM simulations at the pH values which were specified in the small windows around the

pK 4 values.
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The time series of the predicted pK; values obtained with the averaging method Il for (a)
His4, (b) Glul7, (c) Asp42, and (d) Asp59 of CTX A5. These results were obtained from the
PHMD simulations at the pH values which were specified in the small windows around the
pK, values.
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The pKj, values [82, 83] and free energy differences A Fe  Of titratable residues in aqueous solution.

TABLE |

Titratableresidue PKaw  AFgew(kcal/mol)
Asp 4.0 35.80
Glu 4.4 39.90
His-6 6.5 -18.15
His-& 7.1 -3.05
Lys 10.4 —-27.80
Tyr 9.6 84.25
N-ter 75 -97.45
C-ter 3.8 48.90
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TABLE V

RMSD of calculated values from the experimentaly determined data.

pKa Hill coefficient

PHREM PHMD PHREM PHMD

Low pH region 0.97 1.03 0.09 0.91
0.97 1.06 0.19 0.26
1.00 1.05 0.18 0.21
High pH region 1.07 1.08 0.15 8.36
1.07 1.15 0.20 0.20
1.08 1.02 0.15 0.14
Whole region 1.02 1.05 0.12 5.75
1.02 1.10 0.19 0.23
1.04 1.05 0.17 0.18

Upper values, middle and lower values for each residue are calculated with Method I, Method 11, and Method 111 respectively.
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