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ABSTRACT The use of conformational en-
sembles provided by nuclear magnetic resonance
(NMR) experiments or generated by molecular dy-
namics (MD) simulations has been regarded as a
useful approach to account for protein motions in
the context of pK, calculations, yet the idea has
been tested occasionally. This is the first report of
systematic comparison of pK, estimates computed
from long multiple MD simulations and NMR en-
sembles. As model systems, a synthetic leucine zip-
per, the naturally occurring coiled coil GCN4, and
barnase were used. A variety of conformational
averaging and titration curve-averaging techniques,
or combination thereof, was adopted and/or modi-
fied to investigate the effect of extensive global
conformational sampling on the accuracy of pK,
calculations. Clustering of coordinates is proposed
as an approach to reduce the vast diversity of MD
ensembles to a few structures representative of the
average electrostatic properties of the system in
solution. Remarkable improvement of the accuracy
of pK, predictions was achieved by the use of mul-
tiple MD simulations. By using multiple trajectories
the absolute error in pK, predictions for the model
leucine zipper was reduced to as low as approxi-
mately 0.25 pK, units. The validity, advantages, and
limitations of explicit conformational sampling by
MD, compared with the use of an average structure
and a high internal protein dielectric value as means
to improve the accuracy of pK, calculations, are
discussed. Proteins 2002;46:41-60.
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INTRODUCTION

Release and uptake of protons are fundamental to a
variety of biological processes such as enzymatic catalysis,
macromolecular stability, and formation of macromolecu-
lar complexes. Determination of the pK, values of protein
ionizable groups is key to the understanding of the pH-
dependent properties of proteins. Theoretical studies of
the ionization behavior of protein charged groups are a
vital part of this endeavor. Structure-based predictions of
the electrostatic properties of proteins have motivated
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researchers ever since the beginning of modern structural
biology,? and considerable advances have been made in
the last two decades.> ® Quantitative computational pre-
dictions of pK, values are still problematic in many
cases.%*

The titration behavior of proteins is governed by the
ionization equilibria of their acidic and basic charged
groups. The pK, of a group in a folded conformation of a
protein can deviate by several pH units from the pK, of a
fully solvated model compound because the electrostatic
environments experienced by a group in the protein and in
solution are very different. Interactions of charged ioniz-
able groups with the charged form of other titratable
groups (site-site interactions) and with permanent dipoles
in the protein (background interactions), as well as the
altered interactions with water (Born energy or desolva-
tion energy) are the main sources of pK, shifts.’® The
change of the ionization equilibrium of charged groups and
the titration behavior of proteins are commonly calculated
by the numerical solution of the linearized form of the
Poisson Boltzmann (FDPB) equation for a group in a
protein relative to an isolated model compound in solu-
tion.* In the continuum representation, a dielectric bound-
ary between the bulk solvent and the protein is defined,
usually represented by the solvent accessible surface of the
molecule. The solvent is modeled as a continuum of high
polarizability, whereas a lower dielectric constant is as-
signed to the protein domain, and the protein structure is
treated at atomic level.*~6 The pH-dependent free ener-
gies are calculated by Boltzmann summation over all
important protonation states in a certain pH interval. As a
result, the average degree of protonation of each ionizable
group as a function of pH is obtained. This methodology
was first applied to titration studies of lysozyme a decade
ago* and has since been applied to many proteins.**~*?
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In the framework of the continuum method, the accu-
racy of pK, calculation critically depends on several fac-
tors, such as the choice of partial atomic charges, atomic
radii, and protein interior dielectric constant. The exact
numerical value of the latter, for example, has been widely
and critically debated.'*~'® Furthermore, the continuum
method works on a rigid body approximation of the pro-
tein, the calculations being performed with fixed atomic
positions, as seen in an X-ray structure or in a nuclear
magnetic resonance (NMR) conformer. Therefore, it can-
not accurately account for the existence of tautomeric
states arising from the uncertainty in the location of the
protons for such groups as protonated Glu or Asp and
unprotonated His or for the conformational fluctuations of
the molecule on local and global scales. In addition, the
(mostly local) conformational change induced by the change
of the electrostatic field on protonation and deprotonation
of titratable groups cannot be captured by a rigid body
treatment of a structure that does not change with pH.'”
The mentioned limitations have prompted for extensive
theoretical work and many elegant solutions have been
proposed over the years.8-2°

Protein flexibility may be divided into two contribu-
tions,'” namely, the fluctuation of the protein backbone
and side chains resulting from thermal motion or conforma-
tional disorder, and local side chain motions induced by
the titration per se. The effect of local structural fluctua-
tions on the accuracy of pK, predictions has been ad-
dressed by several authors.'®~2° Here we focus on the
effect of global structural variability on pK, predictions.
Global conformational variability is suggested to have
substantial impact on the titration behavior of proteins.”
It may have to be explicitly accounted for if we want to
properly simulate the electrostatic properties for the sys-
tem in solution, which is best represented by an ensemble
of conformational states in a dynamic equilibrium. Indeed,
the use of an ensemble of structures from NMR experi-
ments,?"?2 Monte Carlo (MC),?® and Molecular Dynamics
(MD) simulations®!%2* has improved the accuracy of pK,
predictions, compared with calculations on a single X-ray
structure. Although NMR ensembles are derived from
experimental interproton distances (and dihedral angles)
and, hence, are likely to accurately represent the solution
structure, they are biased toward the pH of the NMR
experiment. MD simulations, on the other hand, are also
biased toward the presumed protonation states of charged
groups at the pH of the simulation. However, MD simula-
tions may sample thermally accessible and thus statisti-
cally important conformations.'” The sampling efficiency
of MD calculations can be improved significantly by run-
ning multiple and/or long simulations. A survey of the
literature reveals that pK, calculations have been per-
formed on ensembles derived from relatively short MD
simulations (100-200 ps). It has been suggested that the
use of more conformational sampling (longer simulation
times and/or multiple simulations) might result in better
predictions.® Surprisingly, to the best of our knowledge,
that there is no published report dealing with a systematic

comparison of pK, estimates computed from NMR en-
sembles and MD simulations.

In this report, we present pK, values for an engineered
leucine zipper (henceforth referred to as AB zipper) calcu-
lated on ensembles of conformations derived either experi-
mentally by NMR or from four relatively long (1 ns) MD
simulations in explicit solvent. Different averaging schemes
designed to account for the conformational variability, yet
keeping the computational costs low, are considered and
critically evaluated. The calculated pK, values are tested
against very accurate experimental pK, values for 10 Glu
residues published recently.?® Although most of the present
study is concerned with the synthetic leucine zipper de-
signed in our laboratory, two other proteins are used to
generalize the main arguments. These are the coiled coil
domain GCN4p1l, which is structurally similar to the AB
zipper, and barnase. For the former, pK, values are
calculated by using the X-ray structure and ensembles
from MD simulations and compared with available experi-
mental pK, values. For barnase, pK, values are obtained
by using several X-ray structures, NMR conformers, and a
700-ps MD simulation. We introduce, for the first time in
the context of pK, calculations, averaging protocols based
on (population weighted) clusters of MD conformations.
The advantages and limitations of explicit conformational
sampling by MD for improving the accuracy of pK, predic-
tions are discussed.

MATERIALS AND METHODS
NMR and X-ray Structures

The solution structure of a synthetic leucine zipper,
referred to as AB zipper in the following, has been deter-
mined (pdb entry 1FMH?%). Calculations with the dimeriza-
tion leucine zipper domain, GCN4pl, were performed by
using the X-ray structure (pdb entry 2ZTA?%). Several
published crystal structures of barnase (EC 3.1.27.3), the
small ribonuclease from Bacillus amyloliquefaciens were
used for pK_, calculations (pdb entry codes 1RNB,
1B20,1BNI, 1B2X, 1B2Z?"?%). In addition, pK, values
were computed on 20 NMR conformers of barnase (pdb
entry 1BNR?9).

MD Simulations

The MD simulations for the leucine zippers were carried
out with the CHARMM program?®° by using the all atom
parameter set of CHARMMZ22.3' Hydrogen atoms were
added to the coordinates of the X-ray structure of GCN4p1l
by the HBUILD option®? of CHARMM. The standard
protonation states of the acidic and basic groups at neutral
pH were used. Glutamic acid and aspartic acid carboxyl
groups were deprotonated, and lysine e-amino groups and
arginine guanidine groups were protonated. Histidines
were treated as neutral with the proton placed on the N°
atom. N- and C-terminal residues were patched with
neutral acetate and amide groups, respectively, as in the
published structures. A shift function was used with a
cutoff at 12 A for the van der Waals interactions. The
particle mesh Ewald method was used to treat the long-
range electrostatics.®® The real space contribution was
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truncated at 12 A. The number of grid points for the fast
Fourier transformations was 81, 64, and 64 for the x, y,
and z directions, respectively. Because the total charge of
both the AB zipper and GCN4p1l was zero, no counterions
were added. The simulations were performed in the isother-
mal, isobaric ensemble®* by using the leapfrog integrator.
The pressure and temperature were kept constant by
using a Langevin piston of mass 600 amu and a Hoover
thermostat with a thermal piston of mass 1000 kcal ps?.
All bonds involving hydrogen atoms were constrained by
SHAKE?®®, and an integration timestep of 2 fs was used in
all simulations. Structures were collected every 0.5 ps for
use in the pK, calculations.

The coiled coils were immersed in a rectangular box of
dimensions 70 X 50 X 50 A containing preequilibrated
TIP3P water.>® The dimensions of the leucine zippers are
approximately 42 A long and 18 A at the sides. Hence, the
minimal distance from any protein atom to the edge of the
box was 14 A. Water molecules overlapping with protein
heavy atoms (distance < 2.6 A) were deleted. The total
number of water molecules was 5210 for the AB zipper and
5178 for GCN4pl. All subsequent calculations were per-
formed under periodic boundary conditions. The system
was first relaxed by 50 steps of steepest descent minimiza-
tion and then minimized for 200 steps by the adopted-basis
Newton-Raphson (ABNR) algorithm with all water oxygen
atoms and all protein heavy atoms harmonically con-
strained by a force constant of 1.0 keal mol ' A~2 and 2.0
keal mol~* A~2, respectively. After the minimization, the
system was equilibrated for 30 ps under isothermal (298
K), constant volume conditions applying harmonic con-
straints on the protein heavy atoms with a force constant
of 2.0 keal mol A2 The equilibrated system was heated
to 298 K in 15 ps. The harmonic constraint force constant
was progressively decreased from 2.0 to 0.0 kcal mol ™ A2
in the initial 10 ps, and all atoms were free during the last
5 ps of the heating process. The system was then subjected
to a 20-ps equilibration at constant temperature and
volume by using Gaussian distribution for the assignment
of atomic velocities. The production simulations were
performed for 0.3 and 0.7 ns (GCN4P1) or 1 ns (AB zipper)
at 298 K. Details on the simulation of barnase have been
published.?”

Analysis of the MD Ensemble
Clustering of MD conformers

From each trajectory, coordinates were collected every
0.5 ps and were clustered on the basis of the combined
backbone and charged side-chain heavy atoms root-mean-
square deviation (RMSD) (excluding the first and last
residues in each chain). This was expected to pool together
structures not only close in global conformation but also
displaying similar ionizable side-chain orientations. The
cutoff value was 0.9 A for the AB zipper and GCN4p1 and
1.0 A for barnase. The clustering procedure followed
published protocols.?®3° The RMSD for the selected atoms
was calculated for each pair of structures after optimal
superposition. The number of neighbors was then com-
puted for each structure by using the specified cutoff. The

conformation with the highest number of neighbors was
considered as the center of the first cluster. The second
cluster was determined in the same way, excluding con-
formers that had been assigned to the first cluster. The
procedure was repeated until each structure was assigned
to a cluster.

The purpose of the clustering was to reduce the vast
numbers of MD conformations to a fewer representative
structures to be used in the pK, calculations and, at the
same time, to sample as many conformations as possible.
Therefore, cutoff values of 0.8, 1.0, and 1.5 A were also
tested for the AB zipper. A 0.8 A cutoff yielded too many
clusters with only few members, so that the number of pK,
computations required was not significantly reduced. At
the other extreme, a 1.5 A cutoff produced too few clusters
and, hence, less accurate description of the conformational
variability. The 0.9-1 A cutoff resulted in a reasonably
small number of clusters, typically 3—-6 per trajectory.
Within a given trajectory, the major clusters (first, second,
and third most populated clusters) grouped each 25-40%
of all conformations, whereas the minor clusters repre-
sented each 6—-8% of the population. Clusters populated to
at least 5% of the total sampled conformations in each
trajectory (e.g., 2000 for AB zipper) were used for the pK,
calculations, the rest being considered statistically insig-
nificant. The 5% limit is somewhat arbitrary. However, the
variation in the percent of discarded structures between 0
and 5% introduced statistically insignificant variation in
the final results obtained for the ensemble (not shown).

Cluster-based averages

Coordinates at the center of the clusters as well as
average coordinates within clusters were used for pK,
calculations (Table I). Different averages over the MD
ensemble were built. According to the cluster-average
protocols CS and CW, pK, values were calculated by using
coordinates representing the geometric mean of all confor-
mations within a given cluster. The cluster-based trajec-
tory average was then obtained by simple titration curve
averaging (CS) or by population-weighted titration curve
averaging (CW). Similarly, average pK, values were calcu-
lated by taking the simple mean (CeS) or weighted mean
(CeW) of the titration curves obtained for each ionizable
group in the structure of the cluster center. The weighted
sum of the titration curve for a charged group i,(x; )in CW

N
and CeW can be calculated as (x;) = E(wjxi )where x; is the

j=1
titration curve of group i in cluster j, w; is the relative
population of cluster j (0 <w; < 1) and N is the number of
clusters. In CS and CeS, w; equals 1/N. When an average
over multiple trajectories is considered, it represents an
arithmetic mean of (x;,) for all simulations.

Snapshot-based averages

From each trajectory, equally spaced conformations
(snapshots) were extracted in 10-ps intervals and were
used for pK, calculations. The titration curves were then
averaged over single trajectory or multiple trajectories
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TABLE L. Comparison of the Various Sampling and Averaging Techniques Used for pK, Calculations’

Conformational Titration curve
averaging averaging

Abbreviation Description Sampling by* (over)® (over)® Trajectory/protein?
NMR NMR conformers NMR No Yes (20 or 25) AB zipper, barnase
NAT NMR average structure Averaging Yes (NMR) No AB zipper
XR X-ray structure X-ray coordinates No No GCN4pl, barnase
CW Cluster (weighted) Clustering Yes (clusters) Yes (3-18) All
CS Cluster (simple) Clustering Yes (clusters) Yes (3-18) All
CeW Cluster center (weighted) Clustering No Yes (3—-18) All
CeS Cluster center (simple) Clustering No Yes (3-18) All
SS Snapshots Snapshots No Yes (30—400) All
TA Trajectory average Averaging Yes (600—2000) No All
TA/4 Mean of 4 TAs Averaging Yes (2000) Yes (4) AB zipper
ATA Total trajectory average Averaging Yes (8000) No AB zipper

See text for a detailed description.

2The strategy used to sample conformations from MD trajectories and NMR ensembles.
bThe number of conformations subjected to conformational averaging are given in parentheses. The number of conformations varies in each

cluster.

‘Numbers in parentheses indicate the total number of titration curves calculated before final averaging.
dTrajectories and/or proteins for which a particular sampling or averaging method is applied.

(30—400 snapshots of coordinates; protocol SS). This proce-
dure is the same as the titration curve averaging method
used previously by van Vljimen et al.®

Coordinate averages

First, the average structure representing all conforma-
tions in a particular trajectory was computed by geometri-
cal averaging of the extracted coordinate sets (2000 for AB
zipper, 600 or 1400 for GCN4p1l, and 1400 for barnase).
The pK, values (titration curves) were then calculated on
the resulting structure (protocol TA) as usual for single
conformers. If the MD ensemble was obtained from mul-
tiple simulations, as for the AB zipper, for which four
simulations were analyzed, the final MD-based average
pK, was the arithmetic mean of all individual TA esti-
mates. This protocol is termed TA/4. Finally, according to
the all-trajectory averaging procedure (ATA), one pK,
calculation was performed on the structure representing
the mean of all 8000 conformations sampled in four
independent MD simulations.

Other averaging techniques

For one of the simulations, which was started from an
average of 50 NMR conformers (T4), pK, values were
calculated on the basis of the averaged electrostatic energy
(including all contributions, i.e., AG,gy, AGyg, and AGyy;).
No significant difference was found between pK, values
computed by such an averaging and pK, values obtained
by titration curve averaging techniques. This result is in
line with the findings of van Vlijmen et al.® Therefore, all
the other calculations followed the titration curve averag-
ing method.

In a slight modification of the SS protocol, 20 conformers
in a time window of 10 ps interval were averaged, and the
resulting mean structure was used to calculate titration
curves. The titration curves thus obtained were used to
compute a trajectory average as in SS (protocol C;,). The

results from C,, were very similar to those obtained from

SS.
Analysis of the NMR Ensemble

The NMR structures representative for the solution
structures of the AB zipper and barnase were analyzed in
similar ways as described above for the MD ensemble
(Table I). The protocol termed NMR was equivalent to
snapshot averaging (SS). pK, values listed in Table II as
NAT were calculated on the average NMR structure in the
same way as in protocol ATA. Necessarily, much fewer
conformers (20—-25) were subjected to averaging.

pK, Calculations

All pK, calculations were performed with the program
MEAD.!%4° The methodology has been described in the
original publication.'® Briefly, to estimate the change in
the ionization behavior of a given group located on a
protein with respect to the isolated group in solution, three
types of energy contributions are calculated by numerical
solution of the linearized form of the Poisson-Boltzmann
equation.*! The desolvation energy (Born energy, AG.,,,)
describes the difference in the interactions of the neutral
or charged form of a group with the polarization that is
induced when the group is located in the protein or in
solution. The second electrostatic energy contribution
(“background” energy, AG,,,) arises from interactions of
the group with all other nontitratable charges in the
system, such as partial charges distributed over all neu-
tral protein groups and peptide dipoles. These two energy
terms, which are both independent of the protonation state
of all other sites and hence do not change with pH, are
often combined with model compound pK, values and
referred to as the “intrinsic pK,,” pKi, (- PKint. 0stensively
describes the change of electrostatic energy on the transfer
of the considered group from the solution to its defined
position in the protein, given all other ionizable groups are
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TABLE II. Calculated Glutamic Acid pK, Values From NMR and MD Ensembles of the AB Zipper
Compared with Experiment’

NMR conformer Average NMR Snapshot Weighted cluster Trajectory average

Residue Experiment?® average (NMR) structure (NAT) average (SS) average (CW) structure (ATA)
E1 4.14 3.42 3.37 3.51 3.60 3.81

E6 4.82 5.24 5.87 5.11 5.02 4.77

E8 4.52 3.84 448 4.75 4.40 3.58

E13 4.37 4.33 4.94 4.64 4.38 4.08

E15 411 3.26 3.78 4.80 4.42 414

E20 441 411 3.52 4.50 451 2.08

E22 4.82 5.90 7.05 5.44 4.96 3.13

E27 4.65 4.00 3.78 4.56 4.26 4.38

E29 4.63 413 4.13 435 4.57 4.10

EY 4.22 3.05 3.55 3.67 3.81 1.88

aad® 0.65 0.79 0.37 0.23 0.75
aad-T¢ 0.58 0.65 0.33 0.18 0.60
RMSD* 0.72 0.97 0.49 0.29 1.10

# conf.® 20 1 400 18 1

"Listed values are calculated with g = 4. A detailed description of the abbreviations is given in the text and in Table I. The prime indicates
residues in the basic strand of the two-stranded AB zipper. pK, values for all titratable groups in the AB zipper calculated from all averaging

protocols tested are listed in Table sI of Supplementary Material.
*Experimental pK, values from Ref. 25.

PAverage absolute deviation.

“Average absolute deviation excluding the N-terminal E1 and E1.
9Root-mean-square deviation.

°Number of titration curve calculations used to obtain the final pK,.

neutral. The third energy contribution is the pH-depen-
dent charge-charge interaction energy of each site with all
other sites.

Once the pK,, ., and the site-site interaction matrix are
calculated, the protonation fraction f; of each site i at a
given pH is computed by Boltzmann weighted averaging
over all possible protonation microstates of the protein.'®
The multiple-site titration problem is often intractable for
a protein with large number of titratable sites. Various
approximations have been devised to overcome this prob-
lem.*542:43 In this work, the reduced site approximation*
was used for the AB zipper because the number of ioniz-
able groups in this protein is relatively small (24).* The
Monte Carlo (MC) procedure*? has been used in the initial
stage of the calculations for the AB zipper, and the results
were the same as those obtained from the reduced site
method. For GCN4p1l with 34 ionizable groups and bar-
nase with 37 ionizable groups, the MC procedure was used.

The PARSE charges and atomic radii were used in all
the calculations.** The ion exclusion radius was 2.0 A and
the probe radius was 1.4 A. Tonic strength was set to the
experimental values of 0.1, 0.15, and 0.05 M for the AB
zipper, GCN4pl, and barnase, respectively. The solvent
polarizability was modeled with a dielectric constant of 80.
The internal protein dielectric constant has been shown to
be a sensitive quantity in the continuum electrostatics
model.?716 Different values for the protein interior dielec-
tric constant, ranging from 3 to 20, have been tested. Most
data reported for the AB zipper and GCN4pl were ob-
tained with ¢; = 4. Following Dillet et al.,?? the model pK,
(pK 0qe1) Were taken from Nozaki and Tanford,*® namely
4.4 for Glu, 4.0 for Asp, 10.4 for Lys, 12.0 for Arg, 7.0 for
His, and 9.6 for Tyr. All hydrogens, including carboxylate

hydrogens, were built by using HBUILD.?2 The structures
were then energy minimized by the CHARMM forcefield®°
by using the CHARMMZ22 all atom parameter set.>! Before
pK, calculation, all structures were subjected to minimiza-
tion, initially for 200 steps of steepest descent with the
electrostatic function turned off, followed by 200 steps of
conjugate gradient with the electrostatic term and using a
dielectric constant of 4.0. A similar two-step minimization
has been proposed as the best procedure in the pK,
calculations of lysozyme.'® After minimization, the struc-
tures deviated by 0.4-0.6 A all-atom RMSD from the
starting structure. The final minimized structures were
analyzed with PROCHECK to assess any deviations from
the allowed geometry.*® This was particularly important
for structures representing averages of coordinates that
could, in principle, contain unphysical geometries.

RESULTS AND DISCUSSION

Because an experimental pK, represents a (fluctuating)
system-average, whereas continuum pK, calculations use
structures with fixed atomic positions, computation of pK,
from an ensemble of structures requires suitable sampling
techniques. The main ideas underlying the averaging and
sampling protocols used in this study are summarized in
Table I.

AB Leucine Zipper
The NMR ensemble

The disulfide-linked heterodimeric coiled coil AB (AB
leucine zipper) consists of the acidic chain Ac-E-VAQLEKE-
VAQAEAE-NYQLEQE-VAQLEHE-CG-NH2 and the basic
chain Ac-E-VQALKKR-VQALKAR-NYAAKQK-VQAL-
RHK-CG-NH2. All ¢ and g heptad positions (underlined)
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Fig. 1.
ensemble of 25 selected AB zipper structures. Side-chain bonds of acidic
and basic residues are displayed in red and blue, respectively, and
backbone bonds are outlined in green. Front and back views of the zipper
are shown.

Spatial orientation of charged e and g position residues in the

are occupied by either E or K/R so that, by design, a
maximum of six interhelical salt bridges can be formed.
The solution structure of the AB leucine zipper at pH 5.6
has been reported, together with pK, values for all Glu
residues obtained from the pH dependence of proton
chemical shifts between pH 1.5 and 7, where the AB zipper
is fully folded.?’ The surface exposed, mostly charged
residues, show a relatively defined alignment across the
helix interface and partial H-bond formation between the
functional groups of residues in g and e'(+1) of the
adjacent helix is observed in the calculated structures.
Still, there is a substantial variation in the orientation of
the potential salt bridge partner residues toward each
other (Fig. 1). The experimental pK, values for all 10 Glu
residues display no significant deviations from a model
compound pK, of 4.4, the largest upshift and downshift
being +0.42 and —0.29 pK units, respectively (Table II).
For almost all Glu residues the pK, values calculated on
individual NMR structures fluctuate significantly across
the NMR ensemble. pK, values as high as 7.2 and as low as
1.8 are calculated for some groups. The conformational
differences between the members of the NMR ensemble
were taken into account by computing either the simple
mean pK, values over individual conformers or by calculat-
ing the pK, on the average NMR structure. Because the
backbone conformation of the AB zipper is well defined
(RMSD 0.47 *+ 0.13 A), these two averaging protocols
reflect mainly the local fluctuations of the electrostatic
field in the vicinity of the charged side chains. The
calculated pK, values from the NMR ensemble are in
reasonable agreement with the experiment (Table II).
Large deviations are found only for few Glu residues.
Inspection of the structure of individual conformers re-
veals no clear trend, which could explain why some
conformations produce considerably larger errors than

others. Because the mobility of surface exposed side chains
is generally greater than that of the backbone, one would
expect that the spread of pK, values across the NMR
ensemble mirrors the motion of neighboring and interact-
ing side-chain charges. This is indeed the case for most of
the designed ion pairs as well as for the N-terminal E1 and
E1'. Typically, the conformer-related differences in the
calculated pK, values scatter within 1 pK unit around the
experimental pK,. This behavior is exemplified in Figure 2
for E8, the pK, of which appears to be mainly influenced by
the interaction with its ion-pairing partner, K13'. How-
ever, there are interesting exceptions. As shown in Figure
2, the interaction of E20 with the charged form of other
titratable residues, mainly with its potential salt bridge
partner R15’, changes little because the distance between
0.1/0.2 of E20 and N, 2 of R15’ remains nearly constant
throughout the 20 NMR structures. The desolvation contri-
bution to the pK, is almost constant as well (except for
slight fluctuations in structures 16-19), suggesting a
similar degree of charge burial in most structures. The
fluctuations of the pK, mainly arise from the interaction of
the carboxyl group with background partial charges, par-
ticularly with the carbonyl oxygen of R15'. Similarly, the
background interaction energy term, not the interaction
with the potential salt-bridge partner R27’, affects the
protonation equilibrium of E22 (Fig. 2). In this case, the
pK, varies in the same way as the distance between the
closely positioned atoms O_.1/0.2 of E22 and O_1 of Q25.
Not surprisingly, if single NMR conformers are used in the
calculation, the largest absolute deviations from the experi-
mental pK, are calculated for E20 and E22. It is worth
noting that the average calculated pK, of E20, 4.11, is not
far from the experimental value of 4.41 due to the low
percentage of structures with extremely upshifted pK,
that balance the cumulative contribution from most con-
formers displaying slightly downshifted pK,. On the other
hand, E22 is poorly predicted because conformers with
very high pK, values dominate the ensemble. The pK,
values calculated by using the average structure (NAT)
are less accurate compared with those from the ensemble.
A larger error is obtained particularly for E20 and E22
(Table II).

Overall, titration curve averaging seems to be supe-
rior to conformational averaging when applied to the
NMR ensemble and results in a fair prediction of the
experimental pK_, the average absolute deviation being
0.65 pK units (Table II). Six groups (E1, E1’, E8, E15,
E22, and E27) are predicted with an error larger than
0.5 pK units (aad = 0.85). Three of these can potentially
form salt bridges with lysine residues (E8, E15, and
E27). E1 and E1’ are located at the N-termini of chain A
and chain B.%25 The other four residues (E6, E13, E20,
and E29) are predicted within an aad of 0.33 pK units.
E6 and E29 are surface exposed in the NMR structures
and thus might be very flexible, whereas E13 and E20
are located in the middle of the helix in a relatively fixed
orientation and both have arginine as ion pair partners.
Therefore, it appears that if the conformational variabil-
ity of the AB zipper is accounted for by computing an
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Fig. 3. Time evolution of C, RMSD observed for trajectories T1 (in black), T2 (in red), T3 (in green), and T4
(in blue) of the AB zipper. RMSD is measured with reference to the corresponding NMR conformer used to

initiate the simulation.
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Fig. 4. Spatial interactions between groups involved in salt-bridge formation in the AB zipper observed by
MD. The typical behavior of the E-R pairs during most of the simulation time is exemplified with the interatomic
distances measured for the E13-R8’ pair in the course of simulations T3 and T4. Upper panel, O_1/N, 2 (black)
and O_2/N, 2 (gray) in T3; O_1/N, 2 (light green) and O_2/N, 2 (dark green) in T4. Lower panel, O_1/N_ (red) and
0O.2/Ne (magenta) in T3; O_1/N, (blue) and O_2/N, (cyan) in T4. Typically, three to four flips (rotation around the
CB-Cv bond) were observed in a single trajectory, consistent with the estimated timescale of surface-exposed

side-chain rotation.®*

average pK, over the NMR ensemble, the accuracy of
pK, predictions is improved over single conformer calcu-
lations (including NAT) for Glu residues that are either
distant in space from other positive charges and flexible
or interacting with arginine residues in the middle of
the helix. The discrepancy between calculation and
experiment is larger for the N-terminal Glu and Glu
involved in a potential ion pairing with lysines.

The MD ensemble

To further explore the effect of conformational variabil-
ity on the precision of pK, predictions, an ensemble of the

AB zipper structures was generated by MD performed in
explicit solvent. Three trajectories, T1, T2, and T3, each of
1-ns productive (sampling) duration, were started from
three different NMR conformers that display a different
pattern of salt bridges (E-K/R pairs present or absent). A
fourth simulation, T4, was started from a conformation
representing an average over 50 structures generated in
the final NMR refinement protocol. Figure 3 shows the C-,
RMSD for the four simulations. After an increase in the
initial 50 ps, the C, RMSD calculated for simulations T1,
T3, and T4 fluctuated around a mean value of 1.1 A for the
rest of the simulation time. In trajectory T2, C, RMSD
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increased further to about 2.2 A but was reduced to 1.5 A in
the final 300 ps. All four trajectories converged during the
last 200 ps and fluctuated around a mean C, RMSD of
1.2A.

The overall conformational differences between the NMR
ensemble and the MD-generated ensemble can be exam-
ined in terms of a pairwise RMSD.*” The average of 20
NMR structures (NAT) was used as a reference for compari-
son. Individual starting structures differ from NAT by
0.43-0.64 A (mean 0.56 A) in C_, positions. The correspond-
ing values of the individual trajectory averages are 0.83—
1.25 A (mean 1.05 A). Within the MD ensemble, individual
trajectories differ from each other by 0.46-1.1 A. The
global MD average structure is 0.91 A away from NAT.

Several protocols were devised to account for the variabil-
ity of conformation-related electrostatic properties of the
AB zipper as observed in the MD simulation (see Table I).
Table IT compares experimental pK, values to pK, values
calculated on the MD-generated ensemble and the NMR
ensemble. Clearly, all averaging techniques applied to the
MD-generated structures, with the only exception of ATA,
significantly increase the accuracy of the predictions. In
comparison with calculations with the NMR ensemble,
both RMSD and aad are reduced at least twofold. The
all-Glu prediction is further improved if one excludes the
relatively poorer estimates for the N-terminal E1 and E1’
groups: the average error (aad) for these two sites is 0.5 pK
units compared to an average aad of 0.2 pK units for the
rest of the acidic groups. The more accurate pK, calcula-
tion on the MD ensemble mainly arises from the improve-
ment of the computed pK, values for five sites, the pK,
values of which are relatively poorly predicted from the
NMR ensemble (E1, E1’, E8, E15, and E27). In general,
the combination of long and multiple MD simulations
appears to generate an ensemble of structures represent-
ing the protonation equilibria of the Glu residues in the
folded state of the AB zipper more realistically than the
NMR ensemble.

In the continuum electrostatics model, the pK, shift
(from the model compound pK,) of a titratable group
located in the protein is calculated by summing up ener-
getic contributions that are very sensitively dependent on
the local geometry.'®2° Local details necessarily reflect the
global conformation and are not easily separable from it.
This is especially true for small nonglobular domains
lacking an extended hydrophobic core such as the leucine
zipper. Therefore, we ask whether analysis of certain
conformational features of the MD ensemble and their
fluctuations in each individual simulation, as well as
trajectory-to-trajectory fluctuations can explain the suc-
cess of pK, predictions computed from MD ensembles.

Four of the 10 Glu residues in the AB zipper, namely E1,
E1l’, E6, and E29, are very well solvated (relative solvent
accessibility = 0.7) and do not participate in interhelical
salt bridges. Experimentally, E6 and E29 display a slightly
upshifted pK,, which is reproduced with high accuracy by
the calculations by using both the NMR and the MD
ensembles. Perhaps unexpectedly, the experiment indi-
cates a pK, downshift for the N-terminal E1 and E1'. In

the NMR ensemble as well as in the course of the MD
simulations, the carboxyl groups of both terminal Glu
residues are closely approaching the amide nitrogen of Val
2 and Val 2’, respectively (mean distance 4.1 = 1.0 A). The
persistence of such an interaction is in line with the
observation that hydrogen bond acceptors and especially
negatively charged side chains at the N-terminus of an
a-helix might contribute to helix stabilization due to
favorable interactions with the helix macrodipole.*® In-
deed, the computed pK, values of these groups are low for
almost all NMR conformers, averages thereof, and MD
averages. The predicted pK, shift is clearly dominated by
the background energy term. The desolvation energy
contribution is modest (0.2—-0.6 pK units), whereas the
interaction with other titratable charges is very small
(approximately —0.2 pK units) because the carboxylate
groups are solvent exposed and distant from other ionized
side chains. From the MD ensemble, pK, of E1 and E1’ are
predicted with higher precision than from the NMR en-
semble, possibly because of accumulation of thermally
accessible conformers, in which the interactions with the
backbone amide atoms are weakened. Most importantly,
the pK, values obtained for the MD averages, although
lower than the experimental values, correctly reproduce
the pK, of E1 to be more downshifted than the pK, of E1'.

The remaining six Glu residues participate in interheli-
cal salt bridges. Although partial H-bond formation be-
tween Glu and Lys/Arg residues can be inferred from the
solution structure (Fig. 1), the pH-dependent chemical
shifts of Glu H” resonances and FDPB calculations indi-
cate no pK, downshift or even a slight pK, upshift for most
groups. All the six salt bridges were observed in the course
of the combined simulation time of 4 ns (0.1/0 2-N,/N,
distance < 3 A). Their population varied from trajectory to
trajectory and was independent of the presence or absence
of the interaction in the starting structure. Some examples
of the time evolution of salt bridging interactions are
plotted in Figure 4.

Decomposition of the calculated pK, values for salt-
bridge participating Glu residues into various energetic
contributions reveals a general trend that the charge-
charge interaction energy is the major factor influencing
the magnitude and the direction of the structure-to-
structure pK, variation (Figs. 5 and 6). As expected, the
contribution of the positively charged salt-bridge counter-
part dominates over the net influence of all other titratable
groups. The predicted pK, for different conformers display
only low correlation to either the desolvation energy term
or to the interaction energy with the partial charges and
even lower correlation if these two terms are lumped
together in the convenient manner to calculate the pK,,,.
Nonetheless, the observed trajectory-to-trajectory variabil-
ity of pK, shifts is clearly governed by the background
interaction term (Figs. 5 and 6). For most salt bridges the
uncharged form of Glu is favored because of the often
positive background contribution, irrespective of the per-
centage population of the salt bridge in a trajectory. It was
shown above that the same effect was responsible for
relatively high calculated pK, values of E20 and E22 in the
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Decomposition of calculated Glu pK, values for the MD ensemble of the AB zipper into energetic

contributions. All calculations were performed with €, = 4. Squares, W; term; circles, background interaction;
asterisks, solvation energy; triangles, pK;,,. The lines represent regression lines. Panel A combines the results
of four MD simulations. For a total of 400 snapshots, calculated pK, values best correlate with the magnitude of
Wij (R = 0.76) followed by the background interaction energy (R = 0.62). There is no correlation with changes
in solvation (R = —0.12). Panel B illustrates that the source of trajectory-to-trajectory pK, variation is the
variation of the background energy term (R = 0.6), whereas the correlation with the W;; term is essentially zero.

NMR ensemble. As depicted in Figure 6, when the back-
ground term favors the charged form as in T4, or when it is
small as in T1, the predicted pK, values tend to be lower
than the model pK, of 4.4. In contrast, the high positive
contribution of background interaction in T2 and T3
upshifts the pK, values. Most of the experimental pK,
values, with the exception of E15, are higher than 4.4.
Consequently, one could argue that conformations with a
higher background term, as those dominating trajectories

T2 and T3, are more frequent in solution. However, the
predicted pK, values from the latter two simulations are
overestimated, even if the shifts are in the right direction.
Therefore, only the global average over the MD-generated
conformations, not each trajectory alone, yields pK, values
in close agreement with the experimental values. We
believe this is an important result of the present work. It is
tempting to speculate that conformations displaying posi-
tive or negative background energy contribution would be
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Fig. 6. The energetic contributions to the pK, (upper four panels) and
the error in pK, calculation (lowest panel) for six Glu residues that
participate in salt-bridge formation in the AB zipper. Vertical dotted lines
demarcate trajectories T1 through T4. In the last segment on the right,
results obtained from protocol CW are shown (see Table | and the text for
details). The hatching pattern encodes for Glu residues E8, E13, E15,
E20, E22, and E27 (left to right in each segment). Results for ¢; = 4.

about equally populated in solution. Expressed differently,
the four trajectories appear to sample nonoverlapping or
partly overlapping regions of the electrostatic properties
space.

The contribution of surface-exposed salt bridges to the
stability of coiled coils is a controversial issue. Interhelical
ion pairs have been described as either having no effect on
stability or being slightly destabilizing®®4°®° or being
stabilizing.5':52 The electrostatic free energy of salt bridges
was shown to change sign at least once across 40 NMR
conformers of the c-Myc-Max leucine zipper.®® From the
analysis of a large set of ion pairs, it was concluded that
stabilizing or destabilizing effects are governed not only by
the mutual geometrical orientation of the participating
charged groups but are also very sensitively dependent on
the exact distribution of full and partial charges in the
protein matrix.’* Therefore, conformational variability
must be carefully assessed before classifying a salt bridge
as being stabilizing or destabilizing based on continuum
calculations.

Concluding this section on the AB zipper, we speculate
that the correlation between the trajectory-to-trajectory
pK, values variation and the sign and magnitude of
background interactions, in conjunction with an average of
1.1A C, RMSD, might point to the importance of global
conformational sampling in continuum electrostatics pK,
calculations. In the case of closely approaching charges on
the surface of a protein, as in a typical salt bridge, local
short-range side-chain movements predominantly result
in fluctuation of the solvent-screened charge-charge inter-
actions between neighboring full charges, which might not
fully account for an experimentally observed pK, shift.
Extensive sampling is required to properly describe subtle
fluctuations of the protein multipole around the “static”
mean represented by an X-ray structure or an NMR
conformer. Multiple nonconstrained MD simulations might
be a useful alternative to fulfill this task.

GCN4 Leucine Zipper and Barnase

To test the general applicability of our averaging proto-
cols and to further test the significance of MD based
conformational sampling, we investigated two further
protein domains, GCN4pl and barnase. GCN4p1 repre-
sents the dimerization domain of the yeast transcription
factor GCN4. The X-ray structure has been solved to 1.8 A
resolution, and there is abundant experimental and theo-
retical information concerning electrostatics-related prop-
erties of the molecule.*%-5%:52:55 GCN4pl is a coiled coil, the
overall structure of which closely resembles that of the AB
zipper.?’ Barnase is a typical globular protein with less
uniform distribution of charges. Some acidic side chains
are buried (relative solvent accessibility < 0.15), and three
of them are situated in close spatial proximity in the active
site.

GCN4p1

A best-fit superposition of the AB zippers’ backbone
heavy atoms of the four heptads with the corresponding
atoms of GCN4p1 yields an RMSD of 0.85 A. While the AB
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TABLE III. Calculated pK, Values From the Crystal Structure and MD Ensembles of GCN4p1*

Tlgend T2gcn4

Snapshots Weighted Trajectory average Snapshots Weighted Trajectory average

average cluster average (average structure) average cluster average (average structure
Residue® X-ray (SS) (CW) (TA) (SS) (CW) (TA)
E20 (4.44) 461 4.06 4.10 4.14 3.64 4.23 5.21
E20’ 3.94 3.97 4.59 434 3.82 4.05 5.54
E22(4.13) 2.57 171 1.78 1.54 3.04 2.88 2.95
E22’ 3.39 3.33 3.39 3.88 3.18 3.55 3.19

"Listed values are calculated with &, = 4. A detailed description of abbreviations used as column labels is given in the text and in Table I. pK,
values of all titratable groups calculated according to all averaging schemes tested are listed in Table sII in Supplementary Material.

2The prime indicates that the residue is located on the complementary chain of the homodimeric GCN4p1.

PExperimental pK, for E20 and E22 is from Ref. 49 and represents the average pK, obtained by NMR for E20 and E20’, and E22 and E22’,

respectively.

zipper is a heterodimer, GCN4 is a homodimer, in which
positively and negatively charged residues are located in
the same peptide chain. Three salt bridges are evident in
the X-ray structure of GCN4pl, E20-K15’, E22-K27' and
E22'-K27, corresponding to the E20-R15’, E22-R27’ and
E27-K22' interactions in the AB zipper. The pK, values of
E20 and E22 have been measured by **C-NMR.*°

Two MD simulations, T1gen4 and T2gcn4, which differ
only in the initial assignment of the atomic velocities, were
started from the X-ray structure. T1gen4 was run for 700
ps and T2gen4 for 300 ps, a total of 1 ns. The C, RMSD
fluctuated around a mean of nearly 1.2 A, a value compa-
rable with the one obtained in the simulations of the AB
zipper. Following the same averaging protocols, pK, val-
ues were calculated for the two trajectories, and the
results are listed in Table III. It should be noted that,
because this protein is a symmetrical homodimer, each
experimental pK, measured by NMR represents in fact a
mean pK, for two nondistinguishable sites. For the same
reason, a single MD simulation provides alternative confor-
mational sampling for each site. The experimental pK, of
E22is 4.13, lower than the model compound pK, of 4.4 and
almost all of the Glu pK, values in the AB zipper. Neither
the X-ray structure nor any of the MD averages yield a
correct prediction for E22, the average over the two
trajectories and two identical E22 sites being 2.9. There
are large differences between pK, values obtained from
T1gen4 and T2gcn4 as well as between E22 and E22'. This
indicates that larger sampling is required. From our
simulations, the differences are caused not only by the
varying strength of the interaction with the salt bridge
partner K27 (and K27’) but also arise from interactions
with two neighboring groups, R25 and H28. The presence
of strong electrostatic interaction with these groups has
been identified recently by others.>®

The pK, calculated for E20 from the X-ray structure and
the two MD simulations are in reasonable agreement with
the experimental value of 4.44. For most titratable groups,
there is little variation in the pK, between the trajectories
themselves, and the correspondence between MD averages
and the X-ray single-conformer calculation is fair. Still, for
some groups (R1, Y17, R1’, E11’, R25’, and K27'), one or
both simulations predict pK, values significantly different
from the values calculated on the GCN4p1 X-ray structure

(>1 pK unit; see Table sII in Supplementary Material).
The pK, values of D7, E11, and H18 differ by >1 pK unit
from pK, values obtained for D7’, E11’, and H18" when
calculated from the crystal structure. In the MD ensemble,
the predicted values for these pairs of symmetrical sites
are much closer to each other. The results with GCN4p1l
present yet another example that a given property space
might not be effectively sampled by a single MD trajectory.
The pK, predictions listed in Table SII await experimental
verification.

Barnase

Table IV lists experimental pK, values obtained for
barnase by NMR titration®® together with pK, values
calculated by using several X-ray structures, 20 NMR
conformers, and the MD ensemble from a recently pub-
lished 700-ps simulation of the protein in explicit sol-
vent.?” Only charged groups with clearly defined experi-
mental titration behavior can be analyzed with certainty.
It should be noted that comparison with experiment is
difficult for some residues listed in groups C and D by
Oliveberg et al.?® The authors mention the lack of well-
defined titration baseline in some cases, resulting in
overestimation of pK, values as well as ionization concomi-
tant with low pH unfolding.

Using €; = 4, the deviation of the calculated pK, values
from the experimental values is generally not large with or
without conformational sampling (Table IV). This is par-
ticularly so for groups listed in A and B by Oliveberg et
al.’® The aad is reduced from 0.8—1.0 for the single
conformer calculations by using X-ray structures to 0.8 in
the NMR ensemble and to about 0.6—0.7 in some MD
averages. However, the major improvement comes mainly
from E73. Excluding E73, most of the pK, values are
predicted reasonably well from the X-ray structures, and
no significant improvement is achieved by any of the
sampling techniques. For the entire set of residues, the
deviation from experimental pK, values is smaller for ¢; =
20, with only marginally better prediction being obtained
for the MD averages. A high dielectric constant has been
frequently assigned to the protein domain in continuum
pK, calculations and is thought to implicitly approximate
the effect of structural flexibility on the ionization proper-
ties of titratable groups.® Are the results obtained for
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TABLE IV. Experimental and Calculated pK, Values for Asp, Glu, and His Residues of Barnase Obtained From X-ray
Structures, 20 NMR Conformers, and MD Ensemble From a 700-ps Trajectory’

NMR conformer Snapshot Cluster center Trajectory average
Residue Experiment® & X-ray XR)° average (NMR) average (SS) average (CeS) structure (ATA)
D8 3.30 4 2.50-3.20 2.83 1.90 4.10 2.10
20 2.90-3.30 3.23 2.50 3.30 2.50
D12 3.80 4 3.30-4.40 411 3.50 3.40 3.30
20 3.20-3.70 3.75 3.30 3.40 3.30
D22 3.30 4 2.80-3.20 3.35 3.60 3.00 2.80
20 3.00-4.40 3.63 3.10 2.90 2.90
E29 3.75 4 3.90-4.30 3.02 3.30 3.10 3.60
20 3.804.40 3.84 3.60 3.60 3.70
D44 3.35 4 3.30-3.40 3.29 3.50 3.40 3.40
20 3.50-3.60 3.63 3.60 3.50 3.60
D54 2.20 4 (-=0.2-14) 1.63 1.50 1.50 4.20
20 1.20-2.00 2.60 1.90 2.20 2.60
E60 3.00 4 1.80-3.40 3.20 3.40 3.40 2.70
20 2.90-3.40 3.45 3.40 340 3.10
E73 2.20 4 4.70-7.10 5.79 1.20 3.30 0.50
20 2.90-3.50 4.50 2.20 2.20 140
D75 2.80¢ 4 <-1.0 2.38 <-1.0 <-1.0 <-1.0
20 0.30-1.00 243 0.40 0.30 0.60
D86 4.20 4 4.204.90 4.97 3.40 4.10 4.60
20 3.10-3.30 3.83 3.20 3.20 3.50
D93 0.70¢ 4 (—0.9-3.20) 3.25 1.90 0.70 140
20 1.70-2.90 3.20 2.10 2.20 2.30
D101 2.00 4 1.00-3.00 3.13 2.60 2.60 240
20 2.30-3.00 343 2.90 2.90 2.90
Hi18 7.73 4 7.50-8.00 7.13 7.60 7.50 7.50
20 7.40-7.50 7.20 7.40 7.40 7.40
H102 6.30 4 5.90-6.30 5.86 6.50 6.60 6.20
20 6.60-6.80 6.87 6.70 6.70 6.60
aad? 4 0.86 0.77 0.73 0.60 0.79
20 0.64 0.69 0.65 0.60 0.67
aad-2° 4 0.68 0.65 0.52 0.52 0.63
20 0.45 0.57 0.44 0.35 0.46

"Listed residues were selected for analysis as explained in the text. A detailed description of the abbreviations used as column labels is given in
the text and in Table I. Calculated pKa values from all averaging protocols tested are listed in Table sIII in Supplementary Material.
From Ref. 56, except for H18 and H102, taken from Refs. 59 and 60, respectively. Where two or more experimental pK, values are available from

B/y proton chemical shifts, we used the one with the lowest error.

PpK, values calculated from five different X-ray structures are given as ranges, lowest to highest, whereas the aad is listed as the mean aad over

all structures.

‘D75 is not fully protonated below pH 2, so the actual pK, might be much lower. Listed pK, for D93 is the best estimate from mutational analysis

at p = 50 mM.5¢

dAverage absolute deviation. When the calculated pK_ of D75 was below zero, pK, = 0 was used to calculate aad.

°Average absolute deviation excluding D75 and D93.

barnase supporting this idea? Overall, the answer is yes.
The all-site average absolute deviation is significantly
reduced for the X-ray structures on increasing e; from 4 to
20, becoming approximately equal to the aad of the MD
ensembles at e = 4. Moreover, the accuracy of prediction is
improved to a lesser extent for the NMR ensemble and the
MD ensemble. Because the NMR and MD averages are
less sensitive to €, it appears that, in the case of barnase,
explicit conformational sampling is a useful alternative to
account for the effect of structural fluctuations on the
ionization properties of charged residues. Thus, the need
of introducing a further level of approximation in the
continuum electrostatics methodology (i.e., the use of high
dielectric constant) can be avoided. However, it is not
possible to draw a general conclusion from the results

obtained with barnase. This is evident if predictions for
individual sites are considered. Most of the pK, values are
reasonably close to the experimental values when calcu-
lated from the X-ray structure at ¢; = 4. For such groups,
there is not much gain in accuracy from either using €, =
20 or from the sampling. This is particularly true for
surface-exposed residues such as D22, D44, E29, and E60
(groups A and B in Ref. 56). In some crystal structures,
error of pK, might even be larger at high ¢, (e.g., D22 and
D86). A similar effect has been observed for lysozyme by
others.® It is not surprising that buried groups and groups
displaying coupled titration behavior (groups C and D in
Oliveberg et al.?®) are much more sensitive to the choice of
dielectric constant and conformational variability. Table
IV reveals some instructive extremes. pK_ of E73, perhaps
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the most critical residue in the set, is correctly predicted
only from the MD ensemble. Notably, however, a combina-
tion of titration curve averaging and higher dielectric
constant was required to reproduce the experimental
value. Obviously, sampling that is accumulated in a single
trajectory, even a relatively long one, misses some impor-
tant aspects in the fluctuation of the local electrostatic
field around this particular site. The error for D93, on the
other hand, is lowest at ¢, = 4 from either two X-ray
structures (other structures producing significant errors)
or from MD averages. All averaging protocols with €; = 20
result in poor prediction. It is likely, therefore, that for this
site, titration curve averaging in conjunction with high-
dielectric calculations accounts implicitly “twice” for contri-
butions arising from the variation of the charge distribu-
tion in the ensemble present in solution. It is worth noting
that the NMR ensemble average is superior to all other
estimates in some cases (e.g., D75) for which all other
calculations fail to reproduce the experimental pK,. Taken
together, the results for barnase imply the following. (i)
Explicit conformational sampling, assessed from NMR or
MD, improves the accuracy of the pK, calculation in
all-site-prediction terms using low values of €. (ii) The
ensemble-based calculations are less sensitive to the choice
of €; and consistently reproduce highly shifted pK, values
at a low ¢, better than what might be achieved in a
single-conformer calculation at high e,. (iii) For only a few
residues, conformational sampling is critically required;
most of titratable groups are predicted reasonably well by
standard protocols. (iv) Single MD trajectories might
sample only a small portion of the property space and,
therefore, might inadequately describe the ionization prop-
erties of some groups. (v) Averaging techniques applied on
NMR ensembles or MD ensembles might grasp different
aspects of the conformational flexibility as a factor influenc-
ing continuum electrostatics calculations.

Comparison of Averaging Techniques

One goal of this work is to investigate the importance of
MD-based extensive conformational sampling as an ap-
proach to increase the accuracy of pK, predictions. A long
MD simulation produces, in principle, a large number of
conformations. Obviously, titration curve calculation us-
ing thousands of structures is not affordable in practical
terms. On the other hand, conformers that are very close
on the time coordinate are likely to be located virtually in
the same point of the conformational space. Hence, they
are likely to display negligible variation in electrostatic
properties, so that calculated pK, differences would even-
tually fall below the threshold of precision inherent in the
continuum method. Therefore, several different protocols
were devised in an attempt to replace the MD ensemble by
a representative set of structures, without diminishing the
conformational diversity of the ensemble. In the following
we discuss the different averaging protocols in comparison
with single conformer calculations and calculations on the
NMR ensemble.

Titration curve averaging versus coordinate
averaging

MD trajectories simulate the thermal motions of a
solvated molecule around of (or away from) its mean
conformation obtained by X-ray diffraction or NMR spec-
troscopy. Therefore, it is important to compare pK, values
calculated by making use of conformational averaging or
titration curve averaging with pK, values calculated from
the starting structure. We take as an example trajectory
T4, which was started from an average of 50 NMR
conformers of the AB zipper and, hence, is not biased
toward any particular NMR conformer. Table VA summa-
rizes the analysis in terms of aad and RMSD. The improve-
ment in aad achieved by all averaging techniques but TA
ranges from 20% (SS) to 47% (CeS). Although the average
structure (TA) slightly improves RMSD, aad remains the
same as for the starting structure. In contrast, titration
curve averaging markedly increases the precision. The
same is true for trajectories T1 and T3 as well, which were
started from individual NMR conformers (data not shown).
Moreover, titration curve averaging is more accurate than
conformational averaging also for barnase, whereas com-
parison is not possible with only two available experimen-
tal pK, for GCN4pl. This is in contrast with the work of
Van Vljimen et al.,” who have reported that the average
structure from a 100-ps MD simulation of lysozyme and
BPTI yields similar results as titration curve averaging.
However, their simulations were short (100 ps) with
respect to the ones of the present study, and the sampling
might have been limited. The benefit of taking an en-
semble average at the level of titration curves can be
traced in the exceptional trajectory T2, where protocol TA
yields an improvement of 45% in both aad and RMSD
(data not shown). This particular trajectory had the high-
est C, and all-atom RMSD in the set (Fig. 3) and displayed
significantly higher fluctuations. Consequently, T2 might
have explored a broader region of the property space, and
the average structure appears to contain information
(“memory”) about more accessible states in that space,
meaning that the improvement arises from the extent of
sampling, not from the quality of the average conforma-
tion. The fact that in most of the MD simulations analyzed
here titration curve averages perform better than the
average structure indicates the strength of explicitly ac-
counting for the conformational variability in pK, predic-
tions. The very same conclusion follows from the analysis
of the NMR ensembles: titration curve average over NMR
conformers yields better accuracy than the mean NMR
structure (compare protocols NMR and NAT in Table II).
In general, a single average conformation, even from a
long trajectory, might not adequately represent the electro-
static properties of a protein and its fluctuations at room
temperature.

Cluster-based pK_, calculations

In the light of the foregoing, the question arises whether
the conformations in the MD ensemble are statistically
fluctuating around a time-averaged constellation of the
molecular multipole or whether some type of conforma-
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TABLE V. Improvement in the Accuracy of pK,
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Predictions From MD Ensembles of the AB Zipper'

A. Single MD simulation versus starting NMR conformer

N4 SS CW CS CeW CeS TA C10P Eave.cw® Eavess?
aad 0.76 0.61 0.44 0.50 0.54 0.40 0.76 0.60 0.46 0.63
Yimprovement — 20 42 34 29 47 0 21 40 17
RMSD 0.97 0.73 0.56 0.64 0.64 0.56 0.83 0.71 0.58 0.75
Yimprovement — 25 42 34 34 42 14 27 40 21
Results obtained with the 1-ns trajectory T4 in terms of aad and RMSD.
B. “Short” versus “long” MD simulations
T1 T2 T3 T4 Teot” Mean®
Time (ps) 250 1000 250 1000 250 1000 250 1000 250 X 4 1000/4
aad 0.64 0.46 0.89 0.62 0.65 0.53 0.57 0.61 0.58 0.56
RMSD 0.87 0.56 1.09 0.75 1.10 0.70 0.70 0.73 0.71 0.69
aad-2" 0.33 0.39 0.53 0.36 0.33 0.38 0.48 0.48 0.38 0.40
Calculated pK,
E20(4.41) 5.79 411 6.94 6.14 4.29 4.44 3.49 3.31 5.13 4.50
E22 (4.82) 5.53 5.20 5.92 5.66 8.01 6.30 4.82 4.57 6.07 543
pK, values were calculated by using protocol SS.
C. Error from multiple MD trajectories versus the mean error from the corresponding starting structures
N/4 SS CW CS CeW CeS ATA
aad 0.70 0.37 0.23 0.28 0.27 0.33 0.27
% improvement 47 67 60 53 61 61
RMSD 0.81 0.49 0.29 041 0.32 0.36 0.33
% improvement 40 64 50 56 60 59

A detailed description of the abbreviations SS through ATA used as column labels is given in the text and in Table I.

2Calculation on the NMR structure used to start trajectory T4.
"Protocol C,, uses conformational averages over 10-ps intervals instea
C
Eovec
9E, .. ss involves electrostatic energy averages for snapshots.

ave,S!

d of snapshots for titration curve calculation.

w involves averages on the level of the electrostatic energy within clusters.

faad and RMSD calculated for the MD ensemble generated by combination of four trajectories, each of 250-ps duration.

gAverage error over the 1-ns simulations.
"aad excluding E20 and E22.
'Experimental pK, values in parenthesis.

iDenotes the mean aad or RMSD of the pK,, values calculated from structures N1-N4.

tions dominate over others with respect to their electro-
static properties. To gain information on this problem, we
devised several clustering schemes. Because both local and
global structural variability are explored by MD, clusters
were built by taking into account fluctuations of side
chains combined with fluctuations of the backbone. The
clustering protocol resulted in three to six clusters per
trajectory. At the level of individual trajectories, cluster-
based averages perform better or equal to snapshots
averaging. For the entire MD ensemble generated by
multiple simulations, however, clustering is clearly supe-
rior to all other protocols. We do not notice a significant
advantage of population-weighted averages over the arith-
metic mean (see Tables sI-sIII in Supplementary Ma-
terial). The likely reason is that for the proteins studied
here the cluster-to-cluster pK, variation is relatively small,
perhaps because of the flexibility of most of the considered
ionizable groups. We believe, in certain systems and/or for
certain residues subjected to more stringent conforma-
tional constraints resulting in side-chain motions on a long
timescale, statistical weighting of pK, might be a useful
way to overcome the limitations of single conformer calcu-
lations.

Cluster-based pK, calculations could involve pure titra-
tion curve averaging (as in CeW and CeS) or a combination
of titration curve averaging and coordinate averaging (as
in CW and CS). The two methods yield comparable results
suggesting that the average cluster conformation is very
similar to the conformation of the cluster center. The main
advantage of the clustering technique is the dramatic
reduction of the number of pK, calculations necessary to
enfold the fluctuations of charges in the system while
preserving or even increasing the accuracy of pK, predic-
tions.

Short versus long MD simulations

Because MD simulation of proteins in explicit solvent is
computationally demanding, we examined how the length
of the MD trajectory influences the pK, predictions. One
hundred snapshots, equally spaced over the initial 250 ps
of simulation time, were used to calculate average titra-
tion curves for the AB zipper. The predicted pK, values are
closer to the experimental values for all 10 Glu residues of
the AB zipper compared with the starting NMR struc-
tures. Long simulations improve the accuracy by 28%,
30%, and 19% in T1, T2, and T3, respectively, whereas
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Fig. 7. Time evolution of calculated pK, and pK;,, for Glu residues
involved in potential salt-bridge formation in the AB zipper. Results
obtained for 100 equally spaced snapshots from trajectories T1 (black),
T2 (red), T3 (green), and T4 (blue) are shown. The dotted line in the upper
panels is the experimental pK,.

there is no further improvement in T4 (Table VB). Fluctua-
tions of calculated pK, values in the initial phase (approxi-
mately 300 ps) are mostly larger and tend to progressively
attenuate toward the end of the simulation (Fig. 7).
However, this is not the reason why a longer simulation
reduces the error. For 8 of 10 Glu residues of the AB zipper,
the mean pK, is very similar in “short” and “long” simula-
tions, except for the larger variation around the mean pK,
in the first 250 ps. The gain in accuracy of the overall
prediction in the remaining 750 ps comes from only two
residues, E20 and E22, which are located in the middle of
the coiled coil and are surrounded by many charges. It

appears, therefore, that for most of the surface-exposed
charged groups, whether involved in salt-bridge interac-
tions or not, short MD runs provide sufficient sampling for
the pK, calculations. Longer simulation times are re-
quired to reduce the error for only a few groups.

Single versus multiple simulations

One of the principal findings of the present work is that
the combination of multiple MD simulations produces the
most accurate pK, values. In terms of overall aad and
RMSD, single 1-ns trajectories of the AB zipper are
superior to single conformer calculations on the starting
NMR structure, yet produce the same or only slightly
better accuracy as the NMR ensemble average. As a
qualitative description of the outcome of single-trajectory
pK, predictions, we calculated for each Glu residue the
difference [pK* — pKS*®| — [pKY — pK®*®|, which is the
absolute deviation of the pK, of the starting NMR con-
former (pKY) from the experimental pK, (pK®*P) compared
with the corresponding deviation of the trajectory-derived
pK. (pKY) from the experimental value. We use an arbi-
trary cutoff of £0.2 to classify the pK, values as “im-
proved” (< —0.2), “unchanged” (—0.2 to 0.2) or “worsened”
(>0.2) (Table VI). By using this cutoff of 0.2 pK units
(which is about the largest possible error of the experimen-
tal pK, values) 40% of the Glu pK, values are improved on
average in a given trajectory, 17% show a decreased
accuracy, and the rest do not change. If a more relaxed
criterion of 0.5 pK units is applied, which is usually
considered as the margin of a reasonable pK, prediction
within the continuum method, about 50% of the groups fall
in the “unchanged” category and only 12% are predicted
more accurately from the starting structure than from the
single trajectory. Even if few pK, values are more accu-
rately computed in all trajectories, the prediction for some
other groups is closer or farther to the experiment than the
NMR starting conformer, depending on the particular
simulation considered. In contrast, the use of multiple
trajectories results in a remarkable increase in accuracy,
ranging from 47 to 67% aad and from 40 to 60% RMSD
compared with the mean pK, from the starting structures
(Table VC).

Because single trajectories do not improve the accuracy
of the all-site prediction over the NMR ensemble to a
significant degree, the success of the ensemble generated
by combination of multiple trajectories is quite remark-
able. Importantly, even with large errors for E20 and E22,
combining four independent short (250 ps) simulations
started from different NMR conformers improves the
accuracy of pK, prediction as much as each long (1 ns)
trajectory. The same is true for two trajectories started
from the same initial structure of GCN4pl. For example,
the pK, values for E20 and E22 obtained from the initial
250 ps of trajectories T1gen4 and T2gcen4 is 3.82 and 2.65,
respectively, which are, on average, better than pK, values
calculated from the 700-ps simulation. In most cases,
especially for residues located in the middle of the coiled
coil which remain within H-bonding distance throughout
the simulation, the final calculated pK, from the MD
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TABLE VI. Comparison of Glu pK, Values of the AB Zipper Calculated From Individual NMR
Structures or From 1-ns MD'

Residue Experiment?® N1 T1 N2 T2 N3 T3 N4 T4
E1 4.14 3.67 3.89 3.04 3.79 3.69 3.50 3.71 2.87
E6 4.82 4.73 5.50 4.90 5.39 5.02 4.96 4.96 4.59
E8 4.52 2.83 4.86 3.80 5.13 4.04 548 2.28 3.55
E13 4.37 4.65 4.87 461 4.49 3.99 4.70 4.78 4.49
E15 4.11 5.95 5.40 3.68 5.05 391 4.37 4.27 4.39
E20 441 3.49 411 424 6.14 3.28 444 3.33 3.31
E22 4.82 4.98 5.20 7.28 5.68 6.12 6.30 6.22 4.57
E27 4.65 3.65 481 3.74 4.59 3.82 5.02 4.08 3.82
E29 4.63 4.62 4.40 4.09 3.97 4.16 471 423 4.33
E1 4.22 3.06 3.74 2.93 441 2.86 3.20 3.33 3.32
Improved® 5 4 4 3

Worsened” 1 3 1 2

Unchanged® 4 3 5 5

"N1-N4 denote the NMR conformer used as starting structure for trajectories T1-T4, respectively. The numbers listed in
columns T1-T4 were calculated according to the SS protocol (see Table I for details).

“From Ref. 25.

PResidues were classified as “improved,” “unchanged,” or “worsened” on the basis of the magnitude and sign of the
difference [pKI—pK*P| — [pKY-pKe*?|, which is the difference in the absolute deviations from the experiment. Values <—0.2
are considered an improvement, whereas values >0.2 indicate a worse prediction from the trajectory ensemble. The |0.2|
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margin is arbitrary (see text for details).

ensemble represents the mean of single-trajectory esti-
mates, which scatter significantly around the experimen-
tal pK,. Generally, there is no obvious dependence of the
final pK, calculated from the single-trajectory ensemble on
the pK, of the starting structure (the basis structure), as
follows from the pairwise comparison of the data in Table
VI. At the level of individual pK, valuess, the trajectory-to-
trajectory variation thus appears to arise mainly from the
fact that the simulations explore different or only partly
overlapping regions in the conformational space. It cannot
be completely ruled out, however, that certain features of
the starting conformers are preserved across the gener-
ated ensemble.

The pK, and pK;,, for some of the Glu residues involved
in potential salt bridges are plotted in Figure 7 as a
function of the simulation time. The pK, values and pK,,,
of E15, E20, E22, and E27 fluctuate more during the initial
200 ps. Afterward, fluctuations decrease and the pK,
values converge. The most important information to be
obtained from the plots in Figure 7 is that each trajectory,
taken separately, can introduce one-directional error. For
the same glutamates, some trajectories predict a down-
shift of the pK,, some predict an upshift, and some predict
no shift at all. Therefore, multiple trajectories are clearly
required for proper sampling of most ionizable groups. In
fact, worsening of pK, accuracy has been reported for D66
and E7 of hen egg white lysozyme (HEWL) at ¢; = 4 in an
ensemble generated by a 100-ps simulation, compared
with the X-ray structure.® Similar behavior is observed for
some groups in the single trajectory-based ensembles of
barnase and GCN4pl. As outlined by van Viljmen et al.,’
the interaction between D66 and Y53 of HEWL, which
appears responsible for the inaccurate pK, prediction for
D66, increases during simulation, thus increasing the
error in the pK,. The authors suggested that more sam-
pling could resolve the problem. Although extended simu-

lation times might provide a more detailed description in
certain “problematic” regions, our results indicate that
multiple short MD simulations could be possibly superior
to single long trajectories.

Dielectric constant and conformational flexibility

In the framework of the continuum electrostatics
method, the protein internal dielectric constant models
the polarizability within the protein by a fixed uniform
value. The use of high dielectric constants, which are
physically less realistic, has been shown to give gener-
ally better pK, predictions.® However, the use of a low
dielectric constant has also been required to reproduce
some highly shifted pK,.?” The parameterization of the
protein dielectric within the continuum method has
been studied in detail.’***57 Any uniform value of ¢,
represents an approximation accounting for the dipolar,
atomic, and electronic polarizability (fluctuations).
Hence, it is expected that the sensitivity of the calcu-
lated pK, values on the exact value of the protein
internal dielectric constant will decrease when conforma-
tional flexibility is considered explicitly. Indeed, pK,
values calculated from individual trajectories and from
the entire MD ensemble of the AB zipper display a small
variation between ¢; = 3 and ¢; = 20 and the accuracy of
the all-Glu prediction is maximal at ¢ = 4-6. In
contrast, the accuracy of the pK, values from single
conformer calculations continuously increases from e; =
4 toe; = 20. As an example, Figure 8 displays the results
for the trajectory T4 in comparison with its starting
structure. The improvement in accuracy of pK, calcula-
tions from MD-derived ensembles has been demon-
strated to be highest at ¢; = 4 for BPTI and HEWL.®
Taken together with aforementioned results obtained
for barnase at low and high dielectric constants, these
observations indicate that computation of titration curve



58 A.A.GORFE ET AL.

1.2 4
[ NMR rmsd
B BEE NMR aad
104 Bl WD rmsd

1 MD aad

£ 08
© ]
0.6 — o
0_4 - o) ':':
3 4 6 8 10 20
E’I

Fig. 8. Variation of the accuracy of pK, predictions from NMR and MD
ensembles of the AB zipper with €. The error pK ,—pK,,, is given in
terms of RMSD and aad. Results obtained with trajectory T4 are shown.
The same trend was observed with all other simulations, except that the
minimal error was sometimes calculated for ¢; = 6.

averages from MD trajectories at relatively low e; pro-
vides a physically more appropriate approach for the
description of the ionization behavior of titratable groups
in proteins.

NMR ensembles versus MD ensembles

The need of accounting for the conformational variabil-
ity of a native protein in the context of continuum electro-
static calculations has been reiterated.’”2° In many in-
stances, single conformer pK, calculations, typically
performed on an X-ray structure, have failed to reproduce
the experimentally observed ionization behavior of some
residues. Both NMR-derived ensembles and MD-derived
ensembles are thought to represent more realistically the
molecular fluctuations in solution and their use for pK,
calculations has been suggested to overcome potential
problems due to the fixed orientation of charges in a
crystal structure.®'#2122 The main limitation of MD and
NMR ensembles, besides the computational or experimen-
tal costs, may be that both are fixed pH methods. They
generate an ensemble of conformations representing the
general fluctuations accessible to the protein around the
fixed pH of the experiment or the simulation but do not
take into account the pH dependent conformational vari-
ability. Therefore, their applicability to charged groups
involved in coupled titration equilibria, where it is likely
that a structural reorganization induced by the titration
per se dominates over fixed protonation state fluctuations,
may not be adequate.'® However, if the fluctuations of
titratable groups and permanent dipoles introduce the
main uncertainty in the pK, estimate, averages taken
from both ensembles should improve accuracy. Which of
the two ensembles meets better the needs for an accurate
pK, prediction is not clear. For the AB zipper and barnase,
calculations on the NMR ensemble yield predictions com-
parable with (or sometimes better than) the results from
taking averages from each single long (0.7-1 ns) trajec-
tory. On the other hand, pK, values of some residues are
poorly predicted from NMR averages or from 1-ns MD runs
and vice versa. Longer MD simulation time is required to

narrow the gap between calculated and experimental pK,
for a few groups. However, if conformations generated by
multiple, even short, MD simulations are considered, the
MD ensemble improves the accuracy of the calculations
significantly. It is likely that the success of a given
ensemble in yielding accurate pK, values is mainly gov-
erned by the extent of the conformational space that has
been sampled. Previously, it was reported that 15 NMR
conformers of ribonuclease H1 sample more conforma-
tional space than a 1.7-ns MD simulation.?® This might be
true for the NMR and MD ensemble of barnase as well. In
contrast, the MD ensemble generated from multiple simu-
lations might provide sampling of a broader conforma-
tional space than the NMR ensemble. We emphasize that
with respect to pK, calculations, the term “conformational
space” must be used with care because local and global
effects on the ionization behavior of a given group are not
easily discernible. On the other hand, the pK, property
space is necessarily part of the conformational space.
Therefore, the extent of conformational sampling will be
critical in evaluating the merits of an ensemble of struc-
tures for pK, calculations. However, because conforma-
tional sampling with the currently available methods
cannot be truly exhaustive, one might ask how wide the
sampling should be (without destroying the agreement
with the experiment). Perhaps there is no general answer
to this question, and the solution of the problem may be
case oriented. As shown in this work, a correspondence
with the experimental value is achieved with differing
amounts of sampling for different residues. For some
residues, sampling is not required at all, whereas for
others multiple trajectories are required. A good indication
that sampling is reasonably wide could be the presence of a
finite number of discrete side-chain conformers intercon-
verting on a reasonable timescale, as shown in Figure 4 for
salt-bridge partners. In any case, effective sampling of
thermally accessible conformations by multiple MD simu-
lations has a great potential.

CONCLUSIONS

1. Conformational sampling provided by NMR ensembles
and MD ensembles is an efficient way to account for the
protein conformational flexibility in pK, calculations in
the framework of the continuum method. When sam-
pling is sufficiently wide, the accuracy of pK, predic-
tions is higher at low protein dielectric constant. More-
over, pK, values calculated from ensembles are less
sensitive to the value of the protein dielectric constant.

2. Although single MD trajectories result in an improved
overall accuracy, they can introduce unidirectional er-
ror for some sites. The results presented here indicate
that the combination of multiple trajectories may help
to overcome this problem. The length of simulation is
not (the only) critical parameter for the quality of the
overall prediction. Extended simulation times (1 ns
instead of only 250 ps) are required to improve the final
estimate for only a few groups. Because the calculation
of MD trajectories is currently affordable for any reason-
ably sized protein, the use of multiple MD simulations
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in the context of pK, calculations deserves consider-
ation.

. For the proteins investigated in this work, titration

curve averaging generally works better than conforma-
tional averaging over MD trajectories and over NMR
conformers. Therefore, it appears that the overall im-
provement of pK, predictions results from explicit
conformational sampling rather than from the genera-
tion of a more representative structure.

Clustering of conformations is an efficient way to
reduce the computational effort of pK, calculations on
few cluster representatives rather than hundreds of
snapshot conformers. This does not reduce the informa-
tional content of MD-generated ensembles for the con-
formational flexibility, which is an important factor
governing the electrostatic properties of proteins.
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