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Constant-pH molecular dynamics study of protonation-structure relationship
in a heptapeptide derived from ovomucoid third domain
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Molecular dynamics~MD! simulations with implicit solvent and variable protonation states for titratable
residues at constantpH are performed for a short peptide derived from ovomucoid third domain~OMTKY3!,
acetyl-Ser-Asp-Asn-Lys-Thr-Tyr-Gly-amide~residues 26–32 of OMTKY3!. Nuclear magnetic resonance
~NMR! measurements indicate that thepKa for Asp is 3.6. However, if the charge on Lys is neutralized by
acetylation, then thepKa for Asp is 4.0. ThesepKa’s, and therefore the Asp-Lys interaction, are insensitive to
changes in ionic strength. The constant-pH MD simulations for both variants of the heptapeptide yield AsppKa

values that are 0.6–0.9pH units greater than experimental values, but the difference between the variants that
is observed in the NMR experiments is reproduced much better. Moreover, the simulations suggest that
Asp-Lys interactions do not dominate the behavior of this heptapeptide, even for normal Lys residue where
there is a possibility of forming a salt bridge between negatively charged Asp and positively charged Lys. This
is consistent with the experimentally observed independence of AsppKa values with respect to ionic strength.
Another important result of the simulations with variable protonation states is that they lead to ensembles of the
heptapeptide structures that are different from those derived from simulations with fixed protonation states. It
should be stressed that these results are for structures generated entirely by computer simulations without any
restrictions imposed by experimental data.

DOI: 10.1103/PhysRevE.69.021915 PACS number~s!: 87.15.Aa
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I. INTRODUCTION

One of the important determinants of protein structure a
function is the ability of some functional groups in the ami
acids to exchange protons with the environment@1#. There
are many indications that a protein’s structure and dynam
are sensitive to protonation states of its ionizable groups,
these are manifested primarily in thepH dependences fo
experimental results. However, in molecular simulations
effect of pH on protein structure is treated in a simplifie
way: depending on thepH and on the approximatepKa of a
given ionizable group, either the protonated or the unpro
nated state of that group is selected and used for the w
simulation. On the other hand, theoretical approaches
prediction of ionization equilibria in proteins including e
fects of conformational fluctuations developed so far, s
e.g., Refs.@2–4# and references cited in those works, do n
take into account the fact that conformational fluctuatio
and proton exchange phenomena occur simultaneously in
lution and that protein conformations usually do not ha
time to equilibrate with a given protonation pattern befo
next proton exchange phenomenon occurs. Inclusion of
plicit proton exchange in molecular simulations withouta
priori assumptions regarding time scales for conformat
and protonation dynamics is necessary for obtaining a ph
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cally realistic picture of the molecular mechanisms beh
protein dynamics and function, and the development of al
rithms of such simulations has already started@5,6#. In addi-
tion, constant-pH algorithms with implicit proton exchange
have been described@7,8#. Ultimately, algorithms for
constant-pH simulations should become a routine tool in m
lecular simulations, just as constant temperature and cons
pressure algorithms, and they will certainly find numero
useful applications to the study of biologically relevant pro
lems.

One of the main problems to be solved regarding expl
protonation simulations at constantpH is the need to include
the influence of the aqueous solvent on the protein dynam
Water molecules participate in the proton exchange phen
ena and water molecules and ions of dissolved salts are
portant sources of electrostatic potential acting on the so
atoms. However, explicit water simulations with explicit pr
tonations are presently too expensive to be used as a ro
approach@5#. On the other hand, simple Langevin dynami
of proteins at constantpH @6# can be used in more extensiv
simulations but these do not include electrostatic interacti
with the environment. In this regard, simulations with im
plicit solvent are a reasonable compromise.

Here we present an approach where explicit titratio
based on the Poisson-Boltzmann model of the solute-sol
system, is coupled to generation of protein structures by m
lecular dynamics~MD! simulations with implicit solvent.
Our algorithm is applied to a short peptide derived fro
OMTKY3, acetyl-Ser-Asp-Asn-Lys-Thr-Tyr-Gly-amide
~residues 26–32 of OMTKY3, see Fig. 1!. There are three
titratable residues in this molecule - Asp 2, Lys 4, and Tyr
©2004 The American Physical Society15-1
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Nuclear magnetic resonance~NMR! measurements indicat
that thepKa for Asp is 3.6, which is 0.4 units less than th
value for an unperturbed aspartate. ThispKa is insensitive to
changes in ionic strength. However, if the charge on Lys
neutralized by acetylation, then thepKa for Asp increases to
4.0. This system thus shows interesting titration proper
and, at the same time, is small enough to allow extens
testing of a variety of simulation protocols.

The main purpose of the present study is to compare fi
and variable protonation state simulations and the exten
which explicit proton exchange phenomena influences
ensemble of polypeptide structures. We would also like
determine if our algorithm predicts thepKa values and the
differences inpKa values observed experimentally in the tw
heptapeptides.

II. SIMULATION METHODS

The general outline of our simulation procedure is sho
in Fig. 2. The initial heptapeptide is generated by the M
program and assigned a protonation pattern of its titrata
residues based on thepH and onpKa values of the isolated
protonable groups@9#. This structure is subject to minimiza
tion and a thermalization procedure, as described below.
resulting structure enters the simulation circle shown in F
2. Within each turn of the simulation circle, MD simulatio

FIG. 1. ~Color online! Structure of the heptapeptide, acetyl-Se
Asp-Asn-Lys-Thr-Tyr-Gly-amide.

FIG. 2. ~Color online! Outline of the simulation procedure.
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is used to generate a dynamical trajectory of the peptide f
predefined period of time~usually 5 ps!, yielding a fraction
of the whole trajectory~subtrajectory!. The next step is to
evaluate the protonation fractions and the most probable
tonation patterns for the titratable residues based on the
energies of the states, at a givenpH, using a Monte Carlo
procedure. This titration step is done for the last structure
the 5 ps subtrajectory. Predicted protonation fractions of
individual residues are stored for further evaluation
trajectory-averaged values. One of the protonation pattern
then chosen based on its Boltzmann law probability and
defines the protonation states for the MD simulation of
next sub-trajectory. This is repeated until the whole traj
tory covers the desired length of time. Given th
protonation-deprotonation at a given site can be expecte
occur very rapidly, 5 ps might appear to be long. The pres
choice is dictated by the relatively high time cost of t
titration step in the simulation circle. Moreover, a previo
investigation demonstrated that a constant-pH MD algorithm
with implicit proton exchange gave very similar results wh
protonation changes were made at 0.2, 1, and 5 ps@8#. How-
ever proper tuning of the time intervals at which proton e
changes between the molecule and the solvent is clearl
important issue and will be explored in future tests of t
procedure. Moreover, this important point illustrates a ba
difference between the present algorithm and the very re
algorithms described in Refs.@5,6#, on the one hand, and a
previous algorithms forpKa predictions where protein struc
ture is varied, on the other hand. In the older algorithm
simulations with different protonation patterns are done s
ficiently long such that conformational equilibrium
reached, and this can have a significant influence on the
dicted ionization constants of the residues@10#.

All MD simulations, modifications, and minimizations ar
performed with theCHARMM package@11#. Electrostatic and
Monte Carlo calculations required by the titration step a
done using the University of Houston Brownian dynam
~UHBD! @12,13# and the distribution of protonation state
~DOPS! @14# programs, respectively.

A. Prediction of protonation states

The prediction of protonation states for titratable residu
in the peptides is done according to procedures descr
elsewhere@15#. TheUHBD program is used for computing th
electrostatic free-energy interaction matrices. ForUHBD cal-
culations, radii and charges fromCHARMM all-hydrogen pa-
rameter set are used@16#. The dielectric constant of the so
ute is usually set to 4 and for the solvent a value of 80
used. Several previous theoretical approaches for predic
of ionization equilibria in proteins used higher solute diele
tric constant, therefore, for comparison some of our calcu
tions employ a value of 15 as the solute dielectric consta
All calculations use an ionic strength corresponding to 1
mM of monovalent salt. TheDOPSprogram uses the resultin
electrostatic free-energy interaction matrices to compute
erage protonation fractions at a givenpH and to generate a
predefined number of peptide protonation patterns with
lowest energies as found by a Monte Carlo algorithm.
5-2
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CONSTANT-pH MOLECULAR DYNAMICS STUDY OF . . . PHYSICAL REVIEW E 69, 021915 ~2004!
Quantitatively, the protonation equilibrium of a give
functional group is characterized by itspKa value, defined as
the negative decimal logarithm of the acidic dissociat
constant Ka for the proton dissociation reaction@17#. The
average protonation fraction as a function ofpH and Eq.~1!
is used to compute predictedpKa values:

pKa5pH2 log10

12p

p
~1!

wherep is the average protonation fraction at a givenpH. In
principle, with this equation one does not need to simul
the entire titration curve of the peptide. However, if t
simulation is done at apH that is significantly different from
the pKa value~s! for the residues of interest, then the es
mated pKa values will be burdened with larger statistic
errors.

B. Molecular dynamics—implicit solvent

The MD simulations with implicit solvent use the analy
cal continuum solvent potential combined with th
CHARMM19 potential for proteins@11#. In this method, the
electrostatic contribution to the free energy of the solute
calculated using an analytical approximation of the Pois
equation—ACE ~analytical continuum electrostatic! @18#.
The charges and atomic radii are taken from file param
1.2.inp—polar hydrogen parameter set ofCHARMM. This
choice is consistent with the parametrization of ACE pot
tial incorporated inCHARMM.

We modified the original parameter set by adding patc
that allow us to change the default protonation state of
simulated structures~i.e., hydrogen connected to OD2 oxy
gen in ASP, number of hydrogens connected to NZ atom
lysine, ionized state of tyrosine! or to acetylate amino group
or amidate carboxyl groups of the peptides.

We use a dielectric constant of 80 for solvent, which
treated as a continuum, and a dielectric constant of 1 for
space occupied by the atoms of protein. All simulations~also
with explicit solvent! are conducted at a constant tempe
ture of 293 K. We use an atom-based switch scheme
nonbonded interactions~cutoff distance 13 Å!: during simu-
lations, a heuristic algorithm implemented inCHARMM is
used for updating a nonbonded interaction list.

C. Molecular dynamics—explicit solvent

For simulations with explicit solvent we create cubic b
~edge 46.65Å! constructed from tip3p water molecules~3324
molecules of water inside the box!. In this part of the work,
an all-hydrogen parameter set~PARAM27! @16# is used. The
dielectric constant is set to 1 everywhere in the box;
cutoff distance for nonbonded interactions~atom-based
switch scheme! is set to a slightly smaller distance of 11
because explicit solvent simulations are much more t
consuming. For fixed periodic boundary conditions we ap
the CRYSTAL module ofCHARMM.

All simulations ~with explicit and implicit solvent! are
conducted using the Verlet~Newton’s equation of motion!
algorithm with a time step 1023 ps.
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D. Preparation of initial structures

The initial heptapeptide is assigned a protonation patt
of its titrable residues based on their modelpKa values@9#
and thepH of simulation. Next, starting from fully extende
structure, we perform heating from 0 K to three different
target temperatures: 600, 800, and 900 K. Finally, each
three structures is cooled~to 293 K! and equilibrated.

III. EXPERIMENTAL METHODS

A. Peptide synthesis

Solid-phase synthesis of acetyl-Ser-Asp-Asn-Lys-T
Tyr-Gly-amide was done using Rink amide MBHA res
~Novabiochem! and 9-fluoroenylmethoxycarbonyl~FMOC!
amino acid precursors~Novabiochem!. The N terminus was
acetylated with acetic anhydride. Peptides were cleaved f
the resin with 95% trifluoroacetic acid in H2O and purifie
by C18 reverse-phase chromatography. Peptide identity
purity were verified by analytical 1H-NMR spectroscop
Acetylation of the side chain amino group of lysine 4 w
achieved by exposing the peptide to 10% acetic anhydrid
dimethylformamide for 30 min. The derivatized peptide w
purified by C18 reverse-phase chromatography and deriv
zation was confirmed by 1H-NMR spectroscopy.

B. pKa determinations

Solutions forpKa determinations contained 2 mM pep
tide, 3 mM potassium citrate, 0.4 mM sodium-3
~trimethylsilyl! propionate-2,2,3,3-d4~TSP! as a chemical
shift reference, 90% H2O and 10% D2O; some samples c
tained 1 M KCl. COSY and NOESY data were used to assi
the 1H resonances for the peptides@19#. For the titration
studies, thepH was adjusted with concentrated stock so
tions of potassium hydroxide and hydrochloric acid; expe
ments coveredpH 2 to pH 6 in 0.33pH unit increments. 1D
1H-NMR data were collected at eachpH value and thepH
dependence of the aspartyl NH resonance was used to d
mine its pKa value, as described previously@20#. All NMR
data were collected on a Varian UNITY 500 NMR spectro
eter located in the University of Iowa College of Medicin
The estimated experimental uncertainty inpKa determina-
tions is 0.1 unit.

IV. RESULTS

Figure 3 shows results of simulations with protonab
residues for the peptide with Lys 4~right! and the peptide in
which the amino group of Lys 4 is acetylated~Ac-Lys, left!.
These are distributions of protonation fractions of the A
carboxyl group at severalpH values. These results are bas
on 600 structures at eachpH sampled from three 1.0 ns MD
trajectories, each starting with different initial structure o
tained after the heating and equilibration procedure. In
cases, each structure was sampled after 5 ps of a subtr
tory along the complete MD trajectory. For thepH values
selected for these calculations, only the Asp residue chan
its protonation state; Tyr and Lys always remain protonat

The distribution of average protonation fractions in Fig
5-3
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shifts its center of weight from values close to 1 to valu
close to 0 as thepH is increased. For certainpH values, e.g.,
4.5 for simulations with Lys and 5.0 for Ac-Lys, there a
maxima for high and low protonation fractions with le
probable values between them, i.e., the distribution is bim
dal. For comparison, similar calculations were done for fix
protonation states of the residues: in the MD simulations A
was either protonated or deprotonated, Lys and Tyr were
ways protonated, and the average protonation fractions
Asp were estimated based on the titration procedure w
UHBD and DOPS. The same number of structures we
sampled as in the case of the variable protonation sim
tions.

Figure 4 includes protonation diagrams obtained fr
simulations with fixed protonation states. To facilitate co
parison, Fig. 4 also includes data from Fig. 3 for variab
protonation simulations at the samepH. One interesting dif-
ference in the calculations for fixed versus variable proto
tions states is thatpH dependence for the distribution o
average protonation fractions for fixed protonation state
always determined from the same ensemble of structu
whereas the calculated ensemble of structures for vari
protonation states is different at eachpH. The results pre-
sented on the right side of Fig. 4 are surprising. The dis
bution for protonable Asp is not intermediate between
distributions obtained for fixed protonated and deprotona
Asp, respectively, as is the case of the distributions obtai
for Ac-Lys, shown on the left-hand side of the figure. W
cannot offer a simple explanation of this effect at present,
it seems to be in agreement with results presented below~see
comments to Fig. 7 below!.

FIG. 3. Distributions of protonation fractions of Asp in stru
tures derived from MD trajectories, with variable protonation sta
of the residues for solute dielectric constant of 4, at differentpH
values. Right, with normal lysine residue; left, with acetylat
lysine residue.
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Tables I and II present the average protonation fractio
minimal and maximal protonation fraction, and aspartylpKa
values obtained from three different variable protonat
state simulations at differentpH values for peptides contain
ing Lys 4 ~Table I! and Ac-Lys 4~Table II!. The estimated
pKa values are all based on application of Eq.~1!, so the
variability in these values reflects the statistical uncertai
in the results of the simulations. This variability is quite su
stantial. However, the standard deviations at the 95% co
dence level~twice the standard deviation of the mean valu!
are not large: for the peptide containing Lys 4, t

s

FIG. 4. Examples of distributions of protonation fractions
Asp obtained from MD simulations with fixed protonation stat
~ASP protonated, ASP deprotonated!, compared with corresponding
results from simulations at constantpH ~ASP protonable!. Right,
normal Lys,pH54.3; left, acetylated Lys,pH55.0.

TABLE I. Protonation fractions of Asp and the correspondi
pKa values obtained from three 1 ns MD simulations with proto
able Asp, Lys, and Tyr, with implicit solvent,e54.

pH Mean St. dev. Min. Max. pKa

0.66 0.08 0.30 0.90 3.99
3.7 0.66 0.08 0.29 0.86 3.98

0.88 0.14 0.55 1.00 4.55
0.55 0.09 0.33 0.91 3.99

3.9 0.52 0.08 0.28 0.84 3.93
0.84 0.15 0.44 1.00 4.61
0.61 0.22 0.08 1.00 4.29

4.1 0.43 0.07 0.20 0.68 3.98
0.45 0.10 0.27 0.89 4.02
0.57 0.27 0.17 1.00 4.43

4.3 0.60 0.28 0.05 1.00 4.47
0.68 0.25 0.05 1.00 4.62
0.42 0.26 0.03 1.00 4.37

4.5 0.32 0.21 0.09 1.00 4.18
0.49 0.27 0.05 1.00 4.49
0.14 0.05 0.05 0.38 4.01

4.8 0.19 0.18 0.02 1.00 4.17
0.23 0.19 0.04 1.00 4.28
5-4
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CONSTANT-pH MOLECULAR DYNAMICS STUDY OF . . . PHYSICAL REVIEW E 69, 021915 ~2004!
^pKa&Asp54.2460.12 while for the peptide with Ac-Lys 4
the ^pKa&Asp54.9460.16. ThepKa values are 0.6–0.9pH
units greater than the experimental values but the calcul
difference between the two peptides, 0.760.2 pH unit,
agrees well with the experimental results.

Another way of looking at the results of constantpH
simulations is to follow changes in protonation states cho
for subsequent subtrajectories of MD simulations. These
shown as a functions ofpH in Fig. 5. In simulations with Lys
4 and Ac-Lys 4, there is a transition from more protonatio
to more deprotonations aspH is increased. At lowpH, pro-
tonated states last longer and any transition to the depr
nated state is followed by a quick return to the protona
state. For higherpH values, deprotonated states last long
The pH-induced transitions occur at lowerpH for the Lys 4
peptide than they do for the peptide with Ac-Lys 4.

Figure 6 shows representative heptapeptide structures
tained from simulations at the extremepH values used in this
work: 3.7 and 4.8 for the Lys 4 peptide and 4.2 and 5.5
the Ac-Lys 4 peptide. Some trends are evident in these st
tures. In all of the structures, the polypeptide chain from A
3 to Gly 7 is bent and forms a loop. Asp 2 points towards
central region of the loop in the first and third sets of stru
tures~Lys 4 and Ac-Lys 4 at the lowerpH limits! but points
in the opposite direction in the two remaining sets of str
tures~Lys 4 and Ac-Lys 4 at the higherpH limits!. The first
and third sets of structures are characterized by a high de
of proton occupancy of Asp mainly because the protona
side chain of Asp 2 can form a hydrogen bond with one
carbonyl oxygens within the loop. The two remaining sets
structures are characterized by a low probability of pro
nated Asp. The Lys side chain does not exhibit any obvi

TABLE II. Protonation fractions of Asp and the correspondi
pKa values obtained from three 1 ns MD simulations with proto
able Asp, and Tyr, with acetylated Lys, and with implicit solve
e54.

pH Mean St. dev. Min. Max. pKa

0.92 0.16 0.02 1.00 5.29
4.2 0.88 0.15 0.42 1.00 5.08

0.85 0.19 0.03 1.00 4.96
0.89 0.22 0.02 1.00 5.33

4.4 0.76 0.24 0.05 1.00 4.91
0.71 0.24 0.00 1.00 4.78
0.63 0.32 0.02 1.00 4.93

4.7 0.70 0.28 0.03 1.00 5.06
0.62 0.32 0.05 1.00 4.91
0.25 0.18 0.00 0.99 4.52

5.0 0.38 0.30 0.00 1.00 4.78
0.56 0.34 0.03 1.00 5.10
0.55 0.41 0.00 1.00 5.29

5.2 0.36 0.37 0.03 1.00 4.96
0.66 0.41 0.05 1.00 5.49
0.09 0.07 0.02 0.47 4.50

5.5 0.20 0.25 0.00 1.00 4.89
0.04 0.03 0.01 0.18 4.15
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structural regularities. All side chains are relatively well e
posed to solvent in all of the structures.

V. DISCUSSION

We have applied an algorithm for simulating polypepti
chains at constantpH to investigate the relationship betwee
protonation states and structure and to predictpKa values in
a heptapeptide, acetyl-Ser-Asp-Asn-Lys-Thr-Tyr-Gly-amid
derived from OMTKY3. The agreement between predict
and experimentalpKa values for Asp 2 in peptides with Lys
4 and Ac-Lys 4 is moderately good, especially given that
structures used for prediction ofpKa values are determined
entirely by computer simulations. Nevertheless, it is surp
ing that, in this simple heptapeptide with all protonab
groups well exposed to the solvent, the predictedpKa values
of Asp 2 are greater than the model compound value of
One might expect that in the peptide with Lys 4, electrosta
interactions with the positively charged Lys would stabili
the deprotonated form of Asp, i.e., those structures w
small Asp-Lys distances, and

-

FIG. 5. Changes in the residue charge of Asp along MD traj
tories, presented as a function of the simulation time, for cons
pH simulations at indicatedpH values for ordinary~upper half! and
acetylated Lys residue~lower half!.
5-5
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FIG. 6. ~Color online! Representative structures obtained fro
constant pH simulations with ordinary~first and second group from
the top! and acetylated~third and fourth groups from the top! lysine
residue, atpH values given in the text. For structures in the first a
third group the average protonation fraction of Asp is above 0.9
for structures in the second and fourth groups the average prot
tion fraction is below 0.1.
02191
thereby decrease thepKa value of Asp 2. On the other hand
thepKa of the solvent-exposed Asp 2 in the peptide conta
ing Ac-Lys 4 peptide should be close to the model compou
value because there are no sources of strong negative
trostatic potential~the influence of carbonyl oxygens de
scribed in the preceding paragraph has the character o
electric dipole! that would prevent its deprotonation, an
there is no extra positive charge that would stabilize
deprotonated form. Therefore, we checked Asp-Lys distan
in structures obtained from the variable protonation simu
tions at differentpH values and in structures obtained wi
fixed protonation states. Results of this analysis are show
Fig. 7.

The Asp-Lys distances and their fluctuations are rat
large. Surprisingly, the average distances are slightly lar
in the Lys 4 peptide than in the peptide with Ac-Lys 4.
addition, the effect of going from deprotonated to protona
Asp 2 with Ac-Lys 4 is larger and opposite to that seen
simulations for Lys 4. The change in Asp-Lys distances
the Lys 4 peptide in going from protonated to deprotona
Asp 2 shows the expected trend, as the electrostatic attrac
should result in the Asp-Lys average distance being sma
than when Asp 2 is neutralized. However, the change is
prisingly small. For simulations with protonable sites, tw
average values, forpH54.3 andpH54.5, are below the line
corresponding to the average distance between perman
deprotonated Asp and protonated Lys residues. This m
explain why the distributions of protonation fractions of As
2, obtained in simulations with fixed protonation states atpH
4.3 and presented in the right-hand side of Fig. 4, are
similar and why the distribution obtained in simulations wi

d
a-

FIG. 7. Distances Asp-Lys as functions ofpH for normal lysine
~right! and acetylated lysine~left! from simulations with implicit
solvent. Broken lines are for fixed protonation state simulatio
dashed line is for protonated Asp, long-dashed line is for depro
nated Asp, and filled circles with error bars are for constantpH
simulations. The standard deviations for the distances obtained
simulations with fixed protonation states are of similar magnitu
as for the constantpH calculations and are not shown for clarity o
the picture.
5-6



o
fo
n
nc
g

e
r

us
t
e
u
d

p
c
ro
e
Å

e
o

of
rre-
er-
n
ns
e
the

s
ne

es
ns
re

4
ase

n
sp 2
lec-
ot
se-
uni-
er-

fo
d

CONSTANT-pH MOLECULAR DYNAMICS STUDY OF . . . PHYSICAL REVIEW E 69, 021915 ~2004!
protonable residues is not intermediate between the two
tained from fixed states simulations. On the other hand,
Ac-Lys 4 the difference in distances for protonated a
deprotonated Asp 2 is much larger, and all average dista
for constantpH simulations are between the two limitin
dashed lines and change rather smoothly with increasingpH
from one case to the other~as illustrated in the left-hand sid
of Fig. 7!. In summary, the results presented in Fig. 7 a
rather surprising and not intuitively obvious. Analogo
simulations have been performed in vacuum in order
check the extent to which the puzzling results describ
above are due to inclusion of implicit solvent effects in o
simulations. Results of these vacuum simulations are
scribed below.

Figure 8 shows distributions of distances between As
and Lys 4 for MD simulations without solvent and as a fun
tion of pH. These distributions can be explained by elect
static interactions as the dominant factor. For the Lys 4 p
tide, the average distance changes from approximately 7
approximately 3 Å when thepH is changed from 0.5 to 4.0
and thepKa of Asp 2 is 2.7360.30 at the 95% confidenc
level. For the peptide containing Ac-Lys 4, the distribution
Asp-Lys distances is broad at lowpH and narrows with in-
creasingpH; the pKa of Asp 2 is 5.1160.28. The firstpKa

FIG. 8. Distributions of distances between CGAsp and NZLys

obtained from simulations with protonable residues in vacuum
normal ~upper half! and acetylated~lower half! lysine.
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value is thus significantly less than the experimental value
3.6 and the second is significantly greater than the co
sponding experimental value of 4.0. The calculated diff
ence between thepKa values is almost six times greater tha
the experimentally determined difference. Both distributio
become narrower for higherpH values and, as expected, th
Asp-Lys distances in the Lys 4 peptide are shorter than in
Ac-Lys 4 peptide but the overall effect is small.

Figure 9 presents thepH dependence for the distribution
of protonation states resulting from these simulations. O
striking feature is the negligible contribution of structur
with intermediate protonation states; almost all protonatio
are close to either 1 or 0. Clear bimodal distributions a
seen at certainpH values for both the Lys 4 and Ac-Lys
peptides and this bimodality is more evident than in the c
of Asp-Lys distance distributions~Fig. 8!. We therefore con-
clude that the addition of implicit solvent in the simulatio
algorithm leads to an increase in the distances between A
and Lys 4. The fact that inclusion of solvent decreases e
trostatic interactions relative to simulations in vacuum is n
too surprising but, in the present simulations, the con
quences appear to extend beyond simply introducing a
form dielectric screening parameter for all electrostatic int

r
FIG. 9. Distributions of protonation fractions of Asp obtaine

with protonable residues, at indicatedpH values, without solvent,
with normal lysine~upper half!, and with acetylated lysine~lower
half!.
5-7



i

el
io
a-
en

d
e
r
5
e
t
ro

la
an
m
i
n

it
e

in
w

ur
so
ro
o

W
ib

he
le

he
a

m

on
ith

la-

0

DŁUGOSZ, ANTOSIEWICZ, AND ROBERTSON PHYSICAL REVIEW E69, 021915 ~2004!
actions, as might be the case with simple Langevin dynam
simulations@6#. The simulations show that thepKa shift for
Asp 2 upon acetylation of Lys 4 cannot be explained sol
by the expected changes in direct electrostatic interact
with the side chain amino group of Lys 4. This is qualit
tively consistent with the experimentally observed indep
dence of thepKa on ionic strength.

To further investigate the role of solvent and as an ad
tional check of our procedure, simulations were also p
formed with explicit solvent. Figure 10 presents a compa
son of implicit and explicit solvent simulations, based on 1
structures covering 0.75 ns each. These simulations w
done with fixed protonation states, where Asp was depro
nated, Lys and Tyr protonated, and both distributions of p
tonation fractions refer topH 4.2. The distributions of pro-
tonation fractions obtained in both simulations are simi
although for implicit solvent the distribution is broader th
that for the explicit solvent simulations. This results fro
damping of solute atomic fluctuations by water molecules
explicit solvent simulations and the absence of a correspo
ing effect in the implicit solvent simulations. The implic
solvent data give apKa of Asp 4.06 vs 3.97 derived from th
simulation with explicit solvent.

Another factor governing the strength of electrostatic
teractions is the solute dielectric constant; for the solvent
use a value appropriate for water at given temperat
Figure 11 presents a comparison of results obtained for
ute dielectric constants of 4 and 15. The distribution of p
tonation fractions of Asp 2 for the Ac-Lys 4 peptide is n
longer bimodal with the higher solute dielectric constant.
therefore conclude that the bimodal distributions are exh
ited when both conditions are fulfilled: proton exchange p
nomena are taken into account and the strength of the e
trostatic interactions is sufficiently high. Increasing t
solute dielectric constant is probably not an appropriate w
of obtaining more reliable results, as thepKa values pre-
dicted for the Lys 4 peptide and the Ac-Lys 4 peptide fro

FIG. 10. Example of comparison of distributions of protonati
fractions between implicit and explicit solvent simulations w
fixed protonation states.
02191
cs

y
ns

-

i-
r-
i-
0
re

o-
-

r,

n
d-

-
e
e.
l-
-

e
-
-
c-

y

FIG. 11. Influence of the solute dielectric constant used inUHBD

calculation on the distributions of protonation fractions in simu
tions with protonable sites, for normal lysine~top,pH54.2) and for
acetylated lysine~bottom, pH54.7). For each part there are 30
structures sampled from 1.5 ns of simulations!.

FIG. 12. Distributions of distances OAsn-NGly for simulations
with fixed protonation states and implicit solvent~top, Ac-Lys 4;
bottom, Lys 4!.
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FIG. 13. ~Color online! Representative structures for most pop
lated distances OAsn-NGly shown in Fig. 12.

FIG. 14. Distributions of distances OAsn-NGly at severalpH val-
ues for normal Lys~upper half! and acetylated Lys~lower half! for
simulations with protonable residues and with implicit solvent.
02191
the data in Fig. 11 are 4.0360.06 and 4.1960.18, respec-
tively, for a solute dielectric constant of 15 vs 4.0960.04 and
4.6860.65 for a solute dielectric constant of 4~all errors are
at the 95% confidence!. ThepKa difference for the dielectric
constant of 15 is too small relative to the experimental v
ues.

In the last part of this section we consider distances
tween Asn 3 and Gly 7 because they are related to the in
esting loop structure mentioned at the end of the Res
section. Figure 12 shows distributions of these distances
the four different types of simulations with fixed protonatio
states and implicit solvent. For the Lys 4 peptide, the aver
Asn-Gly distance is 7.7561.26 Å when Asp 2 is protonated
and 3.3160.44 Å when Asp 2 is deprotonated. For the pe
tide containing Ac-Lys 4, the average Asn-Gly distance
3.2160.78 Å when Asp is protonated and 3.2060.58 Å
when Asp is deprotonated. Figure 13 shows representa
structures corresponding to these four average distances
sented in the same arrangement as parts of Fig. 12.

Figure 14 presents distributions of OAsn-NGly distances as
a function ofpH for peptides containing Lys 4 and Ac-Lys

FIG. 15. Distributions of distances between OAsn and NGly ob-
tained from simulations with protonable residues in vacuum
normal ~upper half! and acetylated~lower half! lysine.
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DŁUGOSZ, ANTOSIEWICZ, AND ROBERTSON PHYSICAL REVIEW E69, 021915 ~2004!
obtained from simulations at constantpH and with implicit
solvent. The role of solvent in the short distances seen in
14 can be ascertained by inspection of Fig. 15, which p
sents distances obtained from constantpH simulations with-
out solvent. For the Lys 4 peptide, all distributions obtain
from simulations with implicit solvent are similar: the cent
of weight of the distribution is about 3 Å and the effect of
increasingpH is a slight decrease in the number of structu
with short Asn-Gly distances and a slight increase in
number of structures with distances that are 2–3 Å greate
the Ac-Lys 4 peptide, all distance distributions exhibit a
modal character with structures in which Asn-Gly distanc
are centered around 3 and 7–8 Å. For simulations with
solvent none of the distributions of Asn-Gly distances in
Ac-Lys 4 peptide is bimodal. A bimodal distribution is vis
ible in vacuum simulation with normal Lys 4 atpH 2. This
suggests again that such distribution can be observed w
electrostatic interactions are substantial and there is a p
bility of changing the protonation state of Asp 2. In Fig. 9
can be seen that the transition in Asp protonation state in
vacuum simulation occurs betweenpH 2 and 3 (pKa52.73
as mentioned above!. All distances in both sets of distribu
tions shown in Fig. 15 are centered near 762 Å, compared
to substantial populations centered at approximately half
distance in simulations with implicit solvent~Fig. 14!.
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VI. CONCLUSIONS

Results presented in this work indicate that proton
change with the solvent by titratable residues has signific
effects on the structure and dynamics of the polypept
chain. Moreover, the effects of including variable proton
tion states during MD simulations are complex: calcula
pKa values and the ensemble of structures are significa
different from those obtained with simulations using fix
protonation states, and the structural basis for the pertur
pKa of Asp 2 is not simply a salt-bridge interaction with Ly
4. Overall, the effects observed in this study for a sim
peptide are likely to be manifested in proteins as well. Co
sequently, improving the accuracy of MD simulations f
proteins will rely on development of algorithms for simul
tions of polypeptide chain dynamics at constantpH.
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