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ABSTRACT: Protonation states of titratable amino acids play a_,
key role in many biomoleculprocesses. Knowledge of ~{%
protonatable residue charges at a given pH is essential for af¥
correct understanding of protein catalysis, inter- and intramoleculag; ¢
interactions, substrate binding, and protein dynamics for instance.}%¥
However, acquiring experimental values for individual aming _acid, |~
protonation states of complex systems is not straightforward;,
therefore, severalsilicapproaches have been developed to tackle” §
this issue. In this work, we assess the accuracy of our previousl
developed constant pH MD approach by comparing our_ gl sif
theoretically obtainedKp values for titratable residues with :
experimental values from an equivalent NMR study. We selected a
set of four pentapeptides, of adequately small size to ensure
comprehensive sampling, but concurrently, due to their charge composition, posing a challenge for protonation state calculati
The comparison of th&pvalues shows good agreement of the experimental and the theoretical approach witheselacgest di

of 0.25 K, units. Further, the corresponding titration curves are in fair agreement, although the shift of tleéeHilfrooe a

value of 1 was not always reproduced in simulations. The phase space overlap in Cartesian space between trajectories genera
constant pH and standard MD simulations is fair and suggests that our constant pH MD approach reasonably well preserves t
dynamics of the system, allowing dynamic protonation MD simulations without introducing structural artifacts.
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1. INTRODUCTION molecular dynamics (MD) methods that utilize dynamic

H 14
The protonation state of titratable amino acids is often gro(tjor;atu:rr: state:[s (tetr_médotn?tantpr MD'. In t_Zesi
determining factor in a variety of biomolecular processe@.O els, e‘5pro onation staté of an amino acid changes
Knowing the actual charge of an amino acid residue at a gi cli,pt|nuous[’572 by propagating the motion of a virtual particle
pH is particularly essential for studying electrostatically driv Hsua[ly referred to ég—partlclé) tha_t mterpo!ates t_)et\_/vee.n.
reactions. These charged residuesedine spatial distribu- wo di erent protonation Hamiltonians, typ_|cally in implicit
tion of the electrostatic potential inside a molecule, which issolvent MD simulations. The forces acting on both the

crucial for enzyme catalysis, protein dynamics, or inter- af rticles in Cartesian as well #pace are calculated using

intramolecular interactions, for example. continuum electrostatics. :
However, due to an often large number of protonatable site The second category contains methods that rely on all-atom

in such systems, titration curves of individual residues are fegerrostatics in MD. simulations. One group.of_them a[so uses
straightforwardly accessible in experiments. For that reas -Ip’artlcle propagation, W_here a_II electrostatic mterg/(t:;ons are
severah silicapproaches have been developed. Most of the eat_ed explicitly, either via Partl_cle I\/_Iesh Ewald (PM)

rely on calculating the shift of the deprotonation free energy shifted Coylombé%o}gntlal, which yields a value o_f zero ata
an amino acid model compound in solution (usually referred /€N cuto distance.” = Another group of met.ho.ds In th?t_
to as‘reference stajefrom the deprotonation free energy of category uses theas a parameter in non-equilibrium explicit
the amino acid residue in a protein. Depending on the
electrostatic scheme used, these methods fall in érentli ~ Received: December 12, 2019 JCIC ===
categories: continuum or all-atom. Tisecategory comprises Published: March 19, 2020 {
PoissonBoltzmann (PB) or Generalized Born (GB) models,

where the deprotonation free energy is calculated xsihg

atomic structures in a dielectric environment. The continuum

electrostatics (GB) scheme is further used in conjunction with
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solvent MD, for externally changing the protonation state of
one group at a time followed by a Monte Carlo (MC) step,
which rejects or accepts the protonation state SWitchAll-

atom simulations allow the explicit treatment of hydrogen
bonds between solvent and solute, which is essential for the
correct deprotonation free energy calculation, hence for the
precise estimation of amino acid protonation states.

As an alternative, in a number of methods, both above-
mentioned approaches have been combined and all-atom MD
protocols developed in which the electrostatics in Cartesian
space is calculated using PME andsipace using PE or
GB!' In this formalism, the protonation states of the amino
acids are changed either discretely via MC sampling where the

-particle adopts values of only 0 6t°% or propagates
continuously’

Previously, we developed a method for constant pH MD
simulations in explicit solvent with PME electrostatics in both

- and Cartesian spacé In the present study, we assess the
accuracy of our approach and further optimize our simulation
protocol and relevant parameters. The accuracy evaluation is
achieved by comparing calculaté&j palues to ones
determined by Heteronuclear Single Quantum Correlation
(HSQC) NMR experiments for a set of test peptides selected
to pose a challenge to the calculations. The test set comprises
four pentapeptide systems, each containing two titratable
residues and charged N- and C-termini. Our choice was
motivated by three main criteria: First, tgvalues in both
the reference state of the amino acids and the peptides should
be precisely measurable in HSQC NMR titration experiments,
to provide a reliable comparison for the theoretically calculatggé re 1.Pentapeptide test set. The peptides are composed of a Gly-
values. Second, the size of the systems should be small enguBly.x-Gly motif where the two titratable residues, denoted as X,

such that their conformations are exhaustively sampled in Migrrespond to either a Glu or a His residue and are highlighted with
simulations, and therefore, lack of convergence is not an isssl&ck rectangles.

Third, the systems should involve coupling of titratable sites;

which implies close proximity of the residues, as well as . ) o
charged N- and C-termini ensuring strong intermoleculdﬂes'dues with respect to the charged N- and C-termini were
charge interactions that poses a challenging test case for Hgrchanged so that each of the two was placed next to a
constant pH MD ability to correctly model electrostaticPositive as well as a negative charge.

interactions. Based on these criteria, accurate results for th&-2. Constant pH MD.Our previously developed three
test systems would suggest that the used constant pH metr&gté model in the framework of our constant pH MD

would also accurately perform for larger biomolecular systefﬁ@du"g ® for the GROMACS _3-31-%21 MD software
such as proteins. package was used for thesilicotitrations. A separate

Evaluating the capability of our constant pH MD particle describes the protonation state of each titratable site,
implementation for predictingKpvalues solely based on @S the propagation of the particles interpolates the respective
structural data is the goal of this study. Hence wé&!t€s between dirent protonation forms. The force acting on
independently performed experimental and theoretical titri1€ -particle is dH/d , whereH is the all-atom Hamiltonian
tions and consequently compared the resukineppue data  Of the system, given by
sets after autonomous evaluation. Following this strategy, We,, — 1 & YH + H.+ f( )RTIn 1 & pH
veri ed the ability of our constant pH MD implementation to (1S )H, gt f()RTIN10(pK; o5 PH)
be used as a standard algorithm in MD simulations in near +V + M2

MM( )
future. 2 1)

andH, andHg are the Hamiltonians of the protonated and
2. METHODS deprotonated states, respectiVgly( ) is a correction term

2.1. Pentapeptides. Four dierent pentapeptides, each introduced to account for the lack of an electron rearrange-
containing two titratable residues, were used as test systamant term in forceeld simulation$® mand are the mass
(Figure ). The sequences were composed of the Gly-X-Ala-Xand the velocity of theparticle, respectively. The third term
Gly motif, where X represents either a glutamate (Glu) or af the equation is a function ahat ensures the correct ratio
histidine (His) residue. The rationale for selecting sequencbstween protonated and deprotonated fractions of the titrated
that contain both two Glu and two His as well as combinatiorsmino acid in its reference state (corresponding to the N- and
of one His and one Glu was to test if our method reproduceS-methyl capped residues in solutiorf, & is the
the protonation behavior of the amino acids depending oexperimental iy value of the residue reference state, and
whether they interact with residues whose refetencayes pH is the pH at which the simulation is carried out. Here we
are dierent or identical to their own. The positions of bothchose the functiof{ ) based on a previously developed
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double well biasing potenfiathich was introduced to focus steepness of the walls and depend’cFhe barrier height is
the distribution of mostly to the physically meaningful statesused to control the transition rate between protonation states,

-  (roloated) and ~ 1 (deprolonated) Inthe present WHerece e pestons Sanc . e ueed o coreet o
work, f,( ) is further gnhanced to serve as ? pH Corr(':'Ct'or?seeSection 233 All other parameters described above are
potential, which provides the free energgretice between  cjcylated automatically by our constant pH MD module. For
the protonation forms of the titrated compound reference statgetails see Donnini et’as a result, the only parameters the
by setting dierent depths for the two minima of the potential user needs to specify are the initial minima positions, the initial
barrier height, and the pH at which the simulation is carried
T out.

Because the two residues Glu and His have two chemically
coupled titratable sites, the two oxygen atoms of the carboxyl
group and the two nitrogen atoms of the imidazole ring,
respectively, these cannot be described with a single
coordinate€q ). Therefore, to describe these two chemically
coupled titratable sites, our previously developed three state
modef was applied that uses twaoordinates: Along the

rst, the amino acid changes its protonation state, and along
_ the second, its tautomeric form, thus moving among four
protonation Hamiltonians. Because the two deprotonated
. Hamiltonians for Glu and the two protonated Hamiltonians for
His are identical, only three protonation states are to be
- considered, as ded by the Hamiltonian
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A-coordinate H= (1S pHa+ [(1S JHx+ HE (3)

Figure 2.Biasing potenti#( ) in eq 1 The barrier between the two where Hg and H; are the Hamiltonians of the two
minima decreases the occupancy of the nonphysical intermedigi€protonated states, and for Glu

values of the-particle. In addition, the @rent minima depths are . .

set such that the correct fraction between protonated (red) and H= (1S )[(1S JH+ Hi+ Hg (4)
deprotonated (blue) forms is achieved, according to the experimental ) ]

pK, value of the titrated compound and the pH at which thewhereH, andH¢ are the Hamiltonians of the two protonated

simulation is carried out. states. The pH correction term is given as
(Figure %. The potential (for derivation see Donnini €} al. f( pRTIN 10(pK, S pH) + f( ) RT
has the form .
o § In10(K,, S Ky ) (5)
- (S ,SH*E, (S ,+b° . : .
f() = Skexp o ko exp B a— where [, is the experimentaKp value of the titrated
compound in its reference state, pH denotes the pH at which
+ dexp ( $0.57 05V (AS effr (+ m)) the swpulatlon .IS carried out, aid @and (X, cor.respond to
2¢ the microscopic Ky values of the two chemically coupled

5 & titratable sites.
t@xefr(s 15 m) ) As an approximation (s&ection B the high energianti”

where the rst two terms are two negative Gaussian functionsonformation of the hydrogen atom was excluded in our

corresponding to the two minima that generdistributions constant pH simulations. This exclusion was achieved by

whose average values are positiongdaatl ,. The depths  altering the dihedral parameters of the group as described in

of the minimal, andk;, were chosen such that the free energyour previous work.

di erence between the two intervals of tbeordinate ( < 2.3. Preservation of an Integer Charge of the

0.5 and > 0.5) corresponds to the free energgrdnce Protonated and Deprotonated Forms. Due to the charge

between the protonated and the deprotonated form of thimteractions among the amino acids in the peptides, the

amino acid (according to the referenkg.pvalue of the  average of the-particle distribution often deviates from the

residue and the pH at which the simulation is carried out). physical values of 0 and 1 in the protonated and deprotonated
The width of the two minima alsceats the population of  -intervals, respectively. In the present work, we used the

the two potonation forms. To take thisa into account, the  minima position of the biasing poteriiglto achieve average

partition functionsZ, and Z, of the two -intervals were integer charges in the two protonation interveal§.5 and

calculated, and the free energyerdnce was corrected by > 0.5. To this end, before each production titration run, a
RT In(Zy/ Z). calibration run was performed, during which optimized
The third term of( ) is a Gaussian function that generates docations of the minima were obtained ensuring average

barrier with a heiglat(calculated from the baseline of the two values signtantly closer to integer values.

minima) and the fourth term creates steep potential walls with The locations of potential minima were adjusted as follows:

heightw = 100 kdnol ! at the end of the-interval keeping initially, the two minima of the biasing potential were

the -particle inside. The barrier widib setto 0.3 4), positioned such that the averagé ; and ,), calculated

and theaandb parameters are adjusted iteratively as describécbm the distributions generated by the two minima, equaled

in Donnini et al. The r and m parameters determine the =0 and =1 (Figure } The barrier height was set to 10 kJ
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' ' ' L simulation box with a 150 mM salt (NaCl) concentration
_____________________________ (same as in NMR experiment). The temperature was set to
RS TN il potential 300 K, via the Noddoover thermostat’® and the pressure
— shifted potential to 1 bar via the ParrinelRahman barostdt’> PME

electrostatiéd®** was used with a cutof 1 nm for the direct
Coulomb interactions and a spacing of 0.12 nm for the Fourier
grid. A cuto of 1 nm was used for the Lennard-Jones
potential.

The titrating reaction coordinate of the two titratable
residues was coupled to neutralizing water molecules, ensuring
an uncharged simulation Boko minimize the electrostatic
T . interactions between the peptide and the coupled water
A molecules, we made sure that the time averaged distances
E L L m T s between any_of tht_e p_ep_tide atoms and any of the two coupled

- . -1 waters or their periodic images as well as the distance between
Biasing potential (kJ mol ) Time (ns) the two water molecules themselves was not shorter than 3.5

Figure 3 Preservation of the integer charge of two protonation form?€0ye Huckel lengths, resulting in a 6 nm simulation box
The left panel shows the initial biasing potential, with miniméize. During the simulations, the coupled water molecules were

positioned, such thag= 0 and , = 1 (black line), and the one with ~ Xed in space by restraining their oxygen atoms using a
new minima calculated viadistribution reweighting (red line). harmonic potential with a force constant of 100@ok3
Dashed lines depict the position of the potential minima, whereasm 1. The same force constant was used to restrain the C
dotted lines show the averagealue for the protonated and atom of the Ala residue of each peptide. The mass ef the
deprotonated-intervals. The shift () of the potential minimum  particle was set to 20 atomic mass units and its temperature to
along the -coordinate (seeq 9 is highlighted in blue. The right 300 K via the Andersérthermostat with a 6 pscoupling
panel shows thetrajectories with the initial potential (black line) constant
and the one with new potential minima (red line). " . . .
All peptides were titrated separately in a series of constant
pH MD simulations at pH values between pH 3.5 and pH 9 for
mol *° relative to the depth of the higher minimum. After theGHAHG, pH 2 and pH 6.5 for GEAEG, and pH 2 and pH 9
calibration run was carried out, theajectories, for which the ~for GEAHG and GHAEG, in steps of 0.25 pH units, which was
physical values of= 0 and = 1 were outside the error increased to 0.5 pH units for the two outermost values.
estimation of the averagén the respectiveintervals, were ~ Reference macroscopig palues of 4.08 for Glu and 6.54 for
reweightedQQ 6 with a set of biasing potentid}ﬁqure 3. His were used, which were determined in an NMR experiment
The minima positions of each potential were shifted by 0.0 titrating His and Glu amino acid residues with methyl-
-units with respect to the previous. The shifting of thecapped N- and C-termini and following the same experimental
potential was performed until, after reweighting the average®tocol used for titrating the four peptides. Capped amino
inthe <0.5and > 0.5 regions, equaled 0 and 1 (within acid residues were also used as a reference state in the constant
the precision allowed by the numerical calculation of theH MD simulation protocol (for details see Dobrev t al.
double well potenti3J respectively. The averagefor every ~ The di erence between the two microscagjwplues for His

A-coordinate
b
T

shifted potential was calculated as was taken from TanokiifaThe microscopicky values for
NS (v SW Glu were calculated from the macroscopic ones as described in
o o€ Dobrev et 4.
- W 2.5. NMR Determination of the Pentapeptide pK,
n=1 ®)  values.The four pentapeptides GHAHG, GEAHG, GHAEG,
whereV is the initial potential with, and , positioned at = and GEAEG were purchased from PeptideSynthetics Research

0 and = 1, respectively. is the potential at an iteration Ltd. (Hampshire, U.K.) with >98% purity and were used
step in which the minima are shifted byrespectiveliN is without further purication. All NMR titrations were carried
the number of -points, along the-trajectory, for the out on lyophilized peptide powders dissolvegint® 10
respective-interval. In cases where the shift of the minimamM in the presence of 150 mM NaCl. Acetone was added as a
position was not adequate to achieve integalues during  pH independent interndfl ( ;= 2.22 ppm) an&fC ( 5=
reweighting (mostly in pH regions close to tkeqf the 30.9 ppm) chemical shift reference standard. The pH of the
respective residue), the barrier was increased. The reweightiegtide solution was adjusted with aliquots of HCl and NaOH.
procedure was done separately for each of the two minima aifier measuring the pH, the peptide solution was transferred
for both -coordinates of the three state model. Only-the back to an NMR tube andC H HSQC (Heteronuclear
trajectories from the second titration were used forKthe p Single Quantum Correlation, Bruker pulse program: hsgcetg-
calculation. psi2) acquired® “° The pH of the peptide solution was

2.4. Simulation Details. All simulations were carried out measured before and after an NMR experiment using Mettler
with the Amber998bforce eld (ported*** to GROMACS  Toledo SevenEasy S20 pH meter, and the average value of the
3.3.3) and the SPEBwater model. Virtual sitésnd a 4 fs  two measurements was used as the pH of the sample to
time step were used in all simulations. All bonds of theliminate the error due tactuations in the pH. A pH of 0.4
peptides and the coupled water molecules were constrainguits was subtracted from the experimentally determined pH
with the LINCS’ constraint algorithm, and the bonds of all of the samples to account for the deuterium isotept’e
other water molecules were constrained with the SEFTTLESubsequently after completing the measurement, the sample
algorithm. The simulations were carried out in a cubigvas transferred from an NMR tube to a 1.5 mL reaction tube,
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Figure 4.Experimental vs theoretical titration results. The titration curves of all four peptidesrobifitogidack and red) and in NMR
experiments (blue and orange) are depicted. The continuous line in each plot was obtained via plotting the Hill curve for the theoretical or vi
using the adapted Hendersblasselbalch equatioaq(7 for the experimental titrations, using tkg\@lues and Hill coeients calculated

from constant pH MD or NMR experiments, respectivelyt-akes of the experimental curves are scaled to the 0 to 1 interval to ensure clearer
comparison with thia silicadata.

Table 1. K, Values, Hill Coe cients, Shifts from the Residues Referenkg alues ( pK,), and Shift of the Theoretical
from the Experimentallg, Values ( pK,) of the Four Pentapeptides Estimated via NMR (Using the Chemical Shifts of C
and H_  Atoms for Glu and His, Respectively) and Constant pHMD

Amber99sb NMR

pKa pKa Hill coe cient Ka pKa Hill coe cient pKa

GHAHG N-term His 6.0 0.05 0.47 0.91 +0.070.06 6.2% 0.01 0.32 1.06 0.03 0.16
C-term His 6.5& 0.05 +0.04 1.02 +0.09.07 6.66: 0.03 +0.11 0.85 0.04 0.08

GEAEG N-term Glu 3.84 0.05 0.27 1.08 +0.10.09 4.06 0.01 0.01 0.9G- 0.02 0.25
C-term Glu 4.09 +0.050.04 +0.01 1.04 +0.09.08 4.04 0.01 0.03 0.7% 0.02 +0.05

GEAHG N-term Glu 3.68 0.05 0.48 1.05 +0.10.08 3.7& 0.02 0.31 0.94 0.03 0.16
C-term His 6.7% 0.05 +0.23 0.97 +0.08.07 6.5% 0.02 +0.04 0.9% 0.03 +0.18

GHAEG N-term His 6.24 0.04 0.30 0.92 +0.060.05 6.14 0.01 0.41 0.96 0.01 +0.10
C-term Glu 3.92 0.04 0.16 1.12 +0.080.07 3.8% 0.01 0.26 0.9& 0.02 +0.11

2The referenceqy values used in constant pH MD simulations were 4.081 and 6.54 for Glu and His, respectively, which were calculated as avera
from all atoms in the residue. These values are sligbtgntifrom the 4.073 and 6.55 for thead H, of the Glu and His, respectively,

considered to be closer to the real values. Althoughdtendes are too small to have aagteon the conclusions, in the table thi€, values
are calculated using the former set for constant pH MD and the latter set for experiment.

and the pH was determined using a Mettler Toledo SevenEasyance NEO 600 MHz spectrometers equipped with a 3 mm

S20 pH-meter. All pH measurements were carried out atayoprobe, 5 mm cryoprobe prodigy, and 5 mm cryoprobe

temperature of 300 K. The same reaction tube and NMR tulgodigy, respectively, at 300#.and**C chemical shifts of

were used throughout the titration for each peptide. A threall peptides were unambiguously assigned usiHghd 2D

point calibration was conducted using standaetswith (Double-Quantum Filtered Correlation Spectroscopy

pH = 4.0, 7.0, and 10.0 before measuring pH of the peptid®QFCOSY), Total Correlation Spectroscopy (TOCSY),

solution. Nuclear Overhauser &t Spectroscopy (NOESY), and
NMR experiments were carried out on Bruker Avance NEBISQC) NMR spectral analyses. The variatioH ahd°C

800 MHz, Bruker Avance 700 MHz (Oxford), and Brukerchemical shifts as a function of pH was monitored by
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measuring 10H and °C 'H HSQC NMR experiments, additional eect due to the proximity of the positive N-
respectively. HSQC spectra were acquired in phase sensitateninus exerted on the Glu residue.

mode using echo/antiecho-TPPI gradient selection. One bondIn contrast to the Glu, th&pvalues of the His residues in
carbon proton coupling’(ty) was optimized to 145 Hz, and both peptides shift in dirent directions with respect to the

a trim pulse of 2 ms was used. NMR data was processed usigfgrence suggesting a stronger interaction with the charged

Topspin 3.5 pI5 (Bruker, Germany). termini than with the negatively charged Glu. This observation
The modied HendersorHasselbalch equatioff was s further supported by the fact thg alue of the His residue
used to account for the observed change firithend**C shifts up in proximity to the C-terminus and down in proximity
chemical shifts of histidine and glutamate, respectively, atodhe N-terminus.
function of pH In peptides with two identical titratable residues (GHAHG
g and GEAEG), thelf shifts of the two His residues in the
= S Y= _foh GHAHG peptide are in opposite directions, indicating stronger
M1+ 10CKSPH) @) interaction of the residues with the charged termini than with

each other. The experimentg] palues of both Glu residues

where the I, denotes the ionization constary, is the in the GEAEG peptide shift down with respect to their

chemical shift at low pH,gnis the chemical shift at high pH, .
andn is the Hill coecient. The parameters were obtained "€ference. However, due to the smadireinces between the

from the nonlinear least-squarés (performed using pK, values of the N-term[nal Glu in the peptide and the Glu
OriginPro 8, v8.0724, Northampton, MA, U.S.A)) offeference K, value, their error bars practically overlap.
experimental data to the mai HendersorHasselbalch ~ Therefore, it cannot be concluded which interaction is

equation. stronger, the one among the adjacent residues or the charged
termini. Nonetheless, thi€,walues calculated via constant pH
3. RESULTS AND DISCUSSION MD are close to the experimental ones.ifflglicovalues

The main goal of the current work was to test how accuratefy’oW @ more sigmant down shift for the Glu closer to the N-
our all-atom forceeld constant pH MD simulations predict terminus, most probably due to the_|r elec_trostatlc interaction.
the titration behavior of biological systems. As test systems, wé contrast to theif, values, the Hill coeients calculated
chose four peptides that, due to their small size, allowdgPm our constant pH MD simulation titration curvesrdi
comprehensive sampling. At the same time, due to their chafi@ni cantly from those determined by NMR. We considered
composition, they posed a challenging casé,fealpulation. ~ tWo possible causes for this discrepancy. First, it might be
The in silicocalculated K, values and titration curves were caused by insicient sampling, most likely due to direct and
compared to those independently determined in NMHRong-lived contacts between Na/Cl ions and protonatable
experiments for the @Glu) and H, (His) atoms (se&igure groups in the S|mu_lat|ons. We do not consider this explanation
4). For the [K, error estimation, multiple (50000) Hill I|I_<ely, bgcause neither §uch long-lived contacts nor any other
equation ts were performed within the error estimates of the9n Of insucient sampling were observed. Second, because
-value for each pH poiritgble ) as described in Dobrev et the Hill coe cients reect the degreelof titrating cooperativity
al® between the two protonatable amino acids, the discrepancy
The close agreement between experimental and theoretiB4ght be due to how dirent atoms of one fitrating residue
pK, values, with a largest efience of 0.25Kp units, shows ~ “Sensé (due to the dierent chemical environment) the
that we are indeed able to calculate the magnitude of tt¥otonation of the neighboring titrating residue in the NMR
electrostatic interactions with high precision, what makes ogXperiments. .
implementation an applicable approach in MD simulations. TO test how the choice of probe atomects the
Further, the correct prediction of amino a¢dg ghifts of experimental Hill coeients, we calculated additional titration
residues within the peptides, compared to tigwaglues in  curves from the chemical shifts observed for fiidis) and

solution, suggests that the here presented constant pH M® (Glu) atoms. Indeed, whereas the yalues obtained for
method reliably calculates the correct sign of the electrostaifose atoms are practically identical to the ones obtained for
interaction between amino acid residues, the only exceptipn 5nd C shown inTable 1(with the largest dérence

being the C-terminal Glu of the GEAEG peptide. The, i the t ts of 0 it d retaining the si f
referencelg, value of Glu in that case, however, is practicall etween the two Sets o -8 pnits an retaining the sign o
pK, in all groups), the values of the Hill coents show

identical and falls well within the error estimation ointhe ked di p in both imilar in si
silicovalue for Glu in the peptide. Therefore, no solid claim caff'arked dierences of up to 0.15 in both cases, similar in size to

be made about th&pshift of the latter. the actually observed deviation$ehle 1 Further, in some

The electrostatic interactions among the titratable residu§8Ses, .9., like with the N-terminal His of the GHAHG peptide
and charged termini dee the [, shift of the former. In the ~@nd the N-terminal Glu of the GEAHG peptide, the direction
peptides with two dérent titratable residues (GEAHG and Of cooperativity changes, switching from values below 1 to
GHAEG), the K, values of the Glu residues are shifted dowrbove andice versalso, the NMR measured Hill cogent
( pK,in Table ) to smaller values compared to the reference®f the isolated Glu model compound, where no cooperativity
value indicating a strong interaction with the nearby positive@xists, is 0.92 on average rather than 1 as expected. Due to this
charged His. The fact that the direction of the shift does ndincertainty in the interpretation of the NMR experiment, we
depend on the actual position of the residues with respect psefer not to draw conclusions on the accuracy of our model
the charged N- or C-terminus further suggests that the Ghased on a Hill coeient comparison.
residue in these peptides most strongly interacts with theBecause here we mainly focused at comp#&gnglpes
positively charged His residue rather than the terminal chargbstween experiment and constant pH MD and because only
The larger K, shift in the case of GEAHG indicates an these are robust for drent atoms in the NMR experiments,
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Figure 5.Subspace analysis of atomic trajectories obtained in regular and constant pH MD. In each graph is depicted the sdespace of a di
pentapeptide. Projection of the atomic trajectories obtained in constant pH MD (black) and regular MD (rest)aomdthecond eigenvectors

of a covariance matrix generated from the regular MD trajectories are shown in the lower left panel in each graph. The probability distribution
the projections along thest and the second eigenvectors are depicted on the upper left and lower right panel of the graphs, respectively.

resolving this experimental uncertainty of the Hilloiet is projections of the two simulation sets on tis¢ and the
outside the scope of this paper. second eigenvectors of the covariance matrix generated from

In the current constant pH MD implementation, we the regular MD trajectories. The regular MD probabilities of
approximate the description of the carboxyl group with thretae di erent protonation forms along the vectors were
protonation states, thus excluding the high efiergy weighted such that they matched the probabilities of the
orientation of the carboxyl hydrogen atoms. However, in thespective forms observed in constant pH MD. The projection
case of the peptide systems studied in this work, due to the lalstributions overlap reasonably well for all peptides, showing
reorientation barrier of the carboxyl group (being exposed o arti cial states arising in Cartesian space due to noninteger
solution) and the high energy of thati~ conformation, itis  charges. The dirent heights of the maxima and minima in
very unlikely that a structure would appear which can bie two cases do notext the protonation behavior of the
realized only via adopting the high energy hydrogepeptides, because no correlation was found between the
conformation rather than via reorientation. Therefore, we dagreement of experimental and theoretical protonation
not believe that the approximation biases the calcufgted pestimation and the phase space overlap in regular and in
values. constant pH MD.

Our constant pH MD approach uses a continuous Another consequence of using the continuous reaction
protonation reaction coordinate. As a result, the titratedoordinate is that the average charges of the interv@ls
compounds spend a certain fraction of time in states wittind > 0.5 do not have integer values of 0 and 1, respectively.
noninteger charges. To estimate to what extent these parfla address this issue, we performed two sets of titrations: in
charges bias the Cartesian ensemble during titration, whe rst training set, the distributions of thgarticle in both
compared the phase space overlap of the peptide systdamtsrvals were estimated, and in the second, productive set the
sampled in regular and constant pH MD. For that purpose, wedistributions from therst set were used to obtain new
used regular MD trajectories concatenated to include dliasing potential minima to ensure chargescsigtly closer
possible protonation forms of the two residues in each peptitie integer values in the two protonation intervals. The root-
and the analogous constant pH MD trajectories concatenatatkan-square deviations (RMSD) of the avefeqye 0 and 1
for all pH values-igure 5shows the peptide heavy atom in both protonation intervals improve from 0.045 and 0.047 in
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the initial titration set to 0.026 and 0.028 in the productive sethe test peptides shows, however, that intended by
respectively. It must be noted that, due to the large pH rang®nstruction our implementation preserves integer charges
spanned in the titrations and the fact that the largest deviatiafithe protonation forms to a large extent, and that the fraction
from integer values occurs only in simulations in which the pbf unphysical partially charged states is small enough to leave
is close to thelfy of the residue, the noncorrected values dothe resulting Boltzmann ensemble of peptide structures largely
not signicantly dier from 0 and 1. Even without taking this una ected. In particular, our test simulations have shown that
fact into account, the RMSD values suggest that the integ@e Boltzmann ensemble generated from the constant pH
charge preservation procedure introduced in the current wogknylations can be debed by a properly weighted
is e ective. Additionally it is computationally inexpensive, afperposition of conventional fore#d simulations with
only very little computational cost. _ xed protonation states.

The eect of the above-mentioned correction on the |, symmary, the good agreement between experiment and
calculqted 1 values is _smaII: The Iarges'ge[hncg IS 0.'1 simulation suggests that our continuous-coordinate constant
pK, units (improvement in the corrected simulations) in the, .+ vio simulation approach provides a more accurate

ggzgsofhg'g:gzgg C;Irue (\)/\]:ittr:ﬁ gg’?s%?alpgﬁgfeNg]ngngltehses escription of biomolecular electrostatics and energetics than
: xed charge simulations, also and in particular for large

we use thelf, values only as an assessment of how well oyr. lecul t Further. it all ; : trol of
constant pH MD approach reproduces the electrostatics of tﬁf—:‘gmo ecu’ar systems. Further, it alows for precise control o
system. The main goal of our method is to generate accurd! pH which otherwise would not be possible.

Cartesian ensembles, while at the same time it allows dynamic

protonation of titratable residues. So even ikegtues are ASSOCIATED CONTENT

accurate without correction, we would still like to reproduce Supporting Information

the structural ensemble generated with charges as close to

ohysical state as possible fﬂ% Supporting Information is available free of charge at

https://pubs.acs.org/doi/10.1021/acs.jctc.9b01232

4. CONCLUSIONS Peptide K, values and Hill coients calculated from
The accurate description of protonation states in atomistic ~ the chemical shifts of the &d H, atoms for Glu and
simulations of biological macromolecules is crucial for a  His, respectively°DF)

guantitative understanding of many of their key properties,

particularly electrostatically driven processes. Here we have

assessed how accurately our recently developed constant pHAUTHOR INFORMATION

MD simulation method reproduces experimentally determine .
protonation states. To this aim, we used constant pH M orresponding Author ) ) .
simulation to predictiy values of titratable residues in four ~Heélmut Grubmller ~Max-Planck-Institut fur Biophysikalische
challenging test peptides with electrostatically coupled Chemie, Theoretlcalland computational biophysics, Gottingen
titratable groups and subsequently compared these with the 37077, Germanyprcid.org/0000-0002-3270-3144
respectivefy values measured by NMR in a doubly blinded ~ Emaithgrubmu@gwdg.de

manner. Authors

Indeed, the predictedKp values deviated from the Flamen Dobrev Max-Planck-Institut fur Biophysikalische

measured ones by less than 0.25 units, underscoring the hig Chemie. Th ical and ional biobhvsics. Gorti
accuracy of the constant pH simulations. In all cases, the 37oe7n;le&3erric;;quﬁ:i(?r(])rgcl:ggno%%aotgzn.izglgﬂ9y4s5lcs’ otiingen
direction of the obtaine&Kpshifts from the reference values Sahithyé Phani Bébu VemulapalMax Planck Institute for

agrees within statistical error in both experiment and _ . : .
theoretical calculation. This agreement suggests that our BiOPhysical Chemistry, NMR-based Structural Biology,
Gottingen 37077, Germany

constant pH MD approach can realistically reproduce the _ . : . . .
P PP Isiica’y reproau Nilamoni Nath Max Planck Institute for Biophysical

positive or negative contributions froneint residues to the . . X
deprotonation free energy of titratable amino acids also in Chemistry, NMR-based Structural Biology, Gottingen 37077,
larger biomolecular systems. Germany; Gauhati University, Department of Chemistry,
Less good agreement between NMR and our simulations Guwahati 781014, Assam, India . .
Christian Griesinger Max Planck Institute for Biophysical

was seen for the Hill coelents, which, however, can be
: - ' f ' : Chemistry, NMR-based Structural Biology, Gottingen 37077,
explained by limited accuracy of the NMR values. In particular, Germanys orcid.org/0000-0002-1266-4344

the chemical shift of tifprobe atorhused to measure the
protonation state of the titratable groups seems to be al€pmplete contact information is available at:

a ected by other electrostatic interactions to nearby groups, lsigps://pubs.acs.org/10.1021/acs.jctc.9b01232

evidenced by the observation that the measured Hitieoe

changes when drent“probe atonisare used by an amount Notes

equal to or even larger than the observed discrepancy betwaeje authors declare no competingncial interest.

experiment and simulation. In all cases, the meayred p

values rem_ained .robust._ We therefo_re do not think that these ACKNOWLEDGMENTS

discrepancies point to simulation artifacts.

One possible additional concern is the use of a continuoddie work was supported by the Max Planck Society. Help by
protonation coordinate, which can give rise to unphysicdberena Donnini with the implementation of the double well
partially protonated states. Analysis of the charge distributibfasing potential in the constant pH MD module is gratefully
on the titratable sites in our constant pH MD simulations oficknowledged.

2568 https://dx.doi.org/10.1021/acs.jctc.9b01232
J. Chem. Theory Comp@020, 16, 25612569


https://pubs.acs.org/doi/10.1021/acs.jctc.9b01232?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b01232/suppl_file/ct9b01232_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Helmut+Grubmu%CC%88ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3270-3144
mailto:hgrubmu@gwdg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Plamen+Dobrev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4235-4945
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sahithya+Phani+Babu+Vemulapalli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nilamoni+Nath"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Griesinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1266-4344
https://pubs.acs.org/doi/10.1021/acs.jctc.9b01232?ref=pdf
pubs.acs.org/JCTC?ref=pdf
https://dx.doi.org/10.1021/acs.jctc.9b01232?ref=pdf

Journal of Chemical Theory and Computation pubs.acs.org/JCTC

REFERENCES (22) Hornak, V.; Abel, R.; Okur, A.; Strockbine, B.; Roitberg, A.;

) . immerling, C. Comparison of Multiple Force Fields and Develop-
(1) Lee, M. S.; Salsbury, F. R., Jr.; Brooks, C. L., 3rd. Constant-giln ot 1mproved Protein Backbone Paraméteseins: Struct.,

Molecular Dynamics Using Continuous Titration Coordinates

Proteins: Struct., Funct., G20@4, 56, 738 752. Funct, Genenog 65 712 725. . Lo
(2) Khandogin, J.; Brooks, C. L., 3rd. Constant pH Molecular (23) Sorin, E.; Pande, V. Exploring the Helix-Coil Transition via All
Dynamics with ll—’rot’on Tauto’meriﬁh’)phys. 2005 89 (1), 141 2‘2%2 Equilibrium Ensemble Simulati@isphys. 2005 88 2472

57. (24) DePaul, A.; Thompson, E.; Patel, S.; Haldeman, K.; Sorin, E.

p(K3) ggl?;?;rl]ast?cr:n;—w Sf?rll-jsfglrcn\]a r%als;’pll?éifg)ct)?vlﬁtin&iggggﬂmei”E‘quilibrium Conformational Dynamics in an RNA Tetraloop from
a : Massively Parallel Mol lar DynarMusleic Acids R261
Chem. S02004 126 4167 4180. Y %séslxgg%. arallel Molecular Dynamiuasleic Acids R281Q 38,

8
D(4) Mongan, é Caslg, ?j-vBMCC?m”FO.”'é]' lfl:;rrgtam pHcl\il]oIecular(25) Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Missing
ynamics in Generalized Born Implicit So omput. Chem. e in Effective Pair Potentials.Phys. Chet®87, 91, 6269
2004 25, 2038 2048. 271.
(5) Mertz, J. E.; Pettitt, B. M. Molecular Dynamics at a constant p ‘(26) Feenstra, K.; Hess, B.; Berendsen, H. Improving Efficiency of

Int. J. Supercomput. Appl. High Perforh9g4@, 47 53. Lar ; h ; : .
A j ) ge Time-Scale Molecular Dynamics Simulations of Hydrogen-Rich
(6) Donnini, S.; Tegeler, F.; Groenhof, G.; Grilemtd. Constant SystemJ. Comput. Che899 20, 786 798.

pH Molecular Dynamics in Explicit Solvent witynamicsl. Chem. (27) Hess, B.; Bekker, H.; Berendsen, H. J. C.; Fraaije, J. G. E. M.

Theory Compu011, 7, 1962 1978. LINCS: A Linear Constraint Solver for Molecular Simulatlons
(7) Donnini, S.; Ullmann, T.; Groenhof, G.; GrulbenuH. Charge- Comput. Chert997, 18 1463 1172.

Neutral Constant pH Molecular Dynamics Simulations Using a(28) Mi . . ; ;
X X yamoto, S.; Kollman, P. SETTLE: An Analytical Version of
ngmlggfus Proton buffér.Chem. Theory CompoL§ 12 (3), the SHAKE and RATTLE Algorithm for Rigid Water Models.
: Comput. Cherhi992 13 952 962.

(8) Dobrev, P.; Donnini, S.; Groenhof, G.; GrdlemH. Accurate . . : -
Three State Model for Amino Acids with two Chemically cOup|ecé§22,r'::§§f”,§r;sﬁm§,§gfIgL%gangz '\ggtShCZ)gSf?r Smulations In the

Titrating Sites in Explicit Solvent Atomistic Constant pH Simulations(so) Hoover. W. G. Canonical D . PP

) , W. G. ynamics: Equilibrium Phase-Space
a'jqd Fﬁa Ca'cu'f;“_orgﬂ]- Chevrvn-_ T\t‘ve?lry CO’FmAl? 1s3h 147 J150A-” Ao DiStributionsPhys. Rev. A: At., Mol., Opt. B89S.31, 1695 1697.
C(o%tiangSsg’COHstantegH M.cy)lecaaerlclg'ynémiclé witﬁnlsariicle 'Mg;”}é@l) Parrinello, M.; Rahman, A. Polymorphic Transitions in Single
Ewald and Titratable Watek. Chem. Theory Compotg 12, 7{)éséta7li9€ New Molecular Dynamics Methodippl. PhyEo81, 52
5411 5421. s .

. 32) Nose S.; Klein, M. L. Constant Pressure Molecular Dynamics

(10) Goh, G. B.; Knight, J. L.; Brooks, C. L., 3rd. Constant pr(r I\Blolecular Systemdol. Phys1983 50, 1055 1076. Y
Molecular Dynamics Simulations of Nucleic Acids in Explicit Solven 33) Darden, T.: York, D.; Pedersen, L. Particle Mesh Ewald: An N

J. Chem. Theory Compdi2 8 (1), 36 46. o :
) : ) g(N) Method for Ewald Sums in Large Systdm&hem. Phys.
(11) Goh, G. B.; Hulbert, B. S.; Zhou, H.; Brooks, C. L., 3rd. 993 98 10089 10092.

Constant pH Molecular Dynamics of Proteins in Explicit Solvent wit (34) Essmann, U.; Perera, L.; Berkowitz, M.; Darden, T.: Lee, H.;

Té%tfn Tautomerisriroteins: Struct., Funct., G082, 1319 Pedersen, L. A Smooth Particle Mesh Ewald MéthGdem. Phys.
12) Lee, J.; Miller, B. T.; Damjanovic, A.; Brooks, B. R. C 1999 103 8577 8592.

(12) ele, i mer, b. 1., .amjan:.)v.lc, y roo S',h' ' ?”S.tam(SS) Andersen, H. C. Molecular Dynamics Simulations at Constant

pH Molecular Dynamics in Explicit Solvent with Envelopingp eqqre and/or TemperatuteChem. Phy€8Q 72, 2384 2393,

Distribution Sampling and Hamiltonian Exchahgéhem. Theory (36) Tanokura, M*H-NMR Study on the Tautomerism of the

Comput2014 10, 2738 2750. Imidazole Rin s . h
o . . L R g of HistidinBiochim. Biophys. Acta, Protein Struct.
(13) Radak, B. K.; Chipot, C.; Suh, D.; Jo, S.; Jiang, W.; Phillips, ol. Enzymal983 742 (3), 576 585.

C.'; Schulten, K.; ROl.JX’ B. Constant-pH Molecular Dynamics(37) Glasoe, P.; Long, F. Use of Glass Electrodes to Measure
Simulations for Large Biomolecular Sysfefiiem. Theory Comput. Acidities in Deuterium Oxide. Phys. Cheb®6q 64, 188 190

201147' 1gh5933Y594I§. B. C H Hvbrid N ilibri (38) Palmer, A., lll; Cavanagh, J.; Wright, P.; Rance, M. Sensitivity
(14) en, Y., Roux, B. Constant-p ybri onequil rlumImprovement in Proton-Detected Two-Dimensional Heteronuclear
Molecular Dynamics-Monte Carlo Simulation MetdodChem. Correlation NMR SpectroscopyMagn. Resd891, 93 151 170.

Theory Compw2015 11, 3919 3931. (39) Ka . - . : : .
- . . . . y, L.; Keifer, P.; Saarinen, T. Pure Absorption Gradient
S(tg?éssz:tegl(’)ngt-amogg-lcgﬁrerr?ln;lrjllgigg 1V;'éh 12;/2;'?2'6 Protonationgnanced Heteronuclear Single Quantum Correlation Spectroscopy

(16) Baptista, A. M.; Teixeira, V. H.; Soares, C. M. Constant-p (l)tlgGISrﬁproved Sensitiviy. Am. Chem. Sa892 114 10663

Molecular Dynamics Using Stochastic Titralicdhem. Phg€02 (40) Schleucher, J.; Schwendinger, M.; Sattler, M.; Schmidt, P.:

117 4184 4200. Schedletzky, O.; Glaser, S.; Sgrensen, O.; Griesinger, C. A General
L e A . . #hhancement Scheme in Heteronuclear Multidimensional NMR
Dynamics in Explicit Solvent with pH-Based Replica EXChange'Employing Pulsed Field Gradieht&iomol. NME294 4, 301 306.
C(gggngvzgﬁgﬁ Cliﬂom%lg’ 661;02”%%?9 A. E. Constant pH Replic,Q(A'l) Markley, J. Observation of Histidine Residues in Proteins by
Exchange I\}Iolecuilar Di/namic’s in Explicit Solvent Using Discre{,%l;cé%ar Magnetic Resonance SpectroskopyChem. Re875 8,

Protonation States: Implementation, Testing, and Valida@em. . . . .
Theory Compl014 10, 1341 1352. (42) Dames, S.; Kammerer, R.; Moskau, D.; Engel, J.; Alexandrescu,

for Molecular Simulation and Trajectory Analy$iol. Mode€l001

7, 306 317. 446 75 80.
(20) Berendsen, H. J. C.; van der Spoel, D.; van Drunen, R.
GROMACS: A Message-PassingalRh Molecular Dynamics
ImplementationComput. Phys. Comni@85 91, 43 56.

(21) van der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark,

A.; Berendsen, H. GROMACS: fast, flexible, and]fr&mput.

Chem2005 26, 1701 1718.

2569 https://dx.doi.org/10.1021/acs.jctc.9b01232
J. Chem. Theory Comp@020, 16, 25612569


https://dx.doi.org/10.1002/prot.20128
https://dx.doi.org/10.1002/prot.20128
https://dx.doi.org/10.1529/biophysj.105.061341
https://dx.doi.org/10.1529/biophysj.105.061341
https://dx.doi.org/10.1021/ja039788m
https://dx.doi.org/10.1021/ja039788m
https://dx.doi.org/10.1002/jcc.20139
https://dx.doi.org/10.1002/jcc.20139
https://dx.doi.org/10.1177/109434209400800106
https://dx.doi.org/10.1021/ct200061r
https://dx.doi.org/10.1021/ct200061r
https://dx.doi.org/10.1021/acs.jctc.5b01160
https://dx.doi.org/10.1021/acs.jctc.5b01160
https://dx.doi.org/10.1021/acs.jctc.5b01160
https://dx.doi.org/10.1021/acs.jctc.6b00807
https://dx.doi.org/10.1021/acs.jctc.6b00807
https://dx.doi.org/10.1021/acs.jctc.6b00807
https://dx.doi.org/10.1021/acs.jctc.6b00807
https://dx.doi.org/10.1021/acs.jctc.6b00552
https://dx.doi.org/10.1021/acs.jctc.6b00552
https://dx.doi.org/10.1021/acs.jctc.6b00552
https://dx.doi.org/10.1021/ct2006314
https://dx.doi.org/10.1021/ct2006314
https://dx.doi.org/10.1002/prot.24499
https://dx.doi.org/10.1002/prot.24499
https://dx.doi.org/10.1021/ct500175m
https://dx.doi.org/10.1021/ct500175m
https://dx.doi.org/10.1021/ct500175m
https://dx.doi.org/10.1021/acs.jctc.7b00875

