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Aim. In this work we developed a novel technique of obtaining the spectrum of conformational relaxations in a
solvated protein using non-equilibrium molecular dynamics simulation. Methods. Structural relaxations in the
protein are initiated by the abrupt jump of pressure in the NPT simulations. The change of the protein volume af-
ter the jump is monitored and the Maximum Entropy Method is used for spectral decomposition of the volume re-
laxation curve. The human serum albumin (HSA) is used as a test case. Results. The obtained relaxation spectrum
of HSA contains one component attributed to the bulk water and five components caused by the relaxations of the
protein globule and its hydration shell. All relaxation components are in good agreement with the available ex-
perimental data obtained by the time-resolved spectroscopy and the broadband acoustic spectroscopy of HSA.
Conclusions. The developed technique allows obtaining spectra of conformational relaxations of soluble proteins
in a range of time scales from ~0.1 ps to ~50 ns utilizing single non-equilibrium molecular dynamics simulation.

Keywords: protein relaxations, molecular dynamics, maximum entropy method, pressure jump, HSA.

Introduction. It is well known that the dynamics of pro-
tein globules extents from femtoseconds to seconds and
even minutes [1]. It is not surprising that none of exist-
ing experimental techniques is able to study the whole
spectrum of motions in proteins. Various time-resolved
spectroscopic methods could detect motions at the pico-
seconds to nanoseconds time scale [2]. Other techniqu-
es, such as broadband acoustic spectroscopy, can cover
characteristic times from nanoseconds to microseconds
and larger [3]. The majority of available experimental
techniques are based on measuring relaxations in protein
globules initiated by various factors, such as excitation
of the chromophore in optical spectroscopy or local chan-
ges of pressure in acoustic measurements. Although ve-
ry different stimuli may trigger relaxation in the system
the general picture of the protein dynamics remains mo-
stly consistent in different experimental techniques.
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Spatial resolution of optical spectroscopy is limited by
the position of chromophore, while acoustic spectrosco-
py is a completely integral method, which is unable to
focus on particular parts of protein structure. Thus, rela-
xation components are quite hard to attribute to particu-
lar conformational changes in the protein globules.
Molecular Dynamics (MD) simulations are now
con sidered as an important complementary method,
which allows interpreting experimental data in terms
of detailed atomistic model and mapping them into the
protein structure [4]. MD is particularly successful in re-
producing the data of time-resolved spectroscopy by
computing equilibrium fluctuations of atoms in the vici-
nity of chromophores [5-7]. To our knowledge no at-
tempt was made to obtain the general spectrum of struc-
tural relaxations of a whole solvated protein in MD si-
mulations. Such spectrum would provide a global over-
view of protein dynamics at very different time scales
and could be compared with the results of integral tech-
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niques, such as acoustic spectroscopy. The origin of re-
laxation components could be determined later and map-
ped to particular conformational changes in the globule.

The goal of this work is developing a technique for
obtaining the spectrum of conformational relaxations
of awhole protein globule in the wide range of time sca-
les in MD simulations. Instead of computing the equili-
brium fluctuations of atoms and deducing relaxation ti-
mes from them we put the whole system into highly non-
equilibrium conditions and record relaxations directly.

The Human Serum Albumin (HSA) was used as a
test protein. Relaxation dynamics of this protein is stu-
died by various experimental techniques such as broad-
band acoustic spectroscopy [8, 9] and time-resolved op-
tical spectroscopy [10-13]. This makes it an ideal test
object for our technique.

The major goal of this study is developing a consis-
tent methodology of detecting volume relaxations in
MD simulations rather then detailed study of a particu-
lar protein.

Materials and methods. Molecular dynamics si-
mulations. Simulation setup. All MD simu-
lations were performed with the GROMACS suit of pro-
grams (versions 4.0.2 and 4.5.1) [14, 15]. The GRO-
MOS force fields G53A6 was used [17]. The long-ran-
ge electrostatic interactions were computed using the
fourth-order PME method with a Fourier spacing of
0.15 nm. The cut-offs of 1.4 nm and 1.0 nm were used
for the short-range Coulomb and the Lennard-Jones in-
teractions respectively. Bond lengths within the protein
were constrained using the LINCS algorithm [18]. The
water molecules were constrained using SETTLE [19].
The usage of heavy hydrogens [20] allowed the time

b 12D (B) in the course of equilibration
Equilibration time, ns MD run

100
step of 4 fs in all simulations. Initial structure of the hu-
man serum albumin was extracted from the PDB entry
1A06:A.

The protein was solvated by 23504 SPC water mo-
lecules [21] in rectangular periodic box. Necessary num-
ber of the counter ions was added to neutralize the sys-
tem. The protein and the water with counter ions were
coupled to independent heat bathes at 300 K using v-re-
scale thermostat with a coupling constant oft, = 0.1 ps.
Berendsen barostat with a coupling constant oft ;=1.0 ps
was used for isotropic pressure coupling.

Equilibration. Initial equilibration of the sys-
tem at pressure of 1 atm was monitored by the C, RMSD
of the protein relative to the starting frame and the se-
condary structure content. Fig. 1 shows that equilibrati-
on takes about 100 ns before both parameters could be
considered fluctuating around settled equilibrium values.

Pressure jump setup. Inorder to initiate re-
laxations in the system the reference pressure of the ba-
rostat t , was changed abruptly and the simulation was
continued with the coordinates and velocities of the
atoms, which were recorded before the jump. After that
the simulation continues at new pressure and the volu-
me of the simulation box relaxes to new equilibrium va-
lue. The relaxation of the volume of the protein globule
dominates this process because the water is rather in-
compressible and relaxes quickly. Thus, analyzing the
relaxation of the box volume one could extract infor-
mation about the relaxation of the protein globule. The
individual exponential components of this relaxation
will correspond to particular structural rearrangements
in the protein globule. This technique is related to the well
known fluctuation-dissipation theorem [22].
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In order to make the relaxation detectable we increa-
sed the pressure from 1 atm to 10000 atm in MD. This
does not lead to any significant changes in the secon-
dary structure content, which convinces us that the pro-
tein is not unnaturally distorted by the pressure jump.

Productionsimulations.Inordertoresolve
relaxation components, which are scattered in time over
several orders of magnitude, the coordinates were sa-
ved with increasing intervals. For the interval from 0 to
1 ps the coordinates were saved each 0.002 ps. For the
times from 1 ps to 10 ps each 0.02 ps. For the times from
10 ps to 100 ps 0.2 ps, etc. The longest part of trajec-
tory from 100 ns to 175 ns was saved each 800 ps. Such
setup provided enough data points for all covered time
scales. The volume of the simulation box was compu-
ted for each saved frame.

Pure water reference. Inordertodistinguish
the relaxation of the protein globule from the response of
bulk water the reference simulations of pure SPC water
were performed. The same number of water molecules
presenting in the system with solvated protein (23504)
was placed into the cubic box and simulated using the
same protocol with the pressure jump for 10 ns.

The maximum entropy method. The major problem
in the analysis of volume relaxations is decomposition
of relaxation curves into exponential components. One
of the most successful techniques of such decompo-
sition is the Maximum Entropy Method (MEM) [23,
24]. MEM is widely used in such areas as time-resolved
spectroscopy [24, 25], neutron scattering [26] and ima-
ge processing in astronomy [27] and tomography [28].
In this work we provide the first application of MEM to
the analysis of volume relaxations in proteins.

Let us consider the abstract problem of fitting de-
caying curve G(x) by exponential spectral components
exp(-th): i
Gy, (1) = () exp(- t/t)dt, (1)

© min
where A(t) is a continuous spectrum of experimental sig-
nal, which should be found, t is the relaxation time. In
practice both the signal and the spectrum are discrete, thus

8
Gu(t)=a A exp(-t /1t )30t |, 2)

j=1

where N is the number of discrete spectral components
used to approximate the real continuous spectrum. In
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order to find the weights of spectral components A, one
should minimize the deviation between the real signal
and its approximation given by (2) in respect to A. This
could be achieved by minimizing c¢? function:

g (G(ti)' Gfit(ti))z _

minc “(A) =min A o(t)

2
9

gﬁ(ti)- gA‘ exp(-t, /1t )xDt
e j=1 ! ! Jﬂ (3)

. ¥
=min
a G(t)
where M is the number of experimental points in the
signal.

Itis well known that such multidimensional optimi-
zation problems are ill-posed [23, 25]. This means that
there are many possible solutions, which provide the sa-
me accuracy in terms of the mean square deviation from
given experimental curve. We follow simplified formu-
lation of MEM of Steinbach et al. [25], which allows
solving such ill-posed problem. An auxiliary functio-
nal Q is composed as

Q=S(A) - Lc’(A), (4)

where S(A) is the Shannon-Jaynes entropy, L is un-
known Lagrange multiplier. The S(A) reads

y ¢ 2ep U
S(A=a €A -A°-A, |ngflojg, (5)
=g A dl

where A is the initial guess for A. It is possible to prove
that maximization of the functional (5) produces a uni-
que solution of initial optimization problem [23, 25].
According to (4) S is maximized under the constraint
imposed by the ¢? of real signal G and its approxima
tion G,,. Such maximization ensures that the resulting
set of values A, possesses minimal information content
among all sets, which are able to approximate the signal
G with given accuracy. In the other words the solution
is free from spurious correlations and the distribu tion
of values in A, is as smooth as possible [23, 25].

The following algorithm was used to maximize the
functional (4):

1) uniform values are assigned to initial guess s 3;

2) initial value of L is chosen;

3) functional (4) is maximized using simple sequen-
tial unconditional optimization until the difference in
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Fig. 3. The spectrum of relaxation times obtained by MEM from the volu-
me relaxation curve of pure water. Positions of the peak maxima are shown

the values of Q between two subsequent steps (toleran-
ce) drops below given criterion;

4) L is increased,;

5) go to step 3 until ¢ drops below given value.

Custom MEM(fit software (http://members.multima
nia.co.uk.memfit/) was used to perform MEM compu-
tations. Detailed information about this software is avai-
lable by request. Fitting of the relaxation curve of pure
water was performed using N = 200, while fitting of the
curve of solvated protein was performing with N = 400.

Results and discussion. Volume relaxation curves.
The evolution of the periodic box volume after the pres-
sure jump in MD simulations of solvated protein is
shown in Fig. 2. The curve for pure water looks similar
(data not shown). Apparently the curve shape is close to
single exponential, which drops very fast in 0.01-0.1 ps.
However, there are clear departures from a single expo-
nential fit visualized in Fig. 2. It is clear, that this curve
contains both very fast (~0.1 ps) and very slow (~50 ns)
relaxation components.

Relaxations of pure water. Fig. 3 shows the spectrum
of exponential components obtained by MEM from the
volume relaxation curve of the pure water system.
There are three well defined components visible as sharp
peaks. The first peakt, = 0.189 £ 0.12 psis close to the
relaxation time of the v-rescale thermostat used in our
MD simulations (t, = 0.1 ps), while the second peakt , =
=0.592 + 0.26 ps is close to the relaxation time of the
Berendsen barostat (t, = 1 ps). These two peaks are li-
kely to be methodological artifacts. The third peakt, =
=1.588 +0.33 ps is the only one, which could be attribu-
ted to the relaxation of water molecules. It is of the sa-
me order of magnitude as the time of dielectric relaxa-
tion of SPC watert ,,, which varies from 3.5 to 4.1 ps de-
pending on simulation parameters [29].

Relaxations of solvated HSA. Fig. 4 shows the spect-
rum of exponential components obtained from the vo-
lume relaxation curve of solvated HSA protein. This
spectrum is much more complex then for pure water and
contains eight peaks. The first three peakst, = 0.079 £
+0.046 ps,t,=0.521 £0.27 psandt, = 1.504 + 0.66 ps
are essentially the same as observed for pure water in
Fig. 3. t, and t, originate from the thermostat and the
barostat weak coupling algorithms respectively, while
t, is probably caused by the fast relaxation of bulk wa-
ter. Other five peaks are absent in pure water and cor-
respond to much slower relaxations of the protein and
its hydration shell. These peaks aret,=7.53 + 1.52 ps,
t,=86.5+£8.4ps,t,=5459+81ps,t,=3289.4 317 ps
andt, = 49787.6 + 4803 ps.

Comparison with experimental data. We compared
our data with the results of the broadband acoustic spect-
roscopy [8, 9] and optical spectroscopy of the HSA
[10-13]. Four major components were detected in the
acoustic spectra of HSA in various experimental condi-
tions [9]. The shortest relaxation time of 200-600 ps
may reflect the motions of small flexible segments on
the globule surface. Our relaxation timet , falls into this
region. The second experimental relaxation time is of
order of 1-3 ns, which is close to our componentt ,. The
third experimental relaxation time is of order of 40 ns,
which fits to our componentt ; nicely and is usually at-
tributed to cooperative segmental motions of the pro-
tein controlled by pH. The slowest experimental com-
ponent lies in the microsecond region and can not be
reached in our simulations.
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The data of the time-resolved fluorescent spectro-
scopy of HSA revealed several relaxation components,
which are attributed to either motions of the protein in
the vicinity of chromophore or the dynamics of its hyd-
ration shell. The phase-fluorimetry of dielectric relaxa-
tions in HSA revealed two relaxation components in
the regions of 0.4-2.0 ns and 4.9-8.1 ns [10], which cor-
respond to our components t, and t,. Time-resolved
spectroscopy of the single tryptophan residue W214 in
HSA revealed relaxation times of 25-100 ps [13]. Re-
laxations of the surface hydration shell assisted by fluc-
tuations of the protein is estimated to occur at the time
scale of 100-150 ps in several proteins including HSA
[12]. These relaxations correspond qualitatively to our
componentt .

The component t, could be related to fast compo-
nents of hydration dynamics, which occur at 3— 5 ps
time scale [12]. Relaxation times of 5.6 ns and 41 ns
were reported in other time-resolved fluorescence stu-
dies of W214 in HSA [11], which agrees reasonably well
with the componentst, andt,.

Studies of the protein relaxations in MD simulations
are usually limited to computing equilibrium fluctua-
tions. This technique is not suitable for determining the
whole spectrum of relaxations, which occur in the pro-
tein globule after some global stress. In this case the di-
rect observation of non-equilibrium relaxations is prefe-
rable because it provides the whole spectrum of relaxa-
tions present in the single MD trajectory. Such global
overview of protein relaxations is useful for general
understanding the protein dynamics and could be com-
pared directly with experimental data.
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The necessary prerequisite for the direct observa-
tion of relaxations in MD is robust and reliable techni-
que of spectral decomposition of obtained decay curves.
We utilized the Maximum Entropy Method, which se-
lects the most plausible solution of decomposition prob-
lem with minimal information content.

Another prerequisite is a sufficient amount of data
points for all time scales on the relaxation curves. We
solved this problem by using variable sampling inter-
vals increasing with an increase of time.

Finally, the last prerequisite is an adequate initial
stress, which triggers relaxations in the system. The jump
of pressure is a good candidate for such stimulus be-
cause it acts globally on all atoms in the system and ini-
tiates the whole range of relaxations with very different
time scales.

Comparison of volume relaxations occurring in our
MD simulations with the data of various experimental
techniques is only possible on the semi-quantitative le-
vel. We managed to attribute six relaxation components
to either experimentally observed relaxations in HSA or
to the relaxation of bulk water. The nature of all obser-
ved relaxation components is summarized in Table.

Componentst, andt, are attributed to the motions
with overlapping time scales, but there is no ambiguity
because the componentt, is not observed in pure water
and thus clearly corresponds to hydration dynamics of
the protein. Despite quite uncertain semi-quantitative
nature of the acoustic data for HSA [8, 9] we managed
to map three relaxation timest .t , to experimental re-
laxation components in this technique. In general, it is
remarkable that all relaxation components found in our
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The summary of observed relaxation components in solvated HSA simulations and their relation to experimental results

Relaxation component in

Corresponding relaxation

Description of relaxation

MD times in other techniques
1 0.079 £ 0.046 ps 0.1 ps Coupling time of v-rescale thermostat in MD
2 0.521 £ 0.27 ps 1.0 ps Coupling time of Berendsen barostat in MD
3 1.504 + 0.66 ps 3.5-4.1ps Dielectric relaxation time t,, of bulk SPC water in MD [29]
4 7.53 +1.52 ps 3-5ps Fast vibrations and rotations of water molecules near the protein surface [12]
5 86.5 + 8.4 ps 25-100 ps Slow hydration dynamics of the protein surface assisted by the fluctuations of
protein [12, 13]
6 545.9 £ 81 ps 400 ps—2.0 ns Dielectric relaxation revealed by time-resolved phase-fluorimetry [10]
200-600 ps Concentration-dependent relaxation in acoustic spectra. Probably motions of
small flexible segments on the surface of the globule [9]
7 3.289 +0.317 ns 4.9-8.1ns Dielectric relaxation revealed by time-resolved phase-fluorimetry [10]
1-3 ns Concentratio_n—independent relaxation in acoustic s_pectra. Probab_ly side-
group rotations coupled to the changes of hydration water density [9]
5.6 ns Time-resolved fluorescence of W214 [11]
8 49.787 £ 4.8 ns 40 ns Observed in acoustic spectra. Cooperative segmental motions of the protein
chain, controlled by pH [9]
41 ns Time-resolved fluorescence of W214 [11]

simulations agree with the experimental data reasonab-
ly well.

To our knowledge the relaxation times of order
~50 ns were never detected before in MD studies. The
sensitivity of our technique allows detecting even
slower relaxations providing that MD trajectory is long
enough.

Conclusions. The protocol of MD simulations, which
allows obtaining the spectrum of conformational rela-
xations in the solvated protein at the time scales from
~0.1 ps to ~50 ns using a single simulation, is deve-
loped. The method utilized an abrupt pressure jump to
create non-equilibrium stress in the system and uses
MEM fitting of the volume relaxation curve to extract in-
dividual relaxation components.

The structural relaxations of HSA, obtained by dif-
ferent experimental techniques, are reproduced with go-
od accuracy in our protocol.
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C. O. Ecunescbkuit, T. O. MNywa

Bur3HaueHHs KOH(opMaLiiH/X penakcauii CpoBaTKOBOrO
anbOyMiHy NHOANHM METOAOM MONEKYNAPHOT AVHAMIKM
3i CTpMBKaMu TUCKY

Pestome

MeTa. Po3pobKa MeTOVKM, LU0 [03BONSE OTPUMYBATW CNEKTPU KOH-
thopmaLliiHux penakcauiil conbBaTOBAHOrO Ginka MeTOLOM HepiBHO-
BaXKHOT MOEKYNAPHOT AnHaMmikn. MeToan. CTPYKTYpHY penakcayito
6inka iHiLitoBaN Pi3KOK 3MIHOK TUCKY Y npoLeci pospaxyHKy B NPT-
aHcamb6ni. MpoBefeHo CreKTpasibHY 4EKOMMNO3MLi0 KPUBOT 3MiHWN 00’€-
My 6inka nicna cTpubKa TUCKY METOL0M MaKCcUMabHOT eHTponii. Pe-
3ynbTaTun. Ofep>KaHuil CnekTp penakcauin MicTUTb 0AWH KOMMO-
HEHT, L0 HaNEeXXNTb [0 YUCTOT BOAY, | N’ATb KOMMOHEHTIB, BijHece-
HUX [0 6inka Ta iloro rigpaTHoi 06010HKKN. KoHdopMmaLlii BCix Kommno-
HEHTIB BI4NOBILAIOTb CTPYKTYypam, OTPUMaHUM MeTOoAamMu OnTwny-
HOT | aKyCTWUYHOT cnekTpockonii. BUcCHOBKK. Po3pobneHa meToguka
[103BO/IIE PO3Pax0ByBATMN CNEKTPU CTPYKTYPHOI penakcayii conbsa-
ToBaHux 6iNkiB y gianasoHi yacis Big ~0,1 nc 4o ~50 HC 3 0AHiET Tpaek-
TOpii, 04ep>KaHoi MeTO0LOM HepiBHOBa>KHOI MOEKYIAPHOT ANHAMIKM.

KntouoBi cnosa: penakcalis 6inka, MonekynspHa AuHamika, MeToj,
MaKcUMaNbHOT eHTponii, CTPUOKN TUCKY, CUPOBATKOBUIA anbbyMiH
NHOANHN.

C. A. Ecunescknid, T. O. T'ywa

OnpefeneHne KOHPOPMALMOHHBIX Pefakcauii CbIBOPOTOUHOTO
anbBbyMMHa Yen0BeKa METOA0M MOJEKY/IIPHOM ANHAMUKM CO
cKaukamu fjaBnieHus

Pestome

Llenb. PaspaboTka HOBOI MeTOAMKN NONYYeHNs CNeKTpa KoHhopma-
LIMOHHBIX penakcaliuii conbBaTMPOBAHHOTO Genka MeTO/OM HepaBHO-
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BECHOI MONeKyNApHoi AnHaMmukn. MeTogbl. CTPYKTYPHYHO penakca-
LMo 6enKa MHULMMPOBaUIN PE3KUM U3MEHEHNEM [aBNeHNs B npolecce
pacyeTa B NPT-aHcambre. MpoBeeHa cnekTpasibHas LeKoMNo3nLus
KpuBOIi U3MeHeHMs 06bema 6enka nocne ckavka faeneHus MeTOoA0M
MaKCUManbHO 3HTponuu. B kauecTBe TeCTOBOro 06beKTa UCMONb-
30BaH CbIBOPOTOYHBIA anbOyMuH Yenoseka. PesynbTaThbl. [Monyyen-
Hblli CNeKTP penakcauunii Coaep>KUT OAUH KOMMOHEH T, NpuHaane>ka-
LW YNCTOM BOZE, M NATb KOMNOHEHT 0B, 0 THOCALLMXCS K 6eNKy 1 ero
rngpaTHoi 06onouke. KoHhopmaLyy BCex KOMMNOHEHTOB COOTBET-
CTBYIOT TaKOBbIM, NONYYEHHbIM MeTOAAaMI OMTUYECKOW N aKyCTU-
4ecKoi cnekTpockonuu. BbiBoabl. PaspaboTaHHas MeTOo/AMKa N03Bo-
NfeT paccUuTbIBATb CNEKTPbI KOHOPMALMOHHBIX penakcawuii conb-
BaTMPOBaHHbIX 6eNKoB B AnanasoHe BpeMeH oT ~0,1 nc 4o ~50 He n3
e[JIHCTBEHHON TPaeKTOopPUN, BbIYNCNEHHOV MeTOL0M HepaBHOBECHOM
MONEKYNSAPHON AUHAMUKMN.

Kntouesble cnosa: penakcauus 6enka, MonekynapHas AuHamuka,
MeTO/ MaKCMMabHOW 3HTPONUM, CKaUYKM JaBNeHns, CbIBOPOTOUHbINA
anbObyMUH YenoBeka.
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