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Insights into Protein Compressibility from Molecular Dynamics Simulations
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Isothermal compressibility based on molecular dynamics simulations in a normal temperature and pressure
(NTP)—Gibbs ensemble is estimated for five solvated globular proteins (bovine pancreatic trypsin inhibitor,
trypsin, ribonuclease A, HEW lysozyme, aodactalbumin), as well as bulk water, using the TIP3P model.
Protein intrinsic isothermal compressibilities were calculated from molecular total volume fluctuations and
averages using the statistical definition of compressibility. A new and efficient method was developed for
calculating protein total molecular volume based on an atomic van der Waals radius extension algorithm.
The calculated isothermal compressibilities are in good agreement with experimental data (the correlation
coefficient is 0.94). The main source of volume fluctuation is the free volume inside the protein, whereas
variations in overlap of atomic van der Waals volume are less of a factor. Proteins with low packing density
tend to have high compressibility, but packing density alone cannot explain the differences in the compressibility
among globular proteins. A simple approach to assess the contribution to solution compressibility from hydration
waters suggests small differences between hydration and bulk water compressibility. Estimated bulk water
compressibility is in excellent agreement with experimental data. Two criteria for overcoming finite-size
effects in bulk water molecular dynamics simulation are a simulation time longer than 300 ps and a system

size larger than 260 water molecules.

1. Introduction Thermodynamic quantities such as free energy, enthalpy, and
Protein molecular volume in solution is a fluctuating quantit entropy change, as well as compressibility, can be evaluated
94 y experimentally, but specific contributions to these quantities are

ciements, Ioops, and sde chain orientations, and the nteractiorCUlt © separate. The experimental determination of the
of the surface side chains with the solvent. The magnitude of protein compressibility accounts for protein intrinsic compress-

the volume fluctuations as well as the equilibrium value of the ibility, as well as a hydration contribution due to proteinater

: . d . interaction. Both the hydrational contribution to the compress-
molecular volume determine the isothermal compressibility and ibility and the intrinsic comoressibility are thouaht to be less
the effect of pressure on protein structural stabflifySuch Y P Y g

. . . o ) than the compressibility of bulk watét The main difficulty in
dynamical properties of a protein system contain direct informa- o SO .
g determining the intrinsic isothermal compressibility from the
tion® on the nature of forces that govern the structure and

dynamics of the protein molecule, whereas knowledge of the experimentally determined apparent molar adiabatic compress-

mean properties of the systeribbs free energy, enthalpy, ibility is the need to evaluate specific contributions to this

and entropy-is useful for comparing two states of the molecule quantlty, such as the hydrqtlonal compre53|blllty due to the
(e.g., native and denatured) interaction of surface atomic groups with the solvent. The

Isothermal compressibilityr, is defined as the relative possibility that the hydrational contribution to the compressibility
Ti

; - . is proportional to the specific solvent accessible surface area
change in volume with respect to a change in pressure, when

the system is kept at constant temperature. Experimental data(SAS) has been explored by Kharakoz and Sarvazydiney

show an empirical relationship betweg in the native state concluded that, for globular proteins, the larger the specific SAS,
of globular Sroteins and thepchange in protein entropy on _the_ Ia_rger the hy(_]lrg_tional contribution and the smaller the
unfolding, AS,xf. the higher the compressibility, the smaller the intrinsic compressibility. .
entropy change between native and unfolded stafasther- Crystallography, fluorescence spectroscopy, nuclear magnetic
more, as a reflection of atomic fluctuations, experimental 'ésonance spectroscopy (NMR), hole burning, and ultrasound
compressibilities are of interest in regard to understanding Vélocity measurement are the experimental techniques used to
hydrogen exchangdeprotein denaturatioh,and changes in determine protein compressibility. 'Isothgrma.l compressw')llllt'l(.es
enzyme activity and modified protein stability by single amino calculated from the measured_partlal adiabatic compressibilities
acid mutationd.An increase in the thermal stability of a virus ~ ©f @ number of globular prot_eﬁéovllrange from 5x 107° to

on binding antiviral compounds has also been associated with 19 X 107° atn*. By comparison, bulk water has a compress-
a calculated change in the compressibility of the complexed bility of 45 x 107° atnT™*, organic liquids have compressibilities

virus and entropic stabilizatioh Recent experiments confirmed ~ between 45 and 174« 107° atni*, and organic crystal
the entropic basis for viral stabilizatién. compressibilities range from 14 to 35107 atm L. Globular

proteins have higher apparent compressibilities than nonglobular
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The protein intrinsic compressibilitgT", can be calculated of i b7
from molecular dynamics (MD) simulation by using the r ]
statistical definition of compressibility and the evolution in time
of the protein total volume. Earlier evaluations of the compress-
ibility from MD simulations took a finite difference approach
that involved estimating the protein volume change on compres-
sion at high pressur@:13In this report, we describe a numerical
approach to estimate the isothermal compressibility for globular
proteins from protein molecular volume fluctuations and aver-
ages obtained from a single trajectory. We introduce an efficient
method to calculate the protein total volume so that evaluation
of each coordinate snapshot in the simulation trajectory is
practical.

The empirical correlation between compressibility and the
change in entropy on unfolding suggests that the variation in
™ is useful in understanding relative stability of globular
proteins. To this end, calculation of compressibility using MD
simulations is valuable by allowing simultaneous evaluation of
factors such as packing density. In addition, simulations provide
insight into the nature of volume fluctuations arising from
alterations in van der Waals volume or free volume within the rigyre 1. Solvatedu-lactalbumin in a truncated octahedron simulation

protein molecular volumé&! box filled with TIP3P model water molecules.

2. Computational and Simulation Methods . . o
(box axes between 55 and 65 A) varied with the protein size

Isothermal compressibility is a measure of the relative volume (58223 residues) and shape. Periodic boundary conditions were
change with the change in the pressure of the system kept alimposed using the CRYSTAL facility in CHARMNE Constant
constant temperature: temperatureT = 300 K) and pressureP(= 1 atm) conditions

1/3 were applied using the Nos#loover method of coupling to a
pr= _\_/(8_;) Q) heat bath’18 and extended system algorithms for controlling
T the pressure of the systéti®implemented in CHARMM:22
Statistically, the isothermal compressibility of a systemiof [N the constant pressure method, the volume of the system is a
particles in equilibrium at constant temperature and pressure,dynamic variable whose magnitude is controlled by a general-
in a normal temperature and pressure (NF8)bbs ensemble !zed force that is proportional to the difference petween the
is directly related to the volume fluctuation around its average nternal pressure of the system and the external, fixed pressure

valuel of 1 atm. The effect of this constant pressure control is a
dynamic change in the volume of the system and a spacial
1 mvzﬁlwp scaling of the position of each atom in the system. Covalent
fr=v=—F—— (2) bonds involving hydrogen atoms were constrained with the
keT Viire SHAKE algorithn?3 to allow for a time step of 2 fs. A

nonbonded cutoff of 12 A and shifted foréésvere used in the
calculation of Lennar¢tJones potentials. The nonbond pair lists
were updated every 10 steps. The electrostatic forces and
energies were computed using the particle mesh Ewald (PME)
method*25with a charge grid spacing of 0.7 A and direct sum
tolerance of 4x 1076 for interpolation. Structures for analysis
mNZQ were saved every 0.1 pS. The simulations were carried out on
Br= v T ©) a 8-node parallel machine IBM/SP2 and required-6h of
ks T DN@VT CPU time for each 10 picosecond of MD run.
Protein Molecular Volume Calculation. We describe a new
An equivalent formula is obtained when the fluctuation and and efficient method for protein total volume calculation based
average of the particle number density= N/V, are used. on a grid point analysis. A regular grid large enough to include
Molecular Dynamics Simulations in an NTP Ensemble. the full protein is generated in a cubic lattice with a spacing of
MD simulations of proteins in aqueous solution were calculated 0.2 A. The total molecular volume of the protein comprises the
at constanP andT. The crystallographic protein structures were sum of volumes within van der Waals radii of the atomic centers,
subjected to in vacuo energy minimization and solvated by Vyqw, plus the interstitial volumeysee Thus,Vygw is @ sum of
repeated overlays of an equilibrated cubic volume of water all the grid points within the atomic van der Waals radii
molecules to fill a truncated octahedron box (Figure 1). The multiplied by the volume of a cubic pixel. The atomic van der
total system volume provided a minimum of four water Waals radii used in this study are those in the CHARMM22
molecules between the protein surface and the octahedron edgeparameter set. Figure 2A is a schematic representation of a slab
A 10 ps trajectory allowed for the rearrangement of the water through a protein, where the gray disks represent the van der
molecules around the fixed protein atoms. The systems wereWaals volume. The total protein molecular volunwg;o, is a
then equilibrated with no constraints for another 100 ps before sum of the van der Waals and unoccupied interstitial volume
starting the production run. The number of TIPSRvater within the molecular boundarWyiot = Vyaw + Viee Viree
molecules (4000 to 6000) and the size of the simulation boxes includes internal cavities and packing defects. Figure 2C shows

wherekg is Boltzmann’s constanf is the temperature of the
system,[AV2[§p is the average volume fluctuation afigrp

is the average volume. In a system at consténand T,
isothermal compressibility is calculated from particle number
averages and fluctuations:
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Figure 3. Protein volume as a function of = ri/r,,,,. Key: (® and
solid lines)o-lactalbumin; i and gray dashed lines) HEW lysozyme;
(¢ and gray dotdashed lines) RNase A. The total volume of each
protein, Vi, is the value at the intersection of the regression lines for
the upper and lower regimes of volume behavior.yAt= 1.0, 1" =
r{,dw and the calculated volume is the van der Waals voluhgy, of
each protein (thg-intercept of the graph). The value p= yqu at the
Figure 2. A schematic of a slice through a space-filling representation regression lines intercept is characteristic to each protein and is related
of a protein to illustrate the molecular volume calculation: (A) van to the protein packing density. The characterisfig, Vvaw, andys

der Waals volume shown in dark gray is the space within atomic van for a-lactalbumin are shown in the graph.

der Waals radius; (B) to obtain the protein total volume, the atomic

radii are expanded until the free volume inside the protein is filled; . . .
(C) van der Waals volume (light gray) plus free volume (light gray); its molecular surface and the solvent accessible surface obtained

(D) molecular protein volume as defined in this paper. using a 1.4 A radius probe. The total protein volume calculated
here is smaller than the volume enclosed within the solvent-
accessible surface. This technique for protein total volume

the free (light gray) and van der Waals (dark gray) volumes of calculation has some similarities to that used for estimating

the protein, the sum of which is the total, extended volume partial molar volume of small, approximately spherical solutes

(Figure 2D). The protein molecular packing density is the ratio in infinitely dilute hard-sphere binary mixture modéfsFor

of the van der Waals and total volumé%, = Vyaw/Vprot: these molecules, fitting of the model with experimental data

To obtain the value oV from a grid-based calculation, yields a width of the “extra layer” at the molecular surface
the interstitial volume must be recognized as part of the spaceranging from 0.3 to 0.6 A. With the atomic expansionyof=
occupied by the protein. This recognition is accomplished by 1.3, the protein interior is essentially filled, so that the packing
artificially extending the atomic van der Waals radii (Figure defects and small cavity volume are shared by the adjacent
2B). We introduce an “extension parameter,’which is defined atoms; in a 10 A cubic box centered at the protein center of
as the ratio of the expanded atomic raditisand the van der mass, there is<0.1% free volume. Thus, no large cavities in

Waals radiusy.,,, of each atom in the protein molecule.  the protein interior remain in the protein volume calculation.

Protein volumes, calculated as a functionygfare shown in Compressibility Calculation. Method 1: St Calculated from
Figure 3. The volume increases rapidly wjthup to a value of Protein Molecular Volume Fluctuations andéragesGlobular

1.2 to 1.22 and then more slowly for larger valuesyofWe protein compressibilities were calculated from the protein
interpret the behavior in the first part of the graph,faanging molecular volume average and fluctuations from MD simula-
from 1 to 1.2-1.22, to be “filling” of cavities and packing tions using the NTP statistical relationship of eq 2. Protein
defects inside the protein. In the second part of the graph, molecular volumes were calculated using the method described

1.22, the volume increases more slowly wjtlbecause all the  in the previous section witly = 1.3 from coordinate sets at
interstitial spaces between protein atoms have been filled and0.4 ps intervals, yielding a total number of 2000 values for the
the increase in volume is due only to external layers added atlength of the simulation run. Figure 4 shows the protein volume
the protein molecular surface. The valueydit the intersection ~ histogram for o-lactalbumin, the time average of the total
of the upper and lower regression lines is the “filling” parameter volume, Vpof) and the standard deviation in the volume
characteristic to the protein and related to protein packing distribution, oy. The parametev\z,, is the total volume fluc-
density. Thus, to calculate the total or extended volume of the tuation: oy = mvmeEq/Z. The volume histograms are well
protein, the radius of each atom is multiplied by a vaglusear defined, and the compressibilities converged-ie00 ps.

this intersection. A constant value pf based on the behavior Method 2 S+ Calculated from Particle Number Fluctuations
of the volume calculated for the crystallographic average and Averageslsothermal compressibility can be calculated from
structures in Figure 3, was used for analyzing the MD particle density fluctuations in a box of fixed volume (eq 3).
trajectories. To allow for volume fluctuations during the This method involves immersing the region of interest in a
simulation at 300 K, a value of equal to 1.3, slightly larger  fixed-volume grid of specified size and is applicable to a
than 1.22, was used. The average width of the external layer ofhomogeneous system. It is used here to estifiator pure
volume introduced by atomic extension at the protein molecular water. The time average of the number and fluctuations of the
surface is 0.54 A (based on an average atomic radius of 1.8 A).occupied grid points are used to determine the compressibility.
Therefore, according to the algorithm used in this study for the  Method 3: 81 Calculated from Whole Simulation System
protein total volume calculation, the protein surface lies between Volume Fluctuations and/&ragesThe thermodynamic system
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: T r TABLE 1: TotalMoIecuIar, Verot, Van der Waals, Vygw, and
Partial Specific, vo, Volumes and Radii of Gyration, Rgy, for
the Protein X-ray Crystallographic Structures?
parameter BPPI trypsin RNaseA HEWIlyso o-lacta
40 P i I I
Nred 58 223 124 129 173
Ryyr 11.33 16.14 14.39 14.01 14.14
5 0 (mL/g)* 0.718 0.719 0.704 0.712 0.736
c 30} i My (amu} 6518 23200 13700 14320 13635
0] SAS/res 70.69 42.75 57.55 53.34 58.35
8— Vuaw 6974 25704 14716 15379 15420
0] Vexd 7815 27617 16100 17 003 17576
C veala 9515 32094 18298 19 296 19383
20 ] Vit 7992 28884 16138 17018 17095
| I Pd 0.89 0.93 0.91 0.90 0.88
aRy, is reported in A, SAS/res in A and the volumes in A
5 Number of residues in each protein structuir&he last six residues
10 4 in the a-lactalbumin X-ray structure are not definédzrom Gekko
and Hasegaw#. ¢ Protein molecular weight.Calculated from experi-
mental2® and M,,. 9 Protein molecular volume as defined in the text.
h Obtained from the/S%¢ by correcting for the error introduced by the
hinks o2 external layer volume (see textPy = Viaw/VE*®.
2i 200 21 400 5.21600
Volugne (A in the protein radius of gyration from MD simulations. The real
<V> = 21,439 (A ) fluctuation in volume is
Figure 4. Volume histogram fon-lactalbumin. The compressibility, 3
3 is calculated usingVO= Wyodando? = [AV2O= AV protIZI|n eq Viea = (DngrD'l' Angr) [ngr ()
2.

and the calculated fluctuation that includes the external 0.54 A
) o ~wide layer is
that is represented by the solvated proteins in bulk water will

have a solution compre55|b|llty35°' that can be estimated AV_.= ( H A + 0_54)3 —( H 0_54)" (6)
directly from MD simulations at constaftandT. The volume catc ™ (R R Ror

of the full truncated octahedron systems, including water and The error in the fluctuation due the volume calculation technique
protein, is calculated to maintain constant pressure by coupling ysed is:
the size of the simulation box to the trace of the pressure tensor.

The solution compressibility is estimated from these values for O(AV) AV = AViey

the octahedron volume by calculating the whole system volume AV AV (7
average and fluctuations and using eq 2. This method is also real

used to estimate bulk water compressibility. Therefore:

Error Estimates. Errors in Volume CalculationThe primary
source of error in the protein total volume calculation is the 5. 4 AR. 4 0.54F — (K 0.54
external layer of volume introduced by atomic expansjor: (AV) _ (R R ): Ry Y
1.3, at the protein molecular surface. The average width of this AV (RyyH ARy)™ — [ngﬁ
layer is 0.54 A, based on an average atomic radius of 1.8 A.
The proteins are assumed to be spherical, with radius equal to  The error (overestimate) introduced in total volume fluctuation
the time-average radius of gyration from the MD simulation, Vvalues is 7% for trypsin, 8% fax-lactaloumin, HEW lysozyme,
(Ryy ) listed in Table 1. The relative error in the volume and RNase A, and 9% for trypsin inhibitor. Therefore, our

calculation,0oV/V, is estimated as: method for protein volume calculation is more accurate for larger
proteins than for the smaller ones.
[+ 0.54F — K] Errors |n _Compres;ibili_ty Cz_jllculation.jl'he error in the
oV _ (R )3 Roye 4) compressibility calculation is estimated using the error propaga-
v Eleyﬁ tion formalism with eq 2 and the already estimated errors in

the volume and volume fluctuation calculation:
The estimated error in the total volume calculation is 10% for

trypsin and 12% fou-lactalbumin, HEW lysozyme, and RNase Opy 2(3(AV) oV ©)

A. For trypsin inhibitor, the estimated error in the volume ﬁT AV V

calculation is 15%. However, not all the volume of the external

layer will constitute an error. As Lee pointed out in 1988, According to the relationship in eq 9 and the estimated errors

“border” of empty space exists between a solute molecule andin the volume and volume fluctuations for each protein in

a solvent. This border will have a variable width, depending particular,7 is underestimated by 3% far-lactalbumin, HEW

on the type of proteirrwater interaction. lysozyme, RNase A, and trypsin, and by 6% for trypsin inhibitor.
Errors in Volume Fluctuation CalculationErrors in the The very reasonable approximation of the protein compress-

volume fluctuations are calculated assuming that the protein ibility (3—6% error) indicates that even if the total volume

volume fluctuates between twWRyy, values: [Ry,Jand Ry, distribution (histogram) is shifted toward larger than real values,

+ ARyyr). The termARyy, is the fluctuation or standard deviation the compressibility calculated from total volume fluctuations
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Figure 5. Stability of the five simulations. Time evolution of root mean square differences, rms diff, between main chain atoms of 10 ps average
structures in the MD simulation and the crystallographic coordinates is in the left column. Time evolution of the radius of gygatisrin the
right column.

P : . : . +« TABLE 2: Time-Average Volumes, Radius of Gyration,
and protein average volume using this technique is close to ItSVolume Fluctuations, and Compressibilities Calculated from

correct value. MD Trajectories?

. . t BPPI t i RN A HEWI -lact
3. Results and Discussion parameter rypsin ase yS0 a-aca

Ryy:J 1145 16.47 14.62 14.24 14.45
This study reports results for five globular proteins: bovine MwO 7200 25757 14928 15681 15 666
pancreatic trypsin inhibitor (BPTI; 1bpfy, trypsin (2ptn)28 Az, 0% 119 257 209 21.2 21.2
ribonuclease A (5rs&f, HEW lysozyme (1Iztf° and a-lactal- Wprof ] 9960 32620 20400 21191 21439
bumin (1hfz)3! The coordinates for bovine-lactalbumin, 1hfz AVp,¥? 450 918 763 93.3 101.0
at 2.3 A resolution, were kindly provided for us by K. R. Worod 3" 8366 29358 17952 18 648 18 867
- . S . Py 0.86 0.88 0.83 0.84 0.83
Acharya prior to their pubhcatlon. Lysozyme (129 rg3|dues), cale g 6.2 6.4 75 9.9 11.5
a-lactalbumin (123 residues), and RNase A (124 residues) are ag./g; (%) —6 —_3 -3 -3 -3
globular proteins close in molecular weight and have ap- geors 6.6 6.5 7.8 10.2 11.8
proximately equal SAS area (Table 1). Thus, these three proteins gxg 5152 5.16 5.48 7.73 124

should have approximately the same contribution from hydration . ion is in A .
to their partial compressibility. Trypsin (223 residues) is a larger The radius of gyration is in 7, the volume and volume fluctuations

. 1y . . are in A8, and the compressibility unit is I®atn?; (Odesignates a
globular protein and BPTI is smaller one with only 58 residues. time average? BPTI compressibility estimated from independent
For comparison, the isothermal compressibility of bulk water simulation datd333 ¢ Ratio between the average van der Wa@lgwL]
(TIP3P model) is also calculated from particle density fluctua- and the corrected average total protein voluri¥g«(3°". ¢ Isothermal
tions in a box of fixed volume (eq 3) and whole simulation compressibility calculated using eq 2 and Method Estimated relative
system volume fluctuations (eq 2) from MD simulation of 5944 ©Tor in compressibility calculation, eq YCorrected compressibility
water molecules, using the same simulation conditions as thecalculated fromz=and Afx/fr (%). © Experimental compressibility
five solvated pro,teins estimated from ultrasound velocity measureméhts.

Simulation Characteristics. Average root-mean-square dif-

ferences (rms diff) in atomic coordinates for the main chain with respect to the corresponding radius of the starting crystal-
atoms, N, G, and C, from the starting, energy minimized lographic structure is observed (Figure 5 and Tables 1 and 2).
crystallographic structures range freni A for BPTI, trypsin, Molecular Volume Calculation. Table 1 summarizes the
and HEW lysozyme to 1.4 A foa-lactalbumin and RNase A main characteristics of the protein crystallographic structures
(Figure 5). The radii of gyration of the proteins are almost considered in this study: the number of residuégs radius
constant during the simulation, but an increase of 0.83 to 1.5% of gyration, Ry, molecular weightM,,, and the experimental
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partial specific volume&} v°. The SAS of the proteins was ' ' '

calculated using Richards’ methBavith a 1.4 A probe radius. 100+ .

The experimental total molecular volumé&*?, was calculated A

from v° andM,,. The protein total molecular volumv;i')‘; and

van der Waals volumé&/,qw, were estimated using the technique 80
r

just described. The corrected total molecular voluMgy, is
obtained from thev°®° by correcting for the error introduced -~

prot V *
by the external layer volume (s&gror Estimatesn Methods. & 60k
The Vi values for the five proteins are very close to WP © :

b

e e eme~]

values (Table 1). The ter®includes any hydration contribu- y

tion to the partial specific protein volume, yet these contributions  — AQ{ M=~ A L e, ]
appear to be negligible because the volume change on protein % M e e —— T T
denaturation is smaft?6 Thus, the similarity betweeW®® and !
Voot Values is reasonable. Thagr for a-lactalbumin is 20+ .
smaller than its experimental molecular volume reflects the fact x . ‘
that the crystal structure has six undefined residues. Adding an 200 400 500
average volume per residue of 13% Aalculated from the Time (ps)
a-lactalbumin total volume for 123 residues, the corrected total .
volume becomes 17 9293Awhich is in good agreement with
the experimental total molecular volume of 17 578. Ahe

calculated average volume per residue of 139sfalso close TE 50} i

to literature values for average residue volurfes. = R R R
Compressibility Calculation for Bulk Water. The bulk 2 - -

water simulation (5944 water molecules, TIP3P model) corre- 9 40t |

sponds to average values for energy and density that are in good =

agreement with the reported valtieBom Monte Carlo simula-
tions. This section gives results for bulk water compressibility 30t
calculated from its MD trajectory following methods 2 and 3

already outlined. An alternative approach based on excess
volumetric properties of solvated molecules was developed by , ) .
Lockwood and Rosskf and gives a value of 2& 10 ¢ atn ™. 20000 40000 60000

Isothermal compressibility was calculated for bulk water using . . 23
both the localized density (eq 3, Method 2) and the whole system Grid Box Size (A')
volume (eq 2, Method 3). For Method 2, the grid was varied in Figure 6. (A) Time evolution of the calculated compressibilities for
size from 1000 to 64 000 1}@\ positioned at the center (0,0,0), TIP3P water model from particle density fluctuations in a cubic, fixed

or off the center (0,10,10) of the simulation octahedron. Finite- 00x volume (lower curves). Key: (dotted gray line) 64 000 folid
size effects are observed in the convergence of the compress22Sk lin€) 27 000 A (short dashed black line) 800¢Adashed gray

o . . ) ) line) 5832 A (dotted black line) 4096 & (dashed black line) 1000
ibility value for short simulation times (Figure 6A, all buttop  gs. zupper curv(e, black, solid Iine)) whole si(mulation octahedro)n volume
curve) and small box sizes (Figure 6B). Two criteria for flyctuations and average. (B) Bulk water (TIP3P model) isothermal
overcoming finite size effects in bulk water MD simulations compressibility from the limiting value in (A) as a function of the grid
are a simulation time longer than 300 ps (or 600 ps for complete box size.

convergence) and a number of water molecules in the simulation . .

system larger than 267, which corresponds to box sizes of 8000TABLE 3: Solution Compressibilities, Br", Calculated from

A3, The compressibility calculation converged-600 ps for ~ Simulation Box Volume Fluctuations, AV?)4, and Average

box volumes<8000 A3 to 46 x 1076 atn® (Figure 6 A). No Wik

effect was observed on the position of the box where the densityparameter BPTI  trypsin RNase A HEW lyso-lacta  water

fluctuation is monitored. For Method 3, the compressibility i, 123643 179659 121679 120124 121947 179 027

sol

converged in 600 ps to 6¢ 1076 atn! (Figure 6A, top curve). (AV)Y2 560 632 531 511 526 672
The whole simulation system (the truncated octahedron shape; 5 63(61p 55 54 52 53 61
Figure 1) volume average for water is 179 027 (Xable 3). Nuaer 3830 4901 3487 3170 3465 5944
Isothermal compressibility for bulk water at 300 K has been (Dszl(o/;’)c ;7 > 152 3 15% 0 1562 8 1553 6 ON A
determined experimentally through ultrasound velocity measure- /, Tss) ' : ' 0 C0e
ASPe 38 2.7 1.0 0.8 0.6 NA

ments and is 4% 1076 atnT1.35 There is an excellent agreement o
between the experimental and calculated compressibility of 46 *Volumes are reported as*A&nd compressibilities as 19atm .
x 107 atn® using Method 2. On the other hand, water ,Afer 1800 ps MD simulation for BPTED? = Wy ®Vid =
compressibility estimated from whole system volume fluctua- Solutlon'cp_rnpr’?igbcltljlryes as in eq 10, using the calc_ul_a_tea Emtem
. 6 T o hi . compressibility 57 = 7" (Table 2), bulk water compressibilitgy =
tions (61 x 107° atm?) is 35% higher than the experimental 6 h . _ sol

- : - 61 x 10 ¢ atnr!, and volume fractionspP and®" = 1 — ®P. ¢ AS7
compressibility. The average volume of the simulation boX _ jsol _ psol
divided by the number of water molecules is 30.3, imilar T T
to standard average volume per water molecule reported
elsewheré? This agreement suggets that the error in the estimating an exact geometrical volume for a specified system
compressibility calculation using Method 3 is due to errors in of water molecules. Errors in estimating whole system volume
the estimated total volume fluctuations. A possible explanation fluctuations are recognized for constant pressure and temperature
is that fluctuation value is sensitive to the numerical errors in MD simulations; constant pressure and temperature MD simula-

pred'
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Figure 7. Total volume in time and volume histograms for HEW lysozyme and RNase A. The volume distribution is unimodal for HEW lysozyme
(bottom, left column) and bimodal for RNase A (bottom, right column).

tions of water in a cubic shaped unit éélteported statistical
errors in the volume fluctuations of 30%.

The results reported here for TIP3P water compressibility ~
differ from those reported by Jorgensen and co-workefhiese
authors calculated isothermal compressibility from 1 500 000
steps (configurations) generated through Monte Carlo simula- ©
tions in an NTP ensemble at 2& and 1 atm for systems of O
125 monomers, but the volume fluctuations were reported not —
to have converged. The reported estimate for isothermal O
compressibility for the TIP3P model was 8107 atnTL. The O 8l
low estimate in the compressibility calculation for TIP3P from Q
Monte Carlo simulations is likely due to number of configura-
tions and the system size, based on the finite size effects
demonstrated here in Figure 6. °

Protein Compressibility Calculation and Correlation with . 1 . ! . 1 . !
Experimental Data. The 3t of the five proteins was calculated 6 8 10 12
according to Method 1 (eq 2) from protein molecular volume -6 -1
averages and fluctuations. The evolution of the molecular BTeXp (]0 amm )
volumes in time for BPTI, trypsin, HEW lysozyme, and Figure 8. Calculated versus experimental compressibility for globular
a-lactalbumin displayed approximately unimodal volume dis- protei_ns. Experimental compressibilities ar_e__e_stimated from sound
tributions (Figure 7). For ribonuclease A, the evolution of the velocity measuremenié.CaIcu.Iated compressibilities are from Method

e . ST . 1, molecular volume fluctuation and average.
molecular volume in time reveals a bimodal distribution with
corresponding compressibilities of 7.2510°% atnr* (from 1
to 300 ps) and 7.4k 1076 atnr?! for the second part of the Table 2 shows the calculatef;™, and experimentafs;
trajectory (306-800 ps). The calculated compressibility for compressibilities of the five protems There is a good correlation
RNase A is a weighted average of these two values. Figure 7between the calculated and experimental compressibilities, as
shows a comparison between the molecular volume in time andshown in Figure 8 (the correlation coefficient is 0.94 and the
volume histogram for HEW lysozyme (a unimodal distribution) regression coefficient is 0.697) for the four globular proteins
and RNase A (bimodal distribution). for which experimental values of compressibility have been

£
O10}

calc exp
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determined from ultrasound velocity measureméhégcording

to eq 6, the value ofS™ is underestimated by 6% for BPTI

and 3% for the other four proteins. The corrected compress-

ibilities, 85>, do not improve the correlation with the experi-
mental data. The correlation betwegif" and other experi-
mental values for compressibiltty is less satisfactory. The

Dadarlat and Post

13(x10°% atmY) for a-lactalbumin. Thus, Method 2 is not
reliable for estimating absolute protein molecular compressibility
as the values are not uniquely determined.

Compressibility calculation in regions of the protein molecule
containing particular types of secondary structure elemets (
helix, § sheath, or loops) show that they have different

experimentalists have no explanation for the discrepanciescontributions to the total compressibility of the protein. Com-
between measured values. Comparison for BPTI is made with pressibility in mostlya regions of the proteins is lower than

earlier simulation studies that reported volume fluctuafidns
and a finite volume difference from two MD simulations at
different pressure’s. Compressibility values obtained with their
results are 5.86 and 4.43 10°% atnrl, respectively. The
calculatedsr value reported here is 6.22 1076 atm 1. Paci
and Marchi? estimated the compressibility of HEW lysozyme
from finite difference calculations to be 911076 atnT %, which

is close to value calculated here from protein molecular volume
fluctuations of 9.92x 1076 atm ™.

As a general trend, the calculated compressibiliﬁé%?, are
larger than the experimental valug&®. The experimental
estimate of compressibility measures the intrinsic protein
component (contributed by the volume occupied by the protein
molecule) and the component from the hydration layer of water
molecules. The hydration contribution is generally considered
to depend on the protein SAS2% Nonetheless, the variation
in experimental values ¢fr cannot be accounted for by solvent
accessible surface alone, as was pointed out earR Time

compressibility in mostlys regions, and this is lower than
compressibility in the protein loops. The calculation has been
performed for the HEW lysozyme MD-generated configurations
and included any solvent molecules that fall in the grid region.
The calculated compressibilities are 66107 atm?! for the
mostly a region, 7.7x 10°% atm* for the mostly/ region,
and 12.3x 107% atmr! for the loop-containing region. This
result is in qualitative agreement with the experimental results
on pressure-induced amidfdN chemical shifts in BPTI, which
show the same trend in the magnitude of the local compress-
ibilitie®® and changes in the local configuration of HEW
lysozyme protein crystals when high pressure is apgfied.
Source of Protein Compressibility. The source of total
molecular volume change can be assessed from the detailed
information contained in an MD trajectory. van der Waals
volume fluctuations[AVZ,qw(¥ account for~25% of the total
volume fluctuations,[AVZ,o(¥? thus, changes in the free
volume inside the protein are the major source of volume

specific SAS, SAS/res, are seen from Table 1 to differ by almost Vvariation (Table 2). A compressibility value calculated from van

30 A2 between BPTI (70.69 A and trypsin (42.75 A, whereas

their compressibilities are estimated to be almost the same.

Ribonuclease A, lysozyme andlactalbumin have very close
SAS/res values (57.55, 53.34, and 58.3% rkspectively), yet
their compressibility varies from 5 to 12 1076 atnT1. Because

of their similar SAS as well as similar distribution of polar and
nonpolar surface aréégifferences in the compressibility among
the three proteins are likely due to intrinsic properties of the

der Waals volume fluctuations is1 order of magnitude smaller
than that resulting from the total molecular volume fluctuation.
For example, the HEW lysozyme average van der Waals volume
is 15 681 & and the van der Waals volume fluctuation is 21
A3 (Table 2). The corresponding isothermal compressibility (eq
2 and Method 1) is 0.6% 107 atm1. For the same protein,
the total volume average is 21 192 dnd the volume fluctuation

is 93.3 &, leading to a calculated isothermal compressibility

protein rather than hydration. Together, these results sugges®©f 9.92x 10-¢atm ™. Thus, the compressibility calculated from

that the intrinsic protein compressibility is a significant factor
in the observed variation it among proteins.

The protein total volume fluctuations for the five proteins
studied range from 45 to 1123Arepresenting between 0.3 and
0.47% of the total protein volume. The fluctuations are due to

total volume average and fluctuations is 14 times higher than
the compressibility calculated from corresponding van der Waals
values. The protein compressibility is due to fluctuations in the
unoccupied free volume of the interstitial space in the protein
interior defined by the protein tertiary structure. The large

local, small, and rapid (picosecond time scale) changes in bonddecrease in compressibility on protein unfoldihgan be thus
lengths and angles and torsion angles of the protein. If these'€lated to the loss of protein secondary and tertiary structure.

volume fluctuations were concentrated in one region of the
protein structure, the “cavity” created could accommodate 1.5

Compressibility of the Protein—Water Solution and Hy-
dration Effects. The compressibilities of the protettwater

to 4 solvent (water) molecules. The volume change would also solutions and bulk water systems were estimated from the whole
be large enough to allow channel formation for the exchange truncated octahedron average voluri¥g,, and fluctuations,

between buried water molecules and solvent mole&itEEhese
volume fluctuations of globular proteins are in line with other
estimates from experimental d&tal°

Compressibilities calculated from density fluctuations in a
fixed-volume grid, Method 2, are consistent with the macro-

(AVAYZ,, (Table 3), as described in Method 3. This approach
allows a direct assessment of the hydration water contribution
to solution compressibility because fluctuations in the total
simulation box volume are due to fluctuations in the volume
occupied by water as well as fluctuations in the protein

scopic compressibility of homogeneous systems (e.g., bulk Molecular volume. The proteirwater solution compressibilities,
.. . o | -
water). This is not the case for inhomogeneous systems (e.g.S7 (Table 3), are between 53 and 6310°° atm?, compared

proteins) where compressibilities calculated from fixed-volume
density fluctuations are related to the specific, local structure

with the compressibility of bulk water calculated from whole
system volume fluctuations of 64 107 atnr*. Figure 9 shows

of the part of the protein included in the grid. For the five the evolution intime of the calculated solution compressibilities
proteins studied here, compressibilities calculated from fixed- for the five proteins (lower curves) and bulk water (top curve).
volume density fluctuations varied with the grid size and  The detailed information provided by MD simulations is
position. We calculated compressibilities in cubic boxes with exploited to investigate the extent to which the compressibility
sides of 10, 14, and 20 A centered at the protein mass center.of hydration water differs from that of bulk water. The hydration
The calculated values of the compressibility increased with the water compressibility has been estimated in the literature to be
box size, ranging from 4.5 to 9 for trypsin, from 7 to 11 for between 18 and 3% 1076 atm1.511.40 These estimates are
RNase A, from 9 to 13 for HEW lysozyme, and from 10 to based on a hydration shell model for proteins and experimental
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Figure 9. Time evolution of the calculated compressibilities for TIP3P
water model and globular protein solutions from Method 3, using the

whole simulation system to obtain volume fluctuations and averages. : J : g
Top curve isf for bulk water, and the lower curves are for BPTI  SyStém fluctuations (Method 3) is recognlzedI from the error in
SO

(....), trypsin (gray; — - -), RNase A (black; — - -), a-lactalbumin bulk water compressibility. Neverthelesag;” should be a
(gray, @—@—). reasonable indicator of the hydration water contribution to
solution compressibility given that it is an internally consistent

B ; sol —6 —1
compressibilities from small solutes. Recent evaluation of determlnatl%nAﬂTl range from 3.8< 10°° atnt"for BPTI to
solvation effects from different solute functional groups finds —0.83x 10"°atm* for HEW lysozyme (Table 3). These values
that the solvent perturbation is highly localiz8d result which ~ indicate that hydration water compressibility does not differ
lends support to the use of the small solute compressibilities to 9r€2tly from bulk water compressibility, in agreement with the

i i hk40
estimate protein hydration effects. A simple approach is €Stimates from simple model systems® that suggest the

proposed here in which water and protein are assumed to pecompressibility of the hydration shell is 78% of the bulk water

; ; compressibility. To provide a definitive value for the magnitude
independent components of the proteimater system. We ask P y- 1op 1€ mag

how well pure water compressibility and protein compressibility ©f the hydration water compressibility from\s7" would
account for the solution compressibility. In a first approximation, '€duire a model of protein hydration to estimdte, an exercise
the compressibility of a system of two independent and left to the reader. The variation M3, including the
noninteracting components can be expressed as a function ofifference in sign, is noteworthy. The variation exists even after
the individual compressibilities and their respective volume taking into account the differences in total volume of hydration
fractions. Applying this principle to the proteiwater solution,  for the different size proteins. Such a rangeNfy” implies a
the compressibility of the system can be predicted from the nonuniform contribution from the protein surface that could arise
protein compressibility3°, the compressibility of the bulk  from differences in the polarity of surface groups or even in

water,4%, and the volume fractionsh? and ®", of the protein more subtle chemical differences. For example, methyl and

inherent limitation in estimating compressibility from whole

and bulk water, respectively: methylene groups have been reported to contribute to compress-
ibility with opposite sigrt! A better understanding of this
I apparent variation in compressibility of hydration layers around
BT = DL+ D BT (10) 2P P o Y

proteins is worth pursuing in future work.

Protein Compressibility Related to Structural Factors.
Packing densityPq, reflects the strength of the atomic interac-
tions in the interior of the protein and would appear intuitively
to be linked with compressibilityPy, defined as the ratio
between the average van der Wa&@l44w[) and the corrected
average total volume&Y,o{3°", is plotted againsfir in Figure

A detailed description of the assumptions involved and the
limitations of this expression for protein solutions is given by
Lee3 The number of water molecules in the simulation boxes,
Nwates @nd the average volume of the whole simulation boxes,
Vo, are different in the six simulations (Table 3). The protein

volume fraction®P, defined as the average total protein volume 10. The packing densities obtained in this study, 0.83 to 0.88

d|V|deq by the average S|r.nu_lat|.or.1 box volurnd, = Wp,otEOfV are higher than the average value of 0.75 obtained by other
(Vidoy, is only 7% for trypsin inhibitor, whereas for trypsin and 5 ;4512332 pecause the van der Waals radii in the CHARMM22
lysozyme it is 16% and for RNase A arqjlg_c_talgtjmm LIS Harameter set are larger than the radii used in these studies.
15%. The predicted solution compressmlllthﬁprw, deter- The scatter shown in Figure 10, giving a low correlation
mined withpt = A7 andpy = 61 x 10 ¢ atmr*according to  coefficient of 0.72, suggests that packing density alone cannot
eq 10, are shown in Table 3 along with solution compressibilities explain the differences in the compressibility among globular
calculated from the whole simulation box volume fluctuations, ‘proteins. Another factor that likely contributes to the amplitude
7. The deviation between predicted (eq 10) and calculated of the volume fluctuations is the character of the forces inside
(from MD) solution compressibilitiesABs”, is largely due to  the protein. The balance between hydrophobic and polar
the difference between the bulk and hydration water compress-interactions determines the strength of the net forces inside the
ibility with the analytical expression for this difference being protein and thus its conformational mobility and molecular

By - ﬁ?)(l)h (@M is the hydration water volume fraction). The volume fluctuations. Residues must not only have room to move
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