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Abstract

We present a simple model to describe volume changes accompanying protein folding and binding events. The
model enables one to resolve the changes in volume accompanying conformational transitions of proteins as well as
association of proteins with other molecules in terms of the intrinsic, thermal and interéuyidration contributions.

The thermal contribution to protein volume results from thermally activated mutual vibrational motions of contacting
solute and solvent molecules. Our calculations suggest that near zero volume changes accompanying protein folding
and binding events reflect compensation between significant changes in the intrinsic, thermal and interaction terms.
We have quantitatively estimated these terms as a function of the protein’s molecular weight and degree of its
unfolding. Results described in this work lay foundation for more reliable and physically justified interpretations of
volumetric data on protein folding and binding events. We also discuss potential ways of extending applications of
our model to analyzing other macromolecular systems and events, including drug-DNA and protein-DNA interactions
and helix-to-helix and helix-to-coil transitions of nucleic acids.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction [1-4]. Secondly, volume changes accompanying
protein binding and conformational transitions
reflect the associated alterations in protein hydra-
tion and intrinsic packing5—9. Thirdly, dynami-
cally fluctuating, nearly isoenergetic native-like
protein conformations are distinct with respect to
volume, a feature that can be used to discriminate
between such conformatiof$0-13. Finally, vol-
ume can be used as a thermodynamic means to
— _ identify and characterize transition state interme-
416?8;’558%01”1('“”9 author. Tel:+1-416-946-3715; fax-+1- giates in protein foldingunfolding transitions
E-mail address: chalikan@phm.utoronto.ca [14-17. For these and other reasons, volumetric
(T.V. Chalikian). properties of proteins have been under intensive

The volume changedV, accompanying protein
binding and conformational transitions are of gen-
eral thermodynamic importance for several rea-
sons. Firstly, AV represents a fundamental
thermodynamic property which determines pres-
sure stability of proteins and protein complexes
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scrutiny during the past several decafles9,17—
19].

As a general rule, for all instances of protein
recognition, including folding and binding, meas-
ured changes in volume\V, are very small and
do not exceed in magnitude 1 to 2% of the absolute
value of the protein partial molar volum&;. The
sign of AV can be either positive or negative if

measured at or extrapolated to atmospheric pres-

sure[9,20. Small magnitudes oAV accompany-

ing protein denaturation are not consistent with the
expectation of large negative changes in volume
based on elimination of intraglobular voids and an
increase in hydration of protein groups. This incon-

sistency was first noticed and emphasized more
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protein groups[20]. The increase in the thermal
volume represents the missing positive and previ-
ously unappreciated contribution to the volume
change accompanying protein denaturation, which
was presaged by Brand{g1]. In this work, we
further develop and quantify this model and extend
its applications to investigating protein binding
events and conformational transitions between the
native and unfolded conformations. In particular,
we explore the compensation between the different
contributions to denaturation volume as a function
of the degree of protein unfolding.

2. Model

than 3 decades ago by Brandts who suggested that The dissolution of a solute can be considered to

“there must be some fairly large and positive
contribution toAV of denaturation which is always
nearly sufficient to cancel the negative hydropho-
bic contribution” [21]. Furthermore, Brandts con-
cluded that “there is little that can be said at the
present time to explain the very small magnitude

be a two-step process: creation of a cavity in the
solvent large enough to enclose the solute molecule
and placement of the solute molecule into the
cavity so that it can interact with the solvej24—

26]. The volume of the cavity consists of two
terms: the geometric volume occupied by the

of the volume changes which have been observedsolute molecule itself; and thermal volume, the

for certain denaturation reactiong21].

At the present, the molecular origins afV of
protein folding and binding still represent a contro-
versial topic, while interpretation cAV in terms
of microscopic events is far from being rigorous
[9,20,22,23. These deficiencies are unfortunate,
since efficacy of the use of volumetric measure-
ments for solving problems of biological relevance
ultimately depends on our ability to rationalize
measured volumetric observables in terms of var-
ious inter- and intramolecular interactions includ-
ing, but not limited to, hydration and intrinsic
packing. Several years ago, Chalikian and Bres-
lauer proposed a new volumetric model of protein
denaturation that accounted for the ‘protein volume
paradox’[20]. A distinctive feature of this model

volume of the void space surrounding the solute
molecule which is due to the thermal motion of
contacting solute and solvent molecules. Simply
speaking, thermally activated vibrational motions
cause the solute molecule and its solvating waters
to push each other away thereby effectively creat-
ing a layer of empty space around the solute.
Consequently, the partial molar volume of any
solute, including proteins, can be presented as a
sum of the following termg24-2q:
Ve=Vu+V, +Vi+BroRT @)
where V), is the intrinsic volume of a protein¥,

is the interaction volume that refers to solvent
contraction in the vicinity of charged and polar

was the heretofore unappreciated thermal volume groups of the solutgwater molecules solvating

contribution which results from the thermally-

polar and charged atomic groups exhibit reduced

induced mutual vibrational motions of contacting partial molar volumes compared to water mole-
solute and solvent moleculd®0]. More specifi- cules in the bulk stade V; is the thermal volume,

cally, we proposed that volume decreases due to aa void volume around the solute that results from
change in protein hydration and elimination of thermally activated mutual vibrations of contacting
intramolecular voids are compensated by an solute and solvent molecules; a},RT is the

increase in thermal volume which accompanies ideal term that describes the volume effect related
enhanced contacts between water molecules andto the kinetic contribution to the pressure of a
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solute molecule due to translational degrees of ness of thermal volumej, is smaller, with differ-
freedom. The ideal termBoRT, is small. At 25 ent estimates yielding the values between 0.50 and
°C, it is 1.1 cnf mot!, which is 4 orders in 0.56 A[26,30,31. The binding-induced change in
magnitude smaller than the partial molar volume the interaction volumeAV,, can be determined by
of an average globular protein. Therefore, in pro- subtracting the suniAV,,+AV;) from the meas-
tein-related studies, this term can be safely ured value ofAV [see Eq(2)].
neglected.

When a protein binds another molecule or 2.2. Conformational transitions
undergoes a conformational transition, the accom-

panying change in volume\V, is contributed by Depending on solution conditions, denatured
changes in the intrinsic, interaction and thermal proteins may exist as heterogeneous ensembles of
contributions: unfolded structures ranging from compact inter-
mediates to the fully unfolded, random coil-like
AV=AVy+AV,+AV; 2 conformation[32—34. There is a growing body

of evidence suggesting that, even under strongly
As shown below, the\Vy,, AV, and AV; terms denaturing conditions, proteins are not random
may often exhibit large magnitudes and opposite coils but may retain many features of the native
signs. Consequently, a small change in volume state, including native-like topology and long-
may be a consequence of compensation betweenrange interaction/35,349. Due to conformational

large changes ivy,, V, and V;. heterogeneity, structural characterization of the
denatured state is not a simple matter. Consequent-
2.1. Protein binding ly, changes in the intrinsic volumé/,,, and sol-

vent-accessible surface are§,, accompanying

In protein binding events, the change in the protein denaturation cannot be readily computed.
intrinsic volume,AV,,,, can be calculated from X- In addition, the hydration properties of the native
ray crystallographic structures of the etfcee and and denatured states, if normalized per unit of
bound protein states using standard approaches solvent-accessible surface area, may be distinct.
for computation of Voronoi[5] or molecular Therefore, the volumetric model of protein dena-
[27,28 volumes. The binding-induced change in turation is more assumption-dependent than that
thermal volume,V;, can be calculated based on of protein binding when three-dimensional struc-
the change in solvent-accessible surface area,tures of free and bound protein states are usually
ASpp- As a first approximation, the thermal vol-  known (or can be determined
ume, V¢, is proportional to the number of contacts
between the solute molecule and surrounding water2.2.1. The partial molar volume of the native
molecules. ThereforeV: should be roughly pro-  protein state
portional to the solvent accessible surface area of The partial molar volume)©, of a globular
the solute. In turn, the change in the thermal protein in its native state is given by a simplified
volume, V4, should be proportional to the binding- version of Eq.(1):
induced change in solvent accessible surface area,
ASpap: AVip=8\ASA,, Where 8y is the effective  Voy=Vun+Vin +Vin 3
thickness of the thermal volume around the protein
in its native conformation. The value afS,, can where subscript N denotes the native state.
be computed from X-ray crystallographic structural ~ The intrinsic(moleculad volume, Vy (in A%),
data on free protein, its counterpart molecule of a globular protein is proportional to its molec-
(small ligand, protein, or another macromolegule ular weight, M (in Da), via Vy=1200+1.04 M
and the complex. For native globular proteins at [29], while the solvent-accessible surface area,
25 °C, 8y, has been evaluated to bel A [29]. Sxn (in A2), correlates to M viaSay =4.7 M°78
However, for small molecules, the effective thick- [7,19,37. The intrinsic volume of a native globular
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Fig. 1. Dependence of the interaction volunig, upon the solvent accessible surface afka,of 12 globular proteins at 25C: 1
hemoglobin; 2 ovalbumin; 3 pepsin; d-chymotrypsinogen A; Sx-chymotrypsin; 6 trypsin; 7 trypsinogen; 8 myoglobin;a9
lactalbumin; 10 lysozyme; 11 ribonuclease A; and 12 cytochremghe values ofV, are taken from Chalikiari39], while the
values ofS, are presented in Chalikian et §R29].

protein, Vyy, consists of the van der Waals vol- V= —1900+ ySan, Where y, = —0.24+0.04

ume, Vi, of constituent atoms and intraglobular cm® mol~* A2,

voids arising from imperfect packing of the poly- Substituting the molecular weight dependences

peptide chaifs) [38]. of Vun, Von andVyy into Eq. (3), one obtains the
As discussed abovel;, should be approxi- following relationship for the partial molar volume

mately proportional toS,y, Vin= 6nSan: Where of an average globular protein in its native confor-

Sy is 1 A or 0.6 cni mot! ‘A2 [29. The  mation(in cm® mol2):

interaction volumey,y, representing a decrease in

the solvent volume due to hydration of polar and V°n=Na[1200+1.04 M]x10~2*

charged groups, also should be proportional to +4.7 M*7§3y+yn) — 1900 4)

San, Since, on average, the fractions of solvent

exposed charged, polar and non-polar groups onwhereN, is Avogadro’s number.

the protein surface are remarkably constant. Spe-

cifically, the average contributions of charged, 2.2.2. The partial molar volume of denatured

polar and non-polar atomic groups €, are protein states

1444, 3347 and 53+ 5%, respectively{29]. Fig. One volumetric model of the denatured state is
1, shows the values of/, (as determined by based on the assumption that denatured protein
Chalikian [39]) for 12 globular proteins at 25C may be presented as consisting of the compact and

plotted against their solvent accessible surface unfolded domains[19]. The extent of protein
area, S,y. As a first approximation, the data denaturation can be quantified by the degree of
depicted in Fig. 1 can be fitted by a straight line, unfolding, o, which is defined as the ratio of the
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number of amino acid residues in the unfolded
domains to the total number of amino acids in the
protein (0< o <1). Consequently, the molecular
weight of the unfolded domain isM, while the
molecular weight of the compact domain ($—
o)M. The value ofo equals zero for the native
conformation and unity for the fully unfolded state.
Not fully unfolded conformations exhibit interme-
diate values ofo ranging from 0 to 1 depending
on the fraction of solvent-exposed atomic groups.
For example, in molten globules, 40-60% of
previously buried protein groups become exposed
to the solvent{34,4Q. By extension, the value of
o for the molten globule state can be set to be
0.4-+-0.6. In mildly denaturing conditions, the sol-
vent accessible surface area of a protein in its
partially unfolded state is only approximately 70—
80% of the value expected for the fully extended
conformation [7,41-48. Hence, the degree of
unfolding, o, for the partially unfolded state can
be set to be 0.70.8.

In our model, we assume that the molecular
weight dependence of the intrinsic volume of the
compact domainVypc, is similar to that of the
native state. Hence, one obtaifg,pc=1200+
1.04 M(1— o). The intrinsic volumey,py, of the
unfolded domain, lacking all of its intraglobular
voids, is given only by the van der Waals volumes
of the constituent amino acid residuésg,. The
van der Waals volumén A3®) of a globular protein
is a linear function of its molecular weight,, =
1100+0.77 M [29]. Hence, one obtain¥ o, =
1100+ 0.77 Mo, while the intrinsic volume Vyp
(in cm®* mol 1), of the denatured state is given by
the following expression:

Vo = Na[0.5(1200+ 1100)
+1.04 M(1—0¢)+0.770 M]x10~24
=NA[1150+M(1.04—0.270)] X 10~2* (5)

We assume that the thermat; o, and interac-
tion, V,py, volumes of the unfolded domain are
proportional to its solvent accessible surface area,
Saput Vrou=8uSaou and Vipy = Saou- FoOr a
fully unfolded polypeptide chain, the solvent-
accessible surface are8i,p, (in A?), is propor-
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tional to the molecular weightS,py=1.450M
[5]. Another assumption we use in developing this
model is that the thermal and hydration properties
of the unfolded domain are similar to those exhib-
ited by low molecular weight model compounds.
In this respect, recall that the thickness of the
thermal volume 8y, for small moleculegand, by
extension, for the unfolded domairs 0.56 A or
0.34 cn? mot?* A2 [26,30,3]. The interaction
volume normalized per unit areg,, is assumed
to be equal to the average value that can be
calculated by dividing the interaction volumes of
diglycyl tripeptides with aliphatic side chains by
their solvent-accessible surface arddg]. At 25
°C, the value ofy, equals —0.12+0.02 cn?
mol~* A~2 [47]. Note that, in absolute magnitude,
yu is twice as small asyy. This discrepancy is
consistent with the notion that the hydration shells
of native globular proteins consist of approximate-
ly two layers of hydration, while low molecular
weight compounds and, presumably, unfolded pol-
ypeptide chains have only a single layer of hydra-
tion [19,29,39.

The solvent-accessible surface area of the com-
pact domain of the denatured staig,c, correlates
to (1—o)M via Sapc=4.71(1— o)M]®’® The
thermal and interaction properties of the compact
domain are intermediate between those corre-
sponding to the native and fully unfolded confor-
mations. Significantly, we assume that the more
unfolded the protein(the larger the value ofr)
the closer the thermal and interaction properties of
the compact domain to those corresponding to the
fully unfolded state: Vipc=I[dn+0(8y—
0)ISapc  and  Vipc=—1900+ [yn+ o(yy—
vwlSapc. In the aggregate, one obtains the
following expression for the partial molar volume
of the denatured conformation:

VOD = VMD + VTDU + VIDU + VTDC + VIDC
=Na[1150+M(1.04—0.270)] X 10~2*
+1.450M(dy+yy) +4.7[(1
— O')M}OJG[SN +Yn
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2.2.3. Change in volume accompanying protein
denaturation

The change in volume accompanying protein
denaturation,AV, equals the difference between
the partial molar volumes of the denaturédy,
and native,V°y, states. Combining Eq(4) and
Eg. (6), the molar change in voluméV (in cm?®
mol~1), accompanying protein denaturation is giv-
en by the relationship:

AV:VOD_VON = _OZWAMO— X 10724

+4.7[(1-o)M]* "oy
+ YN

+0'(8u_8N+'YU_’YN)]
—4.TMO"98 +Yn) @)

Finally, dividing Eq.(7) by the protein molec-
ular weight,M, one derives the following expres-
sion for specific change in volume&yv (in cm?
g~1), accompanying protein denaturation:

Av=—0.27N 50 X 10~ 24+ 1.455 (3, + Yu)
+47(1= )" MO8+ vy

+U(8u_8N+YU_7N)]

—4.IMO24J+yy) (8

3. Discussion
3.1. Protein binding

In two previous studies, we evaluated th&),,
AV; and AV, contributions to our measureflV
values for two protein binding events: specifically,
the binding of 2CMP and 3-CMP to ribonuclease
A [48] and the binding of turkey ovomucoid third
domain (OMTKY3) to a-chymotrypsin[49]. At
25 °C, the volume changes associated with the
binding of 2-CMP and 3-CMP to ribonuclease A
are very small and equal to 2215 and 1# 15
cm® mol~ 1, respectivel\f48]. We used these data
in conjunction with the approach described above
and X-ray crystallographic structures of the ligand-
protein complexes to evaluate the valuesAdfy,,
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AV; and AV, for the binding of 2CMP and 3
CMP to ribonuclease A48]. For 2-CMP associ-
ation with ribonuclease A, our calculated values
of AVy, AV and AV, are —141, —137 and 300
cm® mol~ !, respectivelyf48]. For 3-CMP associ-
ation with ribonuclease A, the values dfV,,,
AV: and AV, are —207, —132 and 356 crh
mol~?*, respectively[48]. The decreases in the
thermal volume,V;, reflect the burial of large
surface areas within the ligand-protein interfaces,
while the increases in the interaction volumg,
reflect dehydration of the interacting surfaces with
the release to the bulk of water molecules that
were previously solvating polar and charged pro-
tein groups. These estimates reveal that the near
zero values oAV observed for the binding of' 2
CMP and 3CMP to ribonuclease A result from
compensation between very large intrinsic, thermal
and interaction contributions.

The binding of OMTKY3 toa-chymotrypsin at
25 °C is accompanied by a volume increase of
100+40 cn? mol ! [49]. Our estimated values of
AV, AV andAY, for this protein—protein binding
event are 210;-927 and 817 crh mol* , respec-
tively [49]. Again, note that a large decrease in
Vr nearly offsets increases ivi, andV, thereby
bringing about a smalAV. Significantly, in abso-
lute magnitude, the values AV, and AV, are
roughly an order of magnitude larger thav.

3.2. Conformational transitions of proteins

We have used E(8) to simulate the depend-
ences of changes in the partial specific volume,
Av, upon the degree of unfoldingx, for globular
proteins with molecular weights of 15, 20, 35 and
50 kDa. Results of these calculations are presented
in Fig. 2. Inspection of Fig. 2 reveals a number of
important observations. First, the calculated values
of Av are small in absolute magnitudeanging
from —0.02 to 0.03 cri g1), an observation that
agrees with experimental data. This agreement
lends credence to the assumptions and derivations
that have been used in developing the above
described volumetric model of protein denatura-
tion. Second,Av non-linearly depends on the
degree of unfoldingg. For example, for a protein
with a molecular weight of 20 kDaAwv first
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Fig. 2. Dependences of the specific change in volutg, accompanying protein denaturation upon the degree of unfolding,
calculated using E((8) for average globular proteins with molecular weights of 15, 20, 35 and 50 kDa.

decreases te-0.006 cni g' upono increasing
from O to 0.45, then increases te0.001 cni
g~ * wheno increases to 0.93 and, finally, decreas-
es to —0.004 cni g?! upon the full unfolding of
the protein(at c=1). Hence, for this protein, the
native-to-molten globul€ o~ 0.4—0.0, native-to-
partially unfolded (¢~0.7-0.8, and native-to-
fully unfolded (o~1) transitions will be
accompanied by volume changes;, of —0.006,
—0.003 and —0.004 cni g?!, respectively.
Accordingly, the molten globule-to-partially
unfolded transition of this protein will result in a
volume increase 0f~0.003 cni g? . Thirdly, the
larger the molecular weight of the protein the more
positive the volume change accompanying its
denaturation. In this respect, it should be noted
that the majority of the proteins, for which dena-

ences. Inspection of Fig. 3 reveals that the near
zero values ofAv (which do not exceed in absolute
magnitude 0.006 ctn 4') reflect a striking inter-
play between very large changes:iy, vy andy,.
Specifically, wheno increases from 0 to 1y,
decreases by 0.17 ém —§ v, decreases by 0.07
cm® g1, while vy increases by 0.23 cin ¢
nearly compensating decreasesvjnandv,. Note
that, in absolute value, the changesvjp, v+ and

v, can be 10-40 times larger thayv itself. The
decrease in,, is due to elimination of intraglob-
ular voids upon protein denaturation. The increase
in vy reflects the fact that almost a threefold
increase in solvent accessible surface argaq,
upon full unfolding of the protein prevails over a
roughly twofold decrease in the effective thickness

turation volumes have been determined, are of of the thermal layers (from 0.6 cni mof® ‘A2

molecular weights betweer 10 and 30 kDa.

To further explore the extent of compensation
betweemvy,, Avr andAvy, in protein denaturation,
we have simulated ther-dependences of these
terms for a globular protein with a molecular

weight of 20 kDa. Fig. 3 presents these depend-

for the native state to 0.34 ém mdl ~ &  for the
fully unfolded state. Similarly, the decrease in
(the negative value of, becomes more negatiyve

is related to that a threefold increase in S prevails
over a twofold increase in the unit contribution of
the interaction volume,y (from —0.24 cn?
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Fig. 3. Dependences of the intrinsityp,,, thermal,Av; and interactionAy,, contributions toAv for an average globular protein
with a molecular weight of 20 kDa. The dependences have been calculated as explained in text.

mol~? Z—\‘z for the native state to—0.12 cn? from the regression lingnormalized per gram
mol~* A~2 for the fully unfolded state rather than per mole of proteishown in Fig. 1.

It should be noted that individual proteins can
deviate from the average with respect to the 3.3. Other macromolecular systems
volume of intraglobular voids and distribution and
proportions of charged, polar and non-polar atomic  The main concepts and formalisms of this work
groups in the native and denatured states. Thecan be extended to other macromolecular systems
latter will affect the hydration properties of the and events, such as drug-DNA and protein-DNA
native and denatured protein states. Such proteinsinteractions as well as helix-to-coil and helix-to-
may exhibit transition volumes that are different, helix transitions of nucleic acids. However, before
in both magnitude and sign, from the average such applications can be realized, the unit contri-
values calculated using Ed8). Therefore, care  butions(per 1 A of surface argaof thermal 6,
should be exercised and individual properties of and interactiony, volumes for nucleic acid struc-
proteins should be properly considered before gen-tures in their different conformational statéa,
eralizations can be made regarding the sign andB, Z-duplexes, triplexes and single stranded con-
magnitude ofAv as a function of the molecular formation9 should be determined as a function of
weight of a protein and the nature of its transition. nucleotide composition and sequence. In this
In general, the difference between our calculated respect, our recent volumetric data on genomic
volumetric properties of an ‘average’ globular and synthetic DNA duplexes suggested that some
protein and the actual properties of a specific one synthetic  polymeric  duplexes [such as
can be as large as 0.02-0.03%cm*g . This rough poly(dAdT)poly(dAdT), poly(dGdOpoly(dGdO)
estimate is based on and corresponds to the rangeand polydldC)poly(dldC)] may influence water
of observed deviations of experimenfgl values molecules beyond the first hydration layer, while
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the hydration shell of genomic DNA is primarily
confined within the first hydration layef50,51.
However, to obtain the requisite sequence- and
conformation-dependent values @f and y for
nucleic acids, volumetric studies should be expand-
ed to larger sets of DNA structures including
duplexes, triplexes and single strands. Additional
experimental data, coupled with the analysis
described above, will ultimately facilitate devel-
opment of more quantitative and robust ways of
interpreting nucleic acid volume changes. Such
work is underway in our group.

4, Conclusion

We have presented a simple yet realistic volu-
metric model of protein folding and binding. The
model enables one to resolve changes in volume,
AV, accompanying protein binding and folding
events in terms of intrinsic, thermal and interaction
(hydration contributions. Our results reveal that
near zero values oAV of protein folding and
binding reflect compensation between significant
changes in the intrinsic, thermal and interaction
contributions. In fact, we have quantitatively esti-
mated these contributions as a function of the
protein’'s molecular weight and degree of its
unfolding. Given the interplay between the changes
in intrinsic, thermal and interaction volumes, one
must pay careful attention when interpreting meas-
ured values ofAV or AAV in terms of various
microscopic eventge.g. creation of a cavity inside
the protein when a bulky amino acid is substituted
by a smaller onk The results described in this
work lay foundation for more robust and physically
justified interpretations of volumetric data on pro-
tein folding and binding events. Finally, the basic
assumptions and formalisms used in developing
our model are not restricted to proteins only.
Applications of this model can, in principle, be
extended to analysis of other macromolecular sys-
tems and events, including drug-DNA and protein-
DNA interactions and helix-to-helix and
helix-to-coil transitions of nucleic acids.
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