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ABSTRACT Much uncertainty and controversy exist regarding the estimation of the enthalpy, entropy, and free energy of
overall translational and rotational motions of solute molecules in aqueous solutions, quantities that are crucial to the
understanding of molecular association/recognition processes and structure-based drug design. A critique of the literature on
this topic is given that leads to a classification of the various views. The major stumbling block to experimentally determining
the translational/rotational enthalpy and entropy is the elimination of vibrational perturbations from the measured effects. A
solution to this problem, based on a combination of energy equi-partition and enthalpy-entropy compensation, is proposed
and subjected to verification. This method is then applied to analyze experimental data on the dissociation/unfolding of
dimeric proteins. For one translational/rotational unit at 1 M standard state in aqueous solution, the results for enthalpy (Hs),
entropy (S3), and free energy (Gy) are Hy. = 4.5 = 1.5RT, Sy = 5 * 4R, and G, = 0 = 5RT. Therefore, the overall translational
and rotational motions make negligible contribution to binding affinity (free energy) in aqueous solutions at 1 M standard state.

GLOSSARY
p = N/V, number density two polypeptide chains, either folded
M = molecular weight or unfolded
det(d) = determinant of the inertial tenséyr Ep = translational+ rotational energy
C = concentration in molarity; in particular,
c’=1M
y; = stoichiometric coefficient of th¢th INTRODUCTION
molecular species in a chemical Most biochemical reactions involve molecular association/
reaction dissociation, from the relatively simple oligomerization re-
R = gas constant (4.184 JK mol ™) actions, in which only one type of molecule is involved, to
$> = standard molar or partial molar entropy the more complicated binding/recognition processes (e.g.,
of a molecular species drug-receptor interaction, enzyme-substrate association, and
§and§’ = $inthe gas phase and in the liquid  protein-DNA binding), in which at least two types of mol-
phase, respectively ecules are involved. Most reactions of this type result in a
AS> = standard entropy change of a chemical change in the number of molecules. For example, in a
reaction reaction where one complex dissociates into two subunits
A vaiion = SOIvation entropy (A,= A + A, or AB = A + B), the number of molecules
S, &, and§; = translational, rotational, and increases by one. Examples of reactions that conserve the
translational+ rotational entropy, number of molecules are the folding/unfolding of mono-
respef:tlvgly meric proteins (N= U) or a phosphorylation reaction of a
AS},, = vaporization entropy substrate (S+ ATP = S-P + ADP). Generally speaking,
ASoncovalent = entropic effect of noncovalent chemical reactions that lead to a change in the number of
perturbations by cross-linking two molecules can be characterized by a parametéefined as
polypeptide chains, either folded or v = 3y, # 0, with y; being the stoichiometric coefficients
unfolded with the stipulation that those of the products be positive
AH® = standard enthalpy change of a chemical ang those of the reactants negative. For the dissociation of
reaction a dimer,v = 1.
HE = translational+ rotational enthalpy For reactions of the type witt # 0, a unique contribu-
AHPoncovaient = €nthalpic effect of noncovalent tion to the equilibrium constant arises from the overall

perturbations caused by cross-linking  transiational/rotational motions of the molecule in terms of
enthalpy and entropy, which could be significant depending
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designate the enthalpy and entropy of each translationablassical isothermal-isobaric partition functioB, for this
rotational unit aHg and S}, respectively, and hence the system is (Hill, 1986):

enthalpy and entropy change in a chemical reactio# (

0) as AHg and AS), with the subscripttr referring to N Zn

translational+ rotational and the superscriptto stan- = J - exp(—PVIKT)d(PVIKT), (1)
dard state of specified concentration. Experimentally de- 0 (

HNJ!AiBN'>
termined equilibrium constants or binding affinity always =1

. o : . .
contain theAH; and AS’r_terms, in addition to C(_)ntrlbu where V represents volumed, = W\/27MKT, with M,
tions from noncovalent interactions. Indeed, this translgbemg the molecular weight of thigh speciesh Planck’s

tional/rotational entropy effect has been used to explain.g ciant and the Boltzmann constanZ. is the configu
the chelate effect (Calvin and Bailes, 1946; Westheimef 1 i'ntegral given as: N

and Ingraham, 1956) and the much smaller enthalpy

requirement of intramolecular hydrogen bond formation

compared with the intermolecular one (Jaffe, 1957). In Zy = J exd —U(r)/kT]dr, (2)

the context of biochemical reactions, it has been pointed

out years ago thaAS, makes an important contribution ) _ )

to enzymatic catalysis (Page and Jencks, 1971; Pag¥ith r representing the atomic coordinates au) the
1977; Jencks, 1986). It must be emphasized that it is £N€rgy potential. From the partition function, the sys-
mistake to equatdH® (ASD) with the entire association t€m’s enthalpy and entropy can be obtained as (unless
enthalpy (entropy), which also includes many Otherothermsg specified, all thermodynamic quantities are in
terms, such as vibrational and solvation enthalpy (entromolar units):

py) (Kollman, 1993; Gilson et al., 1997; Brady and

Sharp, 1997a). On the other hand, any attempt to calcu- H° = RT2 X [a In ®] (3)

late binding affinity must také&Hy andAS;, into consid oT |y

eration and specify the concentration at which the calcu-
lations are made.

The evaluation ofAHp, AS;, and AG;, for molecular
association reactions in aqueous solutions is the focus of
this article. Through analysis of experimental results fromwhereR is the gas constant. The above formal relationships
our laboratories, we are able to give a narrow rangeéHfar  are valid for any system with fixed and P. However,

S, and Gy for each translational/rotational unit which in except for a few simple model systems such as the ideal gas,
turn can be used to calculateHy, AS;, and AGg in an it is not possible to obtain the configurational integral ana-
association/dissociation reaction of any order (dimerizationlytically. The next section gives the results for ideal gas
trimerization, tetramerization, etc.). In this work, we do notsystems to illustrate some of the basic concepts on this
discuss the issue of whether the residual motions of partnetgpic.

in a macromolecular complex should be treated as transla-

tional/rotational modes or as vibrational modes. Both treat-

ments require a correct accounttdf, S, andGg for each  HP and Sg. for ideal gas systems

translational/rotational unit (a molecule or a complex) in the . . . .
liquid phase. For ideal gases, the configurational integ&| can be

This article is organized as follows. The first part is an ob_tained analytic_ally in ex?‘?‘ form, \.NhiCh gives the trans-
overview of general statistical mechanical relationshipéatlonal and rotathnal partl'_uon function for any one of the
onHg andS;, which serves to clarify the question that we m molecular species as (Hill, 1986):
are attempting to answer. The second part is a critique of, _

. . i i ) 0,=0,X06,
the results in the literature to illustrate the various view-

points that exist and the origin of their differences. The KT  [#Y2  /87%KT\%? nl
third part is a presentation of our own results. = PT\J‘? T T) X det(A)) (5)

din
—

®] +RINO (4)
n 1
o |

h2

GENERAL STATISTICAL MECHANICAL The first part of Eq. 5 is the translanon'gl partltlon functlon,
and the second part the rotational partition functiems the
RELATIONSHIPS . :
symmetry factor ¢ = 1 if there is no symmetry). For
Consider a multi-component systemmimolecular species nucleic acids and monomeric proteims= 1. det@,) is the
at equilibrium with fixed temperaturéand pressur®. The  determinant of the inertial tensoh,, of the jth molecular

number of molecules of each speciedljigj = 1, 2, ... ,m) species. Then, from Eqg. 5, the translational and rotational
and the total number of moleculesNs i.e.,N = XN;. The  enthalpy and entropy of thgh molecular species can be
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obtained (neglecting the temperature dependence dEonsequentlys’ depends on molecular mass asfR3nM
det®@))): as chain length is proportional to molecular mass for ho-
mopolymers. Thus, for random homopolymers, b#tland
He = 4RT (6) < are linear functions oR In M. For real unfolded proteins
or other random polymers, the picture is more complicated.
S=F+F-= [2.5R —RIn ’\\/I'Af] One thing can be certain, however, is thdetA)) of the
unfolded state is larger than da)( of the folded state
872K\ 2 because the unfolded state is more expanded (in facAdet(
+ [1.5R + RIn 72 (hZT) det(Aj)l’z} (7) provides a measure of how expanded a molecule is). Thus,
S makes a contribution to the unfolding entropy even in the

Egs. 6 and 7 give the translational/rotational enthalpy an¢@S€ of monomeric unfolding. The magnitude of this con-

entropy, respectively, for each molecular species. For énbutlon is hard to estimate, although it is not expected to be

reaction involving several molecular species, the transla®'9¢- _

tionallrotational enthalpy and entropy changeH? and Perhaps the most notable feature of the results from ideal

1 'tr . g .

AS, can be easily calculated fromS and . of each gas statistics orHg and S is that they are completely

molecular species ' uncorrelated. At any given temperatutd;, is a constant
From Eq. 6, it is clear thaH® depends only on the 4RT, butS, can take any value, depending on the volvhe

temperature. In contrasg® is much more complex. because an ideal gas system can |sother_mally expand to any
volume (of course, the density must be high enough to have

a stable pressure). For a typical protein with a molecular
The translational entropy weight in the range of 5-25 kD& & M standard state and
] ambient temperature, boff and S’ are ~25R, with a total
The first part of Eq. 7, also called the Sackur-Tetrodeys 50R for . Thus, TS ~ 50RT. Hence, &1 M standard
equation, is the translational entrop§. S depends on  giate T S (ideal gas) is an order of magnitude larger than

molecular weight, through®, as 1.KIn M and concentra  o(ideal gas) & 4RT) with a difference on the order of
tion p, asRIn p, (p, = N/V). In systems of ideal gas, ideal 45T

solution, or ideally dilute solutior§’ is the only one among
the standard enthalpy and entropy functions that has con-
centration dependency, and it is for this reason that foEVALUATION OF Si, IN AQUEOUS SOLUTIONS IN

reactions withv # 0, the standard concentration must al- THE LITERATURE

ways be specified. It is worth pointing out that the standard-; ihe liquid state, the configurational integr&), cannot
concentration for any solution must always be finite rather, o qpiained analytically. Thereforel® and Y of a solute
than infinitely dilute. At infinite dilution N/V—0), & di- o .

o7 i . have to be evaluated either empirically or computationally.
verges to infinity. The conventional standard concentrationyor the years, different views and approaches have been
in biochemistry $ 1 M (1 mol L™%). !

taken to estimat&), generating both excitement and eon
troversy.

One approach states that as far as the translational and
rotational motions are concerned, a liquid is no different
The second part of Eq. 7 is the rotational entr@@yUnlike  from an ideal gas (Steinberg and Scheraga, 1963; Ben-
S, which is concentration dependent but is indifferent to theNaim, 1978; Finkelstein and Janin, 1989; Erickson, 1989;
structure of the molecule§’ has no concentration depen Tidor and Karplus, 1994; Janin, 1995; Brady and Sharp,
dency but depends on molecular structure through the terrh997a,b). Therefore&g(liquid) = S)(ideal gas), and Eq. 7 is
det(d). For folded proteins, deX) can be readily calculated used to estimat&(liquid). The essence of this approach is
if the structure is known and is expected to have littleto treat the solvent as a structureless continuum (Prue,
temperature dependence. For unfolded proteinsAdley  1969). In this kind of approach, the effect of solvent is
replaced by the ensemble averddet(A)). The calculation allocated entirely to a term called solvation with no explicit
of (det(d)) requires the generation of an ensemble of unteference to the restrictions imposed on the translational/
folded conformations which is by no means trivial. Studiesrotational motions of the solute molecule by the solvent.
on(det(A)), using abstract models, indicate that for random A second approach is to corre€(ideal gas) by the
hard sphere chains(det(A)) scales linearly with the loga- entropy of vaporization. This method has been used to
rithm of chain length with the critical exponemtranging  obtain the corrections for small organic molecules; i.e.,
from 6 to 7, depending on the radii of the hard spheres (Yug;(liquid) = Si(ideal gas)— AS,, where AS},, is the
and Wang, 1999; Wang and Yu, unpublished results). Suckiaporization entropy of the solute molecule after proper
scaling behavior ofdet(A)) means that, for random ho- concentration and temperature correction (Page and Jencks,
mopolymers S depends on chain length as 0.;R In N. 1971; Page, 1977; Andrews et al., 1984; Doig and Williams,

Rotational entropy
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1992). The conclusion is that the vaporization entropy corbenzene upon binding to a T4 lysozyme mutant (Hermans
rection onS(ideal gas) for bimolecular dissociation reac and Wang, 1997). In this calculation, 5668 water molecules
tions is very small €3R) because the reactant has a higherare explicitly incorporated in the simulation, and the result
molecular weight compared with the products and therefor@btained forS) is ~11.5R at 300 K close to Trouton’s value
higher boiling point and higher vaporization entropy. A for vaporization entropy. A variation of this approach,
variation of this approach is to use the sublimation entropywhich evaluates the configurational integral not by force-
AS,, rather thanS(ideal gas) as the base value for cor field-based numerical computation, but using an argument
rection. The correction term again is the vaporization enbased on the free volume theory of the liquid state, was
tropy; i.e., Si(liquid) = AS, — AS),, (Searle and Wi given by Amzel (1997). In this variation, the volume term
liams, 1992). The essence of this variation is counting th€V) in Eq. 7 is replaced with a term called the free volume
residual motions of each unit in the molecular complex aqV;), which is “the effective volume in which a particular
translational/rotational rather than vibrational. For proteinsmolecule in the liquid can move and obey the perfect gas
and nucleic acids, the problem with this kind of approach idaw” (Eyring and Hirschfelder, 1937). It deals wii only,

that their vaporization entropy from aqueous solutions isand the result obtained by Amzel is &3

simply unknown and is certainly not expected to obey Occasionally, a combination of some of the above ap-
Trouton’s rule, which states that, at the normal boilingproaches is used (Novoty et al., 1989; Spolar and Record,
temperature (i.eP = 1 atm.), the vaporization entropy of 1994).

non-associating liquids is 11R (Nash, 1984). Nonetheless,

this is a step in the right direction compared with the first

approach, which applies ideal gas statistics to macromol
cules in aqueous solutions.

A third approach is to compare experimental standardenote the reduction & (ideal gas) caused by the restric
dissociation entropy with empirical, structure-based entions of overall translational/rotational motions of a mole-
tropic scoring functions and attribute the differenc&toln  cule imposed by the liquid phase 8S); i.e., 8S, = S(lig-
one such estimate (Bohm, 1994) it was concluded, based anid) — S(ideal gas). The sharpest distinction among these
a data set of 45 protein-ligand complexes, the optimumapproaches is the relationship betwé&) and the solvation
value forS; is 2.2R. In another study (Murphy et al., 1994), entropy. The solvation entropyAS,vaion refers to the
it was found that the cratic entropy (for the definition of entropy effect of transferring a motionless solute molecule
cratic entropy, see Gurney, 1953), with a value Bffér  from the gas phase to the liquid phase (Ben-Naim, 1978;
aqueous solution, provides the best estimate for the loss &en-Naim and Marcus, 1984). Although never explicitly
translational entropy (also see Adamson, 1954). Later, thistated, the first two approaches discussed above are diamet-
conclusion was extended to include also the rotational enrically opposed to each other in the following sense. The
tropy (Gomez and Freire, 1995). It is remarkable that twofirst approach allocates the vaporization entropy entirely to
different scoring functions based on two different data setshe solvation entropy (after proper adjustment3 o, and
give essentially the same numerical result &ras the p). In contrast, the second approach allocates the entire
numerical result relies crucially on the accuracy of thevaporization entropy to5S). In this latter approach, the
empirical scores assigned to other entropic terms, which arsolvation entropy of a solute molecule devoid of overall
often much larger than the resultet translational/rotational motions would be zero. Therefore, in

A fourth approach is a force-field-based numerical eval-these two approache8S, and AS, aion @re mutually ex
uation of the configurational integral. The formalism for clusive. The third and the fourth approaches treat solvation
such an approach has been outlined by Gilson and cand restriction of translational/rotational motions in a sep-
workers (Gilson et al., 1997). The conclusion is that solventarate and complementary manner. Denote the entropy of a
mediated interaction potential has to be included in calcumolecule in the gas and liquid phases (same, andp) as
lating Si(liquid). The corollary of this conclusion is that SjandS’, respectively, and l168S* = §° — §. Of course, we
Si(ideal gas) is not a good approximation fj(liquid). In  do not mean that at fixed, P, and p, there can be two
principle, such an approach of numerical evaluation of thephases, one gas and one liquid. Such a statement violates the
configurational integral can be exact and, if carried out, isphase rule. Heregj is simply the calculated molar entropy
expected to give accurate values & The challenge is of the molecule using ideal gas statistics, &ié the actual
twofold. First is to find a computationally tractable and yet partial molar entropy of the molecule in the liquid state.
accurate force field for macromolecular aqueous solutionsBarring any conformational changes upon condensation/
Second, the system should be large enough so that the resdissolution, then the four different approaches can be sum-
is valid in the thermodynamic limitN—, V—x, NV marized as follows3S’ = A ai0n 0 = O (first ap
constant). This is an important point that is not alwaysproach);8S° = 8, AS,vation = O (second approach$s’
heeded to in molecular simulations. It is encouraging to see= 8, + ASvaion (third and fourth). In this regard, an
that calculation along this line has been carried out forinteresting proposition proposed by Wertz (1980) is &t

eI_Relationship among the various approaches
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unfolding two unfolded and interactions that include vibrational perturbations (the six

folded monomer > . . . .. .
A 3 crosslinked chains new modes and alteration of existing modes (Tidor and
A Karplus, 1994)) and possible hydration effect. Any attempt

to extractS, out of 8AS’ has to take these noncovalent
' formation of perturbations into account. Because perturbation can hap-
o | formation of 4 disulfi de bond pen to both the folded and the unfolded state, its magnitude
disulfide bond cannot be reliably estimated using methods such as normal
mode analysis because they require knowledge of the struc-
ture. This is the drawback of such an approach that couples
» two unfolded and dissociation with unfolding. This problem has been a sub-
separated chains ject of discussion (Karplus and Janin, 1999; Privalov and
Tamura, 1999). Here, we provide a tentative solution to this
FIGURE 1 Thermodynamic cycle used to extr&gtfrom temperature- ~ problem, based on our previous work with further refine-
induced unfolding/dissociation reactions: step 1, unfolding/dissociation ofiment and elaboration.
the dimmer; step 2, cross-linking the two helices in the dimer, resulting in
a disulfide-bridged monomer; step 3, unfolding of the disulfide-bridged
monomer; step 4, cross-linking the two unfolded polypeptide chai&$. Estimation of noncovalent perturbations
+ AS]} = AS] + AS] AS) = ASjiner aNd AS = AS) ohomer are the
unfolding entropy of the dimer and monomer, respectivelf = Formally, the noncovalent perturbation components of
%%—Zbgdgoﬁdsﬁmog?g;g?wm A%Sbotnﬁze;”n%rt:ﬁce’ggzjtf %fffzfl;“iﬂg S8AH® and 8AS° can be defined, respectively, using the
noncovalent interactions cgljc;\grg;og;gss-linkingFihe folded state, such a{sonowmg equations:

unfolding/dissociation

1

folded dimer

alteration of the vibrational modeAS; contains similar terms plus an extra SAH® = H?° o
. ) : = H; + 6AH 10
—SP term, due to the loss of a translational/rotational unit caused by the tr noncovalent (10)
cross-link; i.e., AS; = A, + A i~ S The cross-
% % Sbond goncovalent.unfolded Sjr SAS‘) = S’r + 8A$0ncovalent (11)

linking entropy,8AS’, is given bySAS® = A e — ASwonomer= AS; —

AS; = AS — AS] = § + 8AS ncovaet Therefore,6AS° = § + o ;
SAS oncovatent Which is Eq. 11 in the text. The enthalpic quantities satisfy Note thatdAHroncovalen@NddASioncovaienire the difference

identical relationships. There is no assumption abaake, .. or  Of noncovalent perturbations between the folded and the
SAS, covaienDEING ZETO. unfolded states (Fig. 1pAH® anddAS’ are experimentally
determined quantities.

The starting point is the estimation f.. The energy part
of Hy, Eg, can be estimated by the equi-partition theorem,

= 95 = ASowation = ~ASap after proper adjustments of which is valid for classical systems in both gaseous and

T, P, andp. condensed states (Wannier, 1987). This theorem states that,
at thermal equilibrium, each degree of motion has an aver-

EXPERIMENTAL DETERMINATION OF Sg, IN age kinetic energy dRT/2. For crystals, another term, up to

AQUEOUS SOLUTIONS RT/2, would be added for each degree of motion. This term

originates from intermolecular interaction. For six degrees,
it amounts to KT exactly forEg(ideal gas) and BT at most
Unlike computational procedures, experiments measuréor Ej(crystal). Because the liquid state is in between the
AS) of a reaction rather thaf, of each molecular species. gas state and the solid sta,(liquid) should have a value
For a pair of reactions withv = 1, 5AS) is caused by one somewhere in the range oR3 and &RT, depending on the
translational/rotational unit. Henc8AS, = S). In the fob  system. In condensed pha&,~ Hy because th@V term
lowing discussion, we will simply usel andS)) instead of ~ of Hy is negligible. Thus, BT = Hg(liquid) = 6RT, with an
SAHY and8AS). Following the approach outlined by Page uncertainty of ®RT. In our previous work, the contribution
and Jencks (1971), we obtal® by comparing standard of intermolecular potential energy was neglected, &tjd
reaction entropy of a dimeric, intermolecular dissociation/was estimated to beR3 (Yu et al., 1999).Hy is then
unfolding reaction { = 1) with that of its monomeric, substituted in Eq. 10 to obta®AH}covarert

intramolecular counterpart in which the two units are teth- The estimation oBAS); is based not on a rigorous theo
ered togethern = 0). The differences in unfolding enthalpy retical ground like that oHg. Rather, it is based on the

Overall strategy

and entropy are: empirical compensatory relationship between enthalpy and
. . o entropy of weak intermolecular interactions, which states

BAH" = AHdimer_ AHmonomer (8) that SAHgoncovalent ~ TSAS:oncovalem Enthalpy-entropy
compensation is a widely observed phenomenon in binding,
SAS = ASgimer - AS“‘?nonomer (9) P y P 9

folding, and solvation processes (Gilli et al., 1994; Searle et
The corresponding thermodynamic cycle is shown in Fig. 1al., 1995; Westwell et al., 1995; Gallicchio et al., 1998; Liu
S8AH® and 8AS’ contain contributions from noncovalent and Guo, 2001), and several theoretical justifications have

Biophysical Journal 81(3) 1632-1642



Translational/Rotational Entropy 1637

been given using different approaches (Dunitz, 1995; Qian, 32

1998; Liu and Guo, 2001). With the enthalpy-entropy com-
pensationS, can be estimated fro®AH® and 6AS’ as: 3.1 4 \D\
SAH? — ] )
S = 8AS — 8ASoncovaten= OAS — n?rncovalem 5 >0 — =
- 29
A 0AH° — Hy Hp SAG° S

B S S (12) 8 4] ——
The uncertainty in the estimation bif, which is RT, will 27 % -e—e
cause an uncertainty in the estimationS3f which will be
3R. Another source of uncertainty in the estimatior&fis 26 , , ,
the enthalpy-entropy compensation relationship because the 0 1 2 3 4
compensation cannot be exact as it lead¥AG. . ,covaien= .
0, which obviously is not true. Thus, the result obtained in Log,,[N]" (uM)

this manner is necessarily an approximation, and the valid-

ity of such approximation should be subjected to Verifica-FIGURE 2 Concentration dependency of the transition temperatufe
tion protein complexes. [Nlis the total protein concentration in the dimer form

in uM units. Solid symbols represent the cross-linked complex whereas

open symbols represent the non-cross-linked complex with circles for the

synthetic coiled-coil at pH 2.0, squares fétreptomycesubtilisin inhibitor
Experimental results for the determination of St (SSI) at pH 3.0, and triangles for SSI at pH 6.0. For a detailed discussion

on the origin of the difference between pH 3.0 and pH 6.0 for SSI, see
Two protein systems were investigated. One is a naturatmura and Privalov (1997).

globular protein, Streptomycessubtilisin inhibitor (SSI)
whose two units, each of 113 residues, associate to form a
homodimer upon folding (Tamura and Privalov, 1997). The

. ) Lo . ; .__that the correction is indeed smat2R) and is within the
other system is a synthetic peptide in which two identical : :
. . . range of experimental error. The perturbations caused by the
chains, each of 36 residues, form a two-strandduklical

coiled-coil (Yu et al., 1999). In the SSI case, a mutant Wascross-llnk are likely to be in the unfolded state for SSI.

made with Asp83 replaced by Cys to form a disulfide bond

between two molecules, resulting in a disulfide-bridgedDISCUSSION

monomer. In the coiled-coil case, the twehelices of the .

coiled-coil were cross-linked by replacing Ser3 with Cys forval'd'ty of the results

inter-chain disulfide bond formation, resulting in a disul- For both SSI and the coiled-coil, the experimetaH® and
fide-bridged monomer. In both studies, the unfolding/dis-TSAS® are rather close at 1 M standard state, differing by
sociation reaction was induced by elevated temperature witless than RTin absolute value. This is in sharp contrast to
the heat capacity monitored by differential scanning calothe results of ideal gas statistics, which says F&tis an
rimetry. The measurements were carried out over a widerder of magnitude larger thaHS with their difference
concentration range, and as expected, the dimer unfoldinground 4RT for molecules in the range of 5-25 kDa. Of
exhibits concentration dependency whereas the monomeburse SAH® and TSAS® contain perturbations from nonco
unfolding is concentration independent (Fig. 2). Tables 1-3alent interactions. However, combining Egs. 10 and 11,
give the calorimetric data on the unfolding reactions of SSlone obtains:

at pH 6.0, SSI at pH 3.0, and the coiled-coil at pH 2.0,

respectively. From these data, the cross-linking enthalpy‘?AHO — ToAS

S8AH®, and entropy,TSAS’, are obtained to give the cross- — (o _ o _

Ilnklng free energy,b‘AGO (Table 4 - (Htr Ts)r + (BAHnoncovalent TSASﬁoncovaler& (13)
From 6AG° andHy, (the median value ofly, 4.59RT, was  Clearly, if Hy and TS, were truly as different as predicted
used for the calculation)S, is calculated using Eq. 12 by ideal gas statistics, then the noncovalent perturbations,

(Table 4). The average result f8f is 5 = 4 R This result  SAH?covaien@Nd TOAS o covalert WOUID have to be equally

is slightly different from what was given before (2454 R different in the opposite direction to makAH® andTSAS’

for the coiled-coil and 2.5+ 2 R for SSI) because in balanced. This is highly unlikely even if the compensatory
previous analysis, the value ¢f; was taken to be BT  relationship betwee®AH?,, covaient@Nd TOAS GheovaientiS
rather than 4.BT. Also, in the analysis of SSI, the nonco- not perfect. Therefore, even without detailed analysis, the
valent perturbations were neglected because there waaw data indicate qualitatively that the ideal gas resul§pn
hardly any structural perturbation in the folded state. We seeannot be applied to the liquid phase.
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TABLE 1 Calorimetric data for the unfolding of subtilisin inhibitor at pH 6.0

[N]° (M) T, (°C) AH° (T) AS (T AH% (80°C) AS’* (80°C)
Cross-linked
113.4 94.0 831 2264 754 2029
97.7 94.2 828 2251 749 2017
11.0 94.2
Average 751 2023
Non-cross-linked
445 83.6 778 2125 748 2042
223 82.8 773 2113 750 2046
111 82.1 768 2096 750 2042
55.7 81.3 757 2067 746 2038
54.5 81.3 759 2071 748 2042
27.8 80.4 750 2046 746 2042
Average 748 2042

[N]©, total protein concentration in the dimer for, transition temperature§H® in kJ mol%; AS” in J K~* mol~%; standard concentration is 1 M.

*The experimentalblH® andAS’ are extrapolated to a common temperature for comparison. This common temperature (80°C in this case) is chosen to be
roughly the mid-point of the transition temperature range to minimize error. The heat capacity change for this extrapolation iS\g)EF) by Co((T) —

Con(T) With Cp(T) = A + BT + CT? andCp(T) = D + ET. For subtilisin inhibitor A = 41.6 kJ K * mol™*, B = 0.248 kJ K2mol~*, C = —0.001314

kI K3mol™, D =28.7kJ K*mol™% E = 0.202 kJ K2 mol~* whereasA = —3.8 kJ K *mol™%, B = 0.113 kJ K?mol™*, C = —0.0001374 kJ K3

mol™%, D = 1.21 kJ K'* mol™%, E = 0.045 kJ K2 mol~* for the coiled-coil peptide.

The quantitative result rests on the accuracy of our proThis method is completely independent of the general cor-
cedure to eliminatedAS hcovaientfrom AS’. This is an  rection method based on energy equi-partition and enthalpy-
swered by comparing the two different procedures affordedntropy compensation and therefore provides a check for
by the special case of the synthetic coiled-coil. In thethe validity of the general method.
coiled-coil system, the disulfide bond produced significant The experimentabAH2hcovaien@NA TOAS o ncovaiendOF
increase in helical structure as evidenced by the circulathe coiled-coil are both—4.9RT, giving a §, of 4.5R
dichroism spectra of the two peptides: the non-cross-linkeqTable 4). On the other hand, had perturbations to the
coiled-coil is 83% as helical as the cross-linked one. Thidolded state been corrected by helicity normalization, the
increase in helicity is due to reduction of end fraying (Zhouresultant SAH® and TSAS® would be 7.4 and 68T,
et al., 1993). The extent of structural perturbation to therespectively. This leads to & of 3.6RT. Notice that
unfolded state is not known. Thus, in this system, it isalthough the normalization correction is rather significant
mandatory to conside3AHS 1 covalenttNd SAS oncovalenfOr  SUch thatsAH® and TSAS® changed their signs, the-re
necessary corrections. Due to the sequential repetitivenessiltantS] is hardly affected, with a difference of less than
and structural regularity of the synthetic coiled-coil, there is1R. This analysis demonstrates that two totally different
an alternative way to correct for perturbations to the foldedprocedures give the same result & within 1R, well
state caused by the cross-link. This is achieved by normalithin experimental error (B). Thus, whether perturba-
izing the unfolding enthalpy and entropy of the cross-linkedtions to the folded state are corrected alone first, using
peptide according to the helicity ratio of the two peptides.helicity normalization, or together with perturbations to

TABLE 2 Calorimetric data for the unfolding of subtilisin inhibitor at pH 3.0

[N]® (M) T, (°C) AH% (T) AS* (T) AH° (60°C) AS (60°C)
Cross-linked
92.4 65.1 548 1531 493 1356
11.6 65.1
Average 493 1356
Non-cross-linked
455 59.1 495 1347 505 1377
242 54.9 447 1218 505 1393
120 52.1 415 1109 508 1389
59.7 49.8 385 1017 505 1381
29.6 48.1 364 958 504 1385
14.6 46.3
Average 505 1385

See Table 1 for definitions.
*The ionization heat of the histidine group in SSI has already been corrected (Tamura and Privalov, 1997).
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TABLE 3 Calorimetric data of the unfolding of the coiled-coil peptide at pH 2.0

[N]° (M) T, (°C) AH® (T AS (T AH® (70°C) AS (70°C) AR (70°C) AS* (70°C)
Cross-linked
350 94.4 250 690 209 566 174 470
188 94.3 249 680 205 554 170 460
66 94.4
Average 207 560 172 465
Non-cross-linked
877 69.1 195 521 195 522
466 66.0 188 505 194 522
400 64.1 186 500 196 525
217 61.6
137 59.7
103 57.7
55 54.0
25 50.4
60.0° 173 461 189 508
Average 193 519

See Table 1 for definitions.

*AHC (= 0.83AH% andAS (= 0.83A%’) are the enthalpy and entropy values, respectively, of the cross-linked peptide normalized to the helicity of
non-cross-linked one. This normalization procedure is based on the sequential repetitiveness of the coiled-coil peptide and serves as andneelpende
of our general approach to eliminate noncovalent perturbations from experimentally determined cross-linking enthalpy and entropy. Seeaiéxt for de
SValues obtained from the concentration dependenck ¢Yu et al., 1999).

the unfolded state, employing energy equi-partition andarger than the monomer, i.eT,8AS’ is positive. This
enthalpy-entropy compensation arguments, the result isxample illustrates that dissociation/association entropy
the same. This provides strong evidence for the validityof a macromolecular complex has many attributes and
of our general method for correcting noncovalent perturshould be interpreted with caution.
bations. The value of 5t 4Ris about an order of magnitude lower
For SSI at both pH 3.0 and 6.0, the cross-linkingthan that estimated by ideal gas statisticsRp herefore,
entropy is positive, indicating that the non-cross-linkedideal gas statistics clearly is not applicable to macromolec-
dimer has a larger dissociation entropy than its crossular solutes in aqueous solution as far as translational/
linked monomeric counterpart at 1 M standard state, i.e.rotational motions are concerned. This conclusion, based on
TSAS® is positive. On the other hand, for the coiled-coil, our experimental results, is in agreement with the theoretical
the dimer has lower dissociation entropy than the monoapproach outlined by Gilson et al. (1997), which concludes
mer at the same standard concentration, iT8AS’ is  that intermolecular potential energy has to be included in
negative (Table 4). However, this is not an anomaly onthe calculation of§) (called external entropy in their work).
S,. Rather, the cross-linked coiled-coil has larger disso The physical picture is that the translational/rotational mo-
ciation entropy because it is more helical than the nontions of a molecule in the liquid phase are severely re-
cross-linked one and the larger dissociation entropystricted. Indeed, it has been long established that greater
comes from the disruption of the extra helical segmentrestrictions on the rotation of a molecule in the liquid phase
Once the helicity difference is removed through normal-lead to larger entropy loss upon condensation (Everett,
ization, the dissociation entropy of the dimer becomesl960).

TABLE 4 Experimental cross-linking enthalpy, entropy, free energy, and resultant Hy. and Sg,

System Temperature (K) SAHC (RT) T8AS’ (RT) SAG® (RT) H2 (RT) S* (R
SSI, pH 6.0 353.15 -1.0 2.3 -3.3 4.5 7.8
SSI, pH 3.0 333.15 4.5 35 1.0 4.5 3.5
Coiled-coil, pH 2.0 343.15 —-4.9 —-4.9 0.0 4.5 4.5
Coiled-coil, pH 2.6 343.15 7.4 6.5 0.9 45 3.6
Average 5+ 48

To facilitate comparison of results at different temperatures, all quantities are expressed iREitndR.

*S is calculated fronHS and SAG® using Eq. 12. Here, the median valueHf (4.5RT) is used with an uncertainty af 1.5RT, which is smaller than the
experimental error RT for SSI and &T for the coiled-coil peptide).

"Value calculated using experiment8HS; .o, aNd A er

*Value calculated using helicity normalizeHS; e, aNd A ep i-€., 0.8AHS her and 0.8AS0r

$The uncertainty range*(4R) is taken to be the larger of the experimental errors of the two systems.
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Generality of the results In x, wherex is the mole fraction of the solute, is simply the

. . . . ideal mixing entropy (Gurney, 1953). The practice of as-
Our result on; is pbtamegl by comparing the entrop!es O,f signing the mole fractiom of solutes &1 M standard state
unfolded polypeptide chains (Fig. 1). How general is this

. ~“avalue of 1/55.5 and then equatin@R In x with S (or just
result? The vast differences between these two proteins i ) is problematic from several accounts (Holtzer, 1994;

both size '(more'than three times in terms of the number o rady and Sharp, 1997a; Gilson et al., 1997). Amzel's
amino acid residues) and shape (one globular and on

fil i ke it unlikelv that thi It is due t gnalysis on the other hand, concerns only the translational
I:éﬂﬁgri(:usgf tmh: se S!telrjnnsl e?ny o aed 'Il'?lerflzlljueif 5;’; 0 part of §. Furthermore, its numerical result rests upon the
P ity Y ployed. ] remise thatn a 1 Maqueous solution, the free volume of
for § is in close agreement with the values obtained bqansolute molecule\{ 1) and the free volume of a water
empirical energetic scoring functions based on the folde olecule in liquid water (concentration 55 M) satis
protein structures, which is ZR2n one case (Bohm, 1994) th Viw) in lig ( ) fy

: ) e relationshipM; ;,, = 55V;,,. The validity of this rela
and Rin another (Murphy et al., 1994), and54R s also tionship for macromolecular solutes such as proteins cer-

in accordance Wlth the conclu§|on drawn k?y Brwce. andtainly is questionable for two reasons. First, the huge vol-
co-workers (Bruice and Benkovic, 1964; Bruice and Light- me of macromolecular solutes cannot be ignored

stonel, ;gggl)/ that' n elnzymlc cataIySIShth? average I?s‘;’] onsequently, the concentration of watérlaM standard
translational/rotational entropy upon the formation of theg .o js g longer 55 M as in the case for small molecule

transFuqn s.t.ate is-4.6 kcal mqu, equivalent to 7.8. A olutes like NaCl. This is despite the fictitious nature of the
more significant agreement IS .aﬁorded by the standar M standard state (Yu, 2001). Second, even if the volume
entropy AS’of the following reaction: of the macromolecular solutes is ignored for a moment, then
Ni(NH)2* + 3ethylenediamine the macromolecular solute is still surrounded by 55 M rather
than 1 M water molecules. Consequentl,,y = Vi,
= Ni(ethylenediaming)” + 6NH;, rather tharV; ;,, = 55V;,,. However, Amzel's basic thesis,
that the translational/rotational motions are restricted in the
which is 1R (Calvin and Bailes, 1946). The authors con- jiquid state as compared with that in the gas state, is cer-
cluded that this entropy increase is mainly due to the factain|y valid and consistent with experimental results. Quan-
that there are three more particles on the right side of th@atively, more refined theoretical analyses, such as numer-
equation. Thus, for each translational/rotational unit, thgca| evaluation of the configurational integral, are needed to
entropy effect is B, essentially the same as ours. Suchyy|ly explain these experimental results. A criterion that any
agreement between totally different approaches and systedgch computational approach should meet is the ability to
supports that our result is not confined to unfolded polypepreproduce numerically both the Trouton-Hildebrand-Everett

tide chains but has general applicability to polar solutes inyje for vaporization entropy and deviations from this rule
aqueous solutions. Deviation from this result is likely due to(Nash, 1984; Everett, 1960).

the shape rather the size of the solute molecule, analogous

to the situation that within a homologous series it is mainly

the molecular shape rather than the molecular weight that

causes deviation from the Trouton-Hildebrande-Everret rul&ontribution of overall translation/rotation to
on vaporization entropy (Nash, 1984; Everett, 1960). Polarbinding affinity

ity of the solute molecule could be another source of devi resyits demonstrate that, in an aqueous solution of 1 M,
ation. Therefore, for macromolecules, our result should bgne gyerall translationalirotational motions make compara-
most applicable to globular and unfolded proteins and i)je and opposite contributions to bimolecular association
likely the upper limit ofS.. In the case of long rod-shaped gntha|py and entropy. The median value for the unfavorable
molecules like tropomyosin, greater restrictions might beaniropic contribution is B at 1 M standard concentration,
imposed on its rotations and hence results in an even |°W9équivalent to RT in terms of Gibbs free energy. The
St much in the same way that normal hydrocarbons havénedian value for the favorable enthalpic contribution is

greater entropy loss upon condensation than branched ongSRT, independent of the concentration. Hence, the trans-

(Everett, 1960). lational/rotational motions make negligible contribution to
standard binding free energgG2.., Therefore, the entire
standard binding affinity is due to contributions other than
translational/rotational motions that form the intrinsic bind-
From a theoretical point of view, & 4R is remarkably ing affinity. Put in mathematical terms,

close to the cratic entropy, which iR4and to the result

Theoretical perspective

obtained by Amzel (1997) based on the free volume theory, AGS (1 M) = —G3(1 M) + AGinyinsic
which is 5.3R. However, such agreements should be viewed
with caution. The cratic entropy, given by the formuta ~ AGiyinsic aSGg(1 M) = 0. (14)
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It has to be emphasized that this conclusion is based soleBrady, G. P., and K. A. Sharp. 1997a. Energetics of cyclic dipeptide crystal
on experimental results rather than any theoretical argu- Packing and solvatiorBiophys. J72:913-927. o _
ments. It is entirely empirical that the concentration atBrady, G. P., and K. A. Sharp. 1997b. Entropy in protein folding and in

hich G° h b d i protein-protein interaction&urr. Opin. Struct. Biol.7:215-221.
which G;; ~ 0 happens to be around 1 M. No specific Bruice, T. C., and S. J. Benkovic. 1964. The compensaticxHhandAS*

meaning has been or should be attachededltM standard accompanying the conversion of lower order nucleophilic displacement
state. Furthermore, this conclusion applies only to associa- reactions to higher order catalytic processes. The temperature depen-

. . . . . . . dence of the hydrazinolysis and imidazole-catalyzed hydrolysis of sub-
tion reactions in aqueous solution. It is certainly not valid . ‘- phenyl acetated. Am. Chem. So@6:418—426.

for reactions in Qas phase. Its appllcablll_ty to reactions MBruice, T.C., and F. C. Lightstone. 1999. Ground state and transition state

other solvents might depend on the polarity of the solvents. contributions to the rates of intramolecular and enzymic reactisos.

However, because most biochemical association reactionsChem. Res32:127-136.

happen in aqueous solutions, this conclusion has quite geﬁ:_alvm, M., and R. Ba_||es. 1946. Stability of chelate compounds. II.
L . . . Polarographic reduction of copper chelatds.Am. Chem. Sod58:

eral significance. For instance, it explains why computa- g49_gs54.

t?onal proce_dures thatignore the trans'ational/r(_)tation_al MOpoig, A. J., and D. H. Williams. 1992. Binding energy of an amide-amide

tions can still reproduce experimentally determined binding hydrogen bond in aqueous and nonpolar solveitsAm. Chem. Soc.

affinity (Murphy et al., 1993; Miyamoto and Kollman, 114:338-343.

_ ; ; ; Dunitz, J. D. 1995. Win some, lose some: enthalpy-entropy compensation
= -+
1993). Also, our reSUItdsjr 5+ 4R for dimer dissoci in weak intermolecular interaction€hem. Biol.2:709-712.

ation) is in ag_ree_ment with the recent CompUt_er Slmmapo_rkrickson, H. P. 1989. Co-operativity in protein-protein associatiomMol.
result that activation entropy change for enzymic catalysis is Bjol. 206:465-474.
much more limited than previously estimated (Villa et al., Everett, D. H. 1960. Some correlations between thermodynamic properties
2000). Of course, for a bimolecular complex at physiolog- and the structure of liquidsl. Chem. Soc2566-2573.
ical concentrations, contribution from the translational/rota-Eyring, H., and J. Hirschfelder. 1937. The theory of the liquid state.
) . o . J. Phys. Chen¥1:249-257.
tional motions to binding is not negligible because the _ _ ,

lati | t . tration dependent. At arbi Finkelstein, A. V., and J. Janin. 1989. The price of lost freedom: entropy
translationa par_ OS)r IS concen p o /o of bimolecular complex formatiorProtein Eng.1:1-3.
trary concentratiorC, another term-RT In C/C° (C® = 1 Gajiicchio, E., M. M. Kubo, and R. M. Levy. 1998. Entropy-enthalpy

M) is added so that: compensation in solvation and ligand binding revisitédAm. Chem.
S0c.120:4526-4527.

AG,ss{C) = —RTIn C/C° + AGininsic (15)  Gilli, P., V. Ferretti, G. Gilli, and P. A. Borea. 1994. Enthalpy-entropy
compensation in drug-receptor bindiny.Phys. Chem98:1515-1518.

Gilson, M. K., J. A. Given, B. L. Bush, and J. A. McCammon. 1997. The
statistical-thermodynamic basis for computation of binding affinities: a
CONCLUSION critical review.Biophys. J.72:1047-1069.
The contribution of translational/rotational motions to mo- Gomez, J., and E. Freire. 1995. Thermodynamic mapping of the inhibitor
lecular association reactions in aqueous solution has beenS'te of the aspartic protease endothiapepiimMol. Biol. 252:337-350.

. . . . . G , R. W. 1953. lonic P in Solution. McG -Hill, N
determined using a combination of experimental measure>'\oy gg" o1 onic Frocesses n solution. Mctraw-ril, New
ments and theoretical analysis. For one tranSlat'onalertq:lermans, J., and L. Wang. 1997. Inclusion of loss of translational and
tional unit at 1 M standard state, the values iy, S, and rotational freedom in theoretical estimates of free energies of binding:

?r are as fO||0WSH?r =45+ 1.5RT, S; = 5 + 4RT, and application to a complex of benzene and mutant T4 lysozyimém.

; T Chem. Soc119:2707-2714.
o = 0 = BRT. For the dissociation of a complex made of

. . . . Hill, T. L. 1986. An Introduction to Statistical Thermodynamics. Dover,
n subunits, the corresponding translational/rotational en-"new York.

thalpy, entropy, and free energy contributions ane— Holtzer, A. 1994. The “cratic correction” and related fallaciBsopoly-
IHHg, (n — 1), and 6 — 1)Gy. mers.35:595-602.

Jaffe, H. H. 1957. Inter- and intramolecular hydrogen bodd&m. Chem.
S0c.79:2373-2375.
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