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Abstract: Temperature-dependent three-body hydrophobic interactions are investigated by extensive
constant-pressure simulations of methane-like nonpolar solutes in TIP4P model water at six temperatures.
A multiple-body hydrophobic interaction is considered to be (i) additive, (i) cooperative, or (iii) anti-cooperative
if its potential of mean force (PMF) is (i) equal to, (ii) smaller than, or (iii) larger than the corresponding
pairwise sum of two-methane PMFs. We found that three-methane hydrophobic interactions at the
desolvation barrier are anti-cooperative at low to intermediate T, and vary from essentially additive to slightly
cooperative at high T. Interactions at the contact minimum are slightly anti-cooperative over a wider
temperature range. Enthalpy, entropy, and heat capacity are estimated from the computed PMFs. Contrary
to the common expectation that burial of solvent-accessible nonpolar surface area always leads to a
decrease in heat capacity, the present results show that the change in heat capacity upon three-methane
association is significantly positive at the desolvation barrier and slightly positive at the contact minimum.
This suggests that the heat capacity signature of a hydrophobic polymer need not vary uniformly nor
monotonically with conformational compactness. Ramifications for protein folding are discussed.

I. Introduction metrical measures of aqueous exposure, such as solvent-
accessible and molecular surface af®. Such “implicit-
solvent” approachés!®and related simple lattice constrdéts-21
have led to useful insights. However, as it has long been
recognized, many microscopic intricacies of hydrophobic in-
teraction, e.g., the potential of mean force (PMF) between two
small nonpolar solute®,cannot be captured by implicit-solvent,
bulk-phase consideratioA%nor are they readily accessible by
current experimental techniques. Therefore, to gain deeper
physical insights into the energetic and structural bases of
hydrophobic behavior, simulations of atomic models of water
are indispensabR.25

Much of the current microscopic-level understanding of

T Present address: Structural Biology Laboratory, Department of Chem- hydrophobicity is derived from molecular simulations of single-
istry, The University of York, York, North Yorkshire YO10 5YW, UK.  solute hydration and corresponding simulations of the water-
(1) Kauzmann, WAdy. Protein Chem1959 14, 1-63. mediated interaction between a pair of small nonpolar solutes.

(2) Tanford, C.The Hydrophobic Effect: Formation of Micelles and Biological
MembranesWiley: New York, 1980.

Hydrophobic effects underlie a wide range of physicochemical
and biomolecular phenomena. In particular, hydrophobic inter-
action has been identified as one of the major driving forces in
protein folding~1! Hydrophobic interaction is an effective
interaction. It refers to the solvent-mediated influence exerted
on one another by nonpolar groups in water and consists of the
direct interactions between the nonpolar groups as well as
averaged effects of the surrounding water molecules. Tradition-
ally, hydrophobic interactions are often described by empirical
energetic parameters deduced from solvation and transfer data
of model compound$12-14 in conjunction with simple geo-

(3) Ben-Naim, A.Hydrophobic InteractionsPlenum: Oxford, 1980.
(4) Dill, K. A. Biochemistry199Q 29, 7133-7155.
(5) Blokzijl, W.; Engberts, J. B. F. NAngew. Chemlnt. Ed. Engl.1993 32,
1545-1579.
(6) Chan, H. S.; Dill, K.A. Annu. Re. Biophys. Biomol. Structl997, 26,
425-459.
(7) Scheraga, H. AJ. Biomol. Struct. Dyn1998 16, 447—460.
(8) Hummer, G.; Garde, S.; Garcia, A. E.; Pratt, Ldaem. Phys200Q 258,
349-370.
(9) Southall, N. T.; Dill, K. A.; Haymet, A. D. 3J. Phys. Chem. B002 106,
521-533; 2002 106, 2812 (correction).
(10) Pratt, L. RAnnu. Re. Phys. Chem2002 53, 409-436.
(11) Widom, B.; Bhimalapuram, P.; Koga, Rhys. Chem. Chem. PhyZ003
5, 3085-3093.
(12) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A.986 83, 8069-8072.
(13) Makhatadze, G. I.; Privalov, P. IAdv. Protein Chem1995 47, 307
425.

10.1021/ja040165y CCC: $30.25 © 2005 American Chemical Society

(14) Myers, J. K.; Pace, C. N.; Scholtz, J. Rrotein Sci.1995 4, 2138-2148.

(15) Lee, B.; Richards, F. Ml. Mol. Biol. 1971 55, 379-400.

(16) Richards, F. MAnnu. Re. Biophys. Bioengl977, 6, 151-176.

(17) Roux, B.; Simonson, TBiophys. Chem1999 78, 1-20 and references

therein.

(18) Feig, M.; Brooks, C. L., lliCurr. Opin. Struct. Biol2004 14, 217-224
and references therein.

(19) De Los Rios, P.; Caldarelli, ®hys. Re. E 200Q 62, 8449-8452.

(20) Bedeaux, D.; Koper J. M Ispolatov I.; Widom, Bhysica A2001, 291,
39-48.

(21) Salvi, G.; De Los Rios, FPhys. Re. Lett. 2003 91, 258102.

(22) Pratt, L. R.; Chandler, D1. Chem. Physl1977, 67, 3683-3704.

(23) Wood, R. H.; Thompson, P. Proc. Natl. Acad. Sci. U.S.A.99Q 87,
946-949.

(24) Gelger A.; Rahman, A.; Stillinger, F. H. Chem. Physl1979 70, 263~

276.
)

(25 Pangall C.; Rao, M.; Berne, B.J. Chem. Phys1979 71, 2982-2990.
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(A brief review can be found in the Introduction of ref 26.) the sum of independent two-solute PMFSN(r ,r 2,1 3,... m)
Pairwise (two-body) PMFs have provided essential thermody- = zi”lj WX(ri,r), the interaction is pairwise additive (often
namic information for evaluating implicit-solvent potential referred to simply as “additive”). Otherwise, the interaction is
functions, especially with regard to their ability to incorporate termed cooperative or anti-cooperative, depending on whether
the physics of desolvation free energy barri€rs2 Recently, the actual multiple-body PMF is more or less favorable to solute
two-body PMFs have also led to physically plausible rational- association than the pairwise PMF sgm.

izations of experimental conformational properties of heat-and  Qur interest in many-body hydrophobic efféét® has been
urea-denatured states of proteffd? It has become apparent, motivated by our effort to ascertain the physical basis of the
however, that the role of hydrophobicity in protein folding is high degree of two-state-like thermodynamic and kinetic co-
more complex than a simple summation of pairwise hydrophobic operativity exhibited by many small, single-domain proteins.
interactions®3¢ Indeed, it has long been known that hydro- Although not all proteins share such properfithe existence
phobic effects can be associated with significantly different of proteins that do presents a challenge to our basic understand-
hydrogen-bonding patterns of water molecules, depending oning of protein energetics. Apparently, at least in coarse-grained
the length scale and surface curvature of the nonpolar solutesheteropolymer chain models, we find that pairwise additive
in questior™ 42 The core of a protein’s native structure contains interactions alone are insufficient to produce cooperative
many nonpolar groups in a wide variety of configurations. Thus, behavior resembling that of many single-domain proté#s.

a more complete physical picture of the protein folding process Many-body interactions have been used in protein model-
entails considerations beyond two-solute studies. While the jng3559-64 some of which have demonstrated an ability to
hydrophobic component of the driving force for folding may enhance the thermodynamic and kinetic cooperativity of model
be addressed by direct explicit-water simulations of hydrophobic proteins3¢ However, the relationship between the nonadditivity
collapse of model polymer chaifd}* to gain fundamental  of the interactions among a protein’s constituent groups and
understanding into possible nonadditive effects at play, increas-the protein’s overall cooperative behavior can be subtle. For
ing attention is being directed toward the simulation and instance, in view of the fact that hydrophobic interaction is only
systematic analysis of clustering and association of three or moregne of many energetic factors in protein folding, a presumed

nonpolar solutes in watéf.36.4556

anti-cooperatiity of hydrophobic interactions at room temper-

In general, the main question about the additivity of hydro- ature that disfavors the formation of conformational intermedi-
phobic interactions is whether the solvent-mediated interaction gtes may, under certain circumstances, contribute to the overall

free energy (PMF)M™(ry,rors,...fm) among three or more
nonpolar solutes in a given configuration’s( denote the
positions of the solutesn > 3) can be well approximated by

(26) Shimizu, S.; Chan, H. Sl. Chem. Phys200Q 113 4683-4700; 2002
116, 8636 (erratum).

(27) Shimizu, S.; Chan, H. Proteins2002 48, 15-30;2002 49, 294 (erratum).

(28) Cheung, M. S.; Garcia, A. E.; Onuchic, J.®oc. Natl. Acad. Sci. U.S.A.
2002 99, 685-690.

(29) Kaya, H.; Chan, H. S1. Mol. Biol. 2003 326, 911-931;2004 337, 1069
(corrigendum).

(30) Masunov, A.; Lazaridis, TJ. Am. Chem. SoQ003 125, 1722-1730.

(31) Zhou, R. H.Proteins2003 53, 148-161.

(32) Guo, W.; Lampoudi, S.; Shea, J.4Froteins2004 55, 395-406.

(33) Shimizu S.; Chan, H. 9. Am. Chem. SoQ001, 123 2083-2084.

(34) Shimizu, S.; Chan, H. roteins2002 49, 560-566.

(35) Chan, H. SProteins200Q 40, 543-571.

(36) Chan, H. S.; Shimizu, S.; Kaya, WMethods EnzymoR004 380, 350—
379.

(37) Lee, C. Y.; McCammon, J. A.; Rossky, P.JJ.Chem. Phys1984 80,
4448-4455.

(38) Lum, K.; Chandler, D.; Weeks, J. D. Phys. Chem. B999 103 4570~
4577

(39) Southall, N. T.; Dill, K. A.J. Phys. Chem. B00Q 104, 1326-1331.

(40) Southall, N. T.; Dill, K. A.Biophys. Chem2002 101, 295-307.

(41) Leung, K.; Luzar, A.; Bratko, DPhys. Re. Lett. 2003 90, 065502.

(42) Huang, X.; Margulis, C. J.; Berne, B.J1.Phys. Chem. B003 107, 11742~
11748.

(43) Mountain, R. D.; Thirumalai, DJ. Am. Chem. SoQ003 125 1950-
1957

(44) Collet, O.; Chipot, CJ. Am. Chem. So@003 125, 6573-6580.

(45) Rank, J. A.; Baker, DProtein Sci.1997, 6, 347—354.

(46) Tsai, J.; Gerstein, M.; Levitt, MProtein Sci.1997 6, 2606-2616.

(47) Martorana, V.; Bulone, D.; San Biagio, P. L.; Palma-Vittorelli, M. B.;
Palma, M. U.Biophys. J.1997, 73, 31-37.

(48) Czaplewski, C.; Rodziewicz-Motowidlo, S.; Liwo, A.; Ripoll, D. R;;
Wawak, R. J.;Scheraga, H. Rrotein Sci.200Q 9, 1235-1245.

(49) Shimizu, S.; Chan, H. . Chem. Phys200], 115 1414-1421.

(50) Raschke, T. M.; Tsai, J.; Levitt, MRroc. Natl. Acad. Sci. U.S.AR001
98, 5965-5969.

(51) Czaplewski, C.; Rodziewicz-Motowidlo, S.; Liwo, A.; Ripoll, D. R;;
Wawak, R. J.; Scheraga, KA. J. Chem. Phy2002 116, 2665-2667.

(52) Shimizu, S.; Chan, H. . Chem. Phys2002 116, 2668-2669.

(53) Czaplewski, C.; Ripoll, D. R.; Liwo, A.; Rodziewicz-Motowidlo, S.;
Wawak, R. J.; Scheraga, H. Mt. J. Quantum ChenR002 88, 41-45.

(54) Yang, H. B.; Elcock, A. HJ. Am. Chem. So2003 125, 13968-13969.

(55) Ghosh, T.; Garcia, A. E.; Garde, $. Phys. Chem. R003 107, 612—
617.

(56) Czaplewski, C.; Rodziewicz-Motowidlo, S.; Dabal, M.; Ripoll, D. R;;
Scheraga, H. ABiophys. Chem2003 105, 339-359.
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thermodynamic cooperativity of the proteih.

Two of us have previously investigated the water-mediated
interaction among three methanes at room temperatured25
298.15 K) under atmospheric pressure (1 atm). To ensure
consistent zero-PMF baselines for a proper comparison between
pairwise two-methane and three-methane interactions, PMFs
were obtainetf using the Widom test-particle insertion tech-
niques?®%8 For the class of three-methane configurations we
had investigated previously, we found that three-methane
interaction has non-negligible anti-cooperativity at Z5and
1 atm. In other words, while three-methane association in water
is favored, it is favored less than that predicted by assuming
the water-mediated methane interaction is pairwise additi{fe.
Moreover, these results indicate that the nonadditive effects seen
in direct molecular simulations are not adequately captured by
several common schemes of implicit-solvent modefihg.

Here we extend our 1-atm three-methane study at@%o
examine six temperatures between 0 and AD0The temper-
ature dependence of free energies of hydration has been central
to the characterization and rationalization of hydrophobic effects.
Thermodynamic signatures such as heat capacity are crucial not
only for understanding basic hydrophobic effects; they are often
invoked to infer conformational changes in the study of protein

(57) Garcia-Mira, M. M.; Sadqi, M.; Fischer, N.; Sanchez-Ruiz, J. M. bn
V. Science2002 298, 2191-2195.

(58) Scalley-Kim, M.; Baker, DJ. Mol. Biol. 2004 338 573-583.

(59) Plotkin, S. S.; Wang, J.; Wolynes, ®. J. Chem. Phy<.997 106, 2932~
2948.

(60) Takada, S.; Luthey-Schulten, Z.; Wolynes, PJ@hem. Phys1999 110,
11616-11629.

(61) Kaya, H.; Chan, H. Rroteins200Q 40, 637—661;2001, 43, 523 (erratum).

(62) Kaya, H.; Chan, H. SPhys. Re. Lett. 200Q 85, 4823-4826.

(63) Eastwood, M. P.; Wolynes, B&. J. Chem. Phy2001, 114, 4702-4716.

(64) Pokarowski, P.; Kolinski, A.; Skolnick, Biophys. J.2003 84, 1518~
1526.

(65) Widom, B.J. Chem. Physl963 39, 2808-2812.

(66) Forsman, J.;"Jsson, BJ. Chem. Phys1994 101, 5116-5125.
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folding.#12-14.67-73 Several groups have conducted molecular y
simulations of temperature-dependent hydrophobic interactions

in recent yearg®33343640.7478 (Egrlier efforts are briefly

reviewed in ref 26.) These investigations have revealed previ- _
ously unknown intricacies. Most noteworthy is that the heat -~
capacity change associated with bringing a pair of small 5
nonpolar solutes from infinite separation to the position at the o). -7
desolvation free energy barrier is significantly positive. This -7 X
feature appears to be robust across several common water ’
modelg” and is applicable to a number of different small

hydrophobic solutes, including metharfég33476xenons’’-78 _ .

d I | lutes in a two-dimensional model of Figure 1. Three-methane system studied in this work. Methanes are shown
and small nonpolar solu A ! Wo-di I . as spheres of radius 1.9 A; water molecules are not shown. The geometrical
water?® The phenomenon is contrary to the prediction from variablesp and& define the relative position of the single methane and the
conventional solvent-accessible surface area that the heafmethane dimerxandy are Cartesian coordinates.

capamty change associated with hydrophobic assouaﬂgn andparticular, a united-atom representation is used for the methanes. The
burial of any nonpolar _surface should always be negative. It parametersd, ¢) in the Lennard-Jones potentia[@/r)2 — (afr)e],
underscores that the difference between pair and bulk hydro-in units of (A, kcal/mol), for waterwater, methanemethane, and
phobic effect$® can be striking'334 water-methane interactions, are (3.15365, 0.1550), (3.730, 0.294), and
The present calculation of temperature-dependent, three-body(3.44183, 0.2135), respectively. The simulation box size is ap-

PMFs enables us to estimate the entropy, enthalpy, and heaproximately 23 Ax 23 A x 23 A and is subjected to variation in
capacity changes associated with three-methane interactions ifccordance with the constant-pressure constraint, and periodic boundary
water. To our knowledge, these thermodynamic signatures of conditions are applied. The cutoff distance of wateater and water
three-bodv hvdrophobic interactions have not been determinedmethane interactions is 9.0 A in our simulatiéhgwald summation

_y_ ydrop . L is not used because the TIP4P water m¥deas thermodynamically
before. Similar to the two-methane case, prominent positive heat

: | he th h \ati parametrized by using cutoffs for electrostatic interactions without
capacity values are observed at the three-methane deso Vatiolgyyq|q summations, as has been underscored in recent studies of three-

barrier region. Moreover, we find that the sign of nonadditivity - methane PMF&.48 We note that cutoffs of electrostatic interactions
of three-methane interactions is sensitive to temperature. In thewithout Ewald summations have been employed in several other PMF
present TIP4P model, the contact minimum appears to be studies as well (see ref 27 and references therein).

consistently anti-cooperative, except perhaps at very low tem-  Figure 1 provides the geometrical variables used in the present work.
peratures, but the desolvation barrier shifts from mainly anti- Simulations are performed for seven value$df= 0, #/12, /6, /4,
cooperative at low and intermediate temperatures toward more®3, 57/12, 7/2). We use the same test-particle insertion methtid
pairwise additive and slightly cooperative behavior at high 2S in our previpus studiéév?ﬁ_“gAt each temperature, three-methane
temperatures. Details of these findings and their implications PMFS are obtained as the difference of two quantities:

are discussed below.

PMF = AG(,¢) = apd &) — ta (1)

Il. Computational Methods where u3, (£,¢) is the free energy of inserting a single methane
We begin by summarizing the computational approach used in the (labeleda) into an aqueous environment at a specific position (defined

present investigation. Following previous studies from our group, results by &.¢) relative to the fixed methane dimer (labeled), andus is the

in this work are obtained by constant-pressure, constant-temperature(hydration) free energy of inserting a single methane into a given

(NPT) Monte Carlo simulations of 396 TIP4P water molecules under POsition in pure water. The single-methane hydration free energy is

1 atm at six different temperatures ranging from 5 t¢@using BOSS given by

version 4.1°° The temperatures studied are 278.15 R@H, 298.15 K

(25°C), 313.15 K (40°C), 328.15 K (55°C), 348.15 K (75°C), and e —len[w eXp(—Ua/kU%] @

368.15 K (95 °C). For brevity in subsequent discussions, these a VL

temperatures will be referred to respectively as 278, 298, 313, 328,

348, and 368 K. Details of the simulation methodology have been given wherekT is Boltzmann constant times absolute temperatugds the

in ref 26. Only a summary of the salient features will be provided below. interaction energy between the single methane and all of the water

The model system (Figure 1) and all numerical parameters used in thismolecules,V is the (variable) volume of the simulation box for the

article are the same as those in the work of Shimizu and &hbm. given configuration, andl..[j denotes averaging over the degrees of
freedom ofN = 396 water molecules under the constant-presseye (
(67) Sturtevant, J. MProc. Natl. Acad. Sci. U.S.A.977, 74, 2236-2240. constraint. This averaging is computed by using a weighting factor equal
(68) Privalov, P. L.; Gill, S. JAdv. Protein Chem198§ 39, 191-234. to exp(-PV/KT) times the Boltzmann factor for the watewater
E?gg Mﬁ'ﬁgﬁﬂz_eﬁ?‘pléir?'ﬁ%i FPE}OJtém%.hglrgliégngélglgzgé%. potential energy® Following the formulation on page 1416 in the work
(71) Spolar, R. S.; Livingstone, J. R.; Record, M. Biochemistry1992 31, by Shimizu and Chaff, the three-methane insertion free energy is
3947-3955. obtained by the relation

(72) Gomez, J.; Hilser, V. J.; Xie, D.; Freire, Broteins1995 22, 404-412.
(73) Loladze, V. V.; Ermolenko, D. N.; Makhatadze, GPkotein. Sci.2001,

10, 1343-1352. . W exp{ —[U, + Uy, (ED)/KT}H
(74) Rick, S. W.J. Phys. Chem. B00Q 104, 6884-6888. Uapd&, ¢) = — KTIn ?3)
(75) Ghosh, T.; Garcia, A. E.; Garde, $. Chem. Phys2002 116, 2480~ Wi pe

2486.
g% gldcskc'hsekwlﬁ} Eﬂfm Cgﬁyég)ioizhoée%ﬁa%%ﬂ where . Gipe here stands for averaging over the configuration$lof

(78) Paschek, DJ. Chem. Phys2004 120, 10605-10617.
(79) Jorgensen, W.. BOSS Version 4.1; Yale University: New Haven, CT, (80) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
1999. M. L. J. Chem. Phys1983 79, 926-935.
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Table 1. Temperature Dependence of Single-Methane Hydration 2.9
Free Energy 1 in the TIP4P Model at 1 atm -
T ws sampling uncertainty . 7
K (kealimol) (kealimol) 2.6 «
278 2.089 +0.002 g »
298 2.326 +0.005 . e
313 2.4788 +0.0005 £ 23 | o~
328 2.583 +0.005 " ‘
348 2.71038 +0.00003
368 2.762 +0.003
2 1 1
aT = 298K data is from ref 27. 260 310 360
T/K

water molecules in the presence of a fixed methane diogrand
Uand€,9) is the direct interaction energy between the single methane

and the methane dimérc.

Figure 2. Single-methane hydration free energ§ as a function of

temperature. Filled diamonds are simulation data points from Table 1. The

dashed curve is the least-squares fit described in the text with hydration

A defining feature of the test-particle insertion method is that the heat capacitzCp = 41.07 cal mot* K™*. The root-mean-square deviation
computation for the single-methapé is independent of that for the ~ ©f the simulated free energies to the fit is 0.0055 keal Thed =1,
three-methang}, (&,¢). Physically, the spatial range of hydrophobic

interaction is expected to be finite, although how far apart two nonpolar

groups need to be separated in water before they have negligible effectd€Y aré consistent with our previous resgft? The single- _
on one another is not yet accurately knottitt. follows that placing a methane hydration free energy at 298 K has been determined

single methane in water at a position infinitely far away from a methane to be 2.326+ 0.006 kcal/mol in our previous woK.This T =
dimer should have the same free energy as placing the single methan&298 K result is consistent with a more recent independent TIP4P
into pure water. In other words, while by definitigd] itself does not simulation by Paschékthat yielded a corresponding free energy
depend on the methane’s position in wapel,= lim:—. uz,{&.¢) is of 2.340+ 0.024 kcal/mol for 300 K.

expected. Hence, by construction, the three-methane PMF given by eq  Enthalpy, entropy, and heat capacity of single-methane

1 possesses an unambiguous zero-PMF baseline which corresponds tfyqration are estimated by least-square fitting the simulation
the nonexistent interaction between a single methane infinitely separatedresultS of free energy

from a methane dimer.

To compute the quantity defined by egs 2 and 3, we first use Monte T
Carlo sampling to generate a large collection of configurations of water AG(T) = AHy + (T — T)AC, — TAS, — TAC, In(?) (4)
molecules, both in the absence and in the presence of a fixed methane 0,

dimer. Monte Carlo moves attempted in these samplings of water
configurations consist of translational and rotational displacements as'Wheré AHo and AS are enthalpy and entropy changes,

well as volume moves, all of which are identical to those described €Spectively, at a given reference temperatlipe and the
before?® In the present simulations, one pass equals 396 Monte Carlo Constant-pressure heat capacity cha@p associated with the
steps. In each run for the calculation pf,, 1.5 x 10 initial process is taken to be temperature independent. In other words,
(equilibrating) passes are discarded. Subsequently, coordinates (snapthree (output) parametersHy, AS, and ACp are determined
shots) of the methane dimer solution are collected every 10 passes oveby fitting the simulated free energiedG(T)'s at different

a course of 5.3« 10" passes. An estimation of the statistical inefficiency temperatures, as the input. Figure 2 shows that eq 4 provides a

of our sampling indicates that each such simulation generates roughlygood fit to the simulated free energies, yieldifilo = —0.862
10* uncorrelated blocks of data of water configurati®hisertions of kcal/mol andAS, = —10.7 cal mot? K‘,l for To = 25°C, and

a single methane into the snapshots are then attempted atfseateres ACp = 41.1 cal mot K-1. The AS, andACp determined here

(¢ =nn/12,n=0, 1, ..., 6). For eact, 1000 insertions are attempted incl ith th d by Shimi dch
per snapshot at differegtpositions to estimate the ensemble averages are In close agreement with those reported by Shimizu an an,
in eq 3. who found these values to be9.72 cal mol! K~* and 40.1
cal mol! K1, respectively?® The presentAH,, however, is

significantly larger in magnitude than Shimizu and Chan'’s value

A. Setting the Zero-PMF Baselines: Temperature De-  0f —0.562 kcal/mol. OuAS, = —10.7 cal mot! K1 is also
pendence of Single-Methane Hydration.Since the single- consistent with a recent extensive study by Paschek that led to
methane hydration free energy, is essential to the present & corresponding value of47 & 5 J moft K™ (-11.24+1.2
test-particle insertion techniques as a reference free energy forcal mol* K™) for methane in TIP4P water at 300 K. Our
PMFs at infinite separation and thus its accuracy is crucial, we SimulatedAG value of~2.3 kcal/mol for 298 K is in reasonable
have recomputegt’ for T = 278, 313, 328, 348, and 368 K. agreement with experiment: both Widom et-aind Rettich
Approximately 1.3x 107 passes are performed here for each €tal**®°reportec~2.0 kcal/mol for the experimental hydration
temperature, and sampling uncertainties are estimated byfrée energy for methane @t= 298 or 300 K. The signs of our

comparing half-simulation and full-simulation results (Table 1). SimulatedAS andAH, agree with experimental measurements.
However, the magnitude of the simulata&, is smaller than

the corresponding experimental values~of-16.7 cal mot?

The free energies thus obtained have reduced uncertainties, and

Ill. Results

(81) Leikin, S.; Parsegian, V. A.; Rau, D. C.; Rand, R.APnu. Re. Phys.
Chem.1993 44, 369-395.

(82) For the two-methane PMF calculation we have conducted, wherein . .
snapshots of water configurations were taken every 100 passes, the statistica(83) The temperature-dependent reference-state single-methane hydration free
inefficiency parametes (see, e.g., Allen, M. P.; Tildesley, D. Computer energyu; in pure water for the present model at 1 atm was previously
Simulation of Liquids Oxford University Press: Oxford, 1987) was determined® in units of kcal/mol, to be 2.1% 0.06 (278 K), 2.34+ 0.05
determined to range from~ 75 for low and intermediat& (below 328 (298 K), 2.48+ 0.08 (313 K), 2.56+ 0.06 (328 K), 2.69+ 0.06 (348 K),

K) to s~ 35 for high T (348, 368 K). It follows that, during the course of and 2.71+ 0.06 (368 K).
our simulation, water configuations become uncorrelated after roughly (84) Rettich, T. R.; Handa, Y. P.; Battino, R.; WilhelmE.Phys. Cheml981,
4000-7000 passes of sampling. 85, 3230-3237.

306 J. AM. CHEM. SOC. = VOL. 127, NO. 1, 2005



Three-Body Hydrophobic Interactions ARTICLES

K~ reported by Widom et &t and~ —15.0 cal mof? K1 1 . . .
deduced from the data of Rettich et®4f> The magnitude of

our simulated AHp is also significantly smaller than the
corresponding experimental values of approximatel3 kJ/

mol (~ —3 kcal/mol)11.84-86 Apparently, further improvement

in water models would be necessary to reduce these discrepsg
ancies, as none of the common water models can reproduceE
the temperature dependence of single-metlai@andASover
a wide temperature rangé.

In contrast to these relatively large differences between & _4
simulated and experimentalHo, and AS magnitudes, the
present simulatedhCp = 41.1 cal mot! K=1 for methane in
water is in reasonable agreement with several experiniefts.

This suggests that the heat capacity trend observed in the present

PMF(kca

model study may be more reliable. Experimentally, methane -2 4 s 7 ° 1
hydration ACp at 298.15 K was determined using solubility £ (angstrom)
measurements reported by Rettich €t'&hto be~237 J mot* Figure 3. Three-methane PMF as a function of the intersolute separation

K~1 (56.7 cal mor!t K—1). A very similar value equivalentto & for ¢ = 0 at six different temperatures (in kelvin) and 1 atm. The
57.7 cal mot! K~ at 300 K was also reported in a recent review _contribution from direct Le_nnard—Jones interactions among the methanes
by Widom et al1! whereas a smaller value of 209 J mbK —1 is alsq plotted for comparison (curve labeled LJ)r In _thls a_nd subsequent
y ’ ) ) PMF figures, free energies computed by test-particle insertions are binned
(48.1 cal mof! K1) at 298.15 K was determined calori- into 50 intervals off, and an average is taken for the 20 free energies
metrically by Naghibi et afe within each bin. PMF curves are then constructed by connecting the average
Experiments have shown that the hydration heat capacity of T¢€ €nergies for successive bins.
methane is temperature dependér¥f,2varying approximately
linearly in T from ~65 cal mot! K-1 at 273 K to~40 cal
mol~ K~1 at 373 K (i.e., an~40% variation®* However, the
present set of simulation data is insufficient for determining a
temperature-dependeSCp(T). This is because the three-
parameter eq 4 is already a very good fit for our data: the root- T . . .
mean-square deviation from the fit (Figure 2) is comparable to Sa”Fp"”g is limited to a line as opposed to a two-dimensional
the largest of the sampling uncertainties in the simulated dataseO"® surface forp < 7/2.)
(Table 1). Hence, attempting to extract a temperature depen- Figure 3 shows the temperature dependence of three-methane
dence ofACs by fitting with a fourth parameter is not justified ~ PMFs. At every temperature, three distinct features are ob-
for this set of data. In view of this computational consideration, S€rved: a contact minimum (cm), a desolvation barrier (db),
all heat capacities in the present study are estimated by assumin@nd & solvent-separated minimum (ssm). The exact locations
that they are temperature independent. Despite this limitation, of these features are slightly different at different temperatures.
it is gratifying to note from the above comparison that Ai@» The three-methane PMFs here share two salient trends with two-
of single-methane hydration, estimated from multiple-temper- Methane PMF&: () The contact minimum af ~ 3.5 A deepens
ature simulation, does lie within the experimental variations in With increasing temperature. In other words, three-methane
the same temperature range. contact interaction becomes increasingly favorable at higher
B. Three-Methane PMFs: Degree of Deviation from temperatures. (ii) The height of the desolvation barrief at
Pairwise Additivity Is Temperature Dependent. Using the ~ 5-5 A decreases at high temperatures.
single-methane hydration free energy in Figure 2 to set zero- Whereas the results in Figure 3 pertain only to a specific set
PMF baselines, we apply test-particle insertion techniques (eqof spatial configurations of a three-methane cluster defined by
3) to the three-methane system in Figure 1 to investigate the¢ = 0, the general trend observed persists for different
temperature dependence of three-methane hydrophobic interaceonfigurations of the methane dimersingle methane system
tions (Figure 3f° Simulation data are obtained here for several (other values o). The geometry of the present three-methane
values of thep angle. We illustrate most of the three-methane system leads naturally to shifts of key features of the free energy
results in this article (Figure 3 included) by tige= 0 case profile (cm, db, and ssm) to larger values®{as ¢ increases
from zero ton/2. At the same time, since the three-methane
O e o o o o A% g SYSIEM canno form an optimaly packed cluster or angles other
al. (ref 84) by using the data in their Table 7 in conjunction with their eq than ¢ = 0, the stability of the contact minimum tends to
e e e o Afealrel. e deCrease (free energy less negative)gaiscreases (not all
quantities can be deduced from Table 5 of Rettich et al. by noting that, Simulation data are shown). Detailed data for the angle (
because of the difference in standard state,A@ris related to theinG;

by AG ~ AG§ + KT In(Parn/kTpw), wherePam is atmospheric pressure and
pw is the (number) density of water. Analogous relationships between our (89) It is clear from Figure 1 that differegtangles define physically different

because certain three-methane results for this geometry from
other studies are available for comparison (see bet®#)>5.56
Computationally, the = 0 geometry also affords a larger area
for test-particle insertion, and thus the resulting simulation data
are less prone to statistical uncertainty. ¢ 7/2, for example,

AH, AS ACp and theirAH3, AS;, ACg, are readily derived by using sets of relative positions for the three methanes. It should also be noted
standard thermodynamic relationdd = —T20A(G/T)/0T, etc. We have that, as in our previous studies, the PMF at a gigghnis defined here by
verified that thermodynamic quantities calculated using these two alternate the free energy of insertion at a particular spatial position. By construction,
methods from the data of Rettich et al. are consistent with each other. this PMF does not involve entropic free energy associated with the
(86) Naghibi, H.; Dec, S. F.; Gill, S1. J. Phys. Chenil986 90, 4621-4623. multiplicity of methane spatial positions sharing a g In other words,
(87) Morrison, T. J.; Billett, FJ. Chem. Soc1952 3819-3822. the present PMF contains no “cratic” contribution arising from the
(88) Glew, D.N. J. Phys. Chenil962 66, 605-609. configurational degrees of freedom of the methane molecules.
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X Figure 5. Three-methane PMFs (solid curves) fp= 0 at six different

) ) temperatures, compared with the corresponding hypothetical PMFs that
Figure 4. Conotour representation of three-methane free energy landscape ogsme pairwise additivity (dashed curves). The thin dotted lines mark the
at 368 K (95°C) and 1 atm on a plane defined by thg Cartesian zero-PMF baseline. Th& = 298 K results are from ref 27. Additivity-

coordinates in Figure 1. This plot is constructed using all three-methane 5oqumed PMFEs at each of the other temperatures are computed using our

simulation data for 368 K collected in this work (positigs plus the¢ = previous two-methane meth#drom approximately 3.6< 108 simulation
0, T = 368 K data shown in Figure 3) and simple interpolations between dpasses.

simulation datapoints. The methane dimer is depicted here by the two shade!
cicles; Cartesian distances are given in units of A. Contours are shown at . . L

0.25 kcal/mol intervals (at 0.6;0.25, ...). They indicate the free energy of  the simulated three-methane PMIG(&,¢) in eq 1 is (i) equal
bringing a single methane to a given position in the proximity of the methane to, (ii) smaller (i.e., less positive or more negative) than, or (iii)

dimer from an initial distance infinitely far away. Areas with free energy larger (i.e.. more positive or less negative) than the additivity-
<—0.25 kcal/mol are shaded. The corresponding contour plot for a lower ger (i.e., P 9 ) y

temperature (25C) was previously provided as Figure 2A in the work of = 2SSUMEA\Gaud§,¢).2"*>4°To our knowledge, the present study
Shimizu and Char’ is the first explicit-water investigation of the temperature

dependence of pairwise additivity of hydrophobic interactions.
dependence of three-methane PMF have been presented els@ur results in Figure 5 suggest that hydrophobic nonadditivity
where for 25°C.27 is significantly temperature dependent.

A more global view of the three-methane free energy  Because the nonadditivity effects of three-methane hydro-
landscape at a higher temperature is provided here in Figure 4phobic interactions are not large (see Figure 5), it is essential
for 95 °C. The free energy contact minimum region (trench) is that sufficient Monte Carlo simulation is performed to minimize
deeper at 98C than at 25°C. However, a detailed comparison sampling uncertainty. As in part of our previous studie¥,
with the corresponding contour ptétfor 25 °C indicates that, sampling uncertainties are estimated here by comparing half-
in a broad area farther away from the methane dimer, the 95 simulation and full-simulation results (cf. Table 1). For the six
°C landscape is flatter and less rugged, and appears to havdaemperatures simulated, the ranges of the magnitudes of the
less prominent topographical features than the correspondinguncertainties ofe},(&,¢ = 0) are 0.00140.0236 kcal/mol at
25 °C landscape. the contact minimumg ~ 3.5 A) and 0.005-0.0733 kcal/mol

Figure 5 compares the three-methane PMFsfer 0 at six at the desolvation barrieré(~ 5.5 A). As detailed else-
different temperatures (solid curves) with the corresponding where?”5%2the sampling uncertainty of any given nonadditivity
hypothetical PMFs that assume pairwise additivity (dashed measure, defined as the difference between a three-methane
curves). In general, for any givel) ¢, andT, the hypothetical PMF and an additivity-assumed PMF, is equal to a sum of three
additivity-assumed three-methane PMF for the present systemcontributions, namely (i) the sampling uncertainty of the three-
is defined” as AGaad£,9) = AG(E1,T) + AGy(&2,T), where methaneu}, ., (ii) two times the uncertainty of the individual
AG,(¢,T) is the PMF at temperatur€ of a pair of methanes  two-methanes, in the additivity-assumed PMF, and (iii) the
with center-of-mass separati@n The variables;; and &, are sampling uncertainty of single-methane hydration free energy
respectively the separations between the single methane withu}. Representative values of these uncertainties in nonadditiv-
one methane and the other methane that constitute the methangty estimates are reported below aftek™ signs.
dimer; these separations are readily determined bypd¢ in Our simulation data indicate that three-methane hydrophobic
Figure 1. The additivity-assumed PMFs in Figure 5 are interaction is mainly anti-cooperative at the contact minimum
constructed as befof&*3 using the single-methane baseline in  (cm). Although the degree of cm anti-cooperativity is temper-
Table 1 and additional test-particle sampling for two-methane ature dependent, it does not vary sharply with temperature. As
PMFs. can be seen from Figure 5, the three-methane cm free energy

Following the general definition above, three-methane hy- minus the additivity-assumed cm free energy is positive for five
drophobic interaction in a givefi¢p configuration is considered  of the six temperatures studied. This measure of anti-cooper-
to be (i) additive, (ii) cooperative, or (iii) anti-cooperative if ativity amounts to~0.11-0.17 kcal/mol at intermediate tem-
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Figure 6. Temperature-dependent nonadditivity effects attheO three- a M
methane desolvation barrier. At each of the six temperatures studied, the
solid triangle represents the difference between the peak value of the 15 ‘ ‘
simulated three-methane desolvation free energy barrier and the peak value 270 320 370
of the desolvation barrier of the hypothetical additivity-assumed three- T/K

methane PMF (the former minus the latter; these two peaks can be at slightly
different positions, cf. Figure 5.) Sampling uncertainties are estimated as
described in the text and indicated by the error bars. The horizontal dotted L

and solvent-separated minimum (ssm, squares). Examples are shown for

line marks the level at which the actually simulated three-methane three ¢ values as indicated. The precifevalues of these positions for
desolvation barrier has the same height as its hypothetical additivity—assumedd”_fer(_;pnt 's are provided in I-:i ure Fl)O The svmbols here dgnote simulated
counterpart. The dashed curve is merely a guide for the eye. ¢ p g : Y

PMF values (free energies). The continuous curves are least-squares fits of
the free energies using eq 4.

Figure 7. Temperature dependence of PMF at three classes of key
positions: contact minimum (cm, circles), desolvation barrier (db, triangles),

peratures (0.165- 0.050, 0.109+ 0.015, 0.175+ 0.015, and
0.112 4+ 0.026 kcal/mol, respectively, at 298, 313, 328, and cooperative term in refs 27 and 49, the two quantities can be
348 K). Contact-minimum anti-cooperativity persists at higher slightly different because the cooperative téffis defined
temperatures but has reduced magnitudes, with the aboveas the difference between three-methane and additivity-assumed
measure of anti-cooperativity taking a value of 0.65%.037 PMFs at the same given location, i.e., cooperative term
kcal/mol at 368 K. It is noteworthy that the sampling uncertain- AG(€,¢) — AGadd&,¢). The present analysis, on the other hand,
ties for cm at 298, 313, 328, and 348 K are all significantly focuses more omMAG(§,¢) — AGaad&',¢) as a measure of
smaller than the observed anti-cooperative effects. Therefore,nonadditivity, where is the cm or db separation for the three-
aside fromT = 278 K, at which the sign of cm nonadditivity is methane PMF and’ is the cm or db separation for the
not quite certain £0.046 + 0.043 kcal/mol), the present additivity-assumed PMF( ~ &). This measure is better suited
simulation dataset exhibits a clear, consistent trend of three-to address certain aspects of physics (e.g., crossing of transition-
methane anti-cooperativity of 0.1 kcal/mol or more at the contact state-like barriers in protein folding) that require thermodynamic
minimum over a wide temperature range. stability information at the local extrema (e.g., height of the
The nonadditivity trend at the desolvation barrier (db) appears barrier) of the actual three-methane versus that of the additivity-
to be definitive as well (Figure 6). Intriguingly, the barrier height assumed free energy landscapes.
comparison in Figure 6 indicates that the hydrophobic interaction ~ C. Three-Methane Thermodynamic SignaturesGiven the
of the methane dimet- single methane system at tie= 0 three-methane PMFs (Figure 3 and data for oiie), ther-
desolvation barrier is anti-cooperative at low to intermediate modynamic signatures of hydrophobic association for every
temperatures (three-methane db is 042.07, 0.24+ 0.05, three-methane configuration (position) can be estimated by least-
and 0.15+ 0.06 kcal/mol higher than the additivity-assumed squares fitting the expression in eq 4 to the temperature-
db at 278, 298, and 313 K, respectively). But the degree of dependent PMF values for the given positféiRepresentative
anti-cooperativity exhibits a clear decreasing trend as temper-examples of this calculation are provided in Figure 7. It is clear
ature is increased from 298 K, and the interaction quite clearly from this plot that, in general, the temperature dependences of
becomes cooperative at 368 K (now the three-methane db isthe PMF for different configurations (cm, db, or ssm in this
0.11 + 0.08 kcal/mollower than the additivity-assumed db). case) follow quite different trends. These thermodynamic
It should be noted that the nonadditivity measure used in this signatures quantify the impact of the nonpolar solutes’ spatial
subsection for cm (above) and db (Figure 6) compares the localarrangement on the physical character of their hydrophobic
minimum of free energy minimum (for cm) or the local interactions and facilitate inferences about possible underlying
maximum of free energy (for db) of the three-methane PMF molecular mechanisnfg'2-14.67-73
versus that of the additivity-assumed PMF. The locatjoof D. Enthalpy and Entropy of Three-Methane Association.
each of these key features along the free energy profiles of theThe above fitting method (eq 4) is now applied to the enire
three-methane PMF is nearly but not necessarily exactly = 0 three-methane PMF profile. The resulting enthalfy()
identical to that of the additivity-assumed PMF (see, e.g., the and entropic free energy-ToAS) of three-methane association
location of db peaks in Figure 5BF). Hence, although the at 25°C are shown in Figure 8 as functions of the distagce
nonadditivity measure in this subsection is closely related and between the methane dimer and the single methane. The
has values almost identical to that of the corresponding corresponding solvent-accessible surface area (SXS#)d
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Figure 9. Simulated three-methane heat capacity (solid curve) as a function
of the intersolute separation at= 0. Error bars for heat capacity are
estimated using the formulation in the work of Shimizu and Chfiom

the sampling uncertainties of the three-methane PMFs that are quantified
by the difference between half-simulation and full-simulation results here.
The corresponding three-methane heat capacities predicted by SASA (long
dashed curve) and MSA (short dashed curve) based on single-methane data
are also shown. The horizontal dotted line marksAle = 0 level. Vertical
dashed lines have the same meaning as in Figure 8.

Figure 8. Enthalpy and entropy changesTat= 298 K andy = 0 and the
corresponding SASA and MSA predictions based upon simulation data for
single-methane hydration (Table 1 and Figure 2). The entropic free energy
is shown in the lower panel. Horizontal dotted lines markAl& = 0 and

AS = 0 levels. The vertical dashed lines mark the approxirjatesitions

of contact minimum (cm), desolvation barrier (db), and solvent-separated
minimum (ssm). (Note that the exact positions of these features depend
weakly on temperature, cf. Figure 3.)

molecular surface area (MSR)predictiong” based upon the provides a quantitatively accurate account of the three-methane
present single-methane hydration data are included for com- ACp(&) function, although the trend of a decreasihGp from
parison. the desolvation barrier to contact minimum is consistent with
Figure 8 shows that both SASA and MSA fail to account for SASA and MSA predictions. SASA predicts a heat capacity of
the large enthalpy increase &t~ 5 A midway between the  three-methane hydrophobic interactions that is always negative
desolvation barrier and the contact minimum (upper panel). (long dashed curve in Figure 9). In contrast, @ estimated
Nonetheless, the SASA prediction comes quite close (and from our PMF simulations is positive for an extendeckegime.
significantly closer than the MSA prediction) to the simulated MSA does capture part of the positive heat capcity peak near
enthalpy at the three-methane contact minimum. On the otherthe PMF desolvation barrier (short dashed curve in Figure 9),
hand, SASA very well captures the dependence of three-  but the predicted height of the heat capacity peak is less than
methane entropic free energy (lower panel), especially in the 20% of the directly simulated value.
region between the desolvation barrier and contact minimum.  Figure 10 extends the three-methax@p analysis to otheg
In contrast, the MSA prediction is far from matching the angles. Despite considerable sampling uncertainties, several
simulated entropic free energy. Interestingly, the distance- general trends are quite clear. For evgryangle we have
dependent trend exhibited by Figure 8 for three-methane investigated, there is consistentlyACp peak of~50—65 cal
hydrophobic interactions shares substantial similarities with mol~! K~1 near the desolvation barrier of the three-methane
recent calculations of two-methane configuration-dependent PMF. And the error bars at these heat capacity peaks are all
enthalpy® and entropic free energy®as well as correspond-  sufficiently small to support the conclusion tha&tCp is
ing two-xenon simulations using five common water modéls.  significantly positive for these configurations. The position of
E. Positive Heat Capacity at the Three-Methane Desol-  the ACp peak is near the PMF desolvation barrier for small
vation Barrier. Figure 9 shows the separation-dependent heat angles ¢ = 0, /12, andx/6). But for larger angles( = n/4,
capacityACp(§) of three-methane hydrophobic association for 7/3, and 5r/12), the ACp peak shifts toward the contact
¢ = 0 obtained from the above-described PMF-fitting metfod.  minimum (position marked by the leftmost vertical dashed lines
The error bars of thé\Cp function here are derived from the  in each panel of Figure 10). In the present simulation, the contact
sampling uncertainties of the PMFs. Because heat capacity isminimum has a positive\Cp that appears to increase wigh
proportional to the second derivative of the free energy (PMF) from <20 cal moft K-t at¢ = 0 to >50 cal mot! K1 at¢

with respect toT, the uncertainties ofACp estimates are = 5x7/12. As far as common implicit-solvent treatmentsidEp

amplified relative to those of the PMFs themselves. are concerned, Figure 10 indicates that both SASA and MSA
A prominent feature in the three-methane heat capacity are unable to account for the intricate configuration-dependent

function in Figure 9 is the\Cp peak value of~50 cal mof? heat capacity of three-methane hydrophobic association.

K~! near the PMF desolvation barrier. The sampling uncertain-
ties in ACp around this peak are relatively small. Thus, one
can be confident that the present model indeed predicts a A. Beyond Bulk-Phase Considerations of Hydrophobicity.
significant positiveACp there. The heat capacity is also positive, The SASA and MSA predictions in Figures 8 and 9 above are
with a lower magnitude of+10 cal mof! K~ at the three- based upon simulated single-methane data. They correspond to
methane contact minimum and at the solvent-separated mini-the common approach of using bulk-phase model compound
mum. Neither the SASA nor the MSA implicit-solvent approach solvation to understand hydrophobic effettEherefore, the

V. Discussion
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Figure 10. Three-methane heat capacity for differgnfingles. The directly simulated three-methane heat capacities (solid curves) are compared with
SASA (long dashed curves) and MSA (short dashed curves) predictions based upon the simulated hydration heat capacity of a single methank. The vertica
lines mark the approximatg positions (from left to right) of contact minimum, desolvation barrier, and solvent-separated minimum for the giMes

horizontal dotted lines mark th&Cp = O level. Error bars are derived from the sampling uncertainties apleed T-dependent three-methane PMFs using

the same method as in Figure 9 above. $he 0 data from Figure 9 are included here for comparison, whereag the/2 heat capacity estimates contain

large uncertainties and thus are not shown.

comparison between directly simulated three-methane data ancheat capacity change at room temperature (298 K). At higher
SASA/MSA predictions in these plots can be used to assesstemperature, the “Ilmet” enthalpy change switches sign to
the validity of such bulk-phase approaches. In this regard, Figure become negative, and the entropy change becomes less positive.
8 shows that SASA has some limited successes. As noted aboveT his thermodynamic trend corresponds to a traditional hallmark
at the three-methane contact minimum, the enthalpy chan@e ( of hydrophobicity?® However, the temperature variation of the
and entropy change<Q) upon hydrophobic association (from enthalpy and entropy at the three-methane desolvation barrier
directly simulated PMF data) at room temperature (298 K) have exhibits an opposite trend (Figure 11). A similar behavior applies
the same sign and approximately the same magnitude as thelso to the two-methane desolvation baffi¢data not plotted).
corresponding SASA predictions. On the other hand, however, Here, Figure 11 shows that the enthalpy and entropy at the three-
Figure 9 demonstrates clearly that the three-methane enthalpymethane contact minimum and solvent-separated minimum also
and entropy’s temperature dependence (governei@p has do not follow the “1met” temperature dependence trend. These
signs opposite to that predicted by SASA. Similar features have findings imply that bulk-phase desolvation cannot be used to
also been observed for two-methane hydrophobic associa-model the physics of partial “desolvation” or clustering of a
tion.26:33.34Taken together, these results imply that the common small group of nonpolar solutes that are otherwise also partially
SASA picture derived from bulk-phase hydrophobicity is solvent exposed.
generally not adequate for understanding the hydrophobic B. Ramifications for Protein Folding. The more intricate
interactions among a small number of nonpolar solutes. features of hydrophobic interactions revealed by the present
This mismatch between bulk-phase and few-solute hydro- three-methane study provide new insights into protein energetics
phobic interactions is further highlighted by the temperature- and conformational distribution. In our view, recognizing the
dependent enthalpAH(T) = AHp + (T — To)ACp, and entropy, significant differences between bulk-phase hydrophobicity and
AS(T) = AS + ACp In(T/Ty), of three-methane hydrophobic  the hydrophobic interactions among a small cluster of small-
association in Figure 11. The “1met” curves in this figure sized nonpolar solutes is critical for a better physical under-
provide for comparison of the enthalpy and entropy changes standing of protein behavior. Some of these differences have
that accompany the removal of a single methane from water, been noted in our previous two-methane simulatisrié:36The
which corresponds to bulk-phase desolvation. The “Ilmet” present results make a step forward in indicating that many of
process entails a positive enthalpy change (unfavorable), athe non-bulk-like features of two-methane hydrophobic interac-
positive entropy change (favorable), and a significant negative tions persist in the three-methane situation as well. Hence, it is
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The present three-methane study is pertinent to this line of
investigation. Fundamentally, our results show that desolvation
free energy barriers are generally nonadditive, and that the
temperature dependence of the sign and magnitude of nonad-
ditivity can lead to further energetic complexities as well. In
light of these findings, it would be instructive to explore how
this and similar nonadditivity phenomena may be utilized to
-3 ' ' gain a deeper understanding of the temperature dependence of
' ' protein folding and unfolding kinetic¥:%

As for the heat capacity signatures of free energy barriers,
both our previous two-methatfe?334and the present three-
methane (Figures 9 and 10) desolvation barrier heat capacities
are positive, i.e., have signs opposite to that of a typical
transition-state heat capacity of protein folding. Recently, several
other research groups have also investigated the separation-

40 310 350 dependent two-body heat capacity of association of a pair of
T/K nonpolar solute4?.76-78 While the overall magnitude of the heat
Figure 11. Enthalpy and entropy changes as a function of temperature at capacity profilé® and the sign of heat capacity at the contact
the contact minimum (cm, circles), desolvation barrier (db, triangles), and minimum appear to be sensitive to the size of the nonpolar
solvent-separated minimum (ssm, squares) (as defined in Figure 8) of the 0.77 . .
¢ = 0 three-methane PMF. Temperature dependence (continuous curves)SOIUté fand the Water.mOdély"j" positive heat capacity peak
is computed using the fitted thermodynamic parameters obtained in this near the PMF desolvation barrier emerges as a robust feature

work (Figure 7, top panel). The enthalpy and entropy changes upon the gbserved across several studies of heat capacity of pairwise small
desolvation (removing from water) of a single methane are also plotted for nonpolar solute associati@h33.3440,7678,95

comparison (“1met”, diamonds). Note that the thermodynamic signatures . . .
of the present “lmet” process are minus that of the reverse process of Quite remarkably, the newly obtained heat capacity of three-

inserting a single methane into water. The symbols along the curves heremethane association in Figure 9 exhibits a profile very similar
serve merely as guides for the eye. to that of the two-methane heat capacity, suggesting that their
physical origing® may be closely related. Taken together, the
appropriate to generalize the distinctions between “pair” and yo- and three-body heat capacity simulation data acquired to
“bulk” hydrophobic effect¥’to that between “small-cluster” and  ate strongly indicate that the typical rate-limiting step in protein
bulk-phase hydrophobic interactions. folding is quite different from surmounting two-methane-like
Obviously, any relationship between explicit-water simula- oy three-methane-like desolvation barriers, or a simple addition
tions of a small number of nonpolar solutes and the complex of many such processes. The folding transition state generally
phenomenon of protein folding is necessarily indirect. As in jnyolves simultaneous interactions among a larger number of
bulk-phase model compound approaches, the connectionsyigger chemical groups. In this context, it would be interesting
between small-molecule and protein-folding processes areyq jnvestigate whether the PMF desolvation barriers of bigger
merely intuitive in nature and at best semiquantitative. solutes, such as neopentéfrand entire amino acid side chaifs,
Nonetheless, as far as conceptual advances are concernedyoyld afford heat capacity signatures that are more akin to the
the theoretical possibilities offered by our new small-cluster typical protein folding transition state.
simulations are valuable, as many scenarios suggested by our Thjs perspective from two- and three-body simulation results
newly gained insights were unavailable within the traditional may also be relevant to the understanding of compact denatured
bulk-phase paradigm. Several such scenarios for rationalizing states of protein® Protein conformations have been found to
experimental protein folding data are outlined below. be relatively compact in heat-denatured stété3and in certain
One generic feature of the temperature dependence of proteinnfolded states under non-denaturing condit®$r&he nonpolar
folding kinetics is that it is often non-Arrhenius, with a peak gaSA of some molten-globule-like compact denatured states
folding rate at an intermediate temperatee? In other words, s significantly smaller than that of the fully unfolded state.
as a function of temperature, the free energy barrier height hasTherefore, in the traditional view, the heat capacityCf) of
a minimum, and the function becomes concave upward. Hence,sych compact denatured states of a protein is expected to be
in such cases, the protein’s folding transition state has a negativemarkedly less than that of the fully unfolded state. However, at
heat capacity. In view of the importance of solvation effects in |east for two proteins, when conditions become more favorable

protein folding energetics, it is reasonable to expect mechanismsig the native state, the progress of thEp signature (from a
closely related to those that give rise to desolvation barriers in

small-molecule PMFs to play an important role in the overall (94) Day,z%-é Bennion, B. J.; Ham, S.; Daggett, 3/.Mol. Biol. 2002 322,

free energy barrier to protein folding. Motivated by this (95) The heat capacity values estimated from the two-methane data in Figure 5
rationale, researchers have recently used pairwise desolvation ~ for the contact minimum (cm) and desolvation barrier (db) exhibit trends
' . . L . . similar to the corresponding two-xenon/TIP4P heat capacity values
free energy barriers to provide insights into aspects of protein dgtermig%d rece_nﬁly by Pasgh'@MNhli_le the I\INO-methanACp values we §
i i i ; 0,45,93 obtained here with increased sampling are lower (more negative at cm an
thermodynamics, cooperativity, and folding kinetiés less positive at db) than ourpreviou% egtiméﬁé_%?“thc(e feature of a positive
two-methane desolvation heat capacity is confirmed.

()

AH(T) (kcal/mol)
=)

AS(T) (cal/mol/K)

(90) Segawa, S.-1.; Sugihara, Biopolymers1984 23, 2473-2488. (96) Shortle, DFASEB J.1996 10, 27—34.
(91) Jackson, S. E.; Fersht, A. Riochemistry1991, 30, 10428-10435. (97) Sosnick, T. R.; Trewhella, Biochemistry1l992 31, 8329-8335.
(92) Schindler, T.; Schmid, F. X8iochemistry1996 35, 16833-16842. (98) Seshadri, S.; Oberg, K. A.; Fink, A. IBiochemistry1994 33, 1351-
(93) Fernandez-Escamilla, A. M.; Cheung, M. S.; Vega, M. C.; Wilmanns, M.; 1355.
Onuchic, J. N.; Serrano, IProc. Natl. Acad. Sci. U.S.2004 101, 2834~ (99) Mok, Y. K.; Kay, C. M.; Kay, L. E.; Forman-Kay, J. Mol. Biol. 1999
2839. 289 619-638.
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Figure 12. Effects of periodic boundary conditions on the determination of zero-PMF baseline. Solutes are denoted by filled circles in a simulation box of
water molecules (not depicted explicitly); image solutes are shown as open circles. (A) Zero-PMF baselines for two- and three-methane PMRineade deter

by test-particle insertions of a single methane in pure water. This is the method used in the present work. In contrast, the zero-PMF baselinadigssome s
of (B) two- and (C) three-methane PMFs are set by postulating that hydrophobic interaction is nonexistent at a finite distance considered tartfe “far ap
in the simulation box (e.g., configurations in panels B and C). In these drawings, the ratio of solute size to the dimension of the simulationdumdsorres
roughly to that in the present methane simulations and similar simulations reported in the literature (see text for details).

higher unfolded value to a lower folded value) appears to lag nonpolar groups are sequestered from water in a hydrophobic
behind that of other measures such as helicity and radius ofcore.

gyration. TheACp value decreases sharply only at the last stage  C. Computational Accuracy and the Estimation of Zero-

of folding, i.e., in the transition from a mO'ten-g'ObU'e-like sState PMF Baselines in Nonadd|t|v|ty Ana|yseS.We now turn to

to the native state, suggesting that tight packing is necessaryseveral critical computational issues related to the numerical
for achieving the nativé\Cp signature!®®1%1This observation reliability of the present study and assess them in some detail.
would be rather puzzling in the bulk-phase SASA view. In To date, two main approaches have been used in the investiga-
contrast, it may be rationalizable by the following hypothesis  tion of hydrophobic nonadditivity to estimate zero-PMF base-
based on the present three-methane heat capacity results anhes?5 (i) Setting the zero-PMF value by test-particle insertion
similar trends for two-methane heat capaéftyhe positive heat  into pure solven2827.3366.7this is the method used in the present
capacity values in Figures 9 and 10 for three-methane hydro-study. (i) Identifying the zero-PMF baseline with a certain
phobic association imply that hydrophobic contacts per se do qverage PMF value at large intersolute separations within the
not necessarily lower heat capacity when the contacting nonpolargiven simulation box if the large-separation PMF values are
solutes are still partially yet significantly exposed to water. Thus, found to be “flat” or nearly so, i.e., essentially independent of
consistent with experimental observatidff}®a lowering of  position8.5356 For brevity, we refer to this procedure as the
ACp would occur only when there are either a larger number “|arge-separation” method. The basic physical premise for both
of nonpolar solutes or larger-sized nonpolar solutes coming methods is the same, namely that PMF should decay to zero at
together, or both. In other words, a crossover from small-cluster jnfinite separation. In principle, this means that the zero-PMF
to bulk-like hydl’OphObIC behavior would not ensue until mu|tlp|e baseline can be determined by using a very |arge simulation
box. However, because computational resources are necessarily

(100) A'l\gggﬂhgbgat“k@ M.; Tokunaga, F.; Goto, Biochemistry1994 33, limited, simulation boxes are often not very large relative to
(101) Nishii, I.; Kataoka, M.; Goto, YJ. Mol. Biol. 1995 250, 223-238. the size of the solutes under consideration (cf. Figure 12). The
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two methods thus represent different attempts to utilize limited reliable than PMF results for smaller separation, even when the
simulation data to arrive at a reasonable estimate of the truetest-particle insertion method is used to determine the zero-
zero-PMF baseline. PMF baseline” Because of this, in some cases only results for
Figure 12 considers the potential artifacts of these two relatively smaller intersolute separations are shown in the present
methods. Under periodic boundary conditions, a solute and anstudy. Second, and more importantly, edge-effect considerations
image solute can exert influence on each other via intervening Point to an additional pitfall of the “large-separation” method,
solvent (water) molecules even when the sohimeage-solute which stipulates that an observed flatness of PMF at large
separation is larger than the cutoff distance for direct interac- Separations is sufficient to justify the assumption that the PMF
tions. Hence, strictly speaking, the test-particle insertion method has reached its asymptotic zero vaté@hysically, a flat PMF
does not provide the exact hydration free energy at infinite solute only implies that the mean force is zero. It says nothing about
dilution, but rather the hydration free energy at a finite nonzero the absolute value of the PMF relative to the true zero-PMF
solute concentration dictated by the size of the simulation box value at infinite separation. In fact, when the intersolute
(Figure 12A). Nonetheless, for simulations using a given box Separation approaches its maximum value in the simulation box
size (say, of linear dimensioh), the test-particle insertion  as in Figure 12B,C, the resulting geometric symmetry of the
method offers a more accurate estimate of the zero-PMF baselinesystem means that the solvent-mediated influence on a given
because the image solutes in the single-solute calculation aresolute by the other solutes in the simulation box itself would
always at least at a distanceway from the solute itself (Figure ~ be essentially canceled by the influence from the image solutes.
12A). In contrast, for the “large-separation” method, when the So, the net mean force experienced by the solute at an edge of
solutes themselves are maximally separated or nearly so in thea simulation box can be zero, even though the mean force acting
simulation box (i.e.£ &~ L/2), a solute is only~L/2 away from on it by the other solutes in the simulation box (image solutes
the closest image solute (Figure 12B,C). This distance is half excluded) is in fact nonzero. Therefore, an apparent flatness of
of the separation between a solute and a closest image solutéhe simulated PMF at large separations may only be a
in Figure 12A; hence, the influence of the image solute on the consequence of the periodic boundary condition and cannot by
energetics is bound to be less negligible in the “large-separation”itself be used to prove that the PMF itself is zero at those
method. It follows that Figure 12B,C is a worse model for Separations.
infinite intersolute separation than Figure 12A. For the three-  D. Anti-Cooperativity of Three-Methane PMFs at 298 K
methane case, the image solutes would be even more influentiabnd 1 atm: Comparison of Results from Different Studies.
because when the single methane solute-ig2 away from Simulations of three-methane hydrophobic interactions and
the methane dimer, it is onkrL/2 away from the image of a  nonadditivity effects to date have not addressed temperature
methane dimer at the same time (Figure 12C). Therefore, dependence, aside from a very brief discussion of a possible
although the test-particle insertion method is imperfect, it is a crossover from mainly anti-cooperative to cooperative behavior
better approximation of ideal infinite intersolute separation than when temperature is increased from 25 to @ (ref 27).
the application of the “large-separation” method to a simulation Inasmuch as we are aware, three-methane PMF2%5¢C were
box of the same size. Indeed, the above analysis suggests thasreviously simulated by four research groups. Table 2 sum-
for a “large-separation” PMF baseline to be as accurate as thatmarizes some of the most recent results. Our prediction of three-
obtained using the test-particle insertion method, the linear methane anti-cooperativity at 2Z& and 1 atr’ is in partial
dimension of the simulation box employed by the “large- agreement with the earlier findings of Rank and B&kas well
separation” method needs to be at least double that for the test-as a subsequent study by Ghosh eb%hoth of these research
particle insertion method. In other words, approximately 8 times groups performed constant-pressure simulations and found anti-
as many molecules are required for the “large-separation” as cooperativity at the three-methane contact free energy minimum.
for the test-particle method. But we are in apparent disagreement with Czaplewski et al.,
The linear dimension of the simulation box used in the present who have concluded from their constant-volume simulations
study is~23 A (396 waters). This is somewhat smaller than that three-methane interaction is cooperdfivr almost addi-
the linear dimensions of simulation boxes used in other tive.56
investigations of three-methane hydrophobic interactions to date, Table 2 provides a comparison of free energy differences
viz., Rank and Baker-25 A (515 watersf® Ghosh et al.~25 between key positions along the two- and three-methane PMF
A (508 waters) and-32 A (1016 watersj® and Czaplewski et profiles. These quantities are relative free energies. Thus, they
al., 28 A (~692 waters§° Therefore, for reasons outlined above,  are independent of the choice of zero-PMF baseline: If pairwise
we believe that our zero-PMF baseline obtained using the test-additivity is applicable, the free energy difference between two
particle insertion method is more reliable than those obtained different configurations of a pair of methanes must equal to
in these other studies using the “large-separation” method, sinceone-half of the corresponding free energy difference for the
none of them used a simulation box size~¢f6 A or larger. In three-methane (methane dimermethane) system. The data
the case of Ghosh et &P,the accuracy of their zero-PMF  in Table 2 indicate that pairwise additivity does not apply for
baseline is expected to be further compromised because theithree-methane hydrophobic interactions-@5 °C. In fact, one
simulation boxes contain 10 or 20 methanes instead of just one,anti-cooperative aspect of these simulation results appears to
two, or three methanes. be robust across the different studies: In all four cases, the free
Two further implications of edge effects of finite simulation energy difference between the two-methane contact minimum
boxes are noteworthy. First, the existence of artifactual indirect and desolvation barrier (first row of entries) is larger than one-
(solvent-mediated) interactions between solutes and imagehalf of the corresponding free energy difference for three
solutes means that PMF results for larger separation are lesamethanes (third row of entries). It follows that three-methane
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Table 2. Comparison of Studies of Three-Methane Nonadditivity at Temperature T ~ 25 °C in the ¢ = 0 Configuration?

Rank and Baker Shimizu and Chan Ghosh et al. Czaplewski et al.
study (1997) (2002) (2003) (2003)
water model TIP4P TIP4P TIP3P TIP3P
simulation ensemble NPT NPT NPT NVT
T=298.15K T=298.15K T=300K T=298K
two-methane: 0.92 0.84 0.98 0.99
PMF® (db)—PMF (cm)
two-methane: 0.29 0.31 0.3 0.32
PMF® (db)—PMF2 (ssm)
three-methaney(= 0): 1.6# 1.7¢ 1.55 1.9
PMF® (db)-PMF3 (cm)
three-methaney(= 0): 0.79 0.6 0.51 0.64

PMF® (db)—PMF3) (ssm)

a Approximate free energy differences (in kcal/mol) in two- and three-methane PMFs between the desolvation barrier (db) and the contact minimum (cm),
and between db and the solvent-separated minimum (ssm), are estimated from published figures in foux Bfligiesilations results here are for pressure
P = 1 atm.” Figure 2A of ref 45.¢ Figure 4A of ref 459 Figure 12 of ref 272 1.0 atm curve in Figure 1 of ref 55W®) curve in Figure 6a of ref 5$PMF
from the longest run in Figure 2 of ref 5S6PMF from the longest run in Figure 3 of ref 56.

hydrophobic interaction forp = 0 has to be either anti- Czaplewski et al® on the other hand, found that undey'T
cooperative at the desolvation barrier or anti-cooperative at the conditions three-methane hydrophobic interactions in their “2
contact minimum, or both, depending on the choice of zero- + m configurations (equivalent to ous = 0) are slightly anti-
PMF baseline. But irrespective of the choice of baseline, this cooperative both at the contact minimum and at the desolvation
observation implies that the interaction cannot be cooperative g rier at 298 K in the TIP3P model (Figure 4 of ref 56). Their
at both the contact minimum and the desolvation barrier. calculation was based on an assumption that both the two-
Interestingly, an informational theory investigation by HUm-  nethane and three-methane PMFs are essentially zero at
mer et all%2also supports three-methane anti-cooperativity under separatiort ~ 12 A. Summarizing their findings, the authors

the same _set Of. conditipns. Instead of directly simulating the asserted that “a pairwise approximation of the PMF seems to
water-mediated interactions among methanes, their method Wa%e almost sufficient” for the interactions of three methanes in

based on the formation probabilities of methane-sized cavities 56 T - ,
in simulated ensembles of pure water (256 SPC model waters)Wate_r' This assgssment Is different from the resgarch g_roup S
under a range of different pressuresl@ to 725 MPa) at 298 pre_wous concluspn that the same threg-mgthane interaction was
K. Although the authors remarked that their three-body PMFs Mainly cooperative (12-window result in Figure 8A of ref 48).
(in equilateral configurations) were well approximated by the A possible cause for this difference is that the two studies
sum of their two-body PMF¥2 g Simp|e Comparison of Figures employed different PMF baselines: Instead of assuming that
2 and 3 in this reference indicates that, at low presste ( PMF =0 at& ~ 12 A (ref 56), the earlier study assumed that
atm), the desolvation barrier is in fact slightly anti-cooperative the actual three-methane PMF and the hypothetical PMF based
by ~0.1 kcal/mol, whereas the contact minimum is essentially upon pairwise additivity of two-methane PMFs should coincide
additive. in the region of 7.5-8.5 A separatior® But this procedure is
At this juncture, it is instructive to compare and assess two problematic22 Now, results in the more recent report by
recent three-methane simulations in more detail in light of the Czaplewski et a$® indicate that their 12 A criterion also may
analysis of edge effects in the last subsection. Ghosh®t al. not be sufficiently accurate. This can be seen readily by noting
reported anti-cooperativity for the contact and solvent-separatedihe jnconsistency in their 12 + m’ and “m + m + v’ plots.
minima at 300 K undeNPT conditions (1 atm, methanes in
water without salt) using the TIP3P model for the= O case.
This conclusion is consistent with our previous finding b{:\sed (relative to the assumed zero-PMF baseline 5 A; see Figure
on the TIP4P modeél’ However, contrary to our observation ) )
of significant anti-cooperativity at the desolvation barrier at 298 3a and the, first panel of Figure 4 of ref ?6)' In.contrast, the
K (Figures 5 and 6), Ghosh et al. reported a cooperative effect C0responding free energy for the'™ m+ nv’ case is~ —0.83
at the desolvation barrier. One possible cause of this disagreeXcal/mol (Figure 3b and second panel of Figure 4 of ref 56).
ment is the difference in water models, and this is an issue thatSince the three-methane contact minimum configuration is the
remains to be better understoB.As far as PMF baselines  same for “2n + m" and “m + m + m" (with all intermethane
are concerned, the zero-PMF value in Ghosh et al.’s approachdistances equal to the contact minimum between two methane
was set by their choices for the normalization of the methane molecules in watéf), it follows from the basic principles of
correlation functions. Effectively, PMF values were simply thermodynamics that their free energies relative to the infinite-
assumed to be essentially zero at the edge of their simulationseparation situation should be identical. Therefore, the fact that
box. As such, their method does not address the possibility of the assumed 12 A PMF baseline gave rise to~@09 kcall
long-range hydrophobic effects. mol discrepancy in free energy for these two cases implies that
the assumed baseline does not correspond to the absolute zero
(102) Hummer, G.; Garde, S.; Garcia, A. E.; Paulaitis, M. E.; Pratt, [Prac. . . . .
Natl. Acad, Sci. U.S.AL998 95, 1552 1555. PMF value. So, in these simulations, it appears that even a
(103) We note that Ghosh et al.’s reported anti-cooperativity at the contact separation of 12 A is insufficient for the methanes to be truly

minimum and cooperativity at the desolvation barrier do not appear to .
add up to the values summarized in Table 2 above. independent of one another (cf. Figure 12).

For the longest simulation runs reported, the free energy at the
contact minimum for the “&h + m” case is~ —0.74 kcal/mol
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V. Concluding Remarks of small-cluster hydrophobic interactions. The heat capacity
function ACp(&,¢) of three-methane hydrophobic association is

To summarize, we have completed a first study of the | R ion d q for th h
temperature dependence of hydrophobic interactions betweerSt'O"gly configuration dependent. As for the two-methane
case’?3436.7%three-methan@ACp has a significantly nonmono-

a single methane and a methane dimer, using extensive Monte”“> A ) )
Carlo sampling and test-particle insertion techniques to obtain t°Ni¢ dependence on the intersolute (inter-methane) separation,

more reliable zero-PMF baselines. The three-methane PMFsWith & prominent positivé\Cp peak near the PMF desolvation
exhibit a significant dependence on temperature. The present@'ier (for smallp) or the contact minimum (for largg). Thus,
investigation employs only the TIP4P water model. As such burial of nonpolar surface or formation of nonpolar contacts
the robustness of our conclusions across different common waterd0€S not necessarily lead to a decrease in heat capacity. This
modelg” remains to be ascertained. Nonetheless, the findings Phenomenorwhich is not predicted by bulk-phase/SASA
here provide rudimentary insights into complex water-mediated considerationsprovides a plausible novel rationalization for
interactions among a small cluster of nonpolar solutes. In the heat capacity S|gnature.of certain protein compact denatured
general, three-methane hydrophobic interactions are not pairwiseStat_esg It would be interesting to further explore the molecular
additive. Generalizing our previous conclusi®ifer 25°C, here basig® of this peculiar property of small-cluster hydrophobic
we have determined the temperature dependence of this pairwisénteractions.

nonadditivity. In particular, the three-methane desolvation barrier

is shown to be anti-cooperative at low to intermediate temper- . .
atures, but shifts to essentially additive or slightly cooperative ported by the Canadian Institutes of Health Research (CIHR

at high temperatures, whereas the contact minimum is anti-grant no. MOP-15323), PENCE.’ and a Pre.mlers Research
cooperative over a broader temperature range. Intuitions basquxcellence Award from the_Proymce OT Ontario. H.S.C. holds
upon bulk-phase hydrophobic effects and solvent-accessible? Canada Research Chair in Biochemistry.

surface area (SASA) are insufficient for grasping the subtleties JA040165Y
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