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Abstract: A model S-hairpin peptide has been used to investigate the context-dependent contribution of
cross-strand Lys—Glu interactions to hairpin stability. We have mutated two Ser—Lys interstrand pairs to
Glu—Lys salt bridges, one close to the type I' Asn—Gly turn sequence (Ser6 — Glu), and one close to the
N- and C-termini (Serl5 — Glu). Each individual interaction contributes ~1.2—1.3 kJ mol~* to stability;
however, introducing the two salt bridges simultaneously produces a much larger overall contribution (—3.6
kJ mol~?) consistent with an important role for preorganization and cooperativity in determining the energetics
of weak interactions. We compare and contrast CD and NMR data on the highly folded hairpin with the two
Glu—Lys pairs to shed light on the nature of the folded state in water. We show that large cosolvent-
induced changes in the CD spectrum, in contrast with the modest effects observed on Ha. chemical shifts,
support a hydrophobically collapsed entropy-driven conformation in water whose stability is modulated by
long-range Coulombic interactions from the Glu—Lys interactions. Cosolvent stabilizes the structure

enthalpically, as is evident from CD melting profiles.

Introduction

Hierarchical models for protein folding point to local interac-
tions playing an important role in restricting the conformational
space of the polypeptide chain in the search for the nativestate.
Autonomously foldingg-hairpins, twof-strands linked by a
pB-turn, have emerged recently as vehicles for probing local
interactions in3-sheet folding and assemblyand as building
blocks in protein desighThese data complement a large body
of work on the structure and stability of isolateehelices, and
the rational design ad-helical proteins'. 5-Hairpins have been
employed for probing many aspects of conformational stability,
the nature of noncovalent weak interactions, and the intrinsic
conformational preferences that underlie protein folding, stabil-
ity, and recognitiors~° Several novel motifs have recently
emerged as strong structure-stabilizing interacti@nahile
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Chimie BP 53, 38041 Grenoble, Cedex 9, France.
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phage display and combinatorial approaches have become tools
in the search for structurgtisheet peptides or for novel ligands
aimed at protein targetd.In other cases3-sheet based motifs
are emerging as possible new peptide-based drugs with con-
strained structures carrying bioactive motifs for highly specific
recognitiont?

It is generally regarded that salt bridges make an important
contribution to the stability of the native state of proteins, this
contribution is highly context-dependent, modulated by solvent
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(a) the N- and C-termini (Ser15> Glu; peptides2), and one close
/lol\ /Kgr m\/?\ )\(;(E\/Ok /VQW E\)ok )\(m N to the type 1 Asn-Gly turn sequence (Ser6 Glu; peptides3),
m ol % m o T, m o % m 5 lc: and have investigated the context and pH-dependent contribution
P o ol Y of the fully charged KE~ and partially charged KE® interac-
)OK‘/E %is JCJ)\/E T )?\(m gy )O\‘/m\(\H tions to hairpin stability (Figure 1). We also examine the
© s wg)ﬂm Vi \(B'/\E Ly jo]/\m Ko © h o energetic effects of introducing the two salt bridges simulta-
neously at these two positions (peptidé) and demonstrate
B1: KaSe5 Se-Kar - B3: Ko-Sts, Beis that the net contribution is greater than the sum of the individual
B2: Ko-Eys, Se-Kiy B4 Ko-Eqs, Eg-Kyg contributions, consistent with an important role for preorgani-
(b) . zation and cooperativity in determining the energetics of weak
o) pY. 0 H i interactions. We compare and contrast CD and NMR data on
A % NG the highly folded peptid$4 to shed light on the nature of the

0 folded state in water.

Materials and Methods

H e O H HY Vig O H ) l42 O Peptide Synthesis and NMR MethodsAll peptides were synthe-

Figure 1. (a) Schematic representation of the familyfehairpin peptides sized using standard solid-phase methods and purified by reverse-phase
(B1—p4), showing the main chain alignment, cross-strand residue pairing, HPLC” NMR data were collected on DRX500 and Avance600 Bruker
and putative hydrogen bonds. The sites of the mutated residues are indicatedpectrometers equipped with inverse-detection probes and z-field gra-

by “X” with boxes representing the positions of the salt bridges. (b) Structure dients for solvent-suppression using protocols and 2D NMR methodolo-
of hairpin f4 summarizing medium- and long-range NOEs used in the gies previously describéd.

truct Iculations. ) ) . .
structure caicuiations Peptide Aggregation.Sample aggregation was assessed by extensive

accessibility and conformational constraints on the protein dilution studies. Becaus_e a number of chemical shlfts de_wate signifi-
cantly from random coil values, these were monitored in the range

surface. Although some mutational analyses have shown that

h . buti b ishinal i h from 1.0 to 0.01 mM, as previously describ&downfield Ho shifts,
the energetic contribution can be vanishingly small, in other arising from the folded conformation of the peptide, were unaffected

cases, involving interaction between partially buried charges, py changes in peptide concentration in this range. Line widths also

the effects can be significaft!4 The high abundance of ionic appeared to be concentration-independent, indicating that the peptides
interactions on the surface of hyperthermophilic protés, are essentially monomeric over this concentration range.

together with examples of the rational enhancement of protein  Structure Calculations. Starting structures were calculated using
stability through the redesign of surface charge distribution, DYANA (version 1.2)!8 A total of 173 upper-limit distance restraints
including the elimination of potentially repulsive interactidfis, ~ were derived from NOE data and classified as strorg, 7 A), medium
unambiguously establishes their important role in engineering (<3.8 A), and weak ¢5.0 A); a further 24 torsion angle restraints
protein thermostability. However, in model peptides that fold derived fromJu. values were also used. Thirty randomly generated
only weakly in water, the relative importance of ionic versus st_ru_ctqres_ were annealed using 4000 dynamics steps followed by 1000
hydrophobic interactions in stabilizing local secondary structure minimization steps. Three .Of the 30 structures were randomly chos_en
has been less well studied, with reports of small free energy as starting structures for simulated annealing by molecular dynamics

. . . . using AMBER 61° employing a total simulation time of 100 pd-he
contributions from polar interactions commensurate with a gyakg algorithm allowed a step size of 2 fs to be used, while an

dynamic conformation and side chains that are highly solvent jmpiicit solvent model was employed with a distance-dependent

exposed.’
We have employed a model system (peptide Figure 1)
for investigating the thermodynamics @hairpin folding and

dielectric and an electrostatic cutoff of 9 A. The last five coordinate
sets collected over the last 5 ps of MD simulation were averaged to
generate a single structure. Two different random seeds were employed

have examined in detail the context-dependent contribution of for each of the three different starting structures, with initial velocities

salt bridges to hairpin folding. We have mutated two-Seys

assigned from a Maxwellian distribution at 50 K. This approach yielded

a total of six restrained structures that were subsequently averaged and
energy minimized to generate the mean structure at 0 K. The N- and
C-terminal residues of the six structures show the greatest flexibility;
structure statistics are presented in Table 1. Unrestrained dynamics
simulations orp4 at 300 K were performed using an explicit solvent
model within AMBER 6 with the peptide placed at the center of a
rectangular box (47x 35 x 41 A3) containing 1539 TIP3 water
molecules and counterions to maintain overall charge neutrality. The
SHAKE algorithm and particle mesh Ewald methods were implemented,

interstrand pairs I8l to Glu—Lys salt bridges, one close to
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Table 1. Structure Statistics for the Final Six NMR Structures of for the folded state is subject to greater uncertainty. Datg3fbmn
Hairpin 4 Calculated from Data in Aqueous Solution, 298 K 50% methanol at 278 K were used as a reasonable estimate for the
Number of Restraints fully folded state (RM@dnq"™").

intraresidue NOEs 93 Thus,

sequential NOEs 44

medium- and long-range NOEs 36 _

total 173 Keq = [folded]/[unfolded]

dihedral angle restraints 24

- where
Structure Statistics

number of NOE violations- 0.2 A 0 imit

number of dihedral angle violatiorrs 5° 0 Keq= 1/[1 — (RMSAS,/RMSASy, )]

¢ly distribution (%) (PROCHECK)

favored 46.2 and

allowed 53.8

generous and disallowed 0 AG = —RT ln(Keq) (1)

RMSD from mean structure

backbone heavy atoms (residues1at) 1.05 Errors inAAG values, corresponding to differences in stability between

all heavy atoms (residues-34) 1.60

hairpins, are estimated to be eg0.3 kJ mofi?, reflecting propagation
errors from experimental uncertaintiesdp, values of approximately

. +0.01 ppm.
and the pressure and temperature of the system were controlled using CD melting curves were recorded at 217 nm, and the temperature-

Berendsen’s methodl.Calculations were run over a period of 3.5 S joh0ndence of the mean residue ellipticity was fit to the following

using a tlme step qf 2 f§ following a careful eqwhbraﬂon protocol expressions where the equilibrium constKgtis defined in terms of

over the first 10 ps in which the solvent and solut'e were flrs_t eNnergdy the observed ellipticityfons and the limiting values for the folded and

minimized. The charge state of the Glu side chains was adjusted by . ¢oqed statesgr and 6y, respectively, byKeq = (Oobs — Ou)/ (0 —

protonation to simulate conditions at low pH. The potential contri- »). When one assum;es that the t’empeqrature-dependen of
obg)- ¢}

bution of electrostatic interactions to the stability 4 was moni- - 5155 the standard thermodynamic relationships, then the dependence
tored from the time-averaged separation of the side-chain termini of of o 0N T is given by the equation:

the K;—E;s pair and the E-K; pair, the data were analyzed using the
::AgFIQ_II:IA%LLg?duIe of AMBER, and the structures were displayed using Oype = { 0 XP[-X] + O} {1 + O exp[-X]} )

Circular Dichroism Spectroscopy. Circular dichroism (CD) data
were collected on an Applied Photophysics180 system fitted with
a NESLAB circulating temperature regulator. Stock solutions of x = 1RT[AH + AC,(T — 298)— T(AS+ AC, In(T/298))]
peptides were prepared as 1 mg in 1 mL of solution. Samples were P P
diluted with water, or aqueous methanol, to give:8@ solutions for
analysis by CD. Typically, 10 scans were acquired over the wavelength
range 196-250 nm in 1.0 nm steps using a bandwidth of 4 nm at 298
K and a 0.2 cm path length cell. The resulting data were averaged,
smoothed, and baseline corrected by solvent subtraction. CD melting
curves were obtained using a Peltier programmable heating block
employing a heating rate of 1 deg min CD data were collected at
278 K before and after the temperature ramp. In all cases, the ellipticity
over a range of wavelengths deviated By10%, demonstrating
reversibility of the melting transition.

Quantitative Analysis of Hairpin Folding. The equilibrium constant
(K) for folding has been estimated assuming a two-state model in which
the folded and unfolded states are in rapid equilibrium producing time- Results and Discussion
averaged chemical shifts. The justification of this model is discussed - . . .
below and has been presented elsewhéviere recent temperature- H"{‘“P'” Conformatlon in_ Solution by. NMR', All four
jump studie€2 including kinetic experiments using our original model  -hairpin peptides have been analyzed n detall t?y NMR "_"nd
systempB1,23 have confirmed that folding can be adequately described Show the expected pattern of NOEs consistent with the align-
by a single activation barrier separating the folded and unfolded states, ment of3-strands shown in Figure 1a. A selection of medium-
consistent with a two-state model. We have used an RMS deviation in and long-range NOEs observed for hairgid in aqueous
Hoc chemical shifts from random coil values (taken over all residues) solution at pH 5.5 are shown in Figure 1b. The effect of the
as a measure of the extent to which a given hairpin is folded at 298 K, introduction of salt bridges at various positions on the relative
given that all residues appear to be perturbed in a similar mdmer. — popylations of the folded state is most readily illustrated by
estimate pf the concentrat_lon of the folded _state_ca_n be deduced fromexamining the deviation of & chemical shifts from random
the experimentally determined RMS3, provided limiting \{alues for coil valueg (Adpq values) at pH 5.5; the pattern &by values
the fully folded and fully unfolded states are known. While the latter . . . N~ .
is taken as zero, in agreement with experimental data from other hairpinIS ConSISten,t with g3-hairpin structure with two extended
analogues which show little evidence for folding, the limiting value £-Strand regionstAdu, values) separated byfaturn (—Adwa

values)?>26The data in Figure 2 establish unambiguously that

where

Fitting the experimental value fdi,,sto eq 1 has enabledH, AS

and AC, for folding to be determined in water and various aqueous
methanol mixturesé, the limiting value for the fully folded state,
was taken as-11 600 deg crhmol™ from the data for34 in 50%
methanol at 278 K where the sigmoidal part of the folding curve is
most clearly evident. This value is close to that predicted férsheet
with this number of residues, which justifies our assumption that the
peptide is close to being fully folded under these conditighs.the
limiting value for the unfolded state, was taken-s800 deg crimol~*
from data for an isomeric peptide of identical composition but different
sequence that shows no evidence for folding by CD or NMR.

(20) (a) York, D. M.; Darden, T. A.; Pedersen, L. &.Chem. Physl1993 99,
8345-8348. (b) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, (23) (a) Andersen, N. H.; Dyer, R. B.; Fesinmeyer, R. M.; Gai, F.; Liu, Z.;

R. W.; Klein, M. L. J. Chem. Physl983 79, 926-935. Neidigh, J. W.; Tong, HJ. Am. Chem. Sod.999 121, 9879-9880. (b)
(21) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graphics1996 14, 51. Andersen, N. H.; Dyer, R. B.; Fesinmeyer, R. M.; Gai, F.; Maness, S.;
(22) Munoz, V.; Thompson, P. A.; Hofrichter, J.; Eaton, W. Mature 1997, Werner, J. HPeptides 2000: Proc. 26th Eur. Peptide Syniartinez,
390, 196. J., Fehrentz, J.-A., Eds.; EDK, Paris, France, 2001; pp-553.
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Figure 2. Changes in ld chemical shifts Adn values) for the various
mutations as compared to the reference gtateontaining Lys-Ser cross-

strand pairs at the two sites. (&) versuss2; (b) 51 versuss3; and (c)S1
versusf4. All data are at 298 K and pH 5.5.
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Figure 3. Overlayed fingerprint regions of 2D TOCSY and NOESY data
(200 ms) off4 (298 K, aqueous solution at pH 5.5), showing NH armd H
chemical shift dispersion and NHHo connectivities used in the sequential
assignment of the peptide backbone; unfilled TOCSY cross-peaks (darker
contours) are indicated with residue assignments.

with a sharp change in backbone direction indicative @ftarn.

This is also clearly apparent from the relative intensity of
sequential versus intraresidue NHHa;+1 and NH—Hao; back-
bone NOE intensitie4?62 In extendeds-strands, the former

is significantly more intense than the latter (ratid); however,

at the F—Ng step, this intensity ratio lies close to unity (see
Figure 3), which, together with a smallyy—p, value for N; <

5 Hz, is a clear indication of the change in direction of the main
chain associated with a typereverse turn conformation. The
excellent chemical shift dispersion has enabled NOEs from the
side chains of K Es Kii, and Bs to be identified that
demonstrate that the aliphatic portions of these residues form
hydrophobic contacts with adjacent residuesdiid T;3) as well

as interactions between strands. Although we cannot identify

the selective introduction of an ion pairing interaction at either gjrectly salt bridges between these pairs of residues, the side-
position enhances the stability of the folded state by increasing chajn orientations on the face of the hairpin are consistent with

the magnitude ofAdy, Vvalues; this effect is particularly
pronounced for the doubly mutated hairppd (Figure 2c)

these interactions. In addition, the side chain eEkows many
potentially stabilizing hydrophobic contacts to adjacent VVal and

where salt bridges are simultaneously introduced adjacent to)e residues, confirming that these residues are located on the

the turn sequence §EK11) and close to the N- and C-termini
(K2—Ezs). The smaller population of the folded state evident
for g2 and g3 from the chemical shift analysis is also re-

same face of thg-hairpin. Using torsion angle driven dynamics
(DYANA v3.0),18 and restrained molecular dynamics (MD)
simulations (AMBER 6),° we have generated a family of NMR

flected in fewer NOEs, although the interactions observed are siryctures and an average structure (Figure 4; see Table 1) that

entirely consistent with all hairpins folding in an analogous
manner.
We have determined a detailed solution structur@4bn

demonstrate the right-handed twist typical of a profeisheet
facilitated by a type'ING turn. The backbone conformation is
generally well defined by the restraints; however, the N- and

the basis of extensive interstrand NOE data in aqueous solutionC-terminal residues Kand hs show greater flexibility with some
that arises from the high population of the folded state and the structures, suggesting that Kvhich is relatively unrestrained

excellent chemical shift dispersion in the NH and kegion of

by adjacent residues, is able to fold back and form electrostatic

the spectrum (Figure 3). The main chain alignment and putative interactions with . Thus, electrostatic contributions from the
hydrogen-bonding pattern are confirmed by a number of interaction of s with both K; and K; are likely to contribute

interstrand . < Ho, Hoo <= NH, and NH< NH NOEs. In
general, NH< NH;;1 sequential NOEs are very weak or absent,
while Ho; <= NHij+; NOEs are very strong, consistent with
extended3-strand conformation for residues-Z and 16-16.
The strong NH<> NHi+1 NOE between @and Ky is consistent

(24) Wuthrich, K.NMR of proteins and nucleic aciddohn Wiley & Sons:
New York, 1986.

(25) (a) Wishart, D. S.; Sykes, B. D.; Richards, F. MMol. Biol. 1991, 222,
311. (b) Wishart, D. S.; Sykes, B. D.; Richards, F.Blochemistry1l992
31, 1647.

(26) Sharman, G. J.; Griffiths-Jones, S. R.; Jourdan, M.; Searle, Nl Sm.
Chem. Soc2001, 123 12318-12324.

to hairpin stability.

Molecular Dynamics Simulations Probe Time-Averaged
Electrostatic Interactions. Although the structure calculations
described above define the peptide backbone conformation with
some precision, few experimental restraints define the orientation
of the flexible side chains of Glu and Lys residues or whether
there is any persistent electrostatic interaction between them.

(27) (a) Fiebig, K. M.; Schwalbe, H.; Buck, M.; Smith, L. J.; Dobson, C.JM.
Phys. Chem1996 100, 2661-2666. (b) Serrano, LJ. Mol. Biol. 1995
254, 322—-333. (c) Smith, L. J.; Bolin, K. A.; Schwalbe, H.; Macarthur,
M. W.; Thornton, J. M.; Dobson, C. Ml. Mol. Biol. 1996 255 494-506.
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value, the two interactions EK11 and K—E;s) persist for
64% and 75% of the simulation, respectively. Neutralization
of the Glu side chain by protonation results in greater side-
chain dynamics, diminishing the population of close-range
interactions for K;—Eg“°°H and Ko—E;15°°°Hto 18% and 10%,
respectively (Figure 5C and D). The averageCo distance
throughout the 3.5 ns simulation increases to-5.9.5 and 6.6

+ 1.8 A, respectively, indicating that solvent is much more
competitive at binding to the polar headgroups and disrupting
the interaction when the side chains are only partially charged.
Thus, our structural model, derived from experimental restraints,
coupled with MD simulations, is consistent with time-averaged
stabilizing contributions from salt bridges on the polar face of
the hairpin. The effect of neutralizing the charge on both Glu
residues is to significantly reduce the amount of time the side
chains spend in sufficiently close proximity to form a direct
hydrogen bond, suggesting that a reduction in pH below the
pK, of the Glu side chains should have a net destabilizing effect
Previous studies have used molecular dynamics simulations toon the folded conformation of the hairpin.

probe a range of contributions to the folding of mo@éiairpin Cooperative Interactions in Hairpin Stabilization. A

and antiparallels-sheets, including the influence g turn striking observation from the analysis of the chemical shift data
residues, salt bridges, and more fundamental aspects of theshown in Figure 2a and b for the single mutafgsand33 is
mechanism of foldind:28 The time-averaged proximity of the  that the introduction of stabilizing interactions at specific sites
charged side-chain pairs obKE;s and BE—Ki; was examined  produces global changes irekthemical shifts, consistent with
during 3.5 ns of unrestrained MD simulation at 300 K using an a two-state folding model. For example, introducing the ionic
explicit solvent model. To simulate low pH conditions, the interaction between Kand Es produces a small increase in
charges on the Glu side chains were neutralized, and the 3.5 nsstability which is sensed by all residues including those in the
dynamics calculations were repeated. Under these conditions3-turn. Similarly, introducing a salt bridge close to the turn
the hairpin shows little tendency to unfold with the register of sequence A3) produces long-range stabilization along the
cross-strand hydrogen-bonding interactions stable throughoutg-hairpin such that residues close to the N- and C-termini also
the simulations. The random fluctuation in side-chain dynamics reflect an increase in the population of the folded state. A recent
during the course of the two trajectories is shown in Figure study of a family of isomeric 20-mers has focused on the effects
5A—D. The distance (A) between the LyssMnd Glu @ is on stability of a localized stabilizing aromatic cluster as a
plotted against time for the two pairs of interactions involving  function of its separation from the turn sequeftfhile a small

a fully charged Glu side chain (A and B) and a protonated Glu separation between turn and hydrophobic cluster leads to greater
side chain (C and D). The charge state of the Glu side chainsstability of a subset of core interactions, fewer residues are found
appears to have a significant effect on the average proximity of to be involved in cross-strand interactions betwgestrands,

the two side chains and their flexibility. As is evident in Figure and a greater proportion of residues are disordered at the N-
5A and B, the side chains fluctuate between the ideal geometryand C-termini. These data contrast with our results forghe

for a salt bridge (N—Co < 4 A) and extended conformations  family of peptides where end-fraying effects are confined to
(Ne—Co > 6 A) in which the two are solvent exposed. The the two terminal residues, and the interactions that contribute
average distances throughout the simulation ¢4 83 and 5.3 to hairpin stability are widely distributed along the sequence.
+ 1.5 A for K;—Es and B—Kay, respectively, including one  The two systems reflect the sequence-dependent manner in
standard deviation) are similar, suggesting only a small context- which the peptide chain can be predisposed to fold in solution,
dependence. Both pairs of charged residues form persistentreflecting the nature and distribution of the interresidue contacts
short-range interactions €-Co < 4 A), consistent with stable  formed.

salt bridges for up to~500 ps at a time before breaking and In the current context, the energetic contribution of introduc-
adopting solvent exposed conformations, only to reform sub- ing each Glu-Lys salt bridge should depend on the extent to
sequently. The B—Co separation considered indicative of a which the hairpin is already preorganized to facilitate this
salt bridge lies between 3.5 and 4.5 A. Using the upper limiting interaction. Where the entropic cost of bringing the two
functional groups together is smaller, as might be the case when
there is greater preorganization of the peptide backbone, then,

Figure 4. (a) Overlay of six NOE-restrained NMR structures o4
calculated from data in aqueous solution showing the backbone fold and
twisted antiparalleB-strand conformation; (b) ribbon representation of the
averaged energy-minimized structure @4 showing the position and
orientation of the Lys-Glu salt bridges.

(28) (a) Kamiya, N.; Higo, J.; Nakamura, HProtein Sci 2002 11, 2297-
2307. (b) Lee, J.; Shin, S. Phys. Chem. R002 106, 8796-8802. (c)

Jang, H.; Hall, C. K.; Zhou, Y. QBiophys. J.2002 83, 819-835. (d)
Zhou, Y. Q.; Linhananta, AProteins: Struct., Funct., Gene2002 47,
154—-162. (e) Ferrara, P.; Caflisch, A. Mol. Biol. 2001, 306, 837—850.
(f) Garcia, A. E.; Sanbonmatsu, K. YProteins2001, 42, 345-354. (g)
Ma, B. Y.; Nussinov, RJ. Mol. Biol. 200Q 296, 1091-1104. (h) Bonvin,
A. M. J. J.; van Gunsteren, W. B. Mol. Biol. 2000 296, 255-268. (i)
Pande, V. S.; Rokhsar, D. Broc. Natl. Acad. Sci. U.S.A999 96, 9062
9067. (j) Dinner, A. R.; Lazaridis, D.; Karplus, NProc. Natl. Acad. Sci.
U.S.A.1999 96, 9068-9073. (k) Wang, H. W.; Sung, S. Biopolymers
1999 50, 763-776. (I) Sheinerman, F. B.; Brooks, C. . Mol. Biol.

1998 278 439-456. (m) Constantine, K. L.; Friedrichs, M. S.; Stouch, T.

R. Biopolymersl996 39, 591-614. (n) Pugliese, L.; Prevost, M.; Wodak,
S. J.J. Mol. Biol. 1995 251, 432-447.
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in principle, the greater is the stabilization energy available from
this interactior?® To test this hypothesis, we have calculated
AAG values forf2, 53, and 4, representing the increase in
hairpin stability for the K-E mutations with respect to the+S

(29) (a) Williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. Science
1998 280, 711. (b) Searle, M. S.; Sharman, G. J.; Groves, P.; Benhamu,
B.; Beauregard, D. A.; Westwell, M. S.; Dancer, R. J.; Maguire, A. J,;
Try, A. C.; Williams, D. H.J. Chem. Soc., Perkin Trans.1D96 2781~
2786. (c) Searle, M. S.; Westwell, M. S.; Williams, D. 8.Chem. Soc.,
Perkin Trans. 21995 141-151.
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Figure 5. Time-dependent proximity (Lys &-Glu Co) of the charged headgroups involved in salt bridge formation during 3.5 ns of unrestrained MD
simulation at 300 K in explicit solvent: (A) and (B) withsEand Es side chains fully charged, and (C) and (D) with Glu side chains neutralized through
protonation.

i i ibuti i _  Table 2. Hairpin Stabilities Estimated from NMR Ho Chemical
|_nteract|on§ of51. Wh_e_re the contributions of the two interac Shift Data on Peptides in Aqueots Solution (208 K)?
tions are simply additive, then

AG (pH55) AG (pH2.2)
IAAGH ~ |AAGP| + |AAG 1 1.2 +2.6
B2 0 +2.3
; ; B3 —0.1 +0.6
but where the effects are cooperatively linked, then 4 By o1
4 2 3
|AAGﬁ | > |AAG6 |+ |AAGﬁ | aErrors are estimated to be less thar0.3 kJ mot?, reflecting
) ) o ) experimental uncertainties i, values of approximately-0.01 ppm, in
We now examine this proposition in more detail. agreement with previous estimatés?

Quantitative Estimates to Hairpin Stability of Charged
Lys—Glu Pairs. We have assumed a simple two-state folding determining limiting Adn, values for the fully folded state
model to determine free energy contributions to foldii§The continues to be a contentious issue because of the intrinsic
temperature-dependence &by, values demonstrates that all  problem of dealing with flexible systems. One recent approach
residues reflect similar changes in the proportion of the folded has been to use cyclic hairpin analogues as models of the fully
state, indicative of a uniform cooperative two-state unfolding folded state’*alternatively, organic cosolvents promote folding
process. T-jump folding/unfolding studies with hairpin peptides and give approximate limiting values, as previously discu3ged.
of similar lengti#?23 have established that a single activation Although changes ihdn, values in some cases are small (see
barrier separates the unfolded from the folded ensemble, Figure 2), chemical shifts prove to be very sensitive to small
supporting the approximation of a two-state model for folding. changes in stability largely becausés in these systems lies
In the current context, the observation that all residues show aclose to zero. In cases where the population of the folded state
similar temperature-dependence &by, values has led us to  is already very large X90% folded), then small additional

use an RMS value foAdn, (RMSAGSy,) calculated over all changes il\G would produce only comparatively small effects
residues as a single measure of stability under a given set ofon Adnq values.
conditions. While limitingAdy,, values for the unfolded state The contribution of individual salt bridges to overall stability,

are well approximated by data from model peptides such as measured from the relative stabilities 82 versusf1 and 53
Gly—Gly—Xaa—Ala,2* or by usings-strand sequences that do versus 1, are relatively small,—1.2 and —1.3 kJ mof?,

not form intermolecular interactio¥s83° the best method of  respectively (see Table 2). However, the combined effect of
the two Lys-Glu salt bridges introduced simultaneously

(30) (a) Syud, F. A.; Espinosa, J. F.; Gellman, SJHAm. Chem. S0d.999 inifi i
121 11577-11578. (b) Syud, F. A.. Stanger, H. E.: Gellman, SJHAM. produces a significant gnhance_ment o_f stabilitypdfversus
Chem. Soc2001, 123 8667-8668. B1 of —3.6 kJ mof. This effect is readily apparent from the
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Lys-Glu (pH 5.5) of the partially charged KE° interactions along with their
12 context-dependence. Using a thermodynamic cycle similar to
Bl - > BZ that described above (Figure 5), the"k-E;s° interaction can
be estimated fron1 < 52 and fromf3 < 34; in each case,
1.3 3.6 24 the contribution is smal40.3 and—0.5 kJ mot ™, respectively),
regardless of the intrinsic stability of the hairpin. Thus, while
B3 B4 thg fqlly charged ks has a signif_icant ef_fect in stabili_zing the
23 hairpin at pH 5.5 through salt bridges with End possibly K,
when this interaction is negated at pH 232,is only marginally
Lys-Glu®®" (pH 2.2) more stable tha#1. Thus, in this position close to the N- and
03 C-termini, the Coulombic interaction from €~ has a net
Bl - 32 stabilizing effect when side chains are fully charged; however,
the contribution from the interaction between the partially
-2.0 2.5 2.2 charged KE° pairs is small, presumably because a persistent
short-range hydrogen bond is required to add significantly to
B3 - 64 stability. Side-chain dynamics may preclude such a persistent
-0.5 interaction irrespective of the degree of preorganization of the

Figure 6. Thermodynamic cycles showing the context-dependent energetic hairpin template. This conclusion is entirely consistent with the
contribution to hairpin stability of each electrostatic interaction by comparing results of our MD simulations in which neutralization of the
relative hairpin stabilities at 298 K determined from NMR chemical shift . - . L - .
data. (topAAG values for Lys-Glu interactions at pH 5.5; (bottor)AG charge of the Glu S|qe chains results in a §|gn|f|cant increase in
values for Lys-GIuCO%H interactions at pH 2.2. the average N-Co distance such that a direct hydrogen bond

is present for<10% of the simulation.
large increase imM\on, values evident in Figure 2c where the When we examine the contribution of the:K—Eg° interac-
population of the folded state increases from 3% (o 72% tion experimentally using either th&l < 53 or the 32 < 4
(B4). Thus, the contribution from a given interaction appears stability difference, we observe that the energetics are similar
to be dependent on the relative stability of the system in which (=2.0 and —2.2 kJ mot?) and that this interaction still
the interaction is being measured. Similar observations have contributes significantly to stability, suggesting that Glu is more

been reported using a disulfide cyclizBehairpin scaffolcf! stabilizing per se than Ser in this context. A number of
The indication is that the strength of the interaction appears to successfully designed hairpins have polar residues ir-2
depend on the degree of preorganization of fhéairpin position prior to a type'lturn2® suggesting an energetically

template that pays varying degrees of the entropic cost in favorable interaction. Statistical analysis of interactions across
bringing the pairs of side chains together. This is more clearly antiparallel3-sheet shows that KE pairs are abundant in both
illustrated by the schematic representation shown in Figure 6, hydrogen-bonded and non-hydrogen-bonded &ftedthough
which shows the thermodynamic cycle, indicating the effects data at low pH are generally not available to substantiate the
on stability of the introduction of each mutation. Thus, the energetic contribution when the pair of residues is only partly
energetic contribution of the;$E;s mutation could be measured  charged. However, data on the energetics of side-chain interac-
either frompB1 < 82 or from 83 <> B4. The values obtained tions in helices have examined pH-dependent effects on
are quite different, the latter suggesting that the interaction is stabilities and determined the energetics for bottEK (fully
more favorable €1.2 versus—2.3 kJ mot?). This appears to  charged) and KE® (partially charged) interactior§When an
correlate with the fact that the stability 68 is greater thai$l i, i + 3 relationship is considered, thetK~ salt bridge can
and that the degree of preorganization of the former determinescontribute~1.2 kJ mot?, while the K'E® interaction appears
the energetic contribution of the interaction. The same principle to be only marginally less stable-( kJ mol?). Studies of

is evident when determining the energetics of the-IK;; interhelical energetic contributions to coiled-coil proteins have
interaction. This can be estimated frgfth < 53 or 52 < 4. demonstrated greater stabilizing effects from KE pairs at low
Again, the energetics are quite differentl(.3 versus-2.4 kJ pH where the Glu side chain is protonated. The greater helical
mol~1) with the larger contribution from thé2 <> 84 pair where preference of Eand, in particular, the greater hydrophobicity
the intrinsic stability of thes2 reference state is higher. of the side chain as compared to the fully ionized state are
Effects of Charge Neutralization on Hairpin Stability. At suggested to compensate for the absence of the Coulombic

pH 2.2 (below the K, of the carboxylate groups of the Glu interaction at low pH“ These conclusions seems to be consistent

side chains), all hairpins show a reduction in stability consistent With our own data for the &-K14 hairpin interaction that shows
with the protonation of Glu side chains reducing the Coulombic that K"E™ and K"E®, in this context at least, are both stabilizing
interaction between interstrand l-y§lu ion pairs. In a previous interactions with only a small difference in energetic contribu-
study, we have shown that the C-terminal carboxylate group of tion. This seems to reflect the fact that the contribution to

I1salso contributes to the stability Bl by ~1 kJ mol™ through 32 (@) Hueh C o s " p
: : . : : f a) Hutchinson, E. G.; Sessions, R. B.; Thornton, J. M.; Woolfson, D. K.
an interaction with the side chain d€;. At low pH, this Protein Sci. 1998 7, 1-14. (b) Cootes, A. P.. Curmi, P. M. G..

interaction is also negated, reducing the stability of all hairpins gunninlgjggaamé R, Donnells(/, )C.; Tkorlda, A. Eroteins: Struct., Funct.,
ot ; . enet. 2, 175-189. (c) Merkel, J. S.; Sturtevant, J. M.; Regan, L.
to the same extent. Thus, quantitative estimates of relative gy crire1999 7, 1333-1343.

hairpin stabilities at pH 2.2 enable us to assess the contribution(33) Smith, J. S.; Sholtz, J. MBiochemistryl998 37, 33-40.
(34) (a) Zhou, N. E.; Kay, C. M.; Hodges, R. Brotein Eng.1994 7, 1365~

1372. (b) Hohn, W.; Kay, C. M.; Hodges, R. Brotein Sci.1995 4, 237—
(31) Russell, S. J.; Blandl, T.; Skelton, N. J.; Cochran, AJGAmM. Chem. Soc. 250. (c) Kuhlman, B.; Yang, H. Y.; Boice, J. A.; Fairman, R.; Raleigh, D.
2003 125 388—-395. P.J. Mol. Biol. 1997, 270, 640-647.
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stability from each Lys-Glu pair needs to be considered not  (a) 10

just in terms of the electrostatic component. The preorganization

of the peptide backbone in close proximity to {héurn may g 5

facilitate stabilizing hydrophobic contacts involving the Glu side 2

chain and other adjacent residi#@sVhen the Glu side chain is ‘E

fully charged, these favorable contacts may be balanced by the § 0

desolvation costs of partially burying the charge. Thus, the £

energetic contribution to the stability of the Ly&lu pair needs § -5+

to be considered as the sum of the various contributions from 2

solvation effects, hydrophobicity, and electrostatic interactions £ 444

between side chains. In an earlier study, we similarly concluded §

that the aliphatic side chain of Lys makes a significant & 15 | : ' -

Pg:;gﬁgggg contribution to the overall energetics of ion pair 200 510 200 230 040 050
Studies of the energetics of salt bridges in the context of A (nm)

surface interactions in proteins and other model peptide systems (b) 1

clearly highlight a complex balance between direct charge

charge interactions, secondary effects from other polar groups, 0.8

and desolvation effects, all of which are highly context- 0.6-

dependent® Together, these factors can result in net contribu-

tions from salt bridges that are either neutral, stabilizing, or g 047

destabilizing. Neutral or destabilizing effects appear to reflect 3 0.2+

the high desolvation costs associated with placing the two fg 0-

charges in a low dielectric environment. Largely for this reason, <

experimental and theoretical studies seem to agree that salt -0.2

bridge residues generally are not expected to provide as much 0.4

stabilization to proteins as a pair of hydrophobic residues of

similar size36 6T T T T T T T T T T T T T T T

We conclude that at pH 5.5 where fully charged Lys and KKYTVEINGGEKKITVE.I
Glu side chains can contribute significantly to hairpin stability Figurqe 7. (a? CcD Spfecr:fafofél SdhOWing elflfec_ts_ of m§t1h7an0| Cboncentfation
: : . : . on the popu ation of the folded state; e |pt|C|ty at nm pbecomes more
we see that the tW_O_ 'nteraCt_lons are cooperatlve_ly “_nked W_Ith negative in the order 0%, 10%, 20%, 30%, and 50% v/v methanol, pH 5.5
the enhanced stability resulting from one interaction increasing at 298 K, [peptidel= 50 4M; (b) comparison 0fAdu, values for4 in
the energetic contribution of the other through preorganization water (open bars) and 50% MeOH (solid bars), pH 5.5, 298 K.

of the hairpin template. However, at low pH, the interactions L . o .
electrostatic interaction operates over a significant distance and

of uncharged ks contribute little more to the stability than do | ) : g : i
is not orientation-dependent. There is considerable evidence that

those of s, presumably on the grounds that the side-chain . X ) _
dynamics preclude a persistent short-range hydrogen-bondingCharg&Charge interactions are the key adaptive mechanism

interaction or significant hydrophobic contacts regardless of the under_lyinlgs th? enhance_d stability of prqteins from hype_rther-
intrinsic hairpin stability. Under these conditions, the two sets mophiles: Th_|s at_:laptatlon has, at least n part, been attrlt_)uted
of interactions are decoupled from each other, although context-t© the reduction in the charge desolvation pen_alty at _r_ugh_er
dependent effects show that the-f1; interaction contributes temperatures, which enhances the electrostatic stabilization
significantly to stability even when the Glu is protonated. energy. , , .
Thermal- and Solvent-Induced Changes in Hairpin Sta- We address the issues regarding thermal- and solvent-induced

bility. A number of studies have demonstrated di:~:crepancie1~:Changes _in stabilit)_/ in_ th_e_ context of hair_p[m, which, as
between CD and NMR in estimations of the population of the already discussed, is significantly folded as judged by a number

folded stateé, with hairpins that appear to be significantly folded of NMR parameters. Initially, CD datg were collected at 298 K
by NMR giving rise to a largely random coil CD spectrum. over a range of methanol concentrations between 0% and 50%.

One interpretation of these observations is that in aqueousThe spectrum in water alone is clearly indicative of a significant

solution the peptides fold as a collapsed state dominated by Sidepopulation of the folded state; however, the ellipticity at 217

chain interactions with an ill-defined hydrogen-bonding network. nm becomes S|gnn‘|c§1ntly more negative at h'ghir methanol
In this context, Coulombic interactions between fully charged concentrations, reaching a limiting value around 50% methanol.

side chains lend themselves better to the stabilization of aThe ellipticity at 217 nm increases by approximately 100% (see

dynamic collapsed conformation because the magnitude of theF'gur? 7a) over this range. In contr.ast, th? effects an H
chemical shifts are less pronounced, increasing by an average

(35) At pH 2.2, the chemical shifts of the side-chain protons of many Glu and Of 25% over the same methanol concentration range (Figure
Lys residues are considerably overlapped precluding the unambiguous i i
assignment of NOEs from theyEl; of T4 and/or T13 to the side chain of 7b). NMR Che.mlcal shifts W?re Com.par.Ed at pOth 1 mM and
) I(ES;'W' o W Garisch K. T P Whie. SFrbe. Nat 0.01 mM peptide concentrations, with little evidence of con-
a) Wimley, W. C.; Gawrisch, K.; Creamer, T. P.; ite, c. Natl. A
Acad. Sci U.S.A1996 93 2085-2990. (b) Hendsch, 2. S.: Tidor, B. centration dppendent effects on the spectra. (;D data were
Protein Sci 1994 3, 211-226. (c) Waldburger, C. D.; Schildbach, J. F.;  collected within the same range at a concentration ofi80

Sauer, R. TNat. Struct. Biol.1995 2, 122-128. (d) Makhatadze, G. |.; B ;
Loladze, V. V.; Ermolenko, D. N.; Chen, X.; Thomas, S.JT Mol. Biol. Thus’ the Iarge _Changes in the _CD _spectra appear to_ b_e_ consistent
2003 327, 1135-1148. with a solvent-induced reduction in backbone flexibility con-
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(a) 4 Table 3. Thermodynamic Data for the Folding of 34 from CD
Melting Studies in Aqueous Methanol Solutions (0—50% v/v, pH
° 5.5, [peptide] = 50 uM)
- AH AS AC
S 6 »
- solvent (kJ mol™1) (J K™t mol™?) (JKtmol™Y)
x
2 agueous solution +11.96:1.0) +38(£3) —465E50)
£ 5 10% (v/v) MeOH +2.1(1.5) +11(£5) —53173)
2 30% (v/v) MeOH —17.80.9) —49(+3) (02
g 50% (v/v) MeOH —39.8(3.0) —106(9) (02
3
o
R (s aData fitted assuming\C, =~ 0; uncertainties in all parameters reflect
= fitting errors.
S o —— 0%
“E’ g © —— 10% Lo
124 —&— 30% temperature. The calculated ellipticity for a fully foldgesheet
o— 50% is close to this valué’ Thus, we have taken this value &g/ ™!

280 260 3(')0 3;0 3'20 3:'30 3"10 35'_)0 360 for the fully fold_ed state. The ellipticity for the fully unfol_ded
peptide was estimated to be600 deg crimol~1 from a peptide
temperature (K) with an identical residue composition but a scrambled sequence,
which shows no evidence from CD or NMR for folding in

(b) 200 solution. Using eq 2, we have fitted the melting curves to
10.0 - determineAH, AS, andAC, for folding at 298 K in the various
solvent mixtures (Table 3). Previous studies have suggested that
0.0 the hydrophobic effect diminishes significantly above 30%
. MeOH with AC, — 0.3 ConsequentlyAC, = 0 was used to
5 -10.0 fit the melting curves for 30% and 50% MeOH (Figure 8a).
£ The calculated\H values for folding are shown in Figure 8b,
2 20.0- establishing a linear relationship with [MeOH]. The data show
Z that folding is enthalpically unfavorable in water aloneH =
-30.0 1 +11 kJ mot?), which, together with a positivaC,, explains
the observation of cold-denaturation and fits with a classical
-40.07 hydrophobic driving forcé? However, folding becomes strongly
500 enthalpy-driven as the concentration of the cosolvent in-
- . 1 1 I ) i T

creases, as is evident from protein folding studies in mixed

solvents where the hydrophobic effect is largely negétddhe
[MeOH] (%, v/v) switch from an entropy-driven to enthalpy-driven mechanism

Figure 8. (a) CD melting curves fof4 at various concentrations (% v/v) appears to be consistent with the earlier conclusion that

of MeOH, as indicated. The nonlinear least-squares fit to eq 2 is shown in Stabilization in water of a collapsed state is driven largely by
each case. (b) Correlation betweahi for folding and [MeOH] derived hydrophobic contacts between side chains, but that cosol-

from the melting curves shown in (a). Thermodynamic parameters are given y,antg strengthen backbone hydrogen-bonding interactions as is
in Table 1. evident from a switch to the enthalpy-driven folding mecha-
nism’ The latter thermodynamic signature has been suggested
to represent a tighter interaction that reflects a more coop-
erative folding process, stronger hydrogen bonds, and better van
der Waals contacts, all of which contribute enthalpically to the
ts'[ability of globular proteins but are largely masked by the
thermodynamic signature of the hydrophobic effect. Proteins
that fold in the presence of significant concentrations of
cosolvents, where the hydrophobic contributions are signifi-
cantly diminished, show similar enthalpy-driven folding pa-
rameters® The nature of the stabilizing interactions also ap-
pears to play some part in modulating the balance between
enthalpy and entropy contributions. Two hairpin systems
containing an aromatic cluster of residi$é§,and a three-
stranded antiparallg8-sheet with a similar aromatic moti?,

0 10 20 30 40 50 60

sistent with a stabilization of the hydrogen-bonded structure.
Studies with cyclicg-hairpin analogues seem to support this
hypothesis. In these systems, the folded population is fixed
(100%) by the covalent structure of the peptide; however,
cosolvent-induced changes in the CD spectrum are still apparen
even though the & shifts appear to be independent of cosolvent
concentratiorf®

The thermal unfolding off4 was characterized by CD at a
number of cosolvent concentrations in the rang®&0% MeOH
to determine the thermodynamic signature for folding and its
solvent-dependence. In all cases, the thermal unfolding curves
are incomplete in the temperature range accessible«{283
K), demonstrating that these weakly folded systems, that lack
the high degree of cooperativity evident for small proteins,
undergo broad melting transitions. The temperature-dependence ) , .

.. . R (37) Greenfield, N.; Fasman, G. Biochemistry1969 8, 4108-4116.

of the ellipticity was monitored at 217 nm (Figure 8a). In water (3g) (a) woolfson, D. N.; Cooper, A.: Harding, M. M.; Williams, D. H.; Evans,
alone, a very shallow melting profile was apparent, with P. A.J. Mol. Biol. 1993 229 502-511. (b) Jourdan, M.; Searle, M. S.

. X R Biochemistry2001, 40, 10317-10325.
evidence of cold denaturation below 310 K. Cold denaturation (39) (a) Bamwin,yé_ LProc. Natl Acad. Sci. U.S.A986 83, 8069-8072. (b)

i i i 0, i i i 0, Spolar, R. S.; Ha, J. H.; Record, M. Proc. Natl. Acad. Sci. U.S.A989

is still apparent in 10% MeOH but is not evident in 30% and 86, 8382-8385. (¢) Dill, K. A. Biochemistryl99Q 29, 7133. (d) Blokzijl,

50% MeOH. The slope of the unfolding curve increases with W.; Engberts, J. B. F. NAngew. Chem., Int. Ed. Engl993 32, 1545~
1579.

increasing MeOH with evidence th&b;7 reaches a limiting
value of —11 600 deg crh mol~! in 50% MeOH at low
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(40) Griffiths-Jones, S. R.; Searle, M. .Am. Chem. So200Q 122, 8350~
8356.
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all show enthalpy-driven folding in water without the effects from a more hydrogen bond centric zipper model of hairpin
of cosolvent additives. folding,?2 although others have suggested that the two are not
mutually exclusive’l4?2 Many studies agree that hydrophobic
residues make the largest contribution to stability and that cross-
We have used a modgthairpin system of 16 residues to  strand hydrogen bonding arises as a consequence of the strand

Conclusions

examine the energetic contribution to the stability of Slys alignment that is the inevitable consequence of optimizing
salt bridges. We have mutated Ser residues at positions 6 anchydrophobic contac® Simulations conclude that the turn
15 to generate two salt bridges, one close to/iHern (E— region forms first, which is supported experimentally. In the

K11), and one between residues close to the C- and N-termini ¢yrrent system, we have shown that a truncated peptide
(K2—Eas). Individually, each interaction contributesl.2—1.3 corresponding to residues-86 of 41, in which all hydrophobic

kJ mol™* to stability, in agreement with previous studiésiow- residues along the N-termingstrand have been removed,
ever, when introduced simultaneously, the contributie®.6 shows good NMR evidence for formation of a tygeturn

kJ mol?) is greater than the sum of the individual contributions. centered around the SINGKK sequeri®®. Following turn
Through a thermodynamic cycle, we suggest that the two inter- y,cjeation, hydrophobic collapse is considered to drive the

actions are cooperatively linked with the stabilizing effects of ,ieraction betweefi-strands with salt bridges helping to cement
one interaction increasing the energetic contribution of the other o hydrophobic core rather than drive folding because in polar
through effects on the preorganization of the hairpin template. go|yents Coulombic interactions are relatively short range. Main
Recent attempts to rationalize the extreme thermal tolerance .t in amide hydrogen bonds between strands are proposed to
of proteins from hyperthophilic organisms has focused on the ¢4, i the final step. In many simulations, hydrogen bonding
optimization O,f eIectrgstaﬂc interactions by removing rgpulswe between strands is wedkwhether their contribution to hairpin
gont::;cts and mcregs:nﬁ) t_he_ number of ;:urfac;]e salt b_LIHngéS. stability is correlated with hydrophobic surface area burial is
L:trba(;a on a mo Ie alrplrt\ S}yst?m show t ?‘ two-tGdu unclear. In small peptide systems where relatively few weakly
?a | n ?]es’ asthrepta(l:)(_alTen 33 grk on Ifrﬁl eTrhpatlrs, coo;i[)era- cooperative interactions are formed, and hydrophobic surface
Ively enhance the sta ||.yby ) moT=. The temperature- o ea purial is only modest, cross-strand hydrogen bonds are
dependent behavior of this charge-stabilized folded conformation probably highly dynamic and energetically weak interactions

reveals a very broad melting transition in which the overall - . . ; . . .
. . - . As is evident from the experimental studies described in this
stability appears to be largely insensitive to temperature in the : .
. A work, small peptide based systems that fold weakly in aqueous
range 283-353 K. Thermodynamic analysis indicates entropy- ; . S .
. : . . solution AG ~ 0) continue to provide insights into the
driven folding with the enthalpy term unfavorable to folding at . . . . S
energetics of weak interactions, their cooperative interplay, and

298 K. In the presence of MeOH, the folded conformation . .
. - the nature of the noncovalent forces that stabilize a variety of
becomes highly populated as folding becomes strongly enthalpy-, . .
biomolecular assemblies.

driven? The change in thermodynamic driving force with change
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