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Abstract: Analysis of the contribution of ion pairing interactions to the stability g8-hairpin in aqueous
solution has been studied quantitatively by NMR. A thermodynamic cycle has been constructed involving a
combination of a single mutation (LysGly) and a “pH switch” (CQ~—CO,H) to remove stepwise the
contributions to stability from the interaction between the C-terminal carboxylate group of lle16 and the side
chains of Lys1 and Lys2. Turning these interactions “on” and “off” is shown to affect the chemical shifts of

all residues, including those in the turn, such as to suggest that folding of the hairpin approximates to a two-
state process. Two independent NMR methods have been used to analyze the thermodynamics of folding and
are found to be in good agreement. Differences in hairpin stability have been analyzed in terms of an electrostatic
interaction between charged groups on the terminal residues and the hydrophobic component of the Lys1 side
chain: we estimate the primary electrostatic interaction to contributel120kJ mot to stability, consistent

with previous estimates for salt bridges in solvent-exposed sites in proteirs-helital peptides, while the
hydrophobic component is smaller but still significant (688 kJ mot™). The hairpin stability is extremely
sensitive to small structural perturbations (single residue mutations) or environmental changes (such as pH)
providing a novel vehicle for quantitative studies of weak interactions.
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aqueous solution, is well establisied However, their energetic ~ protein sequences or through rational design, have already been
contribution is frequently highly dependent on context and shown to fold autonomously in agueous soluttéThe suit-
degree of solvent exposure, with water molecules competing ability of S-hairpin peptides as vehicles for quantitative analysis
very effectively for recognition sitesSynergistic effects that ~ of weak noncovalent interactions has not been examined in
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We address these issues in the context of the thermodynamicTable 1: Free Energy, Enthalpy, Entropy and Change in Heat
contribution of weak ion pairing interactions in a model Capacity for the Folding of-hairpin Peptides in Aqueous Solution

B-hairpin peptide which we analyze through a thermodynamic at298 K

cycle involving a combination of a single mutation (by&ly) AG® 2 AH® AS ACy?
and a “pH switch” (C@—CO;H) to remove stepwise these (kdmo®) (kJmof?) (K™mol™) (IK™mol™)
contributions toB-hairpin stability. We show that the folding 1pH55 +1.0(0.2y +3.7(0.4) +9.1(1.4) —1130 (80Y
transition approximates reasonably well to a two-state process +0.7(0.2y +3.7(0.7y +12.4(2.4) —1330(120)

. : : " 1pH2.2 +2.4(0.2% +1.4(02F —35(0.6% —760 (30¥
with the folded population proving extremely sensitive to 123(0.2) +08(04% —3.4(L5} —1000 (80)

changes in sequence and to the ionization state of specific ;55 +28(02) -06(0.2) —11.0(0.7) —520 (40}

functional groups. +22(0.2) -15(0.4} —12.1(1.2y —800 (60}
2pH2.2 +3.2(0.2% +0.9(0.2y -7.8(0.6% —550 (30
Materials and Methods +2.6(0.2y —0.2(0.5y —6.1(1.5% —650 (80y
Materials and NMR Methodology. The preparation and purification a AG® calculated directly from estimated population of folded state
of peptides has been described in detail previously together with the at 298 K with maximum error calculated from uncertainty in RIM%,
NMR methodology used16 and A6®Y Ha values; AH® and AS’ derived from analysis of the

Analysis of Peptide AggregationDilution experiments were carried ~ temperature-dependence of RN, values and\o®” Ha splitting.
out to examine the concentration dependencéygfvalues primarily Errors are those derived from the nonlinear least-squares fitting. A more

) I . ., detailed description of errors is presented in methods; the range of
at 298 K, since this IS _close to the t_em_pgra_ture at which the pept_'desvalues measured fakH®, AS’, and AC,° for each peptide probably
shows maximum stability, and at which itis likely to be most sensitive patier reflects error limit? RMSAd, values.c AdSY Ha splitting.

to temperature-dependent aggregation. Deviations from random coil
chemical shifts were measured in the range.80to 2 mM, and no obtained for other model peptides of unrelated sequence (up to 20
significant differences idy, values or line widths were detected. The  residues), suggesting that reported random coil values are reasonably
concentration range was extended by examining CD spectra down asaccyrate and that solvation effects from methanol are small compared
low as 7.5uM. Estimates of the folded population from analysis of  ith secondary structure-induced changes in chemical shitsveral
the ellipticity at 216 nm were in good agreement with the NMR analysis  mytated (or truncated) hairpin analogues have also been investigated
despite the large difference in concentration required for these tWo jn which hydrophobic interactions between strands have been défeted.
methods (a dilution of close to 500-fold). We conclude that we are These hairpins show only a very low propensity to fold and have
observing folding of the monomeric peptides under these conditiéhs. RMSAd, and AdCY values close to zero, justifying our assumption
Thermodynamic Analysis. Hairpin folding has been analyzed by of jimiting values in the fully unfolded state. Since RM8, andAdSY
assuming a two-state model in which the peptide is either folded or gy measured accurately from chemical shift data, errorsGf are
unfolded; the basis for this assumption is justified below and as gma|| (0.2 kJ motl). We note that there are small systematic
described previousi:*°The equilibrium constant for folding is given  gjfferences in the folded population estimated using the two methods;
by the expressionK = v/(1-v), wherev is the fraction of folded peptide AS8%Y Ha values give slightly higher values in all cases. However,
assessed using two methods to measure the folded population, eithegystematic errors in the differences in free energles@° values) taken
the root-mean-square (RMS) value (taken over all residues) for the from the thermodynamic cycle in Figure 4 are likely to be significantly

deviation in Hx chemical shifts from random coil values (RM8.), reduced because the same limiting values are used in the analysis of
or A6SY, the difference between thedtthemical shifts of Gly9inthe  each data set. Errors derived from the fitting procedureAisf and
p-tumn. AG® for folding was estimated frodG® = —RT In K. The AS are indicated in Table 1, but more realistic estimates of errors
temperature-dependence of RM&. and AdY were fitted to the  haye been derived on the basis of the range of values determined here,
following expression, whera s the experimental parameter (RM&q and previously? using the two independent methods described. In all
or AdY), andAimi: the limiting value for the fully folded state: casesAH® is estimated to be small: for peptideve observe a range
of values betweer-7.2 and+0.8 kJ mot* over the pH range 2.2 to
A= Aimit [EXPERT/L + exp&/RT)] (1) 55, ie., amean value fakH° of 4.0 + 3.2 kJ mot™. For peptide2
over the same pH range values lie betwegh9 and—1.6 kJ mot?,
where mean value—0.3 & 1.3 kJ mof?’. For AS’ values: peptidel, range
—3.4 t0+23 J K1 mol™%, mean valuet+10 £+ 13 J K1 mol~%, and
X = [T(AS 595+ AC,® In(T/298)) — peptide2, range—6.1 to —12.1 J K'* mol™*, mean value-9 =+ 3 J
(AH®595 + AC,° (T — 298))] (2) K~ mol™t. AC,® also shows some variation; although the effects of
changes in pH and residue mutation (LysG&ly) are expected to have
Initially, eq 1 was used iteratively to determingd®,os, AS 265, and some impact oAC,°, these structural changes result in the deletion
AC,® as RMS\dy, and AdSY varied with T. The value forAjm: in of a relatively small proportion of the total number of interactions

each case was determined from data for peptide 50% aqueous present in each hairpin. Neglecting the effects of the mutation, the range
methanol at 278K where the peptide was essentially fully folded, as Of values observed fakCy® is —520 to—1330 J K™ mol™*, suggesting
judged by CD'* The same limiting values were assumed for the two that errors may be as large #=15%, that is AC,* = —920 + 400 J
peptides at both pH 2.2 and 5.5;,4 was also determined by iteration K™ mol™.

and found to be in good agreement with the 50% aqueous methanol . .

data. The limiting values for RM&du, andAd®Y in the fully unfolded Results and Discussion

state were taken as zero. Analysis of chemical shifts in an eight-residue A Model B-Hairpin Peptide. We have reported a 16-residue
peptide corresponding to the C-termirfastrand GKKITVSI showed g f-hairpin peptide that folds in water without the need for

very small deviations from random coil values in both water and ° : . . . .
aqueous methanol, as previously repoffeSimilar results have been |n(;0rporat|0n Of, nonnatural amino aC|d§ or disulfide ponds
(Figure 1a; peptidd, X = Lys).!> The -hairpin has marginal
((114)/3-8h8_ets ha\{g been efxam_iged by protein en%nl,eefing ixpefimemsstability (AG° ~ 0 at 303 K) providing a sensitive model system
ggp een”degggg‘?ncvoe”;{i'g;’ttgjr:‘s(g) e O‘;?SDFOLﬁrﬁtiﬁ;”‘ Sfﬁ‘&'t:ﬁ’eal%gi g;{’”te"t for quantitating weak interactions through sequence mutation
660. (b) Minor, D. L. Kim, P. SNature1994 371, 264. (c) Smith, C. K. or changes in environmental conditions. In Figure 2a we show
Withka, J. M.; Regan, LBiochemistry1994 33, 5510. deviations of Ht chemical shifts from random coil values
192(,}35)12"03{3";%{'2%037-_; Sharman, G. J.; Searle, MJSAm. Chem. Soc.  (A§y) for peptidel at pH 5.5 and 298K. The pattern abyiq
(16) Griffiths-Jones, S. R.; Maynard, A. J.; Searle, M.JSMol. Biol. values is consistent with/zhairpin structure with two extended

1999 292, 1051-1069. [B-strand regions+{Ao values) separated by @turn (—Ao
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(@ X=KorG

Lys2 Ser15

Figure 1. (a) Peptide backbone alignment of thehairpin peptide;
side chains are indicated by the one-letter amino acid code Xvith
representing the position of the mutation LysGly (peptidel, X =
Lys; peptide2, X = Gly). (b) Schematic representation of fiipleated
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electrostatic hydrophobic

LR

Figure 3. Contributions to hairpin stability: (left) electrostatic
interactions are broken down int, and E; contributions from the
salt bridges between LysHj and Lys2 @), and the C-terminal
carboxylate group of lle16~); (right) hydrophobic interactionsHg)

between the aliphatic portion of the side chain of Lys1 and neighboring
hydrophobic residues on the same face of the hairpin.

nounced, indicating that the hairpin is less folded at low pH.
An important observation is that there is a uniform reduction
in the magnitude oAdy, values forall residues including those
furthest away in the Asn-Glys-turn. This is more clearly
illustrated by taking the ratio oAdn, values at the two pHs
(Figure 2b) which reflects the ratio of populations of the folded
conformation at the individual residue level. It is evident that
the majority of residues show a very similar ratio for the change
in shift, which is close to the ratio determined from the RMS
value averaged ovell residues at each pH. The data strongly
suggest that the pH switch results in a cooperative destabilization
of the S-hairpin conformation rather than just a localized

sheet structure of the hairpin and the location of the side chains of unfolding close to the ionisable group, which would produce

Lysl and Lys2 with respect to the C-terminal carboxylate group.
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Figure 2. (a) Histogram of the deviation of d&dchemical shifts from
random coil valuesAdw,) for peptidel at pH 2.2 and 5.5. (b) Ratio
of Adne values at pH 5.5 and pH 2.2; the horizontal line at 1.46
represents the ratio determined from the RMS valueX6x, taken
over all residues at the two pHs.

values)!” The C-terminal carboxylate group of lle16 haskap

of 3.40, determined by an NMR pH titration of thgy of lle16.
Changing the pH from 5.5 to 2.2 permits the carboxylate of
llel6 to be switched selectively to its free-acid form. T
values forl determined at pH 2.2 are also shown in Figure 2a.
Deviations from random coil chemical shifts are less pro-

(17) (a) Wishart, D. S.; Sykes, B. D.; Richards, F.MMol. Biol. 1991,
222 311. (b) Wishart, D. S.; Sykes, B. D.; Richards, F. Blochemistry
1992 31, 1647.

only localized effects on # chemical shifts. Temperature-
dependent changes inoHchemical shifts also show a similar
cooperative pattern of changes as the hairpin thermally unfolds,
with all residues again reflecting a similar change in folded
populationt>1%Taken together, the data suggest, to a reasonable
approximation, that the hairpin folds and unfolds via a two-
state process.

Origin of pH-Dependent Changes in Hairpin Stability. The
C-terminal carboxylate group is the only ionisable group in the
peptide that titrates in the pH range described. We conclude
that electrostatic interactions involving the carboxylate group
are largely responsible for the pH-dependent changes in stability
that are observed. We have previously determined the structure
of peptide 1 using NOE restraint8 and have modeled the
possible electrostatic interactions on the basis of this structure.
Shown schematically in Figure 1b are ion pairing interactions
involving the flexible protonated side chains of Lys1 and Lys2
which are able to come into close contact with the ionized
C-terminal carboxylate group of llel6. To deconvolute these
contributions to stability we have mutated the N-terminal residue
Lys1—Gly, to give peptid& (Figure 1a2, X = Gly). Consistent
with our model, peptid& has lower stability, in accord with
the deletion of an important electrostatic interaction.

To confirm that peptide2 folds in essentially the same
manner, we have carried out a detailed structural analysis at
pH 2.2 and 5.5. Inter-strandd+Ha NOEs confirm the main
chain alignment of the tw@-strands as shown in Figure 1a.
Many side chain-side chain NOEs (Figure 3a) point to the same
hydrophobic packing arrangements previously identified.fér
Thus, a mutation of the N-terminal residue (LysGly) does
not result in gross changes in the manner in which the hairpin
folds. With regard to the disposition of the C- and N-terminal
residues of peptidé, we detect an NH"NH NOE between Lys1
and lle16, which demonstrates that the terminal residues spend
a significant fraction of their time in close proximityWe also
detect unambiguous NOEs from th€H, of the Lys1 side chain
to llel6 Ho and NH, supporting the proposed salt bridge, and
consistent with at least partial burial of the Lys1 side chain in
order to facilitate the formation of the ionic interaction.
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AAG®;
E—— .
—
pH switch
1 pH5.5 1 pH22
Glyl-Lys Glyl-lys
mutation AAG'OA mutation AAGOB
AAG®p
[— .
——
pH switch
2 pH5.5 2 pH22

Figure 4. Thermodynamic cycle equating differences in free energy
AAG° (A—D) with structural changes as a consequence of residue
mutation (Lys>Gly) or pH switch (CQ~—CGO,H). Positively charged
Lys side chains-{), and negatively charged carboxylate group.(

On the basis of this structural analysis, we conclude that the
Lys1—Gly mutation is likely to affect hairpin stability in two
ways: first, the potential electrostatic interactidf)(between
the side chain of Lys1 and lle16 GOis removed; second, the
hydrophobic surface area of the Lysl side chain, which is at
least partially buried against llel6, is also deleted, removing
the combined contribution from the hydrophobic effect)(iith
neighboring residues (Figure 3). We have constructed the
thermodynamic cycle shown in Figure 4 to analyze these
interactions using a combination of the LysGly mutation
(1—2) coupled with the pH switch to turn-off the two
electrostatic contribution€f andE,) from the Lys1 and Lys2
side chains.

Thus, stability measurements for the two hairpins at different
pHs enable the contributing electrostatic interactiBnandEs,
and the hydrophobic componeht; to be equated with the
differences in stabilityAAG°a, AAG®g, AAG°c, and AAG®p
shown in Figure 4, leading to the following approximate
relationships:

AAG°, ~E, + H, (3)
AAG®g ~ H, 4)
AAG°.~ E, +E, (5)
AAG®, ~ E, (6)

Several assumptions are implicit in the above analysis that
are worthy of further comment. We have assumed that the
hydrophobic contribution to the stability of the hairpin from
the Lys1 side chain is similar when the charge interadgois
switched-off. Since the population weighting for the different
Lys1 side chain conformations will change when the electrostatic
interaction is removed, this may also result in changes in the
nature of the hydrophobic interactions that take place, which
we are not readily able to detect by NMR. We suggest that
such differences may result in only small effects on the
hydrophobic contribution of Lysl and that to a reasonable
approximation eqs 5 and 6 represent a physically realistic
breakdown of the contributions to hairpin stability. From these
expressionsAAG°g andAAG®p lead directly to values foH;
and E,, while substitution of these values into the other
expressions enablds to be determined.

Determination of f-Hairpin Stability. The temperature-
dependence oMoy, values for both peptide$ and 2 shows
the same cooperative behavior already highlighted by the pH

Searle et al.
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Figure 5. (a) Plot of temperature-dependence of RM, (ppm)
values for peptidesl and 2 at pH 2.2 and 5.5; (b) temperature-
dependence aAd®Y (Hz) values for peptides and2 at pH 2.2 and
5.5; @) peptidel, (®) peptide2, (- - -) pH 2.2, ) pH 5.5; lines
represent the best fit to the experimental data (see Table 1).

320

switch. That is,all residues simultaneously show changes in
the proportion of the folded conformer present suggesting a
cooperative folding transition. On this basis, we have calculated
a single paramater to reflect the stability of the hairpin at a
particular temperature. Since alloy, values show a similar
temperature-dependent behavior, we have calculated a root-
mean-square value foAdp, (RMSAdn,) taken over all
residues® The temperature-dependence of this parameter is
shown in Figure 5a for peptidesand 2 at both pH 2.2 and
5.5. TheS-hairpin shows the unusual characteristic of having a
maximum stability close to 303 K but unfolds at both higher
and lower temperature, showing a pronounced curvature in its
temperature-dependent stability profile. Such a behavior is
characteristic of globular proteins which fold with a large change
in heat capacity, and is usually attributed to the hydrophobic
contribution to folding'® Fitting the data in Figure 5a, assuming
temperature-dependent enthalpy and entropy terms (see meth-
ods), confirms this thermodynamic signature; folding is found
to be entropy-driven at room temperature and is associated with
a negative change in heat capacity (Table 1). The temperature-
dependence ohdy, values for peptide& and2 at pH 2.2 and

5.5 reveal small differences in overall stability but the charac-
teristic curvature in the stability profiles is clearly similar (Table
1).

We have sought an alternative handle on the temperature-
dependent stability of the hairpins to assess the possible errors
in the above analysis. While the RM8y, values described
reflect largely perturbations to the chemical shifts of residues
in the g-strand sequences (since these residues are in the
majority), we also note that the chemical shift difference
between the lkls of Gly9 in the turn is also sensitive to the

(18) (a) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A.986 83, 8069.
(b) Murphy, K. P.; Privalov, P. L.; Gill, S. Bciencel99Q 247, 559. (c)
Murphy, K. P.; Gill, S. J.J. Mol. Biol. 1991 222, 699.
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Table 2: Differences in Hairpin Stability at 298 K for Changes in
pH (2.2—5.5) and for Mutation LystGly

free energies(kd mol?)
from RMSAOH,

free energie’s(kd mol™)
from A6®Y Ha

AAG°A -1.8(0.2) -1.5(0.2)
AAGs ~0.8(0.2) -0.3(0.2)
AAG°¢ -1.4(0.2) -1.6(0.2)
AAGp ~0.4(0.2) -0.4(0.2)

a AAG® values calculated directly from estimated populations of
folded state at 298 K; maximum error calculated from uncertainty in
RMSAGH, and A6SY Ho values.

Table 3: Energetics of lon Pairing Interactiong;(and E;) and
Hydrophobic Interaction (i in Aqueous Solution

AG° (kJ mol?) AG® (kJ mol?)

(RMSAGH) (ASSY Hol)
E -1.0(0.2) ~1.2(0.2)
E -0.4(0.2) ~0.4(0.2)
H; -0.8(0.2) -0.3(0.2)

folded population of the hairpin. These two protons are
magnetically nonequivalent in the folded state but the chemical
shift difference between thenh§CY) decreases as the propor-
tion of random coil conformation increases. The two signals
for peptidel at pH 5.5 and 298 K are well resolved§®" ~

155 Hz at 500 MHz), but begin to coalesce at higher and lower

temperatures. The temperature-dependent stability profile, re-

flected in the magnitude @€6%Y, is very similar to that observed
using the RMA0dy, approach, with both showing the same
stability maximum at~303 K. The temperature-dependent
stability profiles for both peptides at pH 2.2 and 5.5 are shown
in Figure 5b; the data have similarly been fitted using a two-

J. Am. Chem. Soc., Vol. 121, No. 50, 188819

tems? Detailed analysis using protein engineering methods to
dissect out pairwise interaction energies suggests that the
contribution of salt bridges is quite variable and context-
dependent. Surface-exposed ion pairs have been shown to
contribute relatively little, 8-2 kJ mol%,2° but in other cases
interaction energies are more significant, €03 kJ mot?1.2
Partially buried ion-pairs in T4 lysozyme have been shown to
make large contributions to protein stability, 421 kJ mot .21
Glu—Lys interactions on the surface afhelical peptides have
also been analyzed quantitatively and reveal interaction energies
of 0—2 kJ mol1.2223Qur estimate of 1.861.2 kJ mof? for the
interaction between the two terminghhairpin residues is
consistent with values determined for analogous solvent-exposed
sites in both proteins and-helical peptides.

Enthalpic and Entropic Contributions to Folding: Origin
of B-Hairpin Stability. TheS-hairpin peptides described in this
study represent a unique family that has proved amenable to
thermodynamic analysis. These hairpins show the unusual
characteristic of having a stability maximum with subsequent
unfolding occurring both above and below room temperature.
The pronounced curvature in plots &G° versus T is
characteristic of a significant change in heat capacity between
folded and unfolded states that is usually interpreted in terms
of the hydrophobic interaction contributing significantly to
folding in aqueous solutiot? A more detailed analysis of the
changes iMAH®, AS’, and AC,° that accompany folding are
consistent with this model as is evident from the data in Table
1, and as previously discuss&d-®

While the stability of the folded conformations of peptides
and2 has been shown to be sensitive to pH, the thermodynamic
signature for folding remains very similar with a significant

state approximation, and all thermodynamic parameters for AC,° for folding evident in all cases, with small enthalpy and

folding derived using the two methods are shown in Table 1.
Ei, E2, and Hy Contributions to Hairpin Stability. Esti-

entropy terms. This is in marked contrast to the stability profile
of peptidel in 50% aqueous methanol, where folding is strongly

mates for the differences in hairpin stability at the different pHs, enthalpy-driven with a compensating large negative entropy term
as sketched out in Figure 4, are shown in Table 2; calculated which we have associated with the much larger conformational
values for the energetic contributionsty, E,, andH,, derived restriction of the peptide backbone associated with stronger
from egs 3-6, are presented in Table 3. The two data sets are electrostatic (hydrogen bonding) interactions between the

remarkably consistent. The analysis shows that the energetics-strandst® The marked curvature in th&G° versusT plots

contributions from the three terms are smaill(5 kJ mof?),
but all contribute favorably to hairpin stability. The electrostatic

for peptidesl and?2 in water at the different pHs, each giving
a characteristic negativAC,° for folding, emphasizes the

interaction between Lys1 and the C-terminal carboxylate group important contribution of the hydrophobic effect to hairpin

appears to make the primary contribution to stability, which
we estimate to be 1-01.2 kJ mot L. In contrast, the side chain
of Lys2, which is conformationally more restricted in its
interaction with the carboxylate group, contributes less energy,
0.4 kJ mof L. This is clearly evident from the relatively small
effect of pH on the stability of peptid2. The hydrophobic
contribution of the Lys1 side chain is determined in the range
0.3-0.8 kJ mot! and is comparable with the electrostatic
contribution ofE,. The hydrophobic contribution from the burial
of the aliphatic portion of the Lysl side chain is clearly an

stability in all cases. While we are confident in interpreting small
changes in folded populationAAG® values) from these data

to evaluate contributions frofs;, E,, andH,, the corresponding
enthalpic and entropic contribution to each of these parameters
are subject to larger uncertainty such that errors are likely to
be at least of the same magnitude as any differences we wish
to measure. We have presented some discussion of error analysis
in the Materials and Methods Section.

Two-State Folding of #-Hairpin Peptides. An important
assumption in the above analysis is that folding approximates

important part of the analysis. Despite the terminal positions easonably well to a two-state process. We have attempted to
of the residues between which the interactions take place, which;,stify this approximation in this and previous wdfidé To

intrinsically lead to a greater degree of conformational flexibilty,
the sum of these interactions contributes significantly to the
population of the folded conformation. lonic interactions, even

support our conclusions, recent studies of the folding kinetics

(19) De Alba, E.; Blanco, F. J.; Jimenez, M. A.; Rico, M.; Nieto, J. L.

in solvent-exposed sites where there is competition with water Eur. J. Biochem1995 233 283-292.

molecules, have a significant stabilizing influence.
The destabilization of3-hairpins through the loss of an

(20) Horovitz, A.; Serrano, L.; Avron, B.; Bycroft, M.; Fersht, A. R.
Mol. Biol. 199Q 216, 1031-1044.
(21) Anderson, D. E.; Becktel, W. J.; Dahlquist, F. Biochemistry1990

electrostatic interaction has been examined for a number of 29, 2403-2408.

model peptides, and similar, though qualitative, conclusions have

been reachet? How do our estimates of apparent interaction

energies compare with quantitative estimates from other sys-

(22) Gans, P. J.; Lyu, P. C.; Manning, M. C.; Woody, R. W.; Kallenbach,
N. R. Biopolymers1991 31, 1605-1614.

(23) Scholtz, J. M.; Qian, H.; Robbins, V. H.; Baldwin, R.Biochem-
istry 1993 32, 9668-9676.
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of a f-hairpin peptide, monitored by temperature-jump tryp- perturbing the overall stability of the hairpin. The cooperative
tophan fluorescence experiments, have identified a single-folding model requires that the interactions between residues
exponential relaxation process indicating a unique effective must be “linked”, that is, any change to the system at one site
kinetic barrier separating the folded and unfolded stt&@hese will affect the energetics of other interactions along the ha#pin.
authors suggest that such a bimodal population distribution (two- For this reason the parameters that we measure must be
state behavior) can be explained by “growing” the hairpin from interpreted agpparentbinding contributions to hairpin stability
a nucleatingd-turn. A simple statistical mechanical model was rather thanintrinsic interaction energies between isolated
presented that offers a structural framework for this two-state functional groups. By examining interactions between the ends
behavior. of the hairpin we have endeavored to leave the linear array of
In support of the nucleating effects of the turn sequence in interactions at the core of the structure relatively unperturbed
hairpin folding, we have shown from NMR studies of a by the effects of sequence mutation and changes in ionization

truncated 11-residue peptide analogud ¢fesidues 6-16), in state of individual functional groups. Despite the fact that the
which the N-terminal3-strand has been deleté&f5 that the interactions considered in this analysis are between the terminal
SINGKK sequence significantly populates a typeiin in water. residues, they have a significant and quantifiable effect on

Thus, in the absence of significant interstrand hydrogen bonding hairpin stability. We have shown that a mogiehairpin can
or hydrophobic interactions the turn appears to be predisposedprovide a useful vehicle to derive numerical estimates of
for B-hairpin formation. apparent binding contributions in a weakly interacting system.
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