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Abstract: For conjugates Ac-HelAla,-OH, n = 1—6, of the previously characterized reporting, conformational
template Ac-Hel, increases in helicity induced by trifluoroethanol (TFE) in water have been related to a simple
function of the peptide length, yielding the helix propagation constas,, which increases from 1.0 to 1.5 for

xtre = 0—20 mol %. The per-residue helicity increase is similar to the increase in te state stability induced by TFE

in monoamide conjugates Ac-HelNHR. Addition of TFE to water significantly increases the rate of interconversion

of s-cis/s-trans amide conformers for Ac-Pro-NHMe, consistent with a significant and selective destabilization of
the planar resonance-stabilized amide. In dilute agueous solution TFE increases helicity by selectively destabilizing
amide functions that are solvent exposed, with the consequence that compact conformations such as helices that
maximize intramolecular amideamide hydrogen bonding and minimize amide solvent exposure are selectively
favored.

Medium-sized peptides with an intrinsic tendency to assume the mechanism by which TFE acts to enhance helicity is widely
helical conformations in water often show a dramatic increase viewed as uncertain or unknovif3a.cd
in helicity upon addition of relatively low concentrations of A definitive helix enhancement mechanism presumes com-
certain alcohols, of which the most efficient appears to be plete characterization of the effects of TFE on the solvation
trifluoroethanol (TFE). Since its discovery by Goodman and states of both starting materials and products. Characterization
co-workers! this helix-enhancing effect of TFE has found many at this level is difficult, since key features of the structure of
applications, most recently for NMR-based characterization of water itself remain undefined. We address the following
short helices derived from natural protefhsBecause TFE practical questions in this report: (1) Which of the two global
extends the range of detectable helicity to include polypeptides states is energetically perturbed by TFE? Does TFE selectively
that are predominantly unstructured in water, titrations with TFE raise the energy of the nonhelical random coil state, or lower
permit comparisons of relative-helical propensities between the energy of the helical state, or both? (2) If the helical state
members of peptide series or within regions of the same is stabilized, does TFE interact directly with the helix and, if
peptide? Helicity changes resulting from TFE titrations of so, with which of its functionalities? (3) If TFE acts by
synthetic peptides have been correlated with amino acid decreasing the stability of the coil state, can the overall stability
composition, sequence, and helicity-inducing local featfifes. change be approximated as a sum of effects at each amino acid
Unfortunately, TFE titrations are often difficult to interpret, since residue? If it can, does the per-residue effect arise primarily
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temperature and an increase jofe induce similar helicity methanol and ethan®&f?2and the efficiency of enhancement is
changes. They adopted the thermodynamic mechanism of Coniofound to increase with the aliphatic chain length of the
et al. and inferred from NMR evidence that direct or indirect alcohol3a¢ With certain oligopeptides, more complex, con-
stabilizing interactions of TFE with the helical state are centration-dependent changes are observed. A study of Shibara
unlikely 3¢ In 1994 Jasanoff and Ferdhproposed linear models et al13d of polylysine in solutions of aqueous alcohols showed
relating free energy of helix formation to peptide length and that low alcohol concentrations induce helicity, but significantly
xtre and drew the opposite conclusion, that a stabilizing higher alcohol concentrations induce a helsheet conforma-
interaction between TFE and the helical state is the more tional transition. Among the alcohols TFE is exceptionally
plausible mechanism. efficient in inducing helices in suitable peptide sequences, but
In this report we focus attention on TFE solutions in which it appears to differ from other alcohols only in degree.
water is the major component and provide the first direct  For medium-sized polypeptides, relatively low concentrations
experimental evidence in support of the thermodynamic expla- of TFE induce the most predictable structural changes. Low
nation of Conio et al. and Wemmer et al. From NMR studies concentrations are also the most useful for helix induction, since
of conjugates of the reporting conformational template ActHel a maximum change in helicity per increment of TFE usually
we characterize TFE-induced changes in the energetics ofoccurs within the range -515 mol %2a-dfisacdsagnd with
formation of single amideamide intramolecular hydrogen further increasgrre the fractional increase in helicity is usually
bonds and in the per-residue energetics of helix formation. From much less dramatic.
NMR and CD studies of the rates of interconversion of s-cis/  In the earliest helicity studies TFE alone was often used as
s-trans amide conformers of acetylproline, we report TFE- solvent, advantage being taken of its UV transparency and
induced rate accelerations pertinent to the solvation state Ofsolvating powet,and for many subsequent studies aqueous TFE

amides® solutions have been used that contain little water. Since the

) ) ) ) ] intrinsic water structure must be strongly perturbed or disrupted
Solvation of Conformations of Peptides and Amides in at highyeg, helical stabilization mechanisms that operate under
Water—Alcohol Mixtures these conditions are likely to be different and more complex

Three observations drawn from the vast literature on the than those operative at lowrre. This report deals with the
solvation of amides, polypeptides, and proteins in water and latter cases, in which the medium retains many of the properties
water—alcohol mixtures are particularly relevant to this analysis: ©Of water itself, the helicity changes are largest, and interpreta-
(1) TFE shares its helix-enhancing properties with other tions of experimental results are most likely to be straightfor-
alcohols, (2) the magnitude of induced peptide helicity usually ward.
depends in a predictable way on the mole fraction of TFE, and During the past decade Symons and co-workers have
(3) TFE—water mixtures exhibit anomalous viscosities, sug- Systematically studied the structures of alcehwhter mixtures
gestive of a change in water structure. and the capacity of various binary solvent mixtures to hydrogen

TFE and other alcohols exert several distinct effects on bond with ketones}aP phosphine oxide¥ic and amidedid
proteins. At relatively high concentrations in water TFE disrupts In agueous mixtures containing up to 20 mol % methanol,
hydrophobic interactions, denaturing tertiary and quaternary Symons et al. find relatively small changes in the solvation
structure® and in one instance at low concentrations TFE environment of amide residues, which is characterized by two
dramatically increases the rate of formation of quaternary donor hydrogen bonds from the protic solvent to the amide
structure!® Binary mixtures of water with methanol or ethanol  0xygen*4¢" Although their studies have not included TFE
also act to denature globular proteins while enhancing helicity water mixtures, the similarities in helix enhancement noted
in isolated regions of the amino acid sequeHcend this above strongly suggest that the solvation properties of amides
property has found recent application in NMR structural in methanot-water mixtures will generalize to mixtures con-
studiestigh taining TFE.

The effects on polypeptides appear to be less complex. Physical properties of TFE and TF&vater mixtures have
Medium-sized peptides with a helical disposition and a low been reported by Murt®? Llinas et al.}** and Kallenbach et
aggregation propensity exhibit enhanced helicity in aqueous TFEal.3 The bulk dielectric constartof pure TFE is roughly one-
solutions, and this property of TFE is shared with other alcohols. third of the value for water, and values for TFE-water
The helicities of oligopeptides are also enhanced by aqueousmixtures are linear functions of the mole fraction of TFE; thus
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at 25°C and 10 mol % TFEg¢ is 61.0, vs 76.7 for watéfa Peptide (nonhelical)

Viscosities of TFE-water mixtures are dramatically nonlinear ol

functions of temperature or of mole fraction. At temperatures &}E ‘Eua

below 30°C a significant viscosity maximum is found in the o

range of 26-25 mol % TFE; at 25C the ratio ofy values at cs

ca. 20 and 0 mol % TFE is 2.1, which increases to 2.3 at 15

°C.1%a Similar but less dramatic viscosity changes are observed siow || K= A

for mixtures of water with simple aliphatic alcohdf$;*6and ! Ac-Hel ;-OH
these maxima appear to reflect an alcohol-induced restructuring

of the hydrogen-bonding interactions of water. In pure TFE a Peptide (nonhelical)

variety of rate and equilibrium effects have been repotteh ol e Fast  § , Peptide (helical)
increase in C-alkylation product is observed for the reaction of P o
allylic halides with sodium phenoxidé¢ and the slowest rate i “J(CHG K.=B i NXL
of interconversion of s-cis/s-trans amide conformers is 8een. ° 2 s o
More pertinent to the present study, aqueous TFE inyifag TS TE

0.2 range causes a large decrease in the rate of hydrolysis ofigure 1. The three distinguishable conformational states of an
picryl fluoride 17d N-terminal conjugate of Ac-Helwith a polypeptidé® Rates are
Relative to water, TFE is a much stronger aci&{{2.4) referenced to the NMR time gcale\ :_andB are defineq_as qsed in eq
and a much weaker ba&e.In binary aqueous mixtures of low 1, whergt/c is the_concentratlon ratio of slowly e_qumbra_tmg s-trans
rre, TFE is likely to interact more strongly with water itself and s-cis acetamido conformers, measur_ed by7lntegrat|on oftand c
than with other solute¥, and at lowyree the acidic and basic state resonances for thel NMR spectrum in BO.
properties of TFE thus may influence amide solvation only 2%
indirectly, by changing the structure of water within the solvation
shell, or by increasing either the concentrations or the hydrogen-
bonding affinities of Symons defect$, which are water
molecules with unshared hydrogen-bonding sites.

16

20

15 e
For an N-Templated Ala, Homopolymer, n = 1-6, the tlc
Helix-Stabilizing Effect of TFE Is a Linear Function of

Peptide Length

In solution, a polypeptide helix at equilibrium with a coil
state can be modeled by the combined product of an unfavorable
initiation parameters with a series of marginally favorable
propagation parametess® We have previously characterized
the structure and energetics of short alanine peptides linked to
the reporting conformational template Ac-HéFigure 1), which
assumes the role of helix initiator and permits measurement of Figure 2. Experimental dependence %¢ on lengthn and on mol %
changes attributable solely to helix propagation. Of the three TFE for peptide conjugates Ac-HeAla,-OH and BO—CFCD,OD
conformational states of Ac-Hglonly the te state initiates ?('ﬁ;‘t‘ge% f‘r: 25’40STZﬁ(;’%'“C‘i):’rgg;z;z'at‘gedmteoagﬁlr'ecgitnﬁ;oggg 9216- o
structure in the linked peptide; the peptides linked to cs and ts o S ; P T
template states are experimentally_indistir;guishable from random rl)gi,n?;]?oir? L”cl"_g’ ;’:IE\’/inFIEng:geﬁg rgglgt]:dnfggrn Orfn Zl:sg:zgrh]/ [[C)]ata
coils in water and in watefTFE mixtures:¢ From NMR and 3¢5 a1 0, 3, 6, 10, and 16 mol % TFE. The curve for 0 mol % TFE
CD evidence the structure of the peptide linked to the template (gata and curve not shown) is similar to that shown for 2 mol % TFE.
te state in these solutions ishelical>@ and the stability of Curves are calculated from an iterative least squares data analysis that
the a-helix is proportional to the NMR-monitored template assigns asa, for each TFE concentration; data points have an estimated
value, which is the concentration ratio of slowly equilibrating precision of+5% of their value.
template s-trans and s-cis conformérghis stability relation-
ship is expressed in eq 1, whemeis the average helix  treated as assignable constaAtsde Measurements of the effect
propagation constant, and the constahtmndB are defined as ~ Of TFE concentration ot/c values thus permit calculation of
in Figure 17 The geometric series iswithin the parentheses  the magnitude of the TFE-induced change in the helix propaga-
results from the condition that helix nucleation must occur only tion constansaa. Since aggregation and diminished solubility
at the peptide junction. For conjugates Ac-H¥h-OH, n = prevent study of alanine oligomers with> 6, data are reported
1—n, we have previous|y shown that the average helix propaga- here for the TFE effect on thic ratio of templated alanine
tion constants can be obtained by an iterative least squares peptides that contain six or fewer amino acid residues. These

12 38 4 5 6
Peptide Length n

analysis of the length dependencet/of in which A andB are have pre7\(/1iously been shown to be unaggregated in aqueous
solutions’
(16) Timmermans, J., E@hysico-Chemical Constants of Binary Systems
in Concentrated Solutiongnterscience: New York, 1960; Vol. 4, p 190. _ -1y _
(17) (a) Leffler, J. E.; Graham, W. H. Phys Chem 1959 63, 687— [tVc] =A+Bl+s+s+..+)=A+B1+
693. (b) Graybill, B. M.; Leffler, J. EJ. Phys Chem 1959 63, 1461 S(1+s1+sl+..))=A+ B(Sn —1/(s—1) (1)

1463. (c) Kornblum, N.; Berrigan, P. J.; Le Noble, W.JJAm Chem
Soc 196Q 82, 1257-1258. (d) Murto, JActa Chem Scand 1966 20,

303-309. Figure 2 showd/c values measured at 2& for Ac-Hek-
(18) (a) Symons, M. C. RAcc Chem Res 1981, 14, 179-187. (b) Ala,-OH, n = 1-6, in D,O—TFE binary mixtures, plotted as
Symons, M. C. R. InWater and Aqueous SolutignBleilson, G. W.,  fynctions of peptide length for each of a series of mole fractions

Enderley, J. E., Eds.; Adam Hilger: Bristol and Boston, 1986; pp38. - .
(19) Poland, D.; Scheraga, H. Bheory of the Helix-Coil Transitionsin ~ Of TFE. The solid lines of Figure 2 correspondtfo values

Biopolymers Academic Press: New York, 1970. calculated from eq 1 using th&, B, andsa, values obtained
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Figure 3. Values forsaa in D,O—TFE mixtures at 25C obtained
from thet/c data of Figure 2 by an iterative least squares analysis.
Limits of the error bars correspond #@. values that result in a 15%

increase in the sum of squares of the residuals (see Experimental

Section).

by iterative least squares analysis. The experimeftahlues
and the deriveda, values of Figure 3 both quantitate the large
effect of TFE on the helicity of these alanine conjugates.
Although the TFE-induced changes $m, itself may appear
small, they translate into large increased/mfor n = 5 or 6,
owing to the weight of thesy,)" term within eq 1. The value
for sa In pure water at 25C is substantially lower than that
reported by Baldwin et af? but it is in accord with that of
Scheraga et &t Elsewhere we have shown that templated
alanine-rich heteroconjugates containinglh residues display
equivalentsa, values in pure watefe

For t/c > 20 the experimental errors it/c increase
significantly’® and limit the accuracy with whiclsy, can be
defined at highytre. The error bars of Figure 3 imply that the
Sala Values calculated at highree are essentially indistinguish-

J. Am. Chem. Soc., Vol. 118, No. 13, 20956
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Figure 4. Data of Figure 2 fott/c values of Ac-Hel-Ala,-OH plotted

as a function of mol % TFE and length shown to the right of each
curve. For each TFE concentration, points that define the curves are
calculated from eq 1 using = 0.79,saa as shown in Figure 2, and a
value ofB that is averaged ovd calculated from eq 1 at fixed [TFE]
andn = 3, 4, 5, 6 (see Experimental Section). The error bars shown
to the right of each curve are calculated by assuming that the standard
deviation inB is the largest error. From eq 1, a given erfd in B

is transformed into an error aiB(s" — 1)/(s — 1) in (t/C)caca The
deviations seen far = 5 are in part an artifact of the averaging process,
which places the largest weight on the data pointsrfor 6 (see
Experimental Section).

4 lie within the margins of error associated with the model,
although small systematic deviations can be noted. Two
significant conclusions can be drawn. First, in accord with
observations for natural peptides by Jasanoff and Fétsbt,
fixed yrre, the length-dependent helicity found with this

able, and the apparent maximum in the graph may therefore betemplated peptide series can modeled to a good approximation
an artifact. However, the data demonstrate unambiguously thatby & constantsaa value, the per-residue helical stability

Sala IS most sensitive td\ytre in the mole fraction range of
0.04-0.08 and becomes relatively insensitive abpug = 0.1.
This behavior mirrors the previously noted sensitivities of
helically disposed untemplated peptidesi@e.

The significance of the TFE dependence of thedata is

increment. The series Ac-HeRla,-OH stops ath = 6, but

we have seen comparable per-residue helical stabilizations for
Ac-Hel; conjugates with alanine-rich heteropeptides containing
up to nine backbone NH groups, although ttie changes
become very large, and the resulting intrinsic erromtgdconfine

. . . . . . 22
more rigorously demonstrated in Figure 4, in which experimental the useful measurement range to &.Grre < 0.06:

t/c values for each alanine conjugate of lengthre plotted as
a function ofytre. TFE-induced helical cooperativity is seen
for Alas and Ala, similar to that reported by Kallenbach and
Nelson for the S-peptide of ribonuclease®A The t/c values

Second, the same stability increment also applies to very short
peptide sequences. The responsiveness to TFE shown by Ac-
Hel;-Alas-OH is within error the same as that found for the
longer sequences. The tripeptide conjugate bears only the loop

that define the curves of Figure 4 were obtained from a model & the helix C-terminus, the carbonyl oxygens of which are

based on eq 1 that uses th@ values of Figure 3, with fixed
at 0.79¢ and B fixed at an average value for all derivatives

exposed to solvent. Nevertheless, this derivative exhibits the
same per-residue TFE-induced stabilization as larger analogs

studied at a particular TFE concentration (see Experimental that retain this C-terminal loop and extend the length of the

Section). This model thus assumes that, at a particular TFE helix barrel.

concentration, helix formation is governed by only two param-
eters, thesa, value, which applies to all amino acid residues
except the first, and a template const@nivhich is proportional

to the s value at the templatepeptide junction. As seen in

Figure 1,B defines the tendency of the template to assume the

te state by forming the first hydrogen bond at the junction.
With the exception of data for Ac-HeRla,-OH, which show
significant positive deviations that may be attributable to the

conformational readjustments that occur upon addition of the

third residue of the first helical loof;call data points of Figure

(20) (a) Chakrabartty, A.; Kortemme, T.; Baldwin, R. Brotein Sci
1994 3, 843-852. (b) Chakrabartty, A.; Kortemme, T.; Padmanabhan,
S.; Baldwin, R. L.Biochemistryl993 32, 5560. Scholtz, J. M.; Qian, H.;
York, E. J.; Stewart, J. M.; Baldwin, R. IBiopolymers1991, 31, 1463—
1470.

(21) Wojcik, J.; Altmann, K.-H.; Scheraga, H. Aiopolymers199Q
30, 121-134.

Relative to residues at the C-terminus, those within
the helix barrel must be substantially solvent shielded, and any
postulated binding of TFE to discrete elements of helical
structure would be expected to show different energetic effects
in these two regions. We find no evidence for this difference.

For Conjugates Ac-Heh-NH-R Capable of Forming Only
a Single Intramolecular Amide—Amide Hydrogen Bond,
TFE in Water Strongly and Selectively Stabilizes the te
State

The simplest amide derivatives that can be studied as Ac-
Hel, conjugates are primary or secondary amides that can form
only one intramolecular te state hydrogen bond. Figure 5a
shows results of TFE titrations of Ac-HelAla-OH and similar
conjugates Ac-HelNH-R. Thet/c values in pure RO vary
substantially for this set of derivatives, with Ac-Hdla-OH

(22) Groebke, K.; Kemp, D. S. Unpublished observations.
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Figure 5. Effect of TFE on [t)/[c] for derivatives Ac-HetX in D,O
at 25°C. (a) Monoamide series: X NHCH;, NH;, NHCH,COH,
NHCH(CH;)CO:H, and OH. (b) Alanine and lactate: ¥ NHCH-

(CHs)CO:H and OCH(CH)COH.

showing an anomalously small value. However, the increase
in t/c induced by TFE is similar for all members of the series.
As with the polyalanine conjugates¢ ratios of these mono-
amides show maximum sensitivity #oee in the range of 0.05

0.1, and the changes trc ratio are accompanied by chemical
shift changes in the 2:23.3 ppm region that signal the expected

increased abundance of the te state relative to the ts state (Figur

1). Previously we have attributed this preference to formation
of a shorter hydrogen bond in the te stéte.

These TFE-induced changestin imply a large change in
state compositior¢ thus Ac-Hel-NH; shifts from 37% te in
D,0 to 66% te in 16 mol % TFED,O. It is noteworthy that
there is no correlation between the magnitude of the TFE effect
and the hydrophobic character of the secondary amide N-
substituent. One of the largest changes is seen with the
primary amide Ac-HelNH,, which is the simplest and least

hydrophobic member of the series. The state-enhancing effect

of TFE clearly is not unique to polypeptides bearing multiple

amide residues; a large te state stabilization is also demonstrable

with Ac-Hel;-NH> derivatives that contain only one secondary
or primary amide.

Spectra of these derivatives in solution meet the conventional
tests for strong solvent shielding of the amide NH function and
intramolecular amideamide hydrogen bond formation. The

concentration-independent amide NH stretching frequency seen i X .
b gireg 4 d Previously noted that formation of the intramolecular hydrogen

for Ac-Hel,-NHMe in CDCk appears as a broad band centere
at 3359 cm?, attributable to the hydrogen-bonded st&tein
9/1 H,0—D,0 the temperature dependences of the chemical
shifts of ¢ and t states of Ac-HeNHMe are respectively-8.5

x 1073 ppm/K and—4.0 x 1073 ppm/K; the latter falls in the

Cammers-Goodwin et al.

while that of the t state shifts only from 7.44 to 7.36 ppm
(A0.08). The t state resonances show an excellent correlation
with the mole fractioff of the te state within the t state manifold
(CC —0.99), suggesting that the chemical shifts of both the ts
and te states may be TFE-invariant. The calculdtgth water
is 7.30 ppm, which may be compared with a chemical shift
value for the t state in CDgbf 7.24 ppm, implying almost no
sensitivity to solvent change. By contrast, the ¢ state NH
resonance is strongly sensitive to solvent. Finally, a NOESY
experiment in CDGl shows a t state cross peak between the
NH and the 8-C-H resonances, implying proximity of these
protons consistent with the te state structure shown in Figure
1; the c state resonances lack the corresponding cross peak.
Analogous observations have been made for the Ala-1 NH
resonances of Ac-HglAlag-OH in H,O.’d

TFE titrations of simple Ac-Helderivatives that cannot form
intramolecular hydrogen bonds provide a further revealing test
of the structural requirements for the TFE-induced states changes
(Figure 5a,b). The lactate conjugate Ac-HEFCH(CH;)-COH
and the acid Ac-HetOH show no detectable TFE dependence

t/c, implying that for these derivatives TFE does not shift

f
%e conformational equilibrium to favor the te state. Owing to

dominance of the-trans conformation at the acybxygen bond

of the carboxylic acid function, the simple acid conjugate Ac-
Hel;-OH lacks the capacity for low-energy intramolecular
hydrogen bond formation, and the lactate result shows that the
strong TFE dependence seen for Ac-H&la-OH vanishes if

the amide NH is replaced by an ester O. An amide NH function
or its equivalent that is solvent-exposed in the cs and ts states
and solvent shielded or intramolecularly hydrogen bonded in
the te state appears to be the precondition for a TFE-induced
state change.

TFE at 15 mol % induces a 1.5-fold changesiy, which
corresponds to a per-residdeAG® at 25°C of —0.24 kcal/
mol. For the typical monoamide Ac-HelNH,, a change inyrre

from 0 to 16 mol % causes a changekp of Figure 1 of 3.3-
fold, corresponding to AAG® at 25°C of —0.70 kcal/mol, or
nearly three times the energy increment$gg. A somewhat
larger effect occurs for the atypical Ac-HeéAla-OH. We have

bond at the templatepeptide junction is unusually favored in
water, owing in part to torsional bias at the prolipeangle as
well as to the unusual hydrophobicity in the vicinity of the
template C-5 functionality©

The per-residue helix-enhancing effect of TFE for helices

range expected for hydrogen-bonded or solvent-shielded amide resi - :
NH,24 despite the presence within the t state average of 38,594 Shows no significant length dependence; the helical per-residue
ts conformer in which the NH function may be significantly €ffeéct is somewhat smaller than the stabilization observed for
solvent exposed. If one assumes that the experimental tem-Structures that contain only one secondary or primary amide
perature dependence observed for the cs state also applies t§eSidue at the template junction, and the presence of at least

the ts state, then the te state dependence is calculated.ds ~ ©On€ such amide residue is a precondition for TFE-induced
x 1073 ppm/K, corresponding to an exceptionally solvent Stabilization. TFE therefore acts by favoring amide states that

shielded amide NH. either are solvent shielded or contain intramolecular amide
In the temperature range of the study-&5 °C) the chemical hydrogen bonds. This finding is inconsistent with selective

shifts of the ¢ state and t state NHs in water lie respectively in stabilization of helical structures through direct TFE interaction.

the discrete ranges of 7.7—8.1 andd 7.3—7.5 ppm. Similar TFE thus must act by selectively raising the energy of solvent-

discrete ranges are seen for the nonhelical ¢ and helical t statexPosed amide groups, by default, favoring states containing

NH resonances of Ac-Hellas-OH.™d Changes in NH solvent-shielded or intramolecularly hydrogen bonded amides.

chemical shift upon TFE titration (015 mol %) at 25°C also ) ) )

reflect significantly greater solvent shielding for the t state: the Efféct of TFE on the Solvation Environment of Simple

¢ state NH resonance shifts fron7.99 to 7.60 ppm40.39), Amides: TFE in Water Accelerates the Rate of Tertiary

Amide s-Cis/s-Trans Bond Equilibration

(23) Gellman, S. H.; Dado, G. P.; Liang, G. B.; Adams, B.JRAmM
Chem Soc 1991 113 1164-1173.

(24) (a) LLinas, M.; Klein, M. P.; Nielands, J. B. Mol. Biol. 197Q 52,
399-414. (b) Llinas, M.; Klein, M. PJ. Am Chem Soc 1975 97, 473~
4737. (c) Dyson, H. J.; Rance, M.; Houghten, R. A_; Lerner, R. A.; Wright,
P. E.J. Mol. Biol. 1988 201, 161—200.

A direct experimental test for TFE-induced changes in amide
solvation would provide the best independent evidence for the
thermodynamic mechanism. Applying an analysis similar to
that of Raines et af we now show that, in water at relatively
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Table 1. Absolute and Relative Rate Constakgsand Equilibrium

ConstantKeq for the Interconversion of-trans- ands-cis-Ac-Pro-
NHMe in D,O Containing 18.9 mol % Additives] = —2 °C
(et + ki) x 100 kidket = ke x 10°
additive (sh Keq (sh kio/ (Kic—D,0)

D.O 2.96+ 0.07 0.27 6.2 1.0

CDsOD 3.30+ 0.09 0.31 7.7 1.25

DMSO-ds 3.8+0.1 0.30 8.7 1.4

C;DsOD 3.8+0.1 0.36 10.1 1.6

(CD3),CDOD 4.7+£0.1 0.37 12.7 2.0

CRCD,0OD 8.6+ 0.4 0.32 20.6 3.3 . ! ! ) . . P
5 10 15 20 5 10 15 20
Mole Percent TFE Mole Percent Additive

low concentrations, TFE significantly increases the rate at which Figure 6. Experimental rate constants forc amide conformational
cis—trans isomerization occurs at the proline tertiary amide conversion of Ac:-Pro-NHMe in water mixtures by CD and NMR
bond. The cis-trans isomerizations of the tertiary amide bonds spectroscopy at 0.5 and°€. Rate constants have an estimated error
of acyl proline peptides occur slowly, with half-times at 25 of 10%, and the curves were drawn to approximate smoothed local
in the range of 10 s to 60 m#¥,and the rate increases seen averages of the data points. _(a) Filled circlla§_measured by cir_cular
with changes from protic to aprotic solvents have been used to dichroism spectroscopy at"S_I in TFEwater mixtures. Open circles:
model the contribution of desolvation to the catalytic efficiencies e calculated fromr = [s-cis]/([s-cis] + [s-trans]), measured from

" tidvl brolvl cis-trans isomeraseé. Grathwohl and integrated areas of resonances in the 500 MHAMR spectrum at
of pepudyl prolyl Cis—trans ISomerases. athwoni- a 0.5°C. The rate constar. was calculated fronk + kg, obtained

Wu_th”Ch have followed rates of Change of epsans proline from the first-order rate analysis aof, and Ke,, measured after
amide ratios by'H NMR, using either the time course of  equilibrium was established (see Experimental Section). Kb)
resonance intensities that follow a rapid change in a ratio-altering measured byH NMR at 0.5 °C: filled circles, data in TFEwater
experimental variable (e.g., temperature) or saturation transfermixtures; open circles, data inBsOD—water mixtures; filled squares,
between the separate cis and trans NMR reson&fteRaines data in DMSOds—water mixturesk values are in units of 16 s2.
et al. have used the latter technidue.

We have used a simpler method. By X-ray diffraction, Ac-
L-Pro-NHMe in the crystalline state exclusively assumes the
trans tertiary amide conformatidnjn water it fails to assume
an internally hydrogen bondegturn conformatior?® Using
freshly prepared solutions of this readily soluble material, we
have followed the rates of trans cis isomerization in BO
mixtures at—2 and 0.5°C containing CROD, GDsOD,
DMSO-dg, (CD3),CDOD, and TFEd; by measuring the time
dependence of the ratio of integrated cis and trathsNMR
resonances. Similar results were obtained in waléiE
mixtures at 5°C by following the time dependence of CD

Ac-Gly-Pro-OMe at 50°C reported by Raines et al., who
observe a rate change of roughly 10-fold for a solvent change
from water to benzene, dioxane, or toluene. Increagipgin
water from 0.0 to 0.15 therefore causes 40% of the rate change
expected for a transfer of the amide from water to a nonpolar,
aprotic medium.

The progressive increase in rate seen in Table 1 for the series
D,0, CD;0D, GDs0OD, (CD5),CDOD, and TFEd, is consistent
with the reported tendencies of these alcohols to stabilize helices
in small peptides, oligopeptides, and proteihg? Significant
viscosity changes occur in this concentration range, but a
ellipticity. These measurements yield values Kgr+ ke, the rr_le_chanism th_at links these with the observed rate changes is
sum of the forward (trans to cis) and reverse rate constants fordifficult to envisage, and the data themselves argue against a
the amide isomerization. Independent NMR measurement of direct correlation of viscosity with rate, since, at 20 mol %, the

the dependence of the equilibrium constaty = k/ket, ON viscosity52290f the DMSO mixture is larger than that of TFE,
yree allows calculation of the individual rate constakisand but the former shows a much smaller rate increase for amide

ke as functions ofyrre. Table 1 lists rate constantg for bond isomerization. Similarly, within the series of solvents
solutions containing 20 mol % of a series of cosolvents, and studied, we find no correlation of rate with dielectric constant.

Figure 6a compares rate constants for varying:, measured Raines et af.have suggested that the likely origin of the rate

by the NMR and CD techniques at two different temperatures. €ff€Ct i a change in hydrogen-bonding state of the amide. For
The dependence of the rate constant on solvent compositionthe series of solvents stgdled, _the;e workers noted a linear
for binary mixtures of BO with TFE-ds, C,Ds0D, and DMSO- correlatlon between. the isomerization rate constant and the
ds is shown in Figure 6b. amide | G=0 stretching frequency. They noted a decrease of

e . !
The striking finding is that while all these cosolvents increase €& 95 CNT' in stretching frequency for a series of solvents

the rate of isomerization relative to that seen in pure water, the ranging from toluene and other aprotics to protic solvents that

effect is small for CROD, GDsOD, and DMSOds but include water; they attributed this decrease to changes .in
significantly larger for TFEd;. Moreover, for TFE the depen-  Strengths of hydrogen bonds between solvent and the amide
dence of slope di on yrre is similar to that seen farc ratios function. Although we agree with this interpretation, it appears
of Ac-Hel-conjugates, consistent with the operation of a @ Pe oversimplified. “An increase in the strength of polar
common solvation mechanism. The ca. 4-fold rate increase donor-acceptor interactions other than those attributable to
observed with addition of 1415 mol % TFE may be compared hydrogen bonding is known to cause a significant decrease in

. . . .. . . i i b,30. H i H
with relative rate increases for the transcis isomerization of ~ amide carbonyl stretching frequenty?>*%and in estimating the
portion of the frequency change attributable to the hydrogen-

(22) 033_) %fggdtSBJGF-: It—:alvglrs%n_, %R;J EfennenB‘?Chemngglggg bonding capacity of water, Raines et al. made no correction for
%2'23—26;; - (b) Grathwonhl, C.; Warrich, K. Biopolymers1981, 20, a shift attributable to its high dielectric constant. Examining
(26) (a) Radzicka, A.; Pederson, L.; Wolfenden BRochemistryl 988 either N,N-dimethylacetamide or H-Ala-Gly-OH at 2% in
27, 4538-4541. Radzicka, A.; Acheson, S. A. L.; Wolfenden,BRoorg. binary mixtures of HO and TFE from 0 to 20 mol %, we
Chem 1992 20, 382-386. (b) Eberhardt, E. S.; Loh, S. N.; Hinck, A. P.;
Raines, R. TJ. Am Chem Soc 1992 114, 5437-5439. (29) Cowie, J. M. G.; Toporowski, P. MCan J. Chem 1961, 39, 2240~
(27) Matsuzaki, T.; litaka, YActa Crystallogr 1971, B27, 507-516. 2243.

(28) Madison, V.; Kopple, K. DJ. Am Chem Soc 198Q 102, 4855- (30) Bellamy, L. J.; Williams, R. LTrans Faraday Soc1959 55, 14—
4863. 20.
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observe an increase in the amide | infraregt@ stretching K relative Krelative
frequency of ca. 7 cmt, which largely occurs in the range of 401 q
6—10 mol % TFE. Unlike the pure solvents examined by 4.0
Raines et al., the dielectric constants of these solvents are similar. 3.0

If roughly half of the effect seen by Raines et al. can be 3.0
attributed to polarity changes, then given that our rate range is 20

40% of the full range reported by Raines et al., a shift consistent 20
with their data would be 0.5 0.4 x 55= 11 cn1, and our 1.0

observations fall within the range of uncertainty of this estimate. 1.0
Our result are therefore consistent with the previously reported . . .

correlation of exchange rate and stretching frequéncy. 0 5 10 15 20

The hydrogen-bonding environments of amides in protic ~ Mole Percent TFE o
media have been examined by Eaton and Symons Thesdigure 7. Comparison of the effects of TFE on an equilibrium constant
workers have introduced simple amides as test m0|eCl.J|eS intoratio and a rate constant ratio. Filled circles and the scale on the left
a variety of binary solvent r’r?ixtures and have used infrared correspond to the TFE-induced shift of state equilibrium af@%0

. . : T o . favor the te state of Ac-HelNH.. The data points are calculated as
amide | G=0 stretching band multiplicity and variations in the (t/cree 1o — 0.79)/t/ci0 — 0.79), where 0.79 is the value @fin

frequency to map the changes in hydrogen-bonding state of therigure 1 and eq ¢ Open circles and the scale on the right represent
amide oxygen that result from variations in solvent composition. kree,0y/kic,0) for Ac-L-Pro-NHMe at 5°C and correspond to the
For titration of dimethylacetamide (DMAC) ind® with MeOD TFE data of Figure 6b. The scales are out of register on the vertical
in the ymeop range of 6-0.2, they note only a slight decrease axis to facilitate comparison of curve shapes. The curves were drawn
in the amide | G=0O absorption peak intensity, little departure to approximate smoothed local averages of the data points.
from Gaussian shape, and an increase of only 2'cn
frequencyt4c From other evidence they deduce that the principal the capacity of water to interact with and stabilize the amide
amide species in solution under these conditions bears two donofunction. Accordingly, addition of TFE must disfavor any
hydrogen bonds from solvent to the amide oxygen. An increase conformation that bears solvent-exposed amide functions, and
of 16 cnt! was found to accompany removal of one solvent by default TFE must favor compact states that contain internally
molecule to form species with a single donor hydrogen bond hydrogen bonded or solvent-sequestered amide functions.
to the amide oxygen. _ _

Symons, Eaton, et al. have also reported the properties of DiScussion
acetone in binary mixtures of protic and aprotic solvents. Asa  gyantitative mechanistic conclusions drawn from different
solute in a series of pure solvents, acetdheshows only ca. 1 easurements must show consistency. From Figure-72a5
40% of the range of €0 stretching frequency seen for DMAC 5] o5 TFE is seen to induce a-B-fold increase in the overall

(for the series (water- hexane), acetonéyy = +24 cnr vs equilibrium constant for the formation of a solvent-shielded state
+ 64 cnt* for DMAc; for (DMSO — hexane), acetonéyy = as well as a similar change in the rate of s-cis/s-trans amide
+13 cntvs + 33 cnt* for DMAc). These differences inv jsomerization. The comparison shows a striking similarity in
between acetone and DMAc must reflect the greater intrinsic ihe two TFE dependencies. An analogy between the two
polarity of the resonance-stabilized planar amide, which confers prqcesses is imperfect, since the transition state for amiee cis
a greater sensitivity to solvent changes. trans rotation is likely to respond differently to TFE than a
Formation of the transition state for the interconversion of solvent-shielded amide residue, and the reporter group of
planar s-cis and s-trans amide forms involves rotation of the acetylprolinamide is a tertiary amide, different in significant
CO—N amide bond to form a nonplanar acetone-like conformer respects from the secondary amides of a normal peptide chain.
that lacks amide resonance. Increasing the polarity of the However, these differences cannot obscure the fundamental
solvent must therefore stabilize both the planar s-cis and s-transpoint that, as measured by the TFE-induced rate differences,
forms to a greater degree than the less polar transition statethe change in amide solvation that results from addition ef 15
increasing the activation energy for the interconversion and 20 mol % TFE is of sufficient magnitude to explain both the
retarding the interconversion rate. From their study of pure increase in stability of the te state of monoamide derivatives of
solvents, Raines et 8lhave argued that the observed changes Ac-Hel; and the increase iy, shown in Figure 3. The
in carbonyl stretching frequency and rate constants for cis  thermodynamic effect of Conio et &and Wemmer et &€ has
trans isomerization that accompany a change in solvent from been assessed quantitatively, and its magnitude is consistent with
protic to aprotic largely reflect the loss of stabilizing hydrogen the helicity induced by TFE.
bonds to the planar amide conformers. This eXplanation is in The questions posed in the introduction to this paper can now
accord with the analysis of amide solvation in protic solvents pe addressed. (1) In there range of 0.6-0.15 in water, TFE
given by Symons et &t increases helicity by selectively raising the energy of solvent-
Placed in this context, our observations on binary Fiter exposed amide functions of the coil state. (2) We find no
mixtures in the 8-20 mol % range can be interpreted to imply  evidence for energetically significant stabilization of the helical
a significant TFE-induced decrease in the strength or abundancestate by TFE in thisytee range. (3) The overall helix
of hydrogen bonds between peptide amides and water, resultingstabilization can be approximated as a sum of effects at each
in a selective destabilization of solvent-exposed planar amide amino acid residue, and in thare range of 0.6-0.15, TFE
conformers. Our observations can also be given a more generatesults in a ca. 50% increase in the valuesgf. (Thesvalues
interpretation, without reference to hydrogen bonding. We have for amide functions within the highly hydrophobic environment
shown that TFE in water causes a significant increase both in of Ac-Hel; appear to be more susceptible to change by TFE.)
the amide &0 stretching frequency and in the rate of s-cis/ From preliminary data, TFE-induced energy changes in the
s-trans amide interconversion. By these experimental criteria, amide backbone appear to dominate side chain effects. For
addition of TFE to water modifies the solvation environment conjugates Ac-HelGly,-OH, n = 1—6, and Ac-Hej-Alaz-Xxx-
to make it less polar, and TFE therefore must significantly impair Alas-OH where Xxx= Gly and Leu, TFE at fixed concentration
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increases the respectiwevalues of Ala, Gly, and Leu by a The most important consequences of our findings are not tied
similar multiplicative factor, implying that the free energy of to mechanistic details. Structure induction by TFE that operates
helix propagation per residue is increased by an additive constantby destabilization of solvent-exposed amides is predicted to shift
that is largely dependent on the TFE concentration and not onan equilibrium to favor any compact structure that shields amide
the nature of the amino acid side ch&inThis preliminary result hydrogen bonding sites from contact with solvent. Moreover,
suggests that the helix-inducing effects of TFE may be calculable other factors being equal, the degree of stabilization is predicted
from a very simple model. (4) Kallenbach and Nelson have to be proportional to the number of solvent-exposed amide sites
previously presented evidence that electrostatic interactions arethat are shielded. This feature of our stabilization model implies
affected only slightly by TFE. Our results with monoamide  that, for helix formation, TFE should exert most of its influence
derivatives suggest that hydrophobic effects do not assume aon helical propagation and should only marginally influence
primary role in the TFE mechanism, and it is therefore likely helical initiation (which involves conformational restriction at
that TFE at low concentrations acts primarily to destabilize the the ¢ andy angles of three contiguous amino acid residues,
interactions between water molecules and backbone or side chairfogether with formation of only one intramolecular hydrogen
amide functions of polypeptides. bond).

Our experiments have been confined to the binary water ~ This hypothesis of proportionality also suggests a criterion
TFE mixtures for which the largest differential charges in for estimating the relative stabilization induced by TFE in
helicity are observed. Mechanisms of the helix stabilization different types of polypeptide secondary structures. Recently,
effects at much higher TFE concentrations must allow for large /-hairpins and templated sheet structures derived from peptides
changes in dielectric constant, as well as hydrophobic and have been shown to be stabilized by TFE in waterThe
electrostatic interactions. We do not propose to address thesef3-hairpin is the simplest-structure; it results from antiparallel
but one point is noteworthy. Despite considerable scatter in Sheet formation between the two termini of a single polypeptide
data points, the TFE dependence lgf shown in Figure 6 that _bears a turn at ml_dsequgnce. Th|_s structure can shield a
suggests that gree of ca. 0.15 results in a maximum rate of ~maximum of 50% of its avalla_ble amide functl_ons throu_gh
interconversion and that higher TFE concentrations may result intramolecular hydrogen bonding. By comparison, amide-
in a rate retardation. Consistent with this finding, Raines et cappedi-helical peptides of length exhibit a shielding of 100-
al® have shown that, in the absence of water, TFE results in a(n — 2)/(n + 1), which converges to 100% for large An
cis—trans amide isomerization rate thaslewerthan that seen ~ @-helix of only five residues, capped with amide residues at its
in water alone. Moreover, as evidenced by shiftsdno, the termini, thus_ex.hlblts a solvent shielding c_)f SQ%, equwglent to
fluorinated alcohols in pure state appear to form stronger that of @3-hairpin of any length. By the criterion of maximum
hydrogen bonds to amides than water it§&f¢ The helix- solvent sh|eld|ng_of amides, heI_|ces are the most compact among
inducing properties of TFE in largely aqueous mixtures therefore rgular polypeptide conformations, and they are thus predicted
must be attributed to formation within th@re range of 0.5- to be most susceptible to TFE stabilization. Undoubtedly for

0.15 of a binary solvent complex with special short and medium- ]Eh's reason,fTFE |s|freque_ntlyhobserved lto md_ume Eell'_c't)l' In
range structure that is significantly less efficient at solvating ragments of natural proteins that are only partially helical or

hydrogen bond acceptors than either pure water or pure TFE_evsnllnc_)nheI;(iﬁl 'E thte Pat'vﬁ ptrotetln cqr}format.?ﬁrﬁ ITheth
The special structure of this complex is reflected in its high a-NeliX1s not the best of such structures, for a given 'ength, a
viscosity. Data on the effects of alcohols on the rate of 310 helix with a solvent shielding of 108(- 1)/(n + 1) exhibits
hydrolysis of picryl fluoride provide independent evidence the h!gherfractlo_n of_solvent shielding of a_rmde residues. Are
pertinent to this conclusiol’d TFE in this concentration range Tlt:E-lnSuced he"c.fst'r? fa?l&?t A COTXIE'ﬂ'Vgﬁer?L'&E
was found to retard the rate of hydrolysis significantly, a result Interactions permits th€ Structure ot Ac-mle- n .

that can be interpreted to reflect a TFE-induced decrease in the\’va(tjer mixtures to be assigned with confidence as predominantly
capacity of the solvent to stabilize incipient fluoride, an ion o,"and a similar assignment is likely for the helical C-terminus

I . of a myohemerythrin fragme#ft. In most cases, the lesser
whose stability is unusually dependent on hydrogen bonding. intrinsic stability of the 3o helix when derived from natural

Can one draw analogies with the solvation models of Symons gming acid residues probably outweighs the gain from a small
et al!*to clarify the aqueous solvation changes induced by TFE? jcrease in solvent shielding in convertingto 3.

These workers have characterized the solvation changes that
occur at the carbonyl oxygens of amide solutes in binary or
mixtures of water, but similar characterization of solvation
changes at amide NH functions has proved to be more
difficult.14¢ Symons et al. conclude that, in water and its binary
mixtures, solvated species with two hydrogen bonds to the amide
carbonyl oxygen predominate, and the NH groups of amides
are |r_1completely hydrogen b_onded to water. For dimethylac- presence of low concentrations of TFE.
etamide in methanelwater mixtures these workers note that, . . . L
. . In this study we have only examined amiemide interac-
in the ymeop range of 6-0.15, methanol causes a small shift . . . .

; tions, and many experimentally resolvable issues remain. Does
away from the doubly hydrogen bonded amide state to the state . Y

. TFE also shift equilibria to favor hydrogen bonds between
that bears only one hydrogen bond to the amide oxy€feA. ;
larger shift of this kind would explain the TFE-induced changes 271d€s and other hydrogen bond donors such as alcohols and
9 P . 985 ammonium ions? Does it favor weak or distorted armidmide

we have observed forc—o and for the rate of amide bond
rotation. As Symons et al. note, explanations for these ™ (32)(a) Balcerski, J. S.: Pysh, E. S.; Bonora, G. M.; TonioloJ.Gm
methanol-induced changes are obscure, and a clarification ofChem Soc 1976 98, 3470-3473. (b) Blanco, F. J.; Jimez, M. A.; Pineda,

iati i i i i ira A.; Rico, M.; Santoro, J.; Nieto, J. IBiochemistryl994 33, 6004-6014.
mechanlstlp under_standmg at this level of refinement will require (&) Blanchard D. E- Arico.Muendel C.. Bieganski. R.. Kemp, D. S.
new experimentation. Unpublished observations.

(33) Hamilton, W. C.Statistics in Physical Scienc&he Ronald Press
(31) Allen, T. J.; Kemp, D. S. Unpublished observations. Company: New York, 1964; pp 124132.

More generally, for a given polypeptide, a strong sequence
aggregation-derived bias toward a particular solvent-shielded
conformation is likely to outweigh the per-residue advantage
offered by a helical structure, even though the latter shields a
higher percentage of amide sites. This balance between
competing structures must explain the tendency of certain
sequences to assurfiestructure or to aggregate in water in the
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hydrogen bonds that are solvent exposed? A stability paradoxt/ccacd? wheret/ceacqis obtained from eq 1 using the constaAtand

also awaits clarification. The maximusivalue for a single
alanine residue in TFEwater mixtures is 1.5, which is sufficient

to offset the helix-breaking effect of a neighboring residue with
ansvalue in the range of 0-:60.7. If TFE enhances the helical
propensities of all amino acid residues by a constant multiplica-
tive factor, for most peptides the resulting large valuesf2

is calculated to override the low intrinsic helicities of local
regions, and the stabilities for long, continuous polypeptide
helices are predicted to be very large. Yet for particular
polypeptides TFE is recognized to be incapable of extending
helical structure beyond specific regiohsStrengthening by
TFE of certain stop signals is a likely explanation. Finally,

B obtained fromy of the above analysis. Errors B, obtained by
this iterative procedure were set at the limiting valuessafrequired
to increase the above error term by 15%; these are shown in Figure 3.

Data Analysis for Figure 4. To calculate average# values used
in Figure 4, the optimizeda, at fixed TFE concentration was used to
calculate $aa" — 1)/(saia — 1) values corresponding to each measured
t/c value for the series Ac-HelAla,-OH, n = 3—6. The constanA
was set equal to 0.79 as noted previoushnd the measuretit values
were combined with the aboveterms to obtain & value for each
Ala derivative, using eq 1. The average of th&ealues was used
with A = 0.79 and the experiments;, to calculate the curves shown
in Figure 4. The following values (with SD) were obtained: 16 mol
% TFE, 1.28 (0.07); 12 mol %, 0.855 (0.10); 10 mol %, 0.73 (0.08);

understanding of TFE-induced peptide aggregation phenomena mol %, 0.62 (0.06); 6 mol %, 0.48 (0.03); 4 mol %, 0.30 (0.06).

will require characterization of changes in the aqueous hydro-
phobic effect in the presence of TFE.

Summary

With Ac-Pro-NHMe, in the 6-15 mol % range in water, TFE
increases the rate of s-cis/s-trans equilibration at the tertiary
amide bond. At a fixed concentration in water, TFE shifts the
conformational equilibrium to favor solvent-shielded amide
conformations for a series of derivatives Ac-HBIHR. With
the series Ac-HelAla,-OH, n = 1—6, TFE also induces a
constant per-residue stabilizationahelices. The magnitudes
of these three effects are similar. As suggested by Conio et
al® and by Wemmer et afS TFE in the 6-15 mol % range in
water acts by diminishing stabilization of water-exposed amide
functions, shifting equilibria away from highly solvated coil

IH NMR Kinetic Analysis. Ac-L-Pro-NHMe was crystallized from
CHCl; and powdered, and ca. 10 mg was taken up in the NMR solvent
at 0 °C within the cooled NMR tube and transferred to the probe of
the Varian 500 MHz NMR spectrometer. A single pulse spectrum was
taken every minute for the first 20 min, then every 2 min thereafter.
The variable temperature control of the probe was calibrated using the
difference between the chemical shifts of the OH and CH resonances
of methanol. The progress of the isomerization was monitored by
following the integration ratios of the amidémethyl and Prax-CH
resonances. The equilibrium ratyo= ki/k of cis and trans amide
conformers was determined from integration ratios of the resonances
after 20 h. Digitized data from NMR integration were used to plot
time vs INK/X-—X;), WhereX., and X; are [cis]/([cis] + [trans]) at
infinite time and timet, respectively. The slope of this plot yields.(

+ ko) = X; ke Is calculated from the relationshige = xy/(y + 1).

CD Kinetic Analysis. With the exception that 2 mg samples of
Ac-L-Pro-NHMe were used to prepare a solution &C8hat was diluted

states tOWﬁI’d CompaCt states that COnta'n |nterna”y hydrogento 3 mM for Spectroscopy’]ia 1 mrnquar[z Ce”’ Samples were prepared

bonded or solvent-sequestered amides.

Experimental Section

Reagents were purchased or purified as described previously,
all Ac-Hel, derivatives were prepared, purified, characterized, and
analyzed byH NMR spectroscopy at 500 MHz as reported previotly.
Ac-L-Pro-NHMe was prepared and purified as reported by Madison
and Kopple?® Although agreement betweéft values averaged over
several spectroscopic regions gives a higher preci§iame estimate
the accuracy of thé/c data at+5% of the value of the data point.

Least Squares Analyses of/c Data Blocks from Ac-Hel;-Ala,-

OH. To obtain constanté andB from a least squares fitto eq 1,
programs of Mathematica 2.0 were employed to solve the matrix
equationz = inverse[(transposg])((inversem])x)]-[(transposef])-
((inversem))y), wherey is defined as th&/c data vector fon = 1-6,
including then = 0 data point oft/c = 0.79;x = {{1.G} {1,1} {1,(&

- Dis— 1}{1,6 - 1D/s— 1{LE — DIs— 1)} {1, - Vs

- 1} {1, — 1I(s — 1)}}, z = {AB}, andm is the variance
covariance matrix, which in this study can only be approximated to
within a scale factor. Since thé ratios are unlikely to be correlated,
within m all covariances (off-diagonal terms) were set equal to 0. The
variances that appear along the diagonahafere taken as proportional

to thet/c ratio itself. Negligible changes in modeling outcome were
noted when the diagonal terms were replacedthn)®f.

Values ofsaa reported in Figure 3 were obtained by repetition of
the above analysis with systematic variatiors td obtain the minimum
value of the sum of squares of errors in the residugi&/Cexpn —

as described above. CD analysis was carried out in a thermostated
cell block of an Aviv Model 62DS CD spectrometer, and data were
analyzed as described above. Errors in rate constants were roughly

angl0%:

Infrared Spectroscopy in TFE—Water Solutions. A Perkin-Elmer
FT infrared spectrometer Model 1600, equipped with a horizontal trough
attenuated total reflectance zinc selenide cell (HATR, SpectroTech),
was used. TFE, Aldrich spectroscopic gradet98 was used without
further purification; Ala-Gly was purchased from Fluka AG and used
without further purification. A stock solution of Ala-Gly in water (380
uL of 0.53 M) was diluted with an appropriate amount of TFE and
water. A solvent blank and the Ala-Gly solution were scanned using
the HATR cell to yield subtracted spectra. The wavenumbers of the
carbonyl peaks were determined at 12 differgnt in the range of
0—0.3. Identical experiments were carried out, replacing Ala-Gly with
dimethylacetamide. Ten to twelve data points were taken, and carbonyl
frequencies were reproducible withirl.5 cnt®. A plot of vc—o Vs
xtee Showed a large positive slope in the regionyefe from 0.0 to
0.08 and significantly decreased positive slope above 0.09.
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