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Abstract: Alanine residues in two model peptides, the pentapeptide AcGGAGGNH2 and the 11mer
AcO2A7O2NH2, have been reported to have substantial PII conformation in water. The PII structure in both
peptides is sensitive to solvent. In the presence of the organic solvent TFE, the conformation of the pentamer
changes from PII to internally H-bonded γ or â turns, while the chain with seven alanines forms R helix.
The PII structure in the 11mer is more stable than that in the shorter peptide as the TFE concentration
increases. For the pentamer, a comparison of short-chain aliphatic alcohols to water shows that the PII
content decreases in the order water > methanol > ethanol > 2-propanol, linearly according to empirical
scales of solvent polarity. Thus, depending on the extent of local solvation as folding progresses, the peptide
backbone as modeled by alanine oligomers shifts from PII to internally H-bonded (γ or â turn) conformations
and to R helix in longer segments. On the other hand, the PII content of AcO2A7O2NH2 increases significantly
in the presence of guanidine, as does that of oligoproline peptides, while detergent sodium dodecyl sulfate
(SDS) favors R helix in this peptide. The shorter peptide does not show a parallel increase in PII with
guanidine.

Introduction

The possibility that a large class of proteins lacks stable folded
structure upon extraction from the cellular milieu has focused
increased attention on the nature of the conformation(s) in these
molecules.1 A complete understanding of the folding pathway
of a protein requires precise definition of the unfolded state from
which the reaction proceeds. Early work by Tanford’s group
led to a general acceptance of the view that unfolded proteins
conform to polymeric random coils.2 Recent SAXS data confirm
that the chain dimensions of unfolded proteins scale with a
power law of 0.6 consistent with coils.3 The idea that unfolded
proteins conform to random or statistical coils continues to
influence theory and experiments on folding, which posit that
the unfolded chain has a very large conformational entropy that
is overcome by accumulation of enthalpic interactions as the
reaction proceeds and the native state forms.4 This picture leads
to images of folding “funnels” that depict a progressive loss in
entropy as the narrowing diameter of the funnel, while enthalpic
interactions build up as the diameter shrinks. Folding emerges

in this view as an intrinsically diffusive and heterogeneous
process, with a potentially large range of rates depending on
how the funnel is traversed. Recent critiques have pointed out
problems with this scenario.5-8 For one thing, folding rates tend
to be simple exponentials, indicating the presence of a defined
barrier. Moreover, while the overall chain dimensions of
unfolded proteins are consistent with an ensemble of residues
in a random coil, this proves to be a weak criterion for excluding
models in which unfolded states have ordered structure.9

Experimentally at a finer level there are indications that
significant local structure is present. Not allR helix orâ structure
is lost on thermal unfolding.10,11 Mounting spectroscopic
evidence indicates that unfolded proteins contain substantial
amounts of PII (poly-proline II) conformation.12 Surveys of the
conformation in unstructured regions of native proteins so-called
coil libraries provide independent evidence for a significant level
of PII structure in seemingly disordered subdomains.13,14 An
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interesting issue then is how changes in solvation that ac-
company the formation of core structures in folding affect PII
structure. Native proteins have nonpolar cores that exclude
water, while unfolded proteins are hydrated. We address this
issue here by examining the solvent-dependent conformation
of short model peptides that do not acquireR helix or â strand
structure under native folding conditions.

As minimal models for the unperturbed peptide backbone,
alanine-containing peptides have contributed a great deal to our
understanding of secondary structure formation.15-18 Provided
that they can be prevented from intermolecular association, Ala-
rich peptides of sufficient length (ca. 15-20 residues) formR
helical structure at low temperature in water.19,20 Short chains
of alanine in aqueous solution contain a significant PII popula-
tion, defined as an extended conformation with dihedral angles
φ ) -75° andψ ) 150°. Experimental evidence comes from
vibrational and NMR spectroscopic studies of blocked alanine
monomers, alanyl di- and tripeptides.21-27 In water, longer
peptides including the pentamer, AcGGAGGNH2,28 abbreviated
here as G2AG2, in which a single alanine side chain is flanked
by pairs of glycines, and an 11-mer with seven alaninesis flanked
by pairs of basic side chains, AcO2A7O2NH2, abbreviated here
as O2A7O2, have NMR and CD properties corresponding to PII
structure as well.29 Surveys of the occurrence of PII conforma-
tion in the crystal structures of native proteins have emphasized
the degree of apparent hydration surrounding residues that are
in PII.30-33 Analysis of alanine di- or tripeptides indicates that
hydration plays a key role in maintaining PII. The conformation
of the blocked alanine dipeptide is found to be sensitive to
nonaqueous solvents.21 Changing the solvent of trialanine to
dimethyl sulfoxide also alters its conformation dramatically.26

Extensive theoretical studies on alanine oligomers point to a
role for hydration in stabilizing the backbone in PII relative to
competingR or â structure.34-37

The role of solvation in defining the conformational manifold
in G2AG2 as well as the longer soluble alanine-rich peptide
O2A7O2 is described. We show that polar solvents, including
acetonitrile, aliphatic alcohols, as well as the fluorine-substituted
alcohol trifluoroethanol (TFE), alter the CD spectra of G2AG2.
The CD spectra of G2AG2 in a series of simple alcohols correlate
well with two empirical scales of solvent polarity, and less well
with dielectric constant or any other physical property of the
alcohols. This suggests a role for water itself rather than any
bulk property of the solvents. In particular, TFE induces a
conformation that we can assign by an NMR analysis as
predominantlyγ or â turn in G2AG2 andR helix in the case of
the longer peptide O2A7O2. The classical denaturing solvent
GuHCl promotes PII, on the other hand. These results confirm
the essential role of hydration in stabilizing PII conformation
in water: depending on the solvent used, short model alanine
peptides can adopt internally H-bonded turn structures, while
longer chains shift toR helix.

Methods

Peptides and CD Spectroscopy.Fmoc-protectedL-amino acids were
purchased from NovaBiochem Corp. The O2A7O2 and G2AG2 peptides
were synthesized using a PS3 automated solid-phase peptide synthesizer
(Protein Technologies, Inc.) and were purified by reversed-phase HPLC.
The identities of the peptides were confirmed by MALDI mass
spectrometry. CD spectra were recorded using an AVIV 202 CD
spectrometer. Measurements were carried out at 1.0 nm resolution and
a scan rate of 50 nm min-1, averaging data from 10 scans. The
instrument was calibrated with a standard made from an aqueous
solution of (+)-10-camphorsulfonic acid (Aldrich, Lot KA-81867).
Peptide solutions were 0.1-1.0 × 10-3 M, made up in spectral grade
solvents. Quartz cells with path lengths of 0.1 or 1.0 cm were used for
CD measurements, and spectra were recorded at room temperature, 20
°C, at wavelengths from 185 to 260 nm. The results are expressed in
terms of molar residue CD.

NMR Spectroscopy.NMR spectra were acquired on a Varian Unity
500 spectrometer. The proton carrier was set at the frequency of the
hydroxyl proton of TFE-d2 (Cambridge Isotope Laboratory). Solvent
signals were suppressed in all experiments using a modified WATER-
GATE pulse sequence.38 Proton chemical shifts were referenced to the
methyl protons of the N-terminal acetyl group of G2AG2 at 2.05 ppm.
Experimental temperatures were set to 5°C without calibration. Proton
assignments were made by the combined analysis of TOCSY and
ROESY spectra.39,40 The Ala3 3JRN coupling constant was measured
directly from the splitting of the Ala3 amide proton in 1D spectra by
recording 64 k real data points. 2D ROESY data were recorded with
64 scans averaged for 2048 points collected in theT2 dimension and
512 increments inT1 with a spectral width of 5400 Hz in both
dimensions. The ROESY mixing time was optimized at 100 ms for
minimal spin diffusion effects. 2D NMR data were processed using
the NmrPipe software41 and were analyzed using Sparky for ROE
volume integration.42

Structural Analysis. The 3JRN coupling constant is related to the
peptide backbone dihedral angleφ by a Karplus equation (eq 1).43
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The most recent parameters for this equation have valuesA ) 7.90,B
) -1.05, andC ) 0.65.44

The rotating frame NOE, the ROE, is the dipolar relaxation effect
in the transverse plane monitored while a spin lock is applied.40 The
ROE intensity between a pair of protons is proportional to the inverse
sixth power of the interpair distance, as is the NOE (eq 2).

The coefficientA for the ROE volume is a function of molecular
correlation time and should be constant provided that the solute protons
share a uniform relaxation rate and solvent exchange rate without
considering the spin lock offset effect,45 which applies to a small
molecule such as G2AG2. Protons in the peptide G2AG2 fall into two
groups. Nonexchanging protons attached toR andâ carbons scale with
the peptide concentration. The ROE coefficient of carbon protons is
denoted byAcc. On the other hand, amide protons are exchangeable
with the solvent TFE hydroxyl proton or water, and thus less represented
in the population. The ROEs between amide protons can be described
by a single coefficientAnn if amide proton exchange rates are assumed
to be the same for each of the five residues. The C-terminal amide
protons are excluded because of their chemical self-exchange and higher
solvent exchanging rate, which make the observed ROE volumes
unreliable. The ROE coefficientAcnbetween carbon proton and amide
proton is then given by eq 346

Prediction of CD Spectra.Calculation of the CD spectrum requires
generation of the rotational strengths for the electronic transitions of
the amide groups in the peptide. We consider three transitions in each
amide: the nπ* transition at 220 nm, the firstππ* transition (NV1) at
190 nm, and the secondππ* transition (NV2) at 139 nm. The calculation
of 3N rotational strengths (N is the number of amide groups) proceeds
in two steps. First, we use the matrix method introduced by Bayley et
al. to calculate the mixing of the 3N transitions among themselves.47

Such calculations have been performed for many peptides and proteins
and have been reviewed recently.48,49The parameters used in the present
calculation are those used by Woody and Sreerama,50 except for the
direction of the NV1 transition dipole moment, which was taken to be
at -40° relative to the carbonyl bond direction, where the negative
sign indicates rotation away from the CN bond direction. This differs
from the direction used for proteins and for theR helix (-55°),50,51

based upon the results of Clark for a secondary amide.52 However, it
is close to the experimental value for primary amides and that obtained
in ab initio calculations for secondary amides.52-55 The less negative
value was used for two reasons. (1) Calculations on the poly (Pro) II
conformation give poor agreement with experiment ifθNV1 ) -55° is
used, but good agreement for-40°. (2) Calculations for the type IIâ
turn give a positive nπ* rotational strength forθNV1 ) -55°, in contrast

to the negative nπ* rotational strength obtained withθNV1 ) -40°,
the latter of which agrees with experiment.56 It appears thatθNV1 )
-55° is most suitable for theR-helix and â-sheets, with strong
interamide hydrogen bonds, butθ ) -40° is preferable for the more
open conformations of PPII and turns. Qualitatively, the choice ofθNV1

has little effect on the predicted CD for theγ andâ turn conformations,
other than type II turns.

The matrix method generates the transition energies as the eigen-
values of the perturbation matrix and the excited-state wave functions
as the eigenvectors. The wave function for excited-stateK (K ) 1, ...,
3N) is:

Here,ψia is the wave function for the peptide in which groupi is in
excited statea, and all other groups are in their ground state. The
coefficientCiaK is the element of theKth eigenvector corresponding to
ψia, and its square specifies the extent to whichψia contributes to the
eigenvector. The rotational strength of the transition to excited-stateK
is:47

whereµ0K andmK0 are, respectively, the electric and magnetic dipole
transition moments for the transition from the ground state to excited-
stateK of the peptide;µi0a is the electric dipole transition moment for
the locally excited statea in group i; mjb0 is the magnetic dipole
transition moment for the locally excited stateb in groupj, relative to
the local origin in groupj; Rj is the vector from the origin of the overall
peptide coordinate system to the local origin of groupj; λK is the
wavelength of the transition to excited-stateK. The summations are
over all N groups and all three locally excited states.

In the second stage of the calculations, the excited states described
in eq 4 are perturbed by mixing with high-energy transitions in the
peptide backbone and in the side chains. Tinoco showed that the mixing
of discrete transitions with the ensemble of high-energy transitions can
be calculated, given polarizability tensors for bonds or other groupings.57

Such mixing was considered in earlier calculations on theR-helix and
â-sheet,58,59 but subsequent studies have generally neglected these
contributions because of the uncertainties in the empirically derived
polarizability tensors. Recently, it has proven possible to derive reliable
polarizability tensors by ab initio methods. Using localized ab initio
molecular orbitals, Garmer and Stevens obtained polarizability tensors
for individual bonds and lone pairs that are ideally suited to calcula-
tion of the contribution of high-energy transitions to rotational
strengths.60

Using the polarizability approximation, the contribution of the high-
energy transitions to the rotational strength of the transition 0f K is:

wheref(λK) ) πλK/(λK
2 - λ0

2) andλ0 is the average wavelength of the
high-energy transitions, taken to be 100 nm;qjbt is a point charge located
at the positionRjbt such that∑tqjbtRjbt ) µj0b, that is, in a monopole or
distributed dipole representation of the electric dipole transition moment
µj0b; Rjbt,l ) Rl - Rjbt is the vector from monopolet of transition
0 f b on groupj to polarizable groupl, and|Rjbt,l| is the length of this
vector;Rl is the polarizability tensor of groupl; andRil ) Rl - Ri is
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the vector from groupi to polarizable groupl. Further details of the
method, the polarizability parameters, and the application to peptides
in the PII conformation will be described in a subsequent publication.61

CD spectra are calculated from the theoretical wavelengthsλK and
the rotational strengthsRK, including both types of contributions,
assuming Gaussian band shapes:

The parameter∆Κ is the bandwidth for the transition 0f K, calculated
as the weighted average of the bandwidths for the monomer transitions,
∆ia:

These bandwidths were taken to be 10.5, 11.3, and 7.2 nm, respectively,
for the nπ*, NV 1, and NV2 transitions.50

The turn conformations studied were generated by the matrix
methods of Ooi et al. and McGuire et al.,62,63 using a standard peptide
geometry, standard C-C and C-H bond lengths, and tetrahedral bond
angles at theR-carbon. The conformation at the CR of Ala in the γ
turn conformation was assumed to be (φ,ψ) ) (-78°, +65°), in the
center of the range for the inverseγ turn.64 The conformations of the
â turns were based on the study of Venkatachalam,65 who reported 15
conformations of three linked peptide groups that are sterically allowed
and have a 4f 1 hydrogen bond, with (φ,ψ) restricted to 30° intervals.
Venkatachalam’s conformation 14 corresponds to a canonical type II
turn. Calculations were also performed for (1) conformations with (φ,ψ)
closer to the (φ,ψ) values for γ turn, that is, Venkatachalam’s
conformations 8 and 10, in which the first CR of the turn has (φ,ψ) )
(-60,+90°) versus (-60,+120°) for the type II turn; and (2) modified
conformations 8 and 10 in which Venkatachalam’s conformation at

the first CR was converted to (-78°, +65°), retaining the original
conformations at the second CR.

The PII conformation used was (φ,ψ) ) (-60°, 170°). This
conformation differs somewhat from the canonical PII (-77°, 146°),
but is in the PII region of the Ramachandran map. Earlier studies66,67

have shown that the canonical PII conformation is predicted to have a
strong positive couplet in the NV1 region but that a less negativeφ
and more positiveψ yields a smaller positive couplet or even a negative
couplet. Only under these circumstances is it possible to reproduce the
strong negative NV1 band observed for the PII conformation, even when
high-energy transitions are included.68 Forγ turn, the two peptide groups
flanking the CR of Ala were included in the calculation as well as the
CR and its alkyl substituents. The CD calculated for this diamide was
divided by five to calculate the ellipticity of the G2AG2 pentapeptide
in the γ turn conformation per residue. Theâ turn calculations
considered three peptide groups and the alkyl groups of the two CR
atoms linking them. The molar ellipticity of this triamide was then
divided by five to calculate the residue ellipticity of the pentapeptide.

Results

Unlike charged models, the peptide G2AG2 is soluble in a
number of organic solvents that are sufficiently transparent to
UV to allow CD measurements. Figure 1 compares far UV CD
spectra of G2AG2 in water and a series of simple alcohols, from
methanol to 2-propanol. We examined the correlation between
CD signal amplitude and different physical parameters of the
non-fluorine substituted alcohols, such as viscosity, dielectric
constant, dipole moment, and solvent polarity. Changes in the
spectral amplitude vary linearly with changes in the polarity of
the solvent as expressed by empirical scales such asΕT

N and
P′. ΕT

N is based on the solvatochromic response of a standard
dye, while P′ is derived from the partition coefficients of
standard substances between the vapor phase and different
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Figure 1. Far UV CD spectra of AcGGAGGNH2 recorded in water and some neat alcohols. Measurements were carried out as described in the Methods
section, at room temperature.

[θ](λ) ) 7516∑K(RKλK/∆Κ) exp[-(λ - λK)2/∆Κ
2] (7)

∆K ) ∑i∑aCiak
2∆ia (8)
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Figure 2. Correlations between CD signal (absolute value of the minimum CD signal of the peaks) of AcGGAGGNH2 and measures of solvent polarity.
Subscripts, 1-4, denote 2-propanol, ethanol, methanol, and water, respectively. The black line shows a linear fit to theΕT

N scale, and the blue one corresponds
to theP′ scale. The correlation coefficients are 0.90 (ΕT

N) and 0.88 (P′). Both TFE and MeCN deviate strongly from the linear correlations for aliphatic
alcohols.

Figure 3. CD spectra of AcGGAGGNH2 in different solvent systems: (a) TFE; (b) TFE titration, the inset spectrum is obtained by subtracting the spectrum
of G2AG2 at 20% TFE from that at 80%; (c) 10% SDS (w/v); (d) MeCN. A spectrum of AcGGAGGNH2 in water is shown in each panel for comparison.
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solvents.69,70 Correlations are shown in Figure 2, and the
correlation coefficients are 0.90 (ΕT

N) and 0.88 (P′), respec-
tively. The correlation with the empirical solvation scales is
much better than that with the dielectric constant or any single
physical property of the solvents. We believe this is important:
the interactions responsible for PII stabilization reflect local
solvation rather than bulk solvent properties.

Figure 3 illustrates the effects of several different solvents
on the CD spectrum of G2AG2. Panel A shows the effect of the
fluorinated alcohol TFE. A TFE titration experiment on G2AG2

is shown in panel B. The inset in panel B is obtained by
subtracting the spectrum of G2AG2 at 20% TFE from that at
80%. Panel C shows the effect of 10% SDS (w/v) on the CD
spectrum of G2AG2, while the effect of neat acetonitrile is shown
in panel D. In contrast to the behavior of the aliphatic alcohols,
the effects of TFE and acetonitrile do not correlate with either
the ΕT

N or P′ scale. The anomalous solvent properties of TFE
have been attributed to the formation of clusters.71

The predicted spectrum of the PII conformation has the
expected features of a weak positive nπ* band near 220 nm
and a strong negative band at shorter wavelengths. The negative
band is blue-shifted about 10 nm relative to the observed band
for PII peptides, between 195 and 200 nm. However, this
calculated spectrum reproduces the main CD features of the
PII conformation far better than previous results using the matrix
method.66,67,72The calculated CD spectra for theγ turn and type
II â turn conformations in Figure 4 show a significant negative
nπ* band near 220 nm, with theγ turn conformation more than

twice as intense as the type IIâ turn. The strong negative nπ*
band is a characteristic of theγ turn conformation, persisting
in the calculated spectra of theâ turns with aγ turn or aγ
turn-like conformation at the first CR (data not shown). The
predicted amplitude for theγ turn ([θ]220 ≈ -9500 deg cm2

dmol-1), when multiplied by five to convert to the CD perγ
turn residue, is in good agreement with the experimental data
of Madison and Kopple.21 They reported nπ* ellipticities of
-50 000 for AcProNHMe and 20 000 for AcAlaNHMe in
CHCl3, for which NMR indicated a significantγ turn population.
In theππ* region, theγ turn shows a negative shoulder at 205
nm and a positive band near 185 nm. The type IIâ turn has
positive bands near 198 and 178 nm.

The CD spectrum of G2AG2 in water is consistent with a PII
conformation at the Ala residue. The ellipticity per residue of
∼ -5000 deg cm2 dmol-1 is compatible with a single residue
in the PII conformation and suggests that the PII conformation
at the Ala does not propagate into the GG sequences on either
side. The spectra in methanol and acetonitrile are comparable
in magnitude to that in water, with a red shift of∼5 nm. The
CD spectra of G2AG2 in higher alcohols (ethanol and 2-pro-
panol) have a markedly lower amplitude for the negative band
near 200 nm. The very weak CD in these alcohols suggests the
presence of addtional conformers, in contrast to the situation
in water, MeOH, or MeCN.

In TFE, the CD spectrum of G2AG2 has a negative band of
intermediate amplitude near 200 nm and a distinct negative band
near 225 nm. Madison and Kopple reported that AcAlaNHMe
has [θ]200 ≈ -20 000 deg cm2 dmol-1.21 There is strong
evidence that this blocked Ala derivative has a conformation
that is predominantly PII, so if the two peptide units flanking
the CR of Ala in G2AG2 were in the PII conformation with the

(69) Reichardt, C.Chem. ReV. 1994, 94, 2319-2358.
(70) Snyder, L. R.J. Chromatogr. Sci. 1978, 16, 223-34.
(71) Hong, D.; Hoshino, M.; Kuboi, R.; Goto, Y.J. Am. Chem. Soc.1999, 121,

8427-8433.
(72) Manning, M. C.; Woody, R. W.Biopolymers1991, 31, 569-586.

Figure 4. Calculated CD spectra of AcGGAGGNH2 in γ andâ turn conformations. PII (φ,ψ) ) (-60°, +170°), γ turn canonical (φ,ψ) ) (-78°, +65°),
type I â turn canonical (φ,ψ) ) (-60°, -30°), and type IIâ turn canonical (φ,ψ) used in this paper are from Venkatachalam’s conformations 8 and 10, in
which the first CR of the turn has (φ,ψ) ) (-60°, +90°) versus (-60°, +120°).
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remaining peptide groups making negligible contributions, the
200 nm residue ellipticity of G2AG2 would be predicted to be
-20 000/5) -4000 deg cm2 dmol-1. Thus, retention of the
negative 200-nm band indicates the presence of the PII
conformation, but its lower amplitude implies that other
conformers are present. The most likely candidates areγ turn,
predicted to have a weak negative CD band near 200 nm, and
â turns of types I and II, which both have strong positive CD
bands near 200 nm. These three conformations also have
negative CD near 225 nm. Of these conformers, theγ turn
conformation is compatible with the ROESY intensities, while
the type I and type IIâ turns each have short interproton

distances that are inconsistent with the distances inferred from
the ROESY intensities. Still, the quantitative CD intensities are
difficult to reconcile with a two-component mixture. The weak
ππ* CD of the γ turn and the approximately 2-fold decrease in
intensity of the 200-nm band in TFE relative to water suggests
roughly equal amounts ofγ turn and PII in TFE. Such a mixture
should have a 225-nm ellipticity of∼ -5000 deg cm2 dmol-1,
considerably larger than the observed value (∼ -800 deg cm2

dmol-1). Thus, the conformational blend is likely to be more
complex; for example, TFE/water mixtures show distinct
deviations from an isoelliptic point (Figure 3b), implying at least
three spectroscopically significant conformers. The difference

Figure 5. Effect of different concentrations of GuHCl on the CD spectrum of O2A7O2 in the accessible range of wavelengths from 210 to 260 nm.

Figure 6. CD spectra of O2A7O2 in water (20 mM NaH2PO4 buffer, pH 7.0.), TFE and, 10% SDS (w/v) showing an isodichroic point at 203 nm.
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spectrum obtained by subtracting the spectrum of G2AG2 at 20%
TFE from that at 80% indeed shows that conformers other than
PII are favorable in high TFE concentration (inset, Figure 3b).

Denaturing cosolvents such as GuHCl have been reported to
favor PII in proline-containing peptides, on the other hand.73

Figure 5 shows the effect of different concentrations of GuHCl
on the CD spectrum of O2A7O2. As in Pro-rich peptide models,
the CD spectrum shows increasing PII content as the GuHCl
concentration increases. We could not detect a comparable effect
in G2AG2, and this sensitivity might reflect ionic effects on the
flanking bases as well. Agents such as SDS that normally favor
helix formation stabilizeR-helix in O2A7O2, shown in Figure
6, but show a much smaller effect on G2AG2, as shown in Figure
3c.

Structure Calculations of G2AG2 in TFE. A total of 15
ROESY peaks were identified in the1H spectrum of G2AG2.
The conformation of the residues Ala3, Gly4, and Gly5 is most
restricted because 12 ROEs are observed for the last three
residues of the peptide. The ROEs colored red in the spectrum
shown in Figure 7 were used to carry out a structural analysis
of Ala3.

We employed a pseudo-atom to represent the methyl protons.
The original ROE volumes were divided by 3 in the case of
methyl protons. Coordinates for the peptide G2AG2 were built
using the Biopolymer module of Insight II. The ROE distances
were calibrated using two fixed references. One is the distance
between theR protons of the N-terminal acetyl group and the
amide proton of Gly1. The second is the distance betweenR
andâ protons of Ala3. The ROE coefficientsAcnandAccwere
calculated from these two distances asAcn ) -1.31× 10+10,
Acc ) -8.63 × 10+09, so thatAnn ) Acn2/Acc ) -1.99 ×
10+10.

These three coefficients were used to calculate the distances
in Table 1.(73) Tiffany, M. L.; Krimm, S.Biopolymers 1973, 12, 575-587.

Figure 7. 2D ROESY (100 ms) spectrum of AcGGAGGNH2 dissolved in TFE. Protons used in the conformational analysis of the Ala3 structure are
assigned as Acetyl Hâ (2.06 ppm), Gly1 HN (7.54 ppm), Ala3 HR (4.30 ppm), Ala3 Hâ (1.43 ppm), Ala3 HN (7.57 ppm), and Gly4 HN (7.84 ppm). The
ROE cross-peaks colored in red are the ones integrated to derive distances.

Table 1. ROE Distances Used for the Structure Calculation of
AcGGAGGNH2 in TFE

assignment
ROE

volume
calculation

volume
fixed

distance (Å)
calculated
distance (Å)

AceHb-Gly1HN -5.84× 107 -1.95× 107 2.96
Ala3Hb-Ala3Ha -9.64× 107 -3.21× 107 2.54
Ala3Ha-Ala3HN -2.01× 107 -2.01× 107 2.94
Ala3Ha-Gly4HN -8.21× 107 -8.21× 107 2.33
Ala3Hb-Ala3HN -9.47× 107 -3.16× 107 2.73
Ala3Hb-Gly4HN -5.63× 106 -1.88× 106 4.37
Ala3HN-Gly4HN -5.54× 106 -5.54× 106 3.91
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The dihedral anglesφ andψ of Ala3 were varied independ-
ently at 5° intervals. The ROE distances in Table 1 were
calculated for each of 5184 (72× 72) conformations. The set
of root-mean-square distance error (rmsde) contours was then
overlaid on a Ramachandran plot, as shown in Figure 8.

ROE volumes were estimated from Gaussian integration using
SPARKY. All integrations show an error below 10%, which
corresponds to a maximum ROE distance error of 0.14 Å
(calculation not shown). The most probable structure defined
by this plot corresponds to the “valley” region in which the
conformations all have an rmsd value below 0.15 Å withφ )
-63° ( 40° andψ ) 72° ( 17°.41

The measured value of the3JRN coupling constant, 5.1( 1
Hz, restricts theφ angle to between-80° and-65°. This further
confines the Ala3 structure to the region designated by the red
cross in Figure 8, corresponding toφ ) -75° ( 10° andψ )
72° ( 15°. While our data are insufficient to define the structure
around the central Ala more precisely, the effect of these
constraints is to make the presence of substantialâ structure
highly unlikely. The structure adopted by Ala3 in TFE is most
consistent with aγ turn (φ ) -78°, ψ ) 65°). Assigning a
unique conformation to the ensemble of conformations in any
short peptide such as G2AG2 is risky. This conclusion is based
on use of experimental distances exclusively without any energy
minimization. The root-mean-square error of distances involved
in the calculation is only 0.15 Å, indicating that the ROE
volumes are accurate and therefore that theγ turn structural
assignment may be appropriate. An intramolecular hydrogen
bond between the carbonyl oxygen of Gly2 and the amide
hydrogen of Gly4 is also observed. This is missing in the

conformation of G2AG2 dissolved in H2O. On the other hand,
we reiterate that calculated CD spectra of the peptide appear to
be more consistent with a mixture of conformations rather than
any single dominant turn structure. It is conceivable that due to
the large difference in the time scales of their conformational
averaging the CD and NMR report different averages. The firm
conclusion is that internally H-bonded turn conformations
predominate in TFE, in contrast to the PII structure evident in
water.

Discussion

These results extend previous studies on di- and trialanine
peptides and similar models, which show that PII is an important
component of the structure in water and is highly sensitive to
effects of solvation.21 What we find that is new is that in a
neutral fragment with minimal steric constraints, modeled by
G2AG2, the PII structure adopted by Ala in water is destabilized
by solvents such as simple alcohols linearly according to
empirical scales of overall polarity rather than dielectric constant,
for example, or any other single solvent property. This is
consistent with the hypothesis that water molecules participate
in maintaining the PII conformation. In vacuo, many calculations
indicate that aγ turn is the state of lowest energy.74 In water,
PII is favored overâ, because of either favorable H-bonding
with water molecules or minimal perturbation of water-water
interactions.75,76

(74) Hu, H.; Elstner, M.; Hermans, J.Proteins: Struct., Funct., Genet.2003,
50, 451-463.

(75) Drozdov, A. N.; Grossfield, A.; Pappu, R. V.J. Am. Chem. Soc.2004,
126, 2574-2581.

Figure 8. 3D contour of root-mean-square distance errors versusφ andψ dihedral angles of Ala3 in AcGGAGGNH2. The reasonable conformation ensemble
is in a 0.15 Å well. The structure is further restricted into a red crosshatched region when theφ angle is restricted by the3JRN coupling constant.
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If dominated by one conformation, the structure of G2AG2

in neat TFE that we define is close toγ turn, as inferred from
the NMR constraint analysis. As expected in the longer O2A7O2

peptide with 7 adjacent alanines, the structure in TFE isR
helical, consistent with a wealth of evidence that TFE promotes
helical structure.71,77-80 This effect has been attributed to the
fact that TFE enhances internal H-bonds in native helical
structure, based on measuring the shift in pKa of an internally
H-bonded small molecule as reference.78,79 An alternative
interpretation has been presented, that TFE acts by disrupting
solvent structure(s) that stabilize unfolded conformations.80 Our
results here suggest that the two views may not in fact be
distinguishable: TFE destabilizes PII conformation and con-
comitantly populates internally H-bonded alternative structures,
γ turn in short chains andR helix in chains long enough to
nucleate this helix. Interestingly, the detergent SDS stabilizes
R-helical structure in O2A7O2, while it has little effect on G2AG2

at similar concentrations. This may be due to the affinity of
SDS for the positive charges in the former. Thus, the difference
in CD spectra seen in Figure 6 and Figure 3c may reflect the

association of the neutralized peptide rather than intrinsically
higher monomeric helicity. The classical protein denaturing
cosolvent GuHCl has no observable effect on the PII conforma-
tion of G2AG2, which is consistent with earlier NMR results
on G2XG2.81 The fact that the PII conformation in O2A7O2 can
be stabilized by addition of GuHCl indicates that conformations
other than PII can convert to PII. This is consistent with the
idea that the completely unfolded state of peptide in water is
PII at low temperature. The process of helix formation in water
has been investigated recently by simulations as well as in
experiments.36,82 Simulations using bulk solvent parameters as
well as explicit water molecules reveal PII structure in water.
In particular, Garcia detects specific hydration patterns corre-
sponding to PII structure.
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