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ABSTRACT: Models of protein folding often hypothesize that the first step is local secondary structure
formation. The assumption is that unfolded polypeptide chains possess an intrinsic propensity to form
these local secondary structures. On the basis of this idea, it is tempting to model the local conformational
properties of unfolded proteins using well-established residue secondary structure propensities, in particular,
a-helix forming propensities. We have used spectroscopic methods to investigate the conformational
behavior of a host—guest series of peptides designed to model unfolded a-helices. A suitable peptide
model for unfolded o-helices was determined from studies of the length dependence of the conformational
properties of alanine-based peptides. The chosen host peptide possessed a small, detectable, o-helix content.
Substituting various representative guest residues into the central position of the host peptide at times
changed the conformational behavior dramatically, and often in ways that could not be predicted from
known o-helix forming propensities. The data presented can be used to rationalize some of these
propensities. However, it is clear that secondary structure propensities cannot be used to predict the local

conformational properties of unfolded proteins.

Recent years have seen a vast increase in the level of
interest in unfolded protein conformational ensembles, and
in particular in the presence of local structure (/—18). This
has been driven in part by the recognition that understanding
protein folding will require knowledge of where this process
begins (/9). With this as the goal, a number of groups have
focused on unfolded proteins under folding conditions, rather
than in the presence of denaturants. The majority of these
studies have employed peptide systems that are considered
reasonable models for unfolded proteins under folding
conditions (/-10, 12—18). This work has generally, although
not always (20), led to the view that unfolded proteins can
indeed possess significant, transient local structure. This local
structure is not necessarily that adopted by the chain in the
final folded form of the protein. In addition, and as might
be expected, this local structure is sequence-dependent.

Given the possible presence of transient local structure, it
is tempting to employ established secondary structure
propensities to generate models for the local conformational
behavior of unfolded proteins. a-Helix forming propensities
are well-established (2/-26) and f3-sheet propensities less
well so (27-30). In this work, we explore the conformational
properties of a host—guest series of peptides designed to
mimic the unfolded ensembles of sequences with tendencies
to fold into a-helices. Following a study of the length
dependence of a-helix formation by alanine-based peptides,
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we have selected a host peptide that is too short to form a
stable o-helix but long enough to exhibit a-helical tenden-
cies. This host peptide has the sequence Ac-Lys,-Alas-Lys,-
Gly-Tyr-NH,. The high alanine and lysine content of this
peptide imparts a tendency toward a-helix formation (27).
The central alanine of our host peptide is designated the guest
site, into which we have substituted a number of representa-
tive residues to determine how the conformational ensemble
of the entire peptide is perturbed. Importantly, the guest
site is sufficiently far from the ends of the peptide that we
believe the behavior of each guest residue is not perturbed
by the termini.

We have found that the various guest residues can
drastically affect the conformational ensemble adopted by
this peptide system. Much of our data can be interpreted in
terms of admixtures of right-handed a-helical and left-handed
polyproline II (Py)' helical conformations adopted by
individual residues or short stretches of sequence, although
other conformations are clearly possible and likely present.
Furthermore, the a-helix content of the peptides, as judged
by circular dichroism (CD) spectroscopy, does not correlate
with the established a-helix forming propensities of the guest
residues (27). Our data therefore indicate that individual

! Abbreviations: CD, circular dichroism; HPLC, high-pressure liquid
chromatography; Py, polyproline II; peptide AS, Ac-Lys,-Alas-Lys»-
Gly-Tyr-NH,; peptide A7, Ac-Lys,-Ala;-Lys»-Gly-Tyr-NH,; peptide
A9, Ac-Lys,-Alag-Lys»-Gly-Tyr-NHy; peptide A11, Ac-Lys,-Ala;i-Lyso-
Gly-Tyr-NHz; peptide F, Ac-Lys,-Alas-Phe-Alas-Lys,-Gly-Tyr-NHz;
peptide G, Ac-Lys,-Alas-Gly-Alas-Lys»-Gly-Tyr-NH»; peptide I, Ac-
Lys,-Alas-Ile-Alas-Lys,-Gly-Tyr-NHy; peptide L, Ac-Lys,-Alas-Leu-
Alas-Lys»-Gly-Tyr-NH,; peptide N, Ac-Lys,-Alas-Asn-Alas-Lys,-Gly-
Tyr-NH,; peptide P, Ac-Lys,-Alas-Pro-Alas-Lys,-Gly-Tyr-NH,; peptide
Q, Ac-Lys;-Alas-Gln-Alas-Lys,-Gly-Tyr-NH,; peptide S, Ac-Lys,-Alas-
Ser-Alas-Lys,-Gly-Tyr-NH,; peptide V, Ac-Lys,-Alas-Val-Alas-Lys»-
Gly-Tyr-NHo.
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o-helix forming propensities cannot be used to describe
unfolded state ensembles. Given the sequence context
dependence of [3-sheet propensities (28), it seems highly
likely that these also cannot be used to describe unfolded
ensemble behavior.

MATERIALS AND METHODS

All peptides used in this work were obtained from the
W. M. Keck Foundation Biotechnology Resource Laboratory
at Yale University (New Haven, CT). They were purified to
95% homogeneity by reverse-phase HPLC, and their identi-
ties were confirmed using mass spectrometry. Stock solutions
were prepared by dissolving peptides in a buffer containing
5 mM potassium phosphate, 5 mM sodium fluoride, and
0.02% sodium azide, with the pH adjusted to 7. Peptide
concentrations were determined using the method of Brandts
and Kaplan (37). Absorbance was measured in a 1.0 cm path
length cuvette in a Beckman-Coulter DU 640B spectropho-
tometer.

Circular dichroism (CD) spectra were measured with a
Jasco J-810 spectrapolarimeter employing a 1 mm path length
quartz cuvette, with the temperature controlled by a Peltier
heating block. Solutions contained approximately 100 uM
peptide in 5 mM phosphate buffer (pH 7). Conditions for
measuring spectra were as previously described (/). Spectra
for each peptide were collected at least three times, with
errors in the ellipticities estimated to be 3%.

A series of peptides with the sequence Ac-Lys,-Ala,-Lys,-
Gly-Tyr-NH, (n = 5, 7, 9, and 11) were examined using
circular dichroism (CD) spectroscopy. These peptides were
named A5, A7, A9, and All, respectively. The lysine
residues in the peptides were included to maintain solubility.
The termini of all peptides were blocked to remove unwanted
electrostatic interactions, and the Gly-Tyr pair was included
to facilitate concentration determination (3/7). Data obtained
from these studies were used to determine a reasonable length
to be used as a model for unfolded a-helices.

Host—guest peptides studied in this work were based on
the sequence Ac-Lys,-Alas-Xaa-Alas-Lys,-Gly-Tyr-NH,, with
the identity of the guest residue Xaa being varied. The host
peptide (A7) has an alanine in the guest position. We
examined the guest residues asparagine, glutamine, glycine,
valine, isoleucine, leucine, phenylalanine, proline, and serine.
Each peptide, except the host, is named on the basis of the
one-letter code for the guest residue. For example, the peptide
with a leucine guest residue is called peptide L in the
host—guest studies.

CD data were analyzed using CDPro (32) which includes
the CDsstr (33), Contin/LL (34), and SELCON3 (35)
programs. Analyses were performed using the SP37A protein
reference set since this allows for analysis of a-helix,
p-strand, turn, Py helix, and unordered segment content.
o-Helix content was also estimated from the per residue
molar ellipticity measured at 222 nm, [6]y, using the
equation (36, 37)

_ (6150, — [OIx
R (2 Pl (Y
where f is the fractional o-helix content, [0]r is the ellipticity

at 222 nm for a disordered chain, and [0], is the ellipticity
at 222 nm for 100% o-helix content for a chain with n
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FIGURE 1: CD spectra for peptides A5, A7, A9, and All in 5 mM
phosphate buffer (pH 7) at 5 °C.

backbone amides. [0], is obtained from an equation derived
by Chen et al. (36):

(0], = [01.(1 — k/n) @)

where [0]. is the per residue molar ellipticity for a chain of
infinite length with maximal o-helix content and k is an
empirically determined factor interpreted to be the average
number of amides in the chain that cannot participate in
o-helix formation. There is general agreement for the [6].
value of —40000 deg dmol~! cm?, but the value of k remains
in dispute. Estimated values of k have ranged from 2.5 (217)
to 4.3 (38), and even up to 6.3 (39). In this work, we have
employed the commonly used value of 4 (37).

In addition, there is no consensus about the correct value
for [0]r in eq 1. For example, [0]r has been estimated to be
0 deg dmol™! cm? (36, 37), 640 deg dmol™! cm? (40), and
—3000 deg dmol™! cm? (38). The estimate 0 deg dmol™!
cm? (36, 37) was employed in our analyses.

RESULTS

Determination of Host Peptide Length. Peptides of the
sequence Ac-Lys,-Ala,-Lys,-Gly-Tyr-NH, (n =5, 7, 9, and
11) were examined to determine a reasonable length for a
host peptide. These peptides were named AS, A7, A9, and
Al1, respectively. Our criteria for the host peptide were that
it be too short to form a stable o-helix but be the minimum
length necessary to possess a detectable o-helical tendency.
We believe these criteria define a reasonable model for an
unfolded o-helix.

CD spectra of these peptides in 5 mM phosphate buffer
(pH 7) at 5 °C are shown in Figure 1. It is clear from these
spectra that there is a growing tendency toward o-helix
formation as the number of alanines in the peptides is
increased. The spectrum for peptide AS is suggestive of a
high Py helix content. The weak positive band at 218 nm
and strong negative band at 195 nm are diagnostic of this
conformation (2, 41). At the other end of the length scale
that was examined, peptide All possesses a CD spectrum
indicative of significant o-helix content (37).

The secondary structure contents of the peptides were
determined from the CD spectra at 5 °C using the programs
CDsstr (33), SELCON3 (35), and Contin/LL (34) in CDPro
(32). One should note that these programs attempt to fit
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Table 1: Estimated Secondary Structure Contents for Peptides AS, A7,

A9, and A1l Determined from the CD Spectra Collected at 5 °C
(Figure 1)“

o-helix f-strand turns Py unordered

peptide  program (%) (%) (%) (%) (%) nrmsd®
A5”  CDsstr 0 23 15 13 48 0.159
SELCON3 15 23 12 8 43 -
Contin/LL 10 18 12 15 55 0.034
A7"  CDsstr 4 21 14 13 48 0.099
SELCON3 12 19 13 10 44 -
Contin/LL 9 16 11 13 52 0.039
A9 CDsstr 40 16 9 10 25 0.238
SELCON3 32 8 13 8 36 0.280
Contin/LL 40 3 10 11 37 0.042
All  CDsstr 48 9 11 7 25 0.072
SELCON3 38 7 10 6 39 0.214
Contin/LL 60 24 0 3 13 0.061

“ Estimates were obtained from the programs CDsstr (33), Contin/LL
(34), and SELCON3 (35) in CDPro (32). Analyses were performed
using the SP37A protein reference set. © The SELCON3 program did not
converge for these peptides, and the listed estimates should be
considered unreliable at best. “The nrmsd is the normalized-root-
mean-square deviation of the fit between the calculated CD spectrum
and the experimental data.

Table 2: a-Helix Contents Estimated from eqs 1 and 2 for Peptides A7,
A9, and A1l Determined from the Per Residue Molar Ellipticity at 222
nm from CD Spectra Collected at 5 °C (Figure 1)

[0]222 [0]a" o-helix
peptide (deg dmol™! cm?) (deg dmol~! cm?) n® (%)
A7 —2092 + 65 —27700 13 8
A9 —8432 £+ 253 —29300 15 29
All —14572 4+ 437 —30600 17 48

“ Estimated from eq 2 using a [0]. value of —40000 deg dmol~! cm?
and a k of 4 and rounded to the nearest 100. * Number of amides in the
peptide backbone, including acetyl and amide blocking groups.

protein CD data to the input experimental data. Thus, they
may not provide accurate secondary structure estimates for
peptide CD data. The results of our analyses are listed in
Table 1. The SELCON3 analyses for peptides AS and A7
did not converge, so the estimated secondary structure
contents for these should be considered unreliable at best.
The three CD analysis programs provided somewhat variable
results, with the Contin/LL estimates generally giving the
best fits to the experimental data, as judged by the normal-
ized-root-mean-square deviations [nrmsd (Table 1)]. General
trends appear to be that a-helix content increases with peptide
length, f3-strand, Py helix, and unordered contents decrease
by varying amounts, and the estimated turn content remains
somewhat constant. Notably, there is a large increase in the
estimated a-helix content between peptides A7 and A9,
consistent with the significant strengthening of the negative
band at 222 nm seen in Figure 1.

We also estimated the o-helix content of peptides A7, A9,
and Al1l from [6]x; using eqs 1 and 2 (Table 2). Peptide
A5 possesses significant positive ellipticity at 222 nm and
could not be analyzed using this approach. In this analysis,
it is assumed that the only contribution to the negative
ellipticity observed at 222 nm is from any o-helix present
in the peptide. The obtained estimates agree reasonably with
those obtained with CDPro (Table 1). Again, we estimate a
significant increase in a-helix content between peptides A7
and A9.

The CD spectrum for peptide A7 in dilute phosphate buffer
at 5 °C is shown in Figure 2a along with a difference
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FIGURE 2: (a) CD spectrum collected for peptide A7 in 5 mM
phosphate buffer at 5 °C (—) and difference spectrum generated
by subtracting a 25 °C spectrum from the 5 °C spectrum (---). (b)
CD spectra collected for peptide A7 at 5 °C in phosphate buffer
(—), 20% (w/v) TFE (---), and 2 M urea (***).

spectrum generated by subtracting a spectrum collected at
25 °C from that collected at 5 °C. The difference spectrum
in Figure 2a is clearly that of an a-helix with characteristic
negative bands at 222 and 208 nm. This confirms that peptide
A7 does indeed possess detectable a-helix content. By
increasing the temperature, we have altered the conforma-
tional manifold adopted by peptide A7 in such a way that
local o-helical conformations are disfavored.

To further probe the conformational properties of peptide
A7, the cosolvent 2,2,2-trifluoroethanol (TFE) was added at
a concentration of 20% (w/v). The resulting CD spectrum is
shown in Figure 2b. The increase in strength of the weak
negative band at 222 nm, and the shift in wavelength of the
stronger negative band from 198 to 204 nm, is indicative of
increased a-helix content. The addition of 2 M urea has a
very different effect upon peptide A7 (Figure 2b). The
negative band at 222 nm is abolished in favor of a weak
positive band at 217 nm. This weak positive band is due to
the presence of left-handed polyproline II (Py) helix content,
which is favored by the presence of urea (7).

Host—Guest Peptide Studies. On the basis of the results
of our peptide length studies, host—guest peptides of the
sequence Ac-Lys;-Alas-Xaa-Alas-Lys,-Gly-Tyr-NH,, with
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FIGURE 3: CD spectra collected for peptides A7, G, and P in 5 mM
phosphate buffer at 5 °C.

Xaa denoting the guest site, were employed as a model
system for the unfolded states of a polypeptide sequence that
is destined to fold into an a-helix. The host peptide, peptide
A7, corresponds to the sequence with an alanine in the guest
position. This peptide has a tendency toward a-helix forma-
tion but is too short to form a stable helix. Importantly, it is
long enough that the behavior of the central guest residue is
unlikely to be perturbed by the peptide termini. Host—guest
peptides are named using the single-letter code for the guest
residue, with the exception of the host peptide A7.

We limited our studies to the guest residues asparagine,
glutamine, glycine, valine, isoleucine, leucine, phenylalanine,
proline, and serine. We believe these residues are representa-
tive of the noncharged residues. We decided not to study
charged guest residues because they would interact strongly
with the flanking lysine residues. We also opted to exclude
tyrosine and tryptophan from our study because of their well-
known effects upon CD spectra that complicate subsequent
analysis (42).

In previous work, we had demonstrated that the programs
included in CDPro do not provide accurate estimates of Py
helix content for peptides (43). Indeed, an oligopeptide
consisting of 14 prolines, which will predominantly form
Py helix (44—47), was estimated to contain just 14% Py helix.
The positive band around 217 nm for peptide AS suggests
that it possesses significant Py helical content, yet the
estimates in Table 1 range from just 8 to 15%. The inability
of these programs to accurately estimate Py helix content is
most likely a result of the use of protein CD data to fit the
input peptide data. The accuracy of the estimates of other
secondary structures when using CDPro to analyze peptide
data is also unclear. In addition, a-helix content estimates
obtained from eqs 1 and 2 are made assuming that no other
conformations contribute significantly to the measured el-
lipticity at 222 nm. As will be seen, this assumption is likely
incorrect for the peptides studied here. Consequently, we
have not attempted to estimate secondary structure contents
for the host—guest peptides using either CDPro or eqs 1
and 2.

Figure 3 depicts the CD spectra collected at 5 °C for the
peptides with the strongest a-helix breakers as guests,
peptides G and P. As one might expect from their respective
o-helix forming propensities (27), the spectra for peptides

Biochemistry, Vol. 47, No. 10, 2008 3219

G and P show no evidence for a-helix content. Notably, these
two peptides appear to have significant Py helix contents as
evidenced by positive bands at 216 and 221 nm and strong
negative bands at 195 and 196 nm, respectively. These are
the hallmarks of Py helix formation by sequences with little
or no proline content (I, 47). Note that the positions of
these bands are influenced by the presence of one or more
prolines (41, 48).

CD spectra collected at 5 °C for the peptides with apolar
guest residues, A7, L, I, V, and F, are shown in Figure 4a.
Notably, peptides A7, L, I, and V all possess a weak negative
band around 222 nm indicative of a-helix content. In
contrast, peptide F possesses a weak positive band at 217
nm, suggesting the presence of the Py helical conformation.
The corresponding 5-25 °C difference spectra given in Figure
4b confirm the presence of o-helix in peptides A7, L, I, and
to a lesser extent V. The fS-branched residues have low
o-helix propensities, valine having the lowest after glycine
and proline (27). Nonetheless, peptide V shows evidence of
some a-helix content even in this host peptide system that
is a weak a-helix former as seen by the difference spectrum
given in Figure 4b. Remarkably, peptide I appears to have a
similar, possibly even higher, o-helix content compared to
that of peptide L (Figure 4b).

The spectra collected for peptides with polar guest
residues, S, N, and Q, are given in Figure 4c, with the 5 °C
— 25 °C difference spectra given in Figure 4d. The spectrum
for peptide A7 is included for reference. Peptide Q possesses
a very weak negative band at ~222 nm (Figure 4c),
indicating the possible presence of o-helix. However, inspec-
tion of the difference spectrum reveals more complex
behavior (Figure 4d). In fact, the difference spectrum for
peptide Q appears to be similar to the 5 °C spectrum,
suggesting that the various conformations populated by this
peptide at the lower temperature are altered in a somewhat
uniform manner when the temperature is increased to 25 °C.
On the basis of the addition of TFE or urea (data not shown),
and earlier work in which we have demonstrated that
glutamine has a very high Py helix forming propensity (43,
49, 50), we conclude that peptide Q differs from peptide A7
in that it appears to have a higher Py content and a lower
o-helix content.

Peptides N and S possess somewhat surprising CD spectra
(Figure 4c). The peptide N spectrum has a broad positive
band centered at 220 nm and a strong negative band at 195
nm, suggesting significant Py; helix content. This is surprising
because we had previously demonstrated that asparagine has
a very low Py helix forming propensity (43, 49, 50). It is
notable that asparagine and glutamine guests lead to very
dissimilar peptide behavior (Figure 4c,d), despite the fact
that these two residues differ by a single methylene in their
side chains. The peptide S spectrum also suggests Py helix
content (Figure 4c). The magnitude of the Py helix-like signal
decreases with an increase in temperature (Figure 4d). Serine
has a relatively low Py helix forming propensity (50).

On the basis of the observed difference spectra (Figure
4), and assuming the a-helix contents are decreased at similar
rates upon heating from 5 to 25 °C, we would predict our
peptides have apparent a-helix contents in the following
order: A7 > ITand L > Vand Q > Fand S > G and P >
N. The corresponding o-helix propensities for the guest
residues are in the following order: alanine > leucine >
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FIGURE 4: (a) CD spectra collected for peptides A7, L, V, I, and F at 5 °C. (b) Difference (5 °C — 25 °C) spectra for peptides A7, L, V,
I, and F. (c) CD spectra collected for peptides A7, Q, N, and S at 5 °C. (d) Difference (5 °C — 25 °C) spectra for peptides A7, Q, N,

and S.

glutamine > isoleucine > serine > asparagine > phenyla-
lanine > valine > glycine > proline (27). The correlation
between known a-helix propensities and observed behavior
of our peptide system appears weak at best.

DISCUSSION

We have chosen to study a model for unfolded a-helices
because the a-helix forming propensities of residues are well-
determined as a result of extensive peptide (2/-24) and
protein studies (25, 26). We limited our studies to the guest
residues asparagine, glutamine, glycine, valine, isoleucine,
leucine, phenylalanine, proline, and serine because we
consider these to be representative of the noncharged
residues. We did not examine charged guest residues because
they would interact strongly with the flanking lysine residues
used to solubilize the peptides. Furthermore, we opted to
exclude tyrosine and tryptophan from our study because of
their well-known effects upon CD spectra that complicate
subsequent analysis (42).

Choice and Characterization of the Host Peptide. We
chose peptide A7 as our host peptide on the basis of the
length dependence of o-helix formation shown in Figure 1
and Tables 1 and 2. Given the significant o-helix contents
estimated for A9 and A11 (Tables 1 and 2), we felt that these

peptides would not make good models for unfolded a-he-
lices. Peptide A5, on the other hand, has positive ellipticity
around 222 nm, suggesting significant Py helix content and
very low a-helix content (Figure 1 and Tables 1 and 2).
Peptide A7 displays negative ellipticity around 222 nm,
indicating a low but detectable o-helix content (Figure 1),
making it a more suitable model for an unfolded o-helix
under folding conditions.

The criteria for choosing peptide A7 as the host peptide
were that it should be too short to be capable of folding into
a stable o-helix while at the same time be the minimum
length necessary to be able to detect the a-helical tendency.
The CD data shown in Figure 2 confirm that the detectable
conformational properties of peptide A7 meet these criteria.
This peptide is also sufficiently long that the behavior of
the central residue should be similar to that of a residue in
a much longer polypeptide chain. If the C-terminal Gly-Tyr
pair is not counted, there are five residues on each side of
the guest site, which should be sufficient to account for most
local intrachain interactions.

It is notable that peptide A7 appears to have detectable
Py helix content in addition to a weak o-helix tendency
(Figure 2) (/). It has been shown previously that alanine and,
to some extent, lysine have significant Py helix forming
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propensities (2, 3, 5, 49, 51). These propensities appear to
arise from a combination of favorable backbone solvation
and minimization of backbone steric clashes (8, 9, 52). These
are precisely the conditions one would expect for an unfolded
protein under folding conditions. We feel then that our host
peptide A7 is a good model system for unfolded protein
sequences that are destined to fold into a-helices.

Pappu and co-workers (53, 54) have recently published
calculations that indicate local conformational preferences
are confined to stretches of approximately seven to eight
residues. This length estimate does not appear to vary with
sequence. Our host peptide, A7, is a total of 13 residues in
length. The influence of the C-terminal Gly-Tyr pair upon
the conformational properties of this peptide is likely very
small, if not negligible. This leaves us with an “effective”
length of 11 residues, approximately 1.5 times times the local
conformational preference length of Pappu and co-workers
(53, 54). This suggests that our choice of peptide length is
appropriate. It is long enough that we should capture local
interactions yet short enough that we will not detect longer
range interactions that could lead to cooperative structure
formation.

Our host peptide A7 is similar to the XAO peptide studied
by Kallenbach and co-workers (3) but would be expected to
have a higher o-helix content because the flanking lysines
are better a-helix formers than the shorter flanking ami-
nobutyric acid and ornithine residues in XAO (/, 55). An
alternative, or perhaps complementary, explanation comes
from the work of Scheraga and co-workers (56) and Garcia
and co-workers (57). These groups performed calculations
that indicate the bulky charged lysine side chain can
desolvate the backbone of a peptide, leading to enhanced
o-helix formation.

Note that although we believe the o-helix and Py helix
conformations to be the most prevalent for each residue in
peptide A7 in dilute phosphate buffer, we are neither
suggesting that the entire peptide is in a two-state equilibrium
between these conformations nor ruling out the presence of
other conformations. Rather, our data would appear to
indicate that these are the two most populated conformations
for individual residues and perhaps short stretches of adjacent
residues. It has been demonstrated that transitions into and
out of the Py conformation are not cooperative (58), so the
existence of short stretches of Py helix is very unlikely. On
the other hand, o-helix formation is well-known to be highly
cooperative, so short stretches of a-helix are more probable.
Peptide A7 exists in an ensemble of conformational states,
a detectable fraction of which appear to contain short, frayed
o-helices, with other fractions consisting of conformations
with a number of, not necessarily consecutive, residues in
the Py; conformation. Clearly, these fractions of the ensemble
are not mutually exclusive or totally inclusive. Some
conformations could possess residues in a short a-helix and
other residues in the Py conformation, and yet others will
be completely devoid of both the a-helical or Py conformations.

Host—Guest Peptide Studies. Why does the correlation
between the known o-helix forming propensities and the
apparent a-helix contents of our peptides appear so weak?
This is because we are only looking at one side of the folding
process. The o-helix propensities are derived from differ-
ences between folded and unfolded ensembles. In other
words, they are a measure of how energetically favorable it
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is for individual residues to be part of a folded o-helix versus
an unfolded ensemble. The peptides studied here model just
the unfolded ensemble. The propensities cannot be used to
predict the conformational behavior of our peptides. Indeed,
it is clear from our data that interactions between residues
separated in sequence by a few residues can lead to large
differences in the observed conformational behavior. Such
interactions could not be predicted using single-residue
propensities. However, the observed conformational proper-
ties of our peptides can be used in part to rationalize the
o-helix forming propensities.

For the individual flanking alanine, and perhaps lysine,
residues in our peptides, the most populated states are
o-helix-like and Py helix-like, although f-strand-like con-
formations are clearly possible. The level of a-helix and Py
helix content is modulated in large part by the properties of
the central guest residue. When the guest residue is an
alanine, the peptide is capable of forming two to three
consecutive turns of o-helix in a cooperative manner. This
is not sufficient for stable o-helix formation but clearly
results in a sufficiently high o-helix population that it can
be detected via CD spectroscopy. Note that this is in contrast
to the recent suggestion that low levels of o-helix content
in short peptides are not discernible using CD spectroscopy
39).

The “a-helix-breaking” residues proline and glycine
prevent detectable o-helix formation, leading the flanking
residues to rearrange their conformational ensembles (Figure
3). This rearrangement appears to involve a significant
increase in Py helix content concomitant with the decrease
in a-helix content. The conformational properties of the
individual guest residues are not sufficient to explain the
observation of apparent high Py helix contents for these two
peptides. Although proline has the highest Py, helix forming
propensity (3, 48, 50), this one residue could not contribute
all of the Py signal observed for peptide P (Figure 3). In the
case of peptide G, it seems highly unlikely that this highly
flexible residue significantly populates the Py conformation.
In addition, the achiral glycine guest in peptide G would
contribute little to the CD signal. For these two peptides,
the majority of the Py helix signal must then arise from the
flanking sequences. The flanking alanines and lysines have
high o-helix forming propensities (27), but the sets of five
residues on either side of the guest position are not long
enough to form stable a-helices. Notably, alanine and, to
a lesser extent, lysine also possess significant Py helix
forming propensities (2, 3, 5, 50). The flanking sequences
appear then to default, at least in part, to the Py helical
conformation, leading to the conformational behavior
indicated in Figure 3.

Although peptides P and G possess similar overall CD
signals, arising predominantly from the flanking sequences,
the unfolded ensemble contributions to the a-helix propensi-
ties for these two residues are clearly very different. The
imino ring of proline restricts its backbone conformational
behavior and, additionally, sterically restricts the immediately
preceding residue to the S-region of ¢p—W space (47, 59).
The entropic cost of folding the proline into an a-helix would
be low given that proline can populate only either a Py helix-
like or a-helix-like conformation. The unique major unfolded
ensemble contribution to proline’s a-helix propensity may
then be the steric penalty paid for folding the restricted
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preceding residue into an o-helical conformation. Glycine,
on the other hand, is by far the most flexible of the residues,
presumably leading to a high entropic penalty to its a-helix
propensity. However, the entropic cost of restraining a
glycine has recently been challenged by Daggett and co-
workers (60).

The observed behavior of peptides with guest residue
aliphatic or aromatic side chains could not all be predicted
by the established a-helix forming propensities. Peptide L
does have detectable a-helix content, at a lower level than
peptide A7 (Figure 4). This is as might be expected given
that leucine has an o-helix forming propensity lower than
that of alanine, but high enough for it to be considered an
o-helix favoring residue (27). Interpretation of the spectra
for peptide F is complicated by the interference caused by
the phenylalanine residue’s absorbance in the far UV (42).
However, phenylalanine is known to have a relatively weak
a-helix forming propensity (27), so the lack of detectable
o-helix content may not be surprising.

Peptides I and V, however, have significantly higher
a-helix contents (Figure 3) than what might be expected
given the unfavorable a-helix propensities of isoleucine and
valine (217). This is particularly the case for peptide I which
has a similar, or even higher, apparent a-helix content than
peptide L. This suggests that a significant portion of the
unfavorable components of the propensities for 3-branched
residues occur in the folded ensemble rather than the
unfolded ensemble. Indeed, it has been observed that the
[-branched residues lose significant side chain conforma-
tional entropy upon folding into an o-helix (61, 62). This
entropic loss is due to unfavorable steric interactions between
the side chain and residues in the preceding turn of a-helix.
The peptides examined here could form at most 1.5 turns of
o-helix prior to the guest site. Given that the ends of any
o-helix formed by these peptides are likely to be highly
frayed, the formation of a complete turn of o-helix prior to
the guest residue is likely a rare event, irrespective of the
chemical identity of the guest residue. The S-branched guest
residue is not precluded from being part of a short a-helix,
but it is unlikely that such a helix would be long enough for
the side chain to sterically interfere with propagation. The
p-branched isoleucine and valine residues then do not prevent
but rather reduce the level of a-helix formation through
unfavorable steric interactions in our peptides.

The apparent lack of correlation between o-helix content
in the peptides containing polar guest residues (Figure 4)
and the corresponding o-helix forming propensities can also
be explained by considering contributions to the folded and
unfolded ensembles separately. Serine and asparagine both
have middling o-helix propensities (27), and low Py helix
propensities (48, 50), yet peptides S and N apparently have
significant Py helix content and no detectable a-helix content
(Figure 4). These may be situations in which solvation plays
a significant role. Both the serine and asparagine side chain
polar groups will possess significant solvation shells. These
are relatively short side chains, so in the folded o-helix, the
associated solvation shells will be close to the backbone
atoms of the residues in the preceding and/or following turns.
It is possible that the side chain solvation shells are not
“compatible” with solvation of the backbone polar atoms,
leading to some level of unfavorable desolvation. Such side
chain-induced desolvation would be less likely to occur in
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the unfolded ensemble because the backbone could adopt
conformations in which favorable solvent—backbone interac-
tions are maximized. In this way, the serine and asparagine
could disfavor the folded o-helical conformation, leading the
flanking alanines and lysines to default to the Py helix
conformation.

An additional contribution to the observed conformational
behavior of peptide N could be asparagine’s propensity to
adopt the left-handed a conformation (63, 64). This would
be compatible with the broad positive band observed for this
peptide (Figure 4) since this conformation would lead to a
CD spectrum that is the mirror image of the usual right-
handed a-helix, with positive bands at 222 and 208 nm.

Although glutamine has a significant a-helix forming
propensity (27), we detect little or no o-helix content in pep-
tide Q (Figure 4d). Notably, we do not see significant Py
helix content either, despite glutamine having a very high
propensity to adopt this conformation (43, 48, 50). We know
from previous work that a relatively low concentration of
urea can induce significant Py helix content in this peptide
(1). These data suggest that peptide Q does possess some
Py helix content, but we do not as yet have an explanation
for either the shape of its CD spectrum or the observed
temperature behavior (Figure 4). It is also notable that
peptides Q and N display such dissimilar behavior, despite
the side chains of the guest residues differing by just a single
methylene. This observation suggests that glutamine to
asparagine substitutions, as well as the reverse, are not
necessarily conservative when considering the unfolded
ensemble.

Recently, Pappu and co-workers (53, 54) used computa-
tional methods to explore the conformational properties of
host—guest peptide models for unfolded proteins. They found
residues Ala, Ile, Leu, Gln, Phe, and Ser displayed very
small, or no, differences in the extent to which they populated
the o-region of the Ramachandran plot but that there were
significant differences in the various populations of the
p-strand and Py helix regions. The differences in o-helix
contents described in this work are small, although for the
most part larger than errors in the CD measurements (Figures
3 and 4). This apparent disagreement between our results
and those of Pappu and co-workers (53, 54) is quite likely
due to the use of a potential with no attractive terms in the
computer simulations. The lack of attractive interactions such
as hydrogen bonds would significantly reduce the probability
of formation of a-helices. Nonetheless, the significant range
of conformational behavior exhibited by our host—guest
peptides (Figures 3 and 4) is likely to be largely due to
differences in the populations of the extended conformations,
in good agreement with the calculations of Pappu and
co-workers (53, 54).

The findings described here demonstrate that residue
propensities determined for structures that form in highly
cooperative manners such as the a-helix cannot be used to
describe the behavior of the unfolded conformational en-
sembles populated by peptides and proteins. Interactions
between residues spaced a few residues apart in sequence
appear to be able to dominate the conformational properties
of the peptide models for unfolded ensembles examined here.
p-Sheet propensities are known to be strongly context
dependent (28), so it seems highly likely that these also
cannot be used to describe unfolded ensemble behavior.



Model for Unfolded o-Helices

Perhaps the only propensities that can be used are for the
Pyr helical conformation, a result of the noncooperative nature
of transitions into and out of this conformation (58).
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