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ABSTRACT: Electrostatic interactions between side chains can control
the conformation and folding of peptides and proteins. We used circular
dichroism (CD) and ultraviolet (UV) resonance Raman spectroscopy
(UVRR) to examine the impact of side chain charge on the conforma-
tions of two 21 residue mainly polyala peptides with a few Arg and Glu
residues. We expected that attractions between Arg-10 and Glu-14 side
chains would stabilize the at-helix conformation compared to a peptide
with an Arg-14. Surprisingly, CD suggests that the peptide with the Glu-
14 is less helical. In contrast, the UVRR show that these two peptides
have similar at-helix content. We conclude that the peptide with Glu-14
has the same net Q-helix content as the peptide with the Arg but has two
O-helices of shorter length. Thus, side chain interactions between Arg-
10 and Glu-14 have a minor impact on O-helix stability. The thermal

melting of these two peptides is similar. However the Glu-14 peptide pH induced melting forms type III turn structures that form

a-helix-turn-0o-helix conformations.

B INTRODUCTION

For most proteins, the information needed to fold into their
native states is encoded in their primary sequences."” Despite
decades of studies of protein folding, it is still impossible to
predict the secondary structure of a protein from only its primary
sequence, if an analogous sequence has not been previously
characterized. The native structure is determined by amino acid
side chain interactions such as hydrophobic interactions, hydro-
gen bonding, and electrostatic interactions. The strength and
long-range nature of electrostatic interactions allow them to
dominate side chain interactions. Side chain ion pairs are com-
monly found in protein crystal structures, especially within the
hydrophobic cores of protein.>”” However, the impact of these
types of interactions on, for example, 0t-helix structures is still
unclear.®**

We have been using UV resonance Raman spectroscopy
(UVRR) to examine equilibrium protein and })eptide solution
conformations, as well as the kinetics of unfolding.™ >’ We recently
developed a method to determine the Gibbs free energy land-
scape along the Ramachandran W angle folding coordinate.”” %’
We also monitored the kinetics of folding of ®-helical peptides
and were able to monitor both 3¢ helix and 77 bulge conforma-
tions in equilibrium with the pure a-helix conformation.

In the work here, we use UVRR and CD to examine the
solution conformations and pH and ionic strength dependences
of the conformations of two related mainly polyala peptides AP
and AEP. The AP peptide sequence is A;RAA;RARA, while the
AEP sequence is A;qARAZEA,RA,. We tested the hypothesis that
the Arg-10 and Glu-14 salt bridge would form in AEP and would
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stabilize the 0-helix conformation. This hypothesis was based on
previous studies that showed the impact of salt bridges on the o.-
helix conformation.®”'***~** These studies indicated that op-
positely charged side chains located at positions i and i + 4
should stabilize o-helices by ~—2 kJ-mol',** while an i and
i + 3 spacing should show a significantly smaller stabilization
energy; while an i and i + S spacing should show negligible
stabilization. For titratable side chains, the stabilization will also
depend upon pH, as well as, the solution ionic strength.
Surprisingly, we find that the Glu substitution in AEP does not
enhance Q-helix stability. Instead, it results in a similar ®t-helix
content as in AP, but shifts the 0-helix length distribution toward
more numerous, but smaller length O-helix segments; AEP, thus, has
an increased concentration of O-helix-turn-Oi-helix conformations.

B EXPERIMENTAL SECTION

Materials. The AP peptide (AgRA4;RA,RA,, >95% purity) and
the AEP peptide (AJRA;EA,RA,, >95% purity) were synthesized
by Anaspec Inc. Sodium hydroxide (97%-+) was purchased from
Sigma, hydrochloric acid (36.5—38%) was purchased from J.T.
Baker, and sodium chloride (AR) was purchased from Mallinck-
rodt. All chemicals were used as received. The sample pH was
adjusted by adding HCI or NaOH solution. The volume added
was less than 1% of the sample solution.
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Figure 1. (a) Temperature dependence of CD spectra of AEP at pH 7.0.
The solid lines indicate the heating process, the dashed lines indicate
spectra measured after cooling. The inset compares CD spectra of AP and
AEP. (b) Temperature dependent 0-helical fraction and melting curves of
AEP at different pH values. The O-helical fractions are calculated from the
CD spectra by using eq 1. The melting curve is the fit of the temperature
dependent a-helical fraction by using eq 3. The inset shows the AEP pH
7.0 melting curves calculated from CD and Raman spectra, and the AP pH
7.0 melting curve, calculated from the CD spectra.

Circular Dichroism Measurements. CD spectra were mea-
sured by using a Jasco J-710 spectrometer. We used temperature-
controlled quartz cuvette of 0.2 mm (for 1.0 mg/mL samples) or
1 mm (for 0.2 mg/mL samples) path length. The CD spectra
shown are the average of 10 scans.

UV Resonance Raman Spectra. The UVRR instrument was
described in detail elsewhere.** The third harmonic of a Nd:YAG
laser (Coherent Infinity) was anti-Stokes Raman shifted five
harmonics in 40 psi hydrogen gas to 204 nm, which is in
resonance with the peptide bond first allowed 7z — 77* transition.
The backscattered Raman light was collected and dispersed with
a partially subtractive double monochromator and detected by a
Princeton Instruments Spec-10 CCD.

B RESULTS AND DISCUSSION

Temperature Dependence of Conformational Transi-
tions. Figure 1a shows the temperature dependence of the CD
spectra of AEP at pH 7.0. The 4 °C spectrum shows two minima
at ~222 and ~205 nm, which derive from the o-helix
conformation.” These spectra clearly indicate a dominating o-
helix conformation at 4 °C. As the temperature increases, the

222 nm trough becomes less evident, while the 205 nm minimum
shifts to shorter wavelength due to O-helix melting. The tem-
perature dependent spectra up to 50 °C show an isodichroic
point at 202.4 nm, indicating that up to 50 °C the transition
appears spectroscopically two-state. In contrast, the 60—70 °C
spectra deviate from the isodichroic point, indicating formation
of additional conformations. The high temperature AEP CD
spectra look identical to those of AP, for which we have clearly
demonstrated melting to a PPII-like conformation.”

The CD spectra of samples cooled from 70 to 20 °C and 4 °C
show somewhat less negative ellipticities and troughs that are
red-shifted by ~1 nm compared to the original 20 and 4 °C CD
spectra. This suggests irreversible sample alterations due to the
high temperature exposure.

The magnitude of the 222 nm CD band that is characteristic of
0t-helix conformations can be directly related to the fraction of o-
helix-like conformations (f).

0 — GPPH

fa=14 (1)

a — Openn
where 0 is the mean residue ellipticity at 222 nm, and 6, and
Oppyr are the mean residue ellipticities at 222 nm of the ot-helix
and PPIL-like conformations. Our previous AP study”” showed
that 6, and Oppy are —26000 + 1000 and —3200 + 600
deg-cm”-dmol !, respectively.

We calculated the Zimm—Bragg model nucleation parameter
0 and propagation parameter s from the Figure 1 melting data.
Here, 0 is related to the likelihood of initiating an «--helical
residue from a non-Qt-helix state and in the typical model is
considered temperature independent. The term s is the ratio of the
O-helix partition function to the non-Q--helix partition function and
is related to the enthalpy and entropy. If the partition function for
the non-Q-helix conformation is assigned a value of 1,

Al As
s = exp _E+E (2)

where Ah and As are the enthalpy and entropy changes per
residue, respectively, for the peptide bond to adopt an ot-helix
compared to a non-Q-helix state. Statistical treatment with
appropriate apgroximations gives the following quantitative
melting curve:***’

fu = s - (s—1)+20
(145) +1/(1 —5)* + 405

(1—5)* + 405
(3)

Assuming that the o-helix is stabilized by interresidue hydro-
gen bonding, the thermodynamically least favored at-helix con-
formation would have a span of four ot-helix residues. A four-
residue O-helix span is too short to allow interresidue hydrogen
bonding. Thus, this four -helical residue conformation suffers
an entropic penalty of 4As without any enthalpic hydrogen
bonding compensation. On the basis of this argument, the
temperature independent o is calculated as

o = e () @

The o values obtained from the fitting our AEP data are
comparable to those of previous studies*®*” but somewhat larger

4235 dx.doi.org/10.1021/jp112238q |J. Phys. Chem. B 2011, 115, 4234-4243



The Journal of Physical Chemistry B

Table 1. Thermodynamic Parameters Obtained by
Zimm—Bragg Model Fitting of the CD Melting Curves

ionic Ah/ As/
peptide strength pH  KJ.mol™' J.mol .K' T,/°C R’
AP 0 M NaCl 7.0 —3.19+£0.05 —-11.54+02 4 0985
AEP 0 M NaCl 20 —3.10%£0.03 —11.04%0.1 9 0.9%
40 —3124+0.03 -11.3+£0.1 3 099

7.0 —2.82+0.04 —10.5=+0.1 =S 0993

10.0 —3.15+£0.03 —11.140.1 11 0.994

1.0MNaCl 20 —3.18£0.04 —11.0+£0.1 16 0.992
40 —320£003 —112+£0.1 13 0.995

70 —3.08+0.05 —109302 9 0985

10.0 —3.08+£0.08 —11.0+0.3 7 0969
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Figure 2. (a) Temperature dependence of UVRR spectra of AEP at pH
7.0. (b) AmIII; and C,—H band frequencies and integrated intensities
from deconvolution of UVRR spectra. The error bars shown are
standard deviations from the deconvolution.

than values obtained from the host—guest methods.>*" It should
be noted that these host—guest method results have been
questioned because poly(hydroxybutyl- or hydroxypropyl-)-
L-glutamine hosts strongly favor formation of long a-helices
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Figure 3. UV resonance Raman spectra of AEP and AP and their
difference spectrum at 4 °C, pH 7.0.

and thus distort the estimation of o values of the guest
. 48,49,52

residues.
When s = 1, Ty, the midpoint of the melting curve is

Ah
Tw = Ks (5)

Figure 1b shows the best fits of the temperature dependence of
the calculated at-helix fractions between 4 and 50 °C. The 60 and
70 °C data were not included because of the irreversible changes
found upon high temperature incubation. The fitted thermo-
dynamic parameters Ah, As, and T,,, are listed in Table 1. These
Ah and As values are close to those found in earlier studies™ >
but are significantly smaller than those found recently.”"*”*®
Also, the T, values obtained from these fits are systematically
smaller.*”** This discrepancy might arise from the previous
model which only permitted a single a-helix segment per
peptide, which was thought to be reasonable for these short
peptides. This approximation, as discussed below, appears in-
appropriate for our AEP peptide.

The hydrogen bonding enthalpy is expected to dominate Ah,
but a relatively small hydrophobic contribution also occurs. A
peptide chain of m O-helix segments of segment length L,,, results
in a total number of hydrogen bonds of XL, — 4m, since each
Q-helix segment forms L,, — 4 hydrogen bonds. The zipper
model assumes only one helix segment per peptide such that all
helical peptide bonds are counted within one segment. This
overcounts the number of hydrogen bonds as YL, — 4. As a
consequence, Ah is overestimated by 4(m — 1) hydrogen bond
enthalpies.’® The zipper model may also overestimate As, since
the entropy of a-helical terminal residues is somewhat greater
than those of the central residues. The overestimation of As,
however, is likely to be smaller than the overestimation of Ah;
this may bias the zipper model calculated T,, toward higher
temperature.

Figure 2a shows the temperature dependence of the UVRR
spectra of AEP between 4 and 40 °C at pH 7.0. These spectra are
very similar to those of AP (Figure 3). At 4 °C, the broad band at
~1650 cm ™' is composed of at least two overlapplng bands: the
Aml band at ~1661 cm ™" and a 1645 cm ™" band which arises
from the CN3 asymmetric stretch of the guanidinium group of
the Arg side chains. The AmII band occurs at ~1556 cm ™ '. The
Co—H b bands occur at ~1367 and ~1392 cm ™ '. The intensities
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of the C4,—H b bands are inversely proportional to the 0t-helical
fraction.>***>” The AmlIII, band occurs at ~1338 cm ', the
AmIIL, band occurs at ~1307 cm ™, and the AmIII; band occurs
at ~1256 cm™ . The ~1170 cm ™' band consists of multiple con-
tributions and involves NH, rocking of the Arg side chain
guanidinium group, which makes this band sensitive to the environ-
ment, especially hydrogen bonding. Thus, this band is potentially
useful for identifying the environment of Arg side chains.

The Figure 2a spectra show that, as the temperature increases, the
two Cy—H bands become more intense, due to melting of the o.-
helix and formation of PPII-like conformations (Figure 2b). The
AmlIII; band downshifts, and its intensity increases. In contrast, the
AmlIII; band becomes weaker, whereas the AmIII, band shows little
change. The similarity of the AEP and AP UVRR temperature
dependence allows us to ascribe the observed AEP spectral changes
to the melting of the -helix to PPII-like conformations.

Comparison between AEP and AP. The CD spectra calcu-
lated ot-helical fraction, fy, of the 4 °C, pH 7.0 AEP sample
(Figure 1) is smaller (0.37 4 0.03) than that of AP (0.48 & 0.04).
In contrast, the Figure 3 UVRR spectra of AEP and AP in the
AmlIII and Co—H b regions are essentially identical, indicating
identical Ramachandran 1 angle distributions of AP and AEP.
This indicates identical conformational distributions and iden-
tical helical fractions, in contrast to the CD results.

This disagreement results from the different mechanisms of
CD and Raman spectroscopy. The CD phenomenon results
from the coupling of electric and magnetic dipole transition
moments whose values increase surpralinearly with the ot-helix
length.** % Thus, the CD signal per peptide bond is stronger for
long a-helices and weaker for shorter helices. We previously
estimated that the mean residue ellipticity at 222 nm changed
from ~—3000° - cm”+dmol "+ res™ " for a fully unfolded peptide
to ~—4000°-cm”-dmol '-res ' when the peptide adopts only
a single O-helix turn.®!

In contrast to CD, UVRR of peptide bonds show a more linear
intensity dependence since each peptide bond independently con-
tributes to the AmlIII; and the C,—H b band intensities.”*>%
The only nonlinear dependence of the UVRR band peptide bond
cross sections results from a bias against long O-helices due to the
decrease in electronic transition oscillator strength because of the
hypochromism which results from excitonic interactions be-
tween the transition dipoles of adjacent peptide bonds in the
a-helix conformation.**®> Since the Raman scattering cross
section is roughly proportional to the square of the absorptivity,
the a-helix Raman cross sections per 0-helix peptide bonds will
decrease for longer helices that have more excitonic interactions.

Considering the CD and Raman results together, we con-
clude that AEP has essentially the same -helix fraction as AP,
but differs in that it adopts more O-helix segments of shorter
length than does AP; molecular dynamics simulation of
polyala peptides found that a-helix-turn-0-helix conforma-
tions are common.*%%¢”

Recent MD simulation by Zhang et al. showed that the Fs
peptide (which has the same sequence as AP, but is capped by
acetyl and amide groups) forms both a single a-helix and
-helix-turn-ot-helix conformation.”” Due to the lower intrinsic
O-helical propensity of the AEP Glu-14 than that of Arg-14 in
AP,%® it is likely that AEP forms more o-helix-turn-oi-helix
conformations, with the turn structures occurring around Glu-
14. The o-helix segment between Glu-14 and the C-terminus is
probably too short to contribute much of a CD signature,
whereas this short segment contributes well to the UVRR.

AEP has two Arg compared to the three of AP. Thus, unless
there is a conformational dependence of the Arg Raman inten-
sities, the ~1170 cm ™" Arg band intensity should decrease by a
third in AEP. However, Figure 3 shows that the AEP Arg band
intensity decreases by only 20% and its frequency downshifts in
AEP from that in AP demonstrating that the Arg Raman cross
section and band frequencies depend upon the side chain
environment and peptide conformation.

The ~1170 cm ! Arg band appears to consist of, at least, two
components (Figure 3), which presumably result from Arg side
chains in different environments. One component probably
arises from Arg side chains completely accessible to water. A fully
hydrated Arg would occur, for example, in the extended PPII-like
conformation. The other component probably results from a
partially hydrated state where the Arg side chain occurs in a more
folded state, such as in an O-helix-like conformation. In the a-helix-
like conformation, the Arg side chain would be partially shielded
from water by the backbone, preventing full hydrogen bonding
between water and the guanidinium group. In addition, in the Q-
helix, the peptide bond carbonyls are intramolecularly hydrogen
bonded to the peptide bond NH groups, which prevent hydrogen
bonding between the guanidinium and peptide bond carbonyls.

pH and lonic Strength Dependence of AEP Conforma-
tions. The helix stability is determined by the helix propensities
of the amino acids and the possible interactions between the side
chains and the macro-dipole.®® The Gibbs free energy change for
the conversion of the unfolded conformation to the «-helix
conformation (U — H)

AGy—u = Y AGH . 1+ AGY . 1 + AGE .
AA

+ Z AGEJDA’ H + AGLCJR*’ H + AG%JBA' H + Z AGSS" H
SD SS

(6)

Taa AGH24 is the summation of the ot-helix propensity con-
tributions to the o-helix stability of all the residues; AGy-y is
the contribution from the electrostatic interaction between the
N-terminal amino group (0-NH;") and the o-helix macro-
dipole; AG[CJE.H is the contribution from the electrostatic inter-
action between the C-terminal carboxylate (.-COO ™) and the
Qt-helix macro-dipole; ZSDAG%EH is the summation of the
contributions from the electrostatic interactions between
charged side chains (Arg-10, Arg-19, and Glu-14, if charged)
and the Ot-helix macro-dipole; AGy—. is the contribution from the
electrostatic interaction between the Arg-19 side chain guanidinium
cation and the 0t-helix C-terminal anion; AGy . is the contribution
from the possible salt bridge formation between the Arg-10 and
Glu-14 side chains, including the contribution of a hydrogen bond
from the Arg guanidinium to the Glu carboxylate; YssAGE 4y is
the summation of contributions to the O-helix stability from
side chain—side chain interactions except for the possible salt bridge.

These electrostatic interactions depend upon the solution pH
and ionic strength; the charge states of AEP depend upon pH.
These different charge states show different ot-helix stabiliza-
tions/destabilizations. In order to study the impact of pH on
Q-helix stability, we measured the pH dependence of the
Qt-helical fraction of AEP at 4 °C by using CD and UVRR
spectroscopy.

In AEP, there are three titratable groups: the C-terminal
carboxyl, the Glu-14 side chain carboxyl, and the N-terminal
amine. Therefore, there are four charge states in AEP. The
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Scheme 1. Species in AEP Solution”

Kni . Km . Kus .
AH _— BH+H _— CH+2H _— DH+3H

Kl ﬂ K2 “ KS “ K2 “
K
A Ul K; K

<= By+H'" == Cy+2H" == Dy+3H'

U
A: TAAAAAAAAARAAAE’AAAARTAA?
B: "AAAAAAAAAR'AAAFPAAAAR'AA
C: TAAAAAAAAAR*AAAEAAAARYAA
D: "AAAAAAAAARTAAAE'AAAARAA"

“ The subscripts H and U represent a-helix and unfolded conformations.

Table 2. Equilibrium Constants Obtained by Fitting the CD
and Raman pH Dependent Helical Fractions with Equation 7

a-helical formation

equilibrium constant* CD Raman
K n 12402 1.44£0.02
Kon 0.68+0.10 1.04 4 0.02
KS—u 0.58 + 0.08 1.04 £0.01
KD 18403 1.89 £ 0.02
pKab CD Raman
pKi 34402 40+02
pKina 70420 77419
pKis 74402 74403
ApK, (pKy — pKy)© CD Raman
ApK,; 02+0.1 0.14£0.01
ApK,» 0.1+0.1 0.00 4 0.01
ApK,s —0.5+0.1 —0.3040.01

“ Measured equilibrium constants, which are fixed in fitting. The errors are
experimental standard deviations. © Errors are standard deviations from fitting,
¢ Errors calculated from the errors of 0-helical formation equilibrium constants.

peptide in each charge state will occur in different a-helix/
unfolded conformation equilibria due to the different ot-helix
stabilization/destabilization. Scheme 1 defines these states and
the transitions between them.

The pH dependent a-helical fraction of AEP is given by (See
the Appendix for derivation):

fH — [1 + 10PH — PKin T 10%H — pKui — pKin
L% ER R P14 1K )
+ (14 1/K3 . 1) 10°PH — PKan
+ (14 1/Kg . 4;)10%PH ~ PR = plie
+ (14 1/Ky) . 4y)10%PH — PR = plin = plis] (7)

The pKyyy, pKigp, and pKyy; terms are the pK, of the C-terminal
carboxyl, the Glu-14 side chain carboxyl, and the N-terminal
amine in the O-helix conformations. The O-helical formation
equilibrium constants K& o KPp, KS_.pp, and K5 were
obtained from the CD and the UVRR data.

At pH 2.0, the C-terminal and Glu-14 side chain carboxyls are
protonated and neutral, while the N-terminal amino group is
protonated and cationic. This corresponds to state A in Scheme 1.
The concentrations of other charged states are negligible. There-

fore, Kiy—p = f1(2.0)/(1—£1(2.0)).

0.8
a)
m Helical fraction from CD
0.74 O Helical fraction from Raman
c
2 0.6+
[5)
o
L
§ 0.5
=
I
0.4
0.3 T T T T T
2 4 6 8 10 12
pH
b)
c
e
©
o
L

Figure 4. (a) pH dependence of helical fraction, fi, of AEP at 4 °C in
pure water calculated from the CD and UVRR spectra via eq 1. The
curves show the fit to eq 7. (b) Calculated AEP species fractions from
CD spectra (see Scheme 1): (red) state A, (blue) state B, (green) state
C, (magenta) state D; (dashed lines) o-helix conformation, (dotted
lines) unfolded conformation, (solid lines) total AEP fraction in each
state including helix and unfolded conformations; (thick solid black line)
total helical fraction.

At pH 4.5, the C-terminal carboxyl is mainly deprotonated,
while the Glu-14 side chain carboxyl and N-terminal amino
group remain protonated. This corresponds to state B. There-
fore, Kty = fu(4.5)/(1—£1(4.5)).

At pH 7.0, state C with two carboxylates and a protonated
N-terminal amino group is the major AEP component. Thus
KG—11 = fu1(7.0)/ (1—£u1(7.0)).

At pH 11.0, state D dominates, where all titratable groups are
deprotonated. Therefore, Ky—y = fiy(11.0)/(1—£i1(11.0)).

The values of these 0t-helical formation equilibrium constants
calculated from the CD and UVRR data are listed in Table 2. We
fitted the experimental t-helical fraction data calculated from the
CD and UVRR S}éectra, to eq 6 using the corresponding
measured Kij—py, KU—p1, KSG—p, and Kyy—yq values (Figure 4a).
The fitting results are listed in Table 2.

In the conversion from state B to state C, the Glu-14 is
deprotonated and a salt bridge may form. In state C, there may be
an interaction between the Glu-14 charge and the macro-dipole.
The helix propensity for the state C deprotonated Glu-14 differs
from that of the state B protonated Glu-14. Except for the possible
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salt bridge formation, the interaction between the Glu-14 and the
marco-dipole and the helix propensity difference, all other
interactions not involving Glu-14 should be identical for states
B and C. The states B and C Gibbs free energy changes for the
conversion from the unfolded conformation to the o-helix
conformation can be written as follows:

AGY ., = ZAGAA’ u+FAGE_ 4 +AGNR.  + AGR.

+ ZAGUﬂH+AGSIiH+ ZAGUQHAGSﬂH

SD’
= ZAGUQH+AGE_.H+AG > u+AGSR.
T AGE., +AGED, + AGE,
SD’
FAGE.  + TAGY, (8)
SS

The helix propensities of the state B protonated Glu-14 and
the state C deprotonated Glu-14 are explicitly separated from
those of the other residues, which are denoted as AA’. The
summation over SD’ denotes the interactions between the
Arg-10 and Arg-19 charges and the macro-dipole; AGy-2y is
the contribution from the interaction between the Glu-14 charge
and the macro-dipole. By taking the difference between states B
and C

AGE _ 4 —AGY _ = AGP_ |, +AGED

AGE L —AGE ) ()
By rearranging, we obtain the following:
AGY. 1 +AGH 2y = (AGH .y —AG) )

—(AGy .y —AGG—y)  (10)
The two Gibbs free energy differences in the second term are
expected to be 1.81 kJ-mol " for AGuﬁH and 0.941 kJ -mol

for AGY iy (values for AGY_1y and AGL, 4 are taken from Table
2 of ref 68). AGY iy and AGS_yy can be calculated from the
measured Ot-helical formation equilibrium constant Kgy—y; and
K& for states B and C

AGY .y = —RTInK{ .y
AGy .y = —RTIhK§ .y

(11)
We, thus, obtain a value AGE.y; + AGH %y = —05 £ 05
kJ- -mol ™", which indicates that the salt bridge, together with the
interaction between Glu-14 charge and macro-dipole, probably has
little impact on the Ot-helix stability.

We can estimate the contribution from the interaction be-
tween the C-terminal carboxylate charge and the macro-dipole
(AGGP.yy), plus the interaction between the C-terminal carbox-
ylate charge and the Arg-19 side chain (AGSR.4) to the o-helix
stability, as well as the contribution from the interaction between
the N-terminal amino charge and the macro-dipole (AGY ;) to
the O-helix stability.

AGE2. y+AGHR. y =AGY . 4y —AGH .y = —RT(In Ky .
—In K )AGY” y = AGy .y — AGy .y =
—RT(InK§ .y —InKY_ ) (12)

From the above equations, we estimate that AGG-.q; +
AGGR =134+ 0.5k -mol ' AGY 4y = 2.6 + 0.5 k] -mol .

These two values are significantly larger than AGP .y +
AGE ", indicating that these unfavorable interactions have
greater impact on the O-helix stability than does the favorable salt
bridge.

These results explain the pH dependences of helical frac-
tion: at low or high pH, AEP has a higher o-helical fraction
than at neutral pH. The deprotonation of C-terminal carboxyl,
which turns on the interaction between the C-terminal car-
boxylate charge and the macro-dipole (AGG2.y), as well as,
the interaction between the C-terminal carboxylate charge
and the Arg-19 side chain (AGGR.y;), destabilize the o-helix.
At high pH, the neutralization of the N-terminal amino, which
eliminates the interaction between the N-terminal amino
charge and the macro-dipole (AGU™.y) stabilizes the at-helix.
Because the C-terminal carboxyl and N-terminal amino are
involved in the interactions that affect the o-helix stability,
their pK, values differ between the unfolded and the at-helix
conformations. The pK, differences between the o-helix
conformation and the unfolded conformation (ApK, =
pKy — pKuy) calculated from the o-helical formation equilib-
rium constants are listed in Table 2 (see the Appendix for
details).

We also can calculate AGY . + AGH 2y, AGSPn +
AGSRy, and AGYP4; from the UVRR spectra. The Co—H b
bands derive from the PPII-like conformations. Thus, the
integrated intensity of the C,—H b band is proportional to the
PPII fraction. By assuming a two-state transition, we can calculate
the helical fraction from the UVRR spectra. At pH 7.0 and 4 °C,
AEP has the identical C,—H b band intensity as does AP
(Figure 3), indicating identical helical fractions of ~0.51;*>*"
at pH 7.0 and 4 °C, AEP has a PPII fraction of ~0.49. We
therefore calculate the PPII fractions of AEP at other pH values
by the proportionality between the PPII fraction and the C,—H
b bands integrated intensity and subsequently calculate the pH
dependent helical fractions.

Figure 4a shows the calculated pH dependence of the AEP
helical fraction calculated from the CD and Raman spectra.
By applying the procedure to the Raman results, we calcu-
lated that AGU_.H + AGH2y = —09 £ 0.1 kJ-mol
AGU"H + AGU*’H = 08 :I: 01 k_]-molil, and AGSRH =
1.4 & 0.1 kJ-mol ", These values are somewhat different than
the values obtained from the CD spectra, due to the fact
that the CD is biased toward smaller a-helix fraction as dis-
cussed above.

Table 1 shows our CD calculated average residue enthalpy
changes (Ah) and entropy changes (As) (also shown in
Figure Sb) as well as Ty,. These thermodynamic parameters,
Ah and As, are for the transition from the unfolded to the a-helix
conformation at specific pH values and ionic strengths. Figure Sb
shows that Ah and As at pH 7.0 are more positive than
at other pH values due to the two O-helix destabilizing
terminal charge—macro-dipole (C-terminal—macro-dipole and
N-terminal—macro-dipole) interactions. At pH 2.0 and 10.0,
only a single unfavorable terminal charge—macro-dipole inter-
action occurs.

The smaller T,,, and Ah of AEP compared to those of AP at pH
7.0 can be explained by more 0-helix-turn-at-helix conformations
in AEP. The peptide bonds at both ends of an 0-helix segment
can only form single intrapeptide hydrogen bonds. Thus, the
average Ah should be more positive for o-helix-turn-a-helix
conformations than for the same total number of a-helical
residues within a single helix segment.
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Figure S. (a) pH dependence of the ot-helical fraction, fi;, of AEP at
4 °C in pure water and 1.0 M NaCl. (b) pH dependence of average
enthalpy change (Ah) and entropy change (As) per residue for forming
an O-helical peptide bond conformation at 4 °C in pure water and in 1.0
M NaCl. See Table 1.

The interactions between charges as well as between charges
and the O-helix macro-dipole are electrostatic and therefore can
be screened by high ionic strength. We increased the sample ionic
strength by adding 1.0 M NaCl. As expected, the high ionic
strength solution showed a smaller dependence of fi, Tr, Ah,
and As on pH (Table 1 and Figure S).

Figure 6a shows the pH dependence of the AEP UVRR
spectra at 4 °C. The intensities of the AmIII; and C,—H b
bands are larger at pH 7.0 than at pH 2.0 or 11.0, while the
AmlIl; frequency varies by <4 cm ™' (Figure 6b). The in-
creased Cy —H b and AmIII; band intensities at pH 7.0 clearly
signal the melting of the 0t-helix conformation. However, the
lack of an AmlIII; band frequency shift indicates that the
melting is not to a PPII-like conformation, but the melting
occurs to conformations with similar Ramachandran W angles
to that of the ot-helix.

AEP forms o-Helix-Turn-a-Helix Conformation. Both the
pH 2.0—-7.0 and pH 11.0—7.0 UVRR difference spectra
show a negative trough at ~1251 cm !, from which we can
calculate the Ramachandran W angle.36 Since the hydrogen
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Figure 6. (a) pH dependence of AEP UVRR spectra at 4 °C. (b) pH
dependence of AmIIl; and C,—H band frequencies and integrated
intensities from deconvolution of UVRR spectra. The error bars shown
are standard deviations from the deconvolution.

bonding status of the residues is unknown, we estimate the ¥
angle by using eq 6E in ref 36 and obtain a value of —27°. A
perfect type III turn has an W angle of —30°. Therefore, the
negative trough of 1251 cm™ ' suggests that at pH 7.0, the AEP
a-helix partially melts to a type III turn-like structure. This type
II turn-like structure is likely to occur around the Glu-14,
because the helix propensity of Glu is lower than those of Ala
and Arg.ég’é9

Figure 4a compares the pH dependences of AEP helical
fractions obtained from CD and UVRR. At low or high pH,
the helical fractions calculated from CD and UVRR spectra are
similar. At neutral pH, there is a significant discrepancy between
helical fractions calculated from the CD and UVRR spectra. As
discussed previously, the similar O-helix content measured by
CD and UVRR at low and high pH indicates that at these pH
values AEP adopts long helical segments that have large CD
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ellipticities. The large discrepancy at neutral pH indicates that the
O-helix forms multiple short helices that only show small
ellipticities and thus bias the CD measurement toward small
O-helical contents. Therefore, we conclude that at low and high
pH, AEP has less turn structures and a longer 0.-helix segment. At
neutral pH, AEP has more turn structures and shorter ot-helix
segments.

Bl CONCLUSIONS

We compared the polyala peptide AP that has three Arg side
chains to the peptide AEP where Arg-14 is replaced with a Glu.
We find that the AEP peptide has an increased concentration of
Qt-helix-turn-0-helix conformations. We examined the nature of
the electrostatic interactions that (de)stabilize ot-helix conforma-
tions. The inter-residue interactions between the Arg-10 and
Glu-14 in AEP make only a minor contribution to the o-helix
stabilization. As the temperature increases, the AEP melts from
O-helix to PPII-like conformations, while the pH induced melt-
ing causes the formation of an O-helix-type III turn-at-helix
conformation.

B APPENDIX
Derivation of Equation 7. In Scheme 1, the ot-helical fraction
of AEP is a function of pH:
fu = [An] + [Bu + [Cu + [Dy] (A1)

where [Ay], [Bul, [Cul, and [Dy] are the helical fractions in
states A, B, C, and D. For each charge state, the relationship
between the 0t-helix conformation and the unfolded conforma-
tion is given by

i = 55"
[BU} _ [BH]
K )
[Cal (
ks,
[Du] = K[{I}) i]H

The peptide concentration is conserved in solution, therefore,
[An] + [Au] + [Bu] + [Bu] + [Cu] + [Cu] + [Du] + [Dy] = 1
(A3)
Substituting eq A2 into eq A3, we eliminate four unknowns:
(14 1/KG — )[An] + (1+ 1/K — ) [B]
+ (14 1/KG ) [Cu] + (14 1/Ky ) [Di]
=1 (A4)

The Henderson—Hasselbalch equation gives relationships be-
tween two adjacent states:

[Bu] = [An] x 10PH ~ Pt
[Cu] = [By] x 10°PH ~ PR (25)
[DH] = [CH] x 10PH — PKis

Combining eq AS and eq A4, we obtain expressions for [Ay],

[ByJ, [Cul, and [Dy]:
[Au] = 1/[(1 + 1/KS . ) + (1 +1/K5 ) x 10PH ~ PKu
+ (14 1/K8HH)102pH7pKH1 — pKin
+ (14 1/KD _. ;) 10%H ~ PKin = pKins = pKiss)
[Bu] = 107~ PR /[(1 4 1/KA ) + (1 4+ 1/K5 _ ;) 10P" ~ PR
+ (14 1/Kf . ;) 10%PH ~ PR = plin
+ (14 1/KY ) 10%H ~ PKin = pKin = pKin]
[Cu] = 1077~ PR = PR J1(1 4 1 /KT )
+ (1 + 1/KE _ ;) 10PH ~ P
+ (14 1/KS _. ;) 10%H ~ PKi = P
+ (1+ 1/Ky _. yy)10%PH — P = Pl = pliss]
[DH] — 103PH — PKin — pKin — PK'“/[(I n I/K{_\I 3 H)
+ (1 + 1/K{ _. ;) 10°H ~ PR
+ (14 1/K _. ;) 10%PH ~ Pl = pin
+ (14 1/KD _. ;) 10%H ~ PRt = pKins = pKiss] (A6)
Therefore, explicitly,
fa = [1+ 10°H ~ PRy 102PH = P = pKin
+ 10%PH ~ PR — pKin — pKins] /[(] 4 1/K3—~ o)
+ (14 1/K§ . ;) 10°H ~ PKan
+(1+ 1/KS ) 10%PH ~ PR — PR
4 (1 + 1/K{ . 4;)10%1 ~ Pl = plin = pln] (A7)

Calculation of pK, Difference (ApK,) in Table 2. The
calculations of ApK,;, ApK,,, and ApK,; are similar. Here we
only give the calculation of ApK,; as an example. Consider the
closed thermodynamic cycle of states A and B. The fraction of the
unfolded conformation in state B can be calculated as follows:

[Bu] [A]107PKn
Bu] = o5~ = K (A8)
U—H U—H
However,
[Aul . iy, _ [An]107PE
By] = —=107Pfv = ——— (A9)
[H"] [HY]KG —
Therefore,
[Ap]l07PKm  [Ag]107PKn
B = TgtieA (A10)
HYKG ~n [HYKG -y
Eliminating [Ag] and [H'] and rearranging eq A10
—pKuy B
WEE_Kuow (Al1)
10 PK K4
U—H
B
10~ (PKi = pKu) — Kg* H (A12)
K§—n

Substitute the definition of pK, difference ApK,; = pKyg; — pKu
into eq Al2:

ApKy1 = log,o Ky . gy —log,o Kg — iy (A13)

For f(x) =log; o, the uncertainty is df(x) = dx/2.303x; therefore,
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the uncertainty of ApK,; is

2 2
PRl 2303K% . 2303K5

(A14)

The calculations of ApK,, and ApK,; can be achieved by
examining the closed thermodynamic cycles of states B and C
and of states C and D.
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