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ABSTRACT: A single pair of Glu and Lys residues has been placed at four different spacings, and in both
orientations, in an otherwise neutral alanine—glutamine peptide helix, and the contribution to helix stability
of the different Glu—Lys interactions has been measured. The contribution from the interaction of each
charged side chain with the helix macrodipole has also been determined. A side-chain interaction between
Glin and Glu, when the spacing is (i, i+4), has been detected and quantified. The interactions have been
divided into contributions from hydrogen bonds (independent of the concentration of NaCl) and from
electrostatic interactions (present in 10 mM NaCl, absent in 2.5 M NaCl). The major results are as follows:
(1) The (4, i+3) and (i, i+4) Glu-Lys interactions are helix-stabilizing and are similar in strength to each
other, regardless of the orientation of the side chains. (2) Hydrogen bonds provide the major contribution
to these side-chain interactions, as shown by the following facts. First, the major part of the interaction
observed in 10 mM NaCl, pH 7, is still present in 2.5 M NaCl. Second, the interaction found at pH 2 is
cqually as strong as that found in 2.5 M NaCl at pH 7. (3) The (i, i+4) GIn-Glu side-chain hydrogen
bond is as strong as the hydrogen-bond component of the Glu—Lys interaction at both pH 2 and pH 7. The
GIn-Glu interaction differs from the Glu—Lys interaction in being specific both for the orientation and the
spacing of the residues. (4) No significant hydrogen-bonding interaction was found for the (i, i+1) or (i,
i+2) Glu-Lys spacings, either at pH 2 orat pH 7,in 2.5 M NaCl. At 10 mM NaCland pH 7, these spacings
show a helix-destabilizing electrostatic interaction which probably results from stabilization of the coil

conformation.

A complete understanding of the factors that contribute to
a-helix formation by short peptides in water requires a
knowledge of intrinsic helix-forming tendencies of the separate
amino acid residues as well as an accounting of the energetics
of interactions between specific side chains. There has been
much progress in determining the helix propensities of residues
in a variety of experimental systems (Chakrabartty et al.,
1991; Lyu et al.,, 1990; Merutka et al.,, 1990; O'Neil &
DeGrado, 1990; Padmanabhan et al., 1990), and a recent
summary has appeared (Chakrabartty & Baldwin, 1993).
The role of specific side-chain interactions in stabilizing the
helical structure of a peptide has been appreciated for some
time [for review, see Scholtz and Baldwin (1992)]; however,
a detailed quantitation of these interactions has not been
investigated to the extent necessary for a complete under-
standing of the problem (Armstrong & Baldwin, 1993; Gans
et al, 1991; Huyghues-Despointes et al., 1993a). Here we
report a detailed analysis of the electrostatic interactions
present in peptides with isolated Glu and Lys residues and are
able to evaluate the energetics of the interaction between side
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chains and the interaction of a charged side chain with the
helix macrodipole.

There are two electrostatic interactions that must be
considered to determine the role of charged side chains in
a-helix formation: theinteraction between each of the charged
side chains and the helix macrodipole and the interaction
between the side chains themselves. We have elected to
evaluate each electrostatic component separately by isolating
a charged residue, or a pair of charged residues, in an otherwise
neutral helical host peptide. We use the term ion pair to
describe a simple nonbonded interaction between a pair of
oppositely charged residues; the term salt bridge refers to a
hydrogen-bonded ion pair (Marqusee & Baldwin, 1987). Our
data indicate that both interactions may be present in some
of the peptides; however, we will use the more general term
ion pair to describe the interactions observed between the
charged forms of Glu and Lys. The helix macrodipole refers
to the electrical property of the a-helix backbone that arises
from the partial alignment of the individual peptide dipole
moments (Hol et al,, 1978). This alignment produces a
substantial helix macrodipole with the four unbonded N-ter-
minal NH and C-terminal CO groups contributing to the
charge separation as well (Aqvist et al,, 1991).! Regardless
of the atomic details of the helix macrodlpole, it has been
shown that the net effect can be modeled by placing charges
of +0.5¢ close to the N-terminus and -0.5g close to the
C-terminus of the helical peptide (Hol et al., 1978; Sheridan
etal,, 1982; Wada, 1976). Here, werefer to the charge-helix

! In a peptide helix whose N-terminal NH; and C-terminal COOH
groups are blocked with acetyl and carboxamide, respectively, the blocking
groups may hydrogen bond to free main-chain NH and CO groups, and
thus reduce the number of unsatisfied NH and CO groups to 3.
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dipole effect as the simple electrostatic interaction between
a charged side chain and the helix macrodipole.

Our experimental goal is to determine all the factors which
are involved in helix formation for peptides with charged
residues and to compare the role of electrostatic interactions
in helix stability to that found in protein stability. We have
isolated the intrinsic helix-forming tendencies of charged
residues from the two electrostatic effects in order to gain a
more complete description of helix formation. The use of
simple a-helical peptides enables us to isolate and study, in
detail, the role of electrostatic interactions in protein and
peptide stability. The approach is general and will aid us in
determining the energetics of all interactions that contribute
to helix formation in peptides.

EXPERIMENTAL PROCEDURES

Experimental Measurements. Peptides were synthesized
by the solid-phase method using an active ester coupling
procedure, employing pentafluorophenyl esters of (9-fluore-
nylmethoxycarbonyl)amino acids (Atherton & Sheppard,
1985). Peptides were cleaved from the resin and deprotected
by using a N;-sparged mixture of 2% anisole, 3% ethanedithiol,
5% thioanisole, and 90% trifluoroacetic acid. Peptides were
purified as described by Chakrabartty et al. (1991). Peptide
purity was assessed by fast-performance liquid chromatog-
raphy (Pharmacia) and by capillary electrophoresis (Applied
Biosystems); purity was greater than 97% for each peptide.
The primary-ion molecular weight of each peptide was
confirmed by fast atom bombardment mass spectrometry.

Circular dichroism (CD)? measurements were made on an
AVIV 60 DS spectropolarimeter equipped with a Hewlett-
Packard Model 89100A temperature controller. Theellipticity
isreported as mean residue ellipticity, [8], and was calibrated
with (+)-10-camphorsulfonic acid. Cuvettes with 1-cm or
1-mm path lengths were used. The degree of helical structure
in each peptide was determined by monitoring the ellipticity
at 222 nm at 0 °C.

Concentrations of the peptide stock solutions were deter-
mined by measuring Tyr absorbance in 6 M guanidine
hydrochloride with 20 mM phosphate buffer (375 = 1450 M-!
cm!, Brandts & Kaplan 1973). The peptides were synthesized
prior to the report by Chakrabartty et al. (1993) regarding
the effect of aromatic residues on the CD signal. Since we
are comparing peptides which contain a single Tyr residue at
the C-terminus, the aromatic contribution to the CD will not
affect the results. Samples were prepared for CD analysis by
diluting the stock solution with a buffer consisting of 1 mM
sodium citrate, 1 mM sodium borate, and 1 mM sodium
phosphate (CD buffer). Samples for spectral analysis were
prepared in 10 mM potassium fluoride and 1 mM potassium
phosphate. The effect of pH on the observed helicity at 0 °C
was investigated by lowering the pH of the peptide sample
with aliquots of concentrated HCI; the pH was measured on
an Orion pH meter Model 601A using a Metrohm electrode
and calibrated at 0 °C by adjusting the standard solutions to
the manufacturer’s specifications.

Data Analysis. The measured ellipticities of each of the
peptides ([0]obs) at 222 nm were converted to fractional

2 Abbreviations: (whest), average w-value for Ala-Gln host; w(E?),
intrinsic w-value for Glu% w(E"), intrinsic w-value for Glu; wap(E;),
apparent w-value for Glu~ at position i in the host peptide; wapp(Kf),
apparent w-value for Lys* at position j in the host peptide; CD, circular
dichroism spectroscopy. The abbreviations for amino acids and blocking
groups are A, Ala; Q, GIn; E, Glu; K, Lys; Y, Tyr; Ac, acetyl; and NH,,
carboxamide.
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helicities using the relationship fu = ([6)obs — [8]c)/([0]H —
[8]c), where [6]g = —40 000(1 - 2.5/16) and [6]. = 640 deg
cm? dmol-! as described by Scholtz et al. (1991b) for these
16-residue peptides at 0 °C.

The Lifson—Roig model for the helix—coil transition (Lifson
& Roig, 1961) serves as the starting point for analysis of the
data. The basic theory has been modified in several ways to
incorporate interactions between specific side chains and
between charged side chains and the helix macrodipole. In
all cases, the AQ host peptide is treated as a homopolymer,
enabling a calculation of an average value for the intrinsic
helix-forming tendency for the host, (wnos ), and the nucleation
parameter, v2. These values, which employ the Lifson-Roig
nomenclature of wand v2, can be converted to the more familiar
Zimm-Bragg (Zimm & Bragg, 1959) values of s and ¢ as
described by Qian and Schellman (1992).

The standard one-sequence approximation of the Lifson—
Roig theory is used to calculate the intrinsic helix-forming
tendency of uncharged Glu (w(E®)) as described previously
(Chakrabartty et al., 1991; Qian & Schellman, 1992). This
same treatment can also be utilized to determine the apparent,
position-dependent w-value for a charged residue, wapp(E;)
and wapp(K}). These latter values include contributions from
the intrinsic helix-forming tendency of the guest residue as
well as a position-dependent component from the charge—
dipole interaction of the side chain with the helix macrodipole.

Specific side-chain interactions cannot be quantified using
the simple models for the helix—coil theory (Lifson & Roig,
1961; Zimm & Bragg, 1959). Two approaches to model
specificinteractions between side chains have been employed.
The first model describes the interaction between a charged
side chain and the helix macrodipole using a simple electrostatic
treatment of the helix macrodipole in which charges of +0.5¢
and —0.5¢q are placed near the N- and the C-terminus,
respectively, of each of the helical stretches that contribute
to the overall partition function. Using a recursive method,
the contributions of the simple Coulombicinteraction between
the side chain with a charge of —1.0¢ and the charges on the
helix macrodipole are summed over all conformations that
contribute to the partition function. The details of the method
are outlined in the Appendix.

The energetics of interactions between specific side chains
has been modeled by an additional modification of the basic
Lifson-Roig theory for the helix—coil transition. In this
modification, two guest residues with their apparent w-values
(Wapp(E;) and wapp(Kf)) are placed at specific positions in the
homopolymer host peptide. The partition function is calcu-
lated using the “nesting” approach outlined by Robert (1990).
If there is no interaction between the side chains, these
parameters are sufficient to calculate the observed helicity of
the peptide. When there is a substantial interaction between
the side chains of the guest residues, an additional free energy
is needed to account for the observed helicity; that is, the
apparent helix-forming tendencies alone, including any con-
tributions from charge—dipole interactions, are not sufficient
to provide the observed helicity. A statistical weight, p, is
thenincluded in the partition function for those conformations
that involve interactions between the side chains of interest.
The free energy of the side-chain interaction is given by AG®
=—RTInp. Additional details can be found in the Appendix.

RESULTS

Experimental Design. In order to investigate the effects
of side-chain electrostatic interactions on the observed helicity
of a synthetic peptide, it is imperative to have a host peptide
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Table I: Peptide Sequences

Table II: Fractional Helicities of Peptides?

AQ ref Ac-A-A-Q-A-A-A-A-Q-A-A-A-A-Q-A-A-Y(NH»)
Glu series
E2 Ac-A-E-Q-A-A-A-A-Q-A-A-A-A-Q-A-A-Y(NH,)
E5 Ac-A-A-Q-A-E-A-A-Q-A-A-A-A-Q-A-A-Y(NH,)
E6 Ac-A-A-Q-A-A-E-A-Q-A-A-A-A-Q-A-A-Y(NH,)
E7 Ac-A-A-Q-A-A-A-E-Q-A-A-A-A-Q-A-A-Y(NH,)
E9 Ac-A-A-Q-A-A-A-A-Q-E-A-A-A-Q-A-A-Y(NH,;)
Ell Ac-A-A-Q-A-A-A-A-Q-A-A-E-A-Q-A-A-Y(NH,)
El12 Ac-A-A-Q-A-A-A-A-Q-A-A-A-E-Q-A-A-Y(NH,)
El4 Ac-A-A-Q-A-A-A-A-Q-A-A-A-A-Q-E-A-Y(NH,)
Lys series
K6 Ac-A-A-Q-A-A-K-A-Q-A-A-A-A-Q-A-A-Y(NH,)
K7 Ac-A-A-Q-A-A-A-K-Q-A-A-A-A-Q-A-A-Y(NH,)
K9 Ac-A-A-Q-A-A-A-A-Q-K-A-A-A-Q-A-A-Y(NH,)
K10 Ac-A-A-Q-A-A-A-A-Q-A-K-A-A-Q-A-A-Y(NH,)
Glu-Lys series
E5K6 Ac-A-A-Q-A-E-K-A-Q-A-A-A-A-Q-A-A-Y(NH,)
E5K7 Ac-A-A-Q-A-E-A-K-Q-A-A-A-A-Q-A-A-Y(NH,)
E6K9 Ac-A-A-Q-A-A-E-A-Q-K-A-A-A-Q-A-A-Y(NH;)
E6K10 Ac-A-A-Q-A-A-E-A-Q-A-K-A-A-Q-A-A-Y(NH,)
Lys—Glu series
K6E9 Ac-A-A-Q-A-A-K-A-Q-E-A-A-A-Q-A-A-Y(NH,)
K6E10 Ac-A-A-Q-A-A-K-A-Q-A-E-A-A-Q-A-A-Y(NH,)

that is composed of neutral residues. The AQ host peptide
used here is an ideal vehicle for these studies since we are able
to place isolated charged residues at defined positions in the
sequence of the otherwise neutral peptide host. The design
and characterization of the AQ host peptide has been described
(Scholtz et al., 1991c). The sequences and abbreviations for
all of the peptides used in this study are shown in Table I. In
the Glu series, the intrinsic helix-forming tendencies of Glu®
and Glu~ are determined from the position dependence of the
helix-destabilizing effect of a substituted Glu residue in a
helical host peptide, as described by Chakrabartty et al. (1991)
for glycine. The Lys series provides control peptides for
determining the energetics of the side-chain interactions
between Glu and Lys in the Glu-Lys and Lys—Glu series of
peptides.

All the peptides used in this study show the characteristics
exhibited by all alanine-based a-helical peptides studied thus
far (Scholtz & Baldwin, 1992), namely, a CD spectrum
expected for an a-helix with minima at 222 and 208 nm and
a maximum at ~192 nm (data not shown). Also, the amount
of helical structure decreases with increasing temperature
(Scholtz et al., 1991a) with an isodichroic point at ~203 nm.
These CD characteristics are not dependent on peptide
concentration, suggesting that helix formation is monomeric
(Padmanabhan et al., 1990). Furthermore, the helix to coil
transition of all of these peptides is reversible, regardless of
the method used to shift the equilibrium between the two
populations.

Our primary objective is to investigate the electrostatic
interaction between an isolated pair of Glu and Lys side chains.
The guest residues have been placed in the center of a neutral
host peptide to minimize the effects of the charged side chain
with the helix macrodipole. Since the interactions of interest
are electrostatic, the effects of changing the solvent conditions
by adding NaCl and by changing the pH have been inves-
tigated. The fractional helicities of all of the peptides at low
(pH 2.5) and neutral pH (pH 7.0) at three different
concentrations of NaCl (0.01, 1.0, and 2.5 M) are shown in
Table II.

Glu Series. The effect of substituting a single Glu residue
at various positions in the AQ host peptide on the overall
helicity at 10 mM NaCl can be seen in Figure 1. Each point
is calculated from the observed helicity for a peptide with a
single Glu residue substituted at the indicated position in the

[NaCl] (M), pH 2.5 [NaCl] (M), pH 7.0

peptide  0.01 1.0 2.5 0.01 1.0 2.5
AQ 049 052 048 049 052  0.48
E2 039 043 039 049 047 041
ES 037 042 039 036 037 034
E6 038 041 038 037 038 034
E7 044 050 046 045 048 043
E9 035 035 036 029 035 029
Ell 037 042 039 028 035 032
E12 043 048 044 033 041  0.38
El4 041 046 043 032 041  0.39
K6 034 039 038 034 039  0.38
K7 035 040 039 035 040 039
K9 037 042 040 037 042 040
K10 039 044 042 039 044 042

E5K6 0.26 0.31 0.31 0.22 0.28 0.27
ESK7 0.28 0.33 0.32 0.23 0.29 0.29
E6K9 0.33 0.38 0.39 0.35 0.36 0.34
E6K10 0.37 0.43 0.41 0.39 0.40 0.37
K6E9 0.31 0.37 0.36 0.28 0.32 0.27
K6E10 0.30 0.34 0.35 0.32 0.33 0.27

@ Fractional helicities were determined from the observed ellipticities
([8])222) at 0 °C as described in Experimental Procedures using [f]y =
~33 750 and [f]c = 640 deg cm? dmol~!. The errors on the fractional
helicities are approximately £0.01.

0.60 T T T T T T T T T T T T T 1
Eos
\

Fraction Helix

0.35 -

0.30

Position of Substitution

FIGURE 1: Dependence of fractional helicity on the position of a
substituted Glu residue at low pH (solid symbols, Glu®) and pH 7
(open symbols, Glu~) at 10 mM NaCl, 0 °C, The lines represent the
best fit of the data to the standard Lifson—Roig model (pH 2.5 for
Glu®, solid line and solid circles) and the charge~dipole modification
of the Lifson—Roig model (pH 7 for Glu-, dashed line and open
circles). The squares, representing the data for peptides E7 and E12,
were not used in the fit because of a possible GIn-Glu interaction
(see text). The triangles represent the fractional helicity of the AQ
host peptide.

chain. The filled symbols are the fractional helicities at low
pH (Glu®), whereas the open symbols are the results at neutral
pH (Glu-). For the Glu® data, where the entire peptide is
uncharged, it is possible to calculate an intrinsic helix-forming
tendency for Glu® using the simple homopolymer approxi-
mation for the host peptide with the Lifson—Roig theory. The
solid line in Figure 1 is the result of this fit, giving {Whest) =
1.43 and w(E°) = 0.66, using a constant value for v? = 0,0038
as determined previously (Rohl et al., 1992; Scholtz et al.,
1991b). The triangles are the fractional helicity of the AQ
host peptide. The two peptides represented by squares in
Figure 1, E7 and E12, were not included in the determination
of the w-values since there appears to be a stabilizing (i, i+4)
interaction between Gln and Glu in these peptides (see below).

In the pH range where the Glu residue is ionized, it is
apparent that a substantial charge—helix dipole interaction
develops. The peptides with the Glu-residue substituted near
the C-terminus, which has excess negative charge from the
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FIGURE 2: Effect of pH on the observed helicity of the Glu-Lys
peptides at 10 mM NaCl, 0 °C: (@) E5K6, (o) ESK7, (m) E6K9,
and (@) E6K10. The lines are drawn by inspection only.
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FIGURE 3: Effect of pH on the observed helicity of the Glu peptides
at 10 mM NaCl, 0°C: (¢) E2,(a) E6,(O) El1, and (O) E14. The
lines are drawn by inspection only.

helix macrodipole, are much less helical than the corresponding
peptides at low pH (GIu®). Likewise, the peptide E2, with the
Glu situated near the positive pole of the helix macrodipole,
shows higher helicity at pH 7.0 than at pH 2.5. The crossover
point, that is, the point at which the Glu~ and Glu® forms of
a peptide are equally helical, appears around position S or 6.
Since this crossover point is not in the middle of the sequence,
it implies that the intrinsic helix-forming tendency of Glu
changes with the ionization state of the side-chain carboxylate.
The dashed line in Figure 1 is the best fit to the data using
the charge—dipole modification of the Lifson-Roig theory and
gives w(E-) = 0.45, a value less than that found for Glu®
(w(E® = 0.66).

Glu-Lys Peptides. Thereare six peptides designed tostudy
the effects of spacing and orientation of an isolated pair of
Glu and Lys residues; their sequences are shown in Table 1.
In the four Glu-Lys peptides Glu is always N-terminal to
Lys, whereas in the Lys—Glu peptides the order of the guest
residues is reversed. Figure 2 shows the effect of pH on the
helicity of the Glu—-Lys peptides at 10 mM NaCl. The order
of helix stabilization under all conditions is (i, i+4) > (i, i+3)
> (i, i+2) ~ (i, i+1).

The change in helicity with pH for the Glu-Lys peptides
is not caused solely by the ionization of the Glu residue, as
peptides E5 and E6 have helicities that are independent of pH
over this range (see Table II and Figure 3). Therefore, the
change in helicity with pH for the Glu-Lys peptides must be
a consequence of altered side-chain interactions in Glu®~Lys*
compared to Glu—Lys*. For the peptides with (i, i+4) and
(i, i+3) spacing, the amount of helix is higher at pH 7.0 than
at pH 2.5, suggesting an increased stabilization of the helix
by the charged ion-pair, whereas the opposite trend is observed
for the (i, i+2) and (i, i+1) peptides.
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In considering the effects of pH on the Lys—Glu peptides,
it is clear that two factors must be operating. Ionization of
an isolated Glu residue in positions 9 and 10 does have an
effect on the observed helicity (see Figure 1 and Table IT) and
will contribute to the change in helicity with pH; the second
effect is the difference between the side-chain interactions of
Glu®-Lys*and Glu—Lys*. Therefore,inorder tocharacterize
the energetics of a specific Glu—Lys* side-chain interaction,
the effects of a difference between the intrinsic helix-forming
tendencies of Glu® and Glu- and the contributions of Glu-and
Lys* to the charge—dipole interaction must be evaluated
separately.

Side-Chain Interactions. The energetics of specific side-
chain interactions in the Glu-Lys and Lys—Glu peptides can
be analyzed with our modifications of the Lifson—-Roig theory
(see Experimental Procedures and the Appendix). The results
of the side-chain interaction analysis are provided in Tables
ITI-V at three different NaCl concentrations. Atlow pH, the
observed helicities for peptides with (#,7+1) and (i, i+2) spacing
(ESK6and E5K7) can be accounted for, within error, without
introducing any interaction free energy between the side chains.
On the other hand, the peptides with (i, i+3) and (i, i+4)
spacing require a substantial additional free energy of
interaction (=300 cal mol-!) between the side chains in order
to account for the observed helicities. All the interaction
energies at low pH are independent of the concentration of
NaCl.

The results at pH 7.0, where both Glu and Lys residues are
ionized, are quite different from those found at low pH. For
all four peptides with either (i, i+3) or (i, i+4) spacing, there
is a large side-chain interaction present at low ionic strength.
The side-chain interaction decreases with increasing NaCl
concentration, as expected for an electrostatic interaction.
The two peptides with either (i, i+1) or (i, i+2) spacing, on
the other hand, have side-chain interactions that destabilize
the helical conformation (or stabilize the coil conformation)
at low ionic strength. This helix destabilization is screened
by NaCl, and the side-chain interaction energy approaches
0 at higher ionic strengths.

Figure 4 shows the effect of NaCl on the Gibbs energy of
the side-chain interaction for the Glu-Lys and Lys—-Glu
peptides at low and neutral pH. At low pH, the interaction
energies are not dependent on the ionic strength of the solution
and only the peptides with (i, i+3) or (#, i+4) spacing show
measurable side-chain interactions. The calculatedinteraction
energy (~300 cal mol™!) does not depend on the orientation
of the Glu® and Lys™ residues, as long as the spacing is either
(i, i+3) or (i, i+4). When the Glu is ionized, two interesting
results are obtained. For the peptides with (i, i+3) or (i, i+4)
spacing, the side-chain interaction energy increases by ~100—
150 cal mol~! at low ionic strength. This increase in the side-
chain interaction energy can be screened by NaCl; at 2.5 M
NaCl the interaction energy is identical for the Glu~—Lys*
and the Glu%-Lys* combinations. For the peptides with (7,
i+2) or (i, i+1) spacing, the fully ionized pair of residues is
destabilizing to the helical conformation at low ionic strength.
This destabilization can also be screened by NaCl, resulting
in no net stabilization at high ionic strengths.

There are two single Glu peptides, E7 and E12, which show
larger helicities than those expected from the intrinsic helix-
forming tendencies of Glu~ and Glu® (Table Il and Figure 1).
Each peptide has an (i, i+4) QE residue pair that provides
the possibility of a stabilizing side-chain interaction. The
energetics of these interactions can be assessed in the same
manner as that described for the Glu-Lys peptides. Table VI
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Table III: Side-Chain Interactions in 10 mM NaCl¢

peptide w,pp(K;) Wapp(E7) Su(pH 2.5) AG°(E%KY), cal mol-! JSu(pH 7.0) AG°(EK*) cal mol™!
E5K6 0.53 0.65 0.26 0 0.22 200
ESK7 0.60 0.65 0.28 -95 0.23 180
E6K9 0.68 0.63 0.33 -285 0.35 -380
E6K10 0.75 0.63 0.37 -340 0.39 —470
K6E9 0.53 0.41 0.31 -290 0.28 -380
K6E10 0.53 0.39 0.30 =320 0.32 —460

4 Calculated with (wpee) = 1.43 and v? = 0.0038 for both pH 2.5 and 7.0. For the low-pH calculations, w(E®) = 0.66. The w, pp(Eio) value was
calculated from the expected helicity shown in Figure 1. The errors on the AG® values range from £20 to £50 cal mol-!; negative values of AG® represent

helix-stabilizing interactions.

Table IV: Side-Chain Interactions in 1.0 M NaCl®

peptide wﬂpp(Kf) Wepp(E7) Su(pH 2.5) AG°(E°K™), cal mol™! JSu(pH 7.0) AG°(E-K), cal mol-!
E5K6 0.61 0.52 0.31 —40 0.28 0
E5K7 0.67 0.52 0.33 -120 0.29 60
E6K9 0.75 0.56 0.38 -270 0.36 -320
E6K10 0.82 0.56 0.43 -360 0.40 -390
K6E9 0.61 0.49 0.37 -280 0.32 -330
K6E10 0.61 0.47 0.34 -350 0.33 -410

4 Calculated with (Whest) = 1.46 and v? = 0.0038 for both pH 2.5 and 7.0. For the low-pH calculations, w(E®) = 0.70. The w,

(E}p) value was

calculated from the expected helicity of E10 from the data in Table I. The errors on the AG® values range from %20 to 50 cal moltgp negative values

of AG® represent helix-stabilizing interactions.

Table V: Side-Chain Interactions in 2.5 M NaCl¢

peptide Wappl KD Wepo(E) fu(pH 2.5) AG®(E°K*), cal mol-! fu(pH 7.0) AG®(E-K*), cal mol-!
ES5K6 0.69 0.50 0.31 -80 0.27 -40
ESK7 0.76 0.50 0.32 -100 0.29 -110
E6K9 0.84 0.55 0.39 -310 0.34 -290
E6K10 0.91 0.55 0.41 -330 0.37 -350
K6E9 0.69 0.42 0.36 -270 0.27 -270
K6E10 0.69 0.40 0.35 -300 0.27 -330

4@ Calculated with (Whest) = 1.43 and v = 0.0038 for both pH 2.5 and 7.0. For the low-pH calculations, w(E®) = 0.72. The w,

(E}o) value was

calculated from the expected helicity of E10 from the data in Table I. The errors on the AG® values range from %20 to %50 cal mol:? negative values

of AG® represent helix-stabilizing interactions.

shows the results of this analysis and compares all side-chain
interactions that have (i, i+4) spacing of side chains.

DISCUSSION

Separation of Side-Chain Interactions from Other Helix-
Stabilizing Effects. The role of side-chain electrostatic
interactions in stabilizing an a-helix has been appreciated for
some time (Fairman et al., 1990; Gans et al., 1991; Marqusee
& Baldwin, 1987; Scholtz & Baldwin, 1992). The C-peptide
from ribonuclease A contains several interactions between
side chains that provide measurable stability to the a-helical
conformation of the peptide in aqueous solution. Despite the
accepted role of specific side-chain interactions, a direct
measurement of their contribution to the overall stability of
anisolated helical peptide has been difficult. The first a-helical
peptides of de novo design contained several pairs of Glu and
Lys residues in an alanine peptide (Marqusee & Baldwin,
1987). The basic design employed by Marqusee and Baldwin
was used by other groups to look at the effects of spacing and
orientation of different pairs of charged residues (Huyghues-
Despointes et al., 1993b; Marqusee & Baldwin, 1990; Merutka
et al.,, 1990; Merutka & Stellwagen, 1991; Stellwagen et al.,
1992). Although these studies demonstrated the importance
of side-chain interactions and also differences between the
interactions of pairs of charged residues with different
orientations and spacings, a detailed quantitation of the
energetics was not possible because there are multiple
interactions present in each peptide. This problem has been

circumvented by using an isolated pair of charged residues in
an otherwise neutral host peptide.

There are two main electrostatic interactions observed when
charged residues are placed in a helical peptide: theinteraction
between the charged side chains and an interaction between
each charged side chain and the helix macrodipole. In order
tounderstand the former, a complete accounting of the charge—
dipole interaction must be obtained. The interaction of an
isolated charged residue with the helix dipole has been
investigated recently for His* (Armstrong & Baldwin, 1993)
and Asp~ (Huyghues-Despointes et al., 1993a). The Gluseries
of peptides (Figure 1) shows a behavior similar to that found
in these other reports.

The standard treatments of the helix—coil transition do not
take specific side-chain interactions into account, but merely
use intrinsic helix-forming tendencies (w- or s-values) and
nucleation parameters (02 or ¢) to calculate the expected
helicity of a given peptide. The standard Lifson—-Roig
treatment has been modified here in order to determine the
electrostatic interactions between a charged side chain and
the helix macrodipole. This simple modification of the model
isable todescribe the behavior of a charged residue in a neutral
host peptide (Figure 1) and provides a method for the
determination of the intrinsic helix-forming tendency of a
charged residue. For Glu-,theobserved w(E")is 0.45, whereas
the neutral form of Glu gives w(E®) = 0.66; the charged form
of the amino acid is less helix stabilizing than the neutral
form. This same result is obtained for His (Armstrong &
Baldwin, 1993), but not for Asp (Huyghues-Despointes et al.,
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FIGURE 4: Effect of [NaCl] on the energetics of the side-chain
interactions in the Glu-Lys and Lys—Glu series of peptides. Panel A
shows data collected at pH 2.5 (Glu®-Lys*); panel B, at pH 7.0
(Glu—Lys*). The peptides are ( @) ESK6, (o) ESK7, (m) E6K9, (®)
E6K10, (O) K6E9, and

Table VI. Comparison of (i, i+4) Interactions in 10 mM NaCl at 0
°C

peptide interaction AG® (cal mol™!)
E6K10 Glu%-.Lys* -340
E6K10 Glu—wLys* -470
K6E10 Lys*..Glu® -320
K6E10 Lys*e-Glu~ —460
Q3E7 Gln-Glu® -380
Q3E7 Gln-Glu- -340
Q8E12 Gin-~Glu® -300
Q8E12 GlneGlu- -270

1993a) where the charged and uncharged forms have identical
w-values. The difference in helix propensities for the charged
and uncharged forms of Glu has been noted previously
(Stellwagen et al., 1992); we find a similar result here. The
intrinsic helix-forming tendencies determined here (s = 0.62
for Glu® and 0.42 for Glu-) are substantially different from
the values found in the host—guest studies of Maxfield et al.
(1975), who found s-values of 1.47 and 0.96 for Glu® and
Glu-, respectively.

Properties of Ion-Pair and Hydrogen-Bond Interactions.
After the effects of charge—dipole interactions are removed,
it is possible to determine the free energy of the interaction
between side chains of the charged residues. Anisolated pair
of Glu—Lys residues has been placed in a neutral host peptide,
and the different interaction energies between the side chains
have been determined for four different spacings and orien-
tations of the charged residues. The principal finding is that
there are significant stabilizing interactions between the side
chains when the spacing between the residues is close to the
helical repeat of 3.6 residues per turn. The nature of this
interaction is interesting. A strong, singly charged hydrogen
bond between Glu and Lys is found when the spacing is either
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(i, i+3) or (i, i+4), regardless of the orientation of the Glu
and Lysresidues. Thestrength of thissingly-charged hydrogen
bond does not depend upon the ionic strength of the solution
up to 2.5 M NaCl. Upon ionization of the Glu residue, an
additional ion-pair interaction is present that can be screened
by added NaCl.

The ion-pair interaction between Glu~ and Lys* when the
spacing is (, i+1) or (i, i+2) is helix destabilizing. This coil-
stabilizing interaction is lost by the addition of NaCl or by
neutralization of the Glu~ residue by lowering the pH of the
solution. Although the maximum destabilization observed
for the (i, i+1) or (i, i+2) peptides is only ~200 cal mol-!,
or about half of the maximum stabilization observed in the
(i, i+4) and (i, i+3) peptides, it is significant and illustrates
the importance of considering both helix-stabilizing and helix-
destabilizing interactions in a given peptide. The original
Glu-Lys peptides described by Marqusee and Baldwin (1987)
have (i, i+4) and (i, i+3) arrangements of Glu and Lys;
however, the (i, i+4) peptide also contains (i, i+1) spacings
and the (i, i+3) peptide has (i, i+2) spacings. This design
complicates the interpretation of the strength of the ion pairs
in these original peptides [see Perutz and Fermi (1988)].
Likewise, the peptides used by Gans et al. (1991) in their
determination of the strength of ion pairs in a helical peptide
contain multiple Glu and Lys residues with a variety of
spacings. The peptides employed in our study provide a simple
system for determining the energetics of specific side-chain
interactions and for taking complete account of the charge—
dipole interaction.

Comparison of Ion- Pair and Hydrogen- Bond Interactions.
There are three main side-chain interactions that are observed
in these peptides: an ion-pair interaction, a singly charged
hydrogen bond, and a neutral hydrogen bond. The (i, i+3)
and (i, i+4) Glu-Lys peptides show strong ion-pair interactions
at neutral pH and moderate singly—charged hydrogen bonds
at low pH. A neutral hydrogen bond of moderate strength
is observed between Gln and Glu in two of the Glu peptides
at low pH. The data in Table VI compare the strength of
each interaction for (i, i+4) side-chain pairs. The main result
is that a hydrogen bond between side chains can contribute
substantial stability to the a-helical structure. Theionization
of one side chain increases the strength of the hydrogen bond,
while complete ionization of both side chains provides greater
stabilization; however, the strength of the interaction of the
complete ion pair depends on the ionic strength of the solution
(see Figure 4).

The strength of ion-pair interactions in an isolated a-helical
peptide has been measured by Gans et al. (1991) using peptides
with multiple Glu and Lys residues with various spacings.
The calculated strength of a Glu—Lys ion-pair is ~0.5 kcal
mol-!according to their analysis. In proteins, the contributions
of surface-exposed ion pairs to the stabilization of the folded
state is in this same range [0.0-0.5 kcal mol-!; Dao-pin et al.
(1991); Horovitz et al. (1990)], whereas buried ion pairs can
make much larger contributions (Anderson et al., 1990). Our
system is designed to separate cleanly the contributions of
ion-pair interactions from all of the other aspects of structure
formation in these peptides. We find a maximum Glu—Lys™*
ion-pair interaction of ~0.45 kcal mol~! (Tables ITI-V at low
NaCl concentration when the spacing [(i, i+3) or (i, i+4)]
is correct for an a-helix. When the spacing is (i, i+1) or (i,
i+2), the ion pair is helix destabilizing by ~0.2 kcal mol-!.
This behavior illustrates the importance of considering all
possible spacings and orientations of the charged side chains
in the helical peptide.
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At low pH, where Glu is neutralized, there are significant
side-chain interactions present in the Glu-Lys peptides with
(i, i+3) and (i, i+4) spacings. Likewise, in two of the Glu
peptides (E7 and E12) at all values of pH, there are stabilizing
GIn-Glu interactions for the (i, i+4) spacing. This GIn-Glu
interaction is quite specific compared to the Glu-Lys
interactions: only the (i, i+4) GIln-Glu arrangement is helix
stabilizing. Other orientations and spacings show no inter-
action (Figure 1 and Table II). An (i, i+4) hydrogen-bond
interaction with similar properties is also found for the Gln—
Asp pair (Huyghues-Despointes et al., 1993a). Further work
is needed to determine the reason for the specific orientation
and spacing of the GIn-Glu and Gln—Asp side-chain inter-
actions. Alloftheobserved hydrogen-bond interactions, either
between a charged and a neutral side chain or between two
neutral side chains, have similar strengths. These hydrogen
bonds are not affected by the ionic strength of the solution
(Tables ITI-V and Figure 4A) and are substantial in magnitude
(=0.3 kcal mol-?).

Therole of specific hydrogen-bond interactions in stabilizing
an isolated a-helical peptide has not been measured directly
prior to this report. The approach used here enables us to
identify and quantify the energetics of these specific hydrogen-
bond interactions. The stabilization free energy found for
hydrogen bonds in these a-helical peptides is within the range
observed in many biological systems (Shirley et al., 1992),
despite the complexities inherent in most estimations of
hydrogen bond energies (Morganetal., 1991). These peptides,
and the model employed in the analysis, present a simple system
for evaluating the energetics of defined, isolated interactions.
Our results suggest that the role of specific hydrogen bonds
in peptide and protein stability may be substantial.
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APPENDIX

Recent experiments on the effects of substitution of a
charged residue in a helical peptide have shown that both the
amount of helical structure and the pKj of the charged residue
vary with the position of the residue in the helical peptide
(Armstrong & Baldwin, 1993; Huyghues-Despointes et al.,
1993a). Specific side-chain interactions can also affect the
amount of helix observed in a helical peptide (Fairman et al.,
1990; Scholtz & Baldwin, 1992). The standard treatments
of the helix—coil transition (Lifson & Roig, 1961; Zimm &
Bragg, 1959) are unable to take specific side-chain interactions
into account; therefore several modifications of the basic
theories have been developed. Since only short peptides will
be considered, the one-sequence approximation of the theory
will be used (Qian & Schellman, 1992).

Charge-Dipole Interactions. The basic framework of the
model used here was described by Lifson and Roig (1961),
and we add the assumption that there is only one helical
segment per chain. The helix macrodipole is modeled by the
simple Coulombic interaction of two point charges placed at
either end of the helical stretch of residues in each conformation
contained in the partition function. Although there are
alternative ways to model the helix dipole, we elected to use
this simple representation in our initial approach. A point
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charge of +0.5g is placed 1 A away from the N-terminus (dn
= 1), and a charge of —0.5q is placed 1 A away from the
C-terminus (d¢c = 1) of each helical segment (Sheridan et al.,
1982). For each partial helical conformation that contributes
to the partition function, an electrostatic term is included to
account for the interaction of a charged side chain with the
point charges which model the helix macrodipole. Thedistance
between the charged side chain and the helix axis is 7, and
issetto 5 A (Vésquez & Scheraga, 1988), and the rise along
the helical axis, 7, is 1.5 A per helical residue. The new
partition function can be written as:

N-2 N-m-1
0, =g+ z W™ Z exp[-E(j,m,k)/RT] (1)
m=1 j=1

where E(j, m, k) is the charge—dipole interaction between
charged residue & and the dipole when the helical segment is
between residues j and (j + m + 1):

qdpq{ 1 ]
D \([(J + m + l —_ k)rp + dC]Z + rﬁ)l/z
1
([(l'—k)rp—dN]2 + ".21)1/2) )

with g and gqp as the charges on the side chain and the helix
macrodipole, respectively, D as the dielectric constant of the
medium, and dx and dc as the additional distances beyond
the ends of the helical stretch for the placement of gqp.

The helix macrodipole can also perturb the pK, of a charged
residue. This perturbation can be modeled as well. Ineq 1,
it was assumed that residue k is permanently charged; however,
if the pH of the solution is near the pK, of the charged residue
(the pK, valuein the absence of any electrostatic perturbation),
an equilibrium between the charged and neutral forms exists.
The partition function in eq 1 can be further modified to give

E(j,km) =

N-2

Q=1+KJH'T+ Y {1 +KJ[H"] exp[-E(j,m,k)/RT]}
j=1

Q=0+ KQ,[H"] (3

where Qo is the original partition function defined by Lifson
and Roig [see Qian and Schellman (1992)] and Q, is defined
in eq 1. The apparent association constant for the charged
residue is

KPP = Kng/Qo (4
which gives the apparent pK, for the charged group:

pK:pp = —log K:PP = ng —log Q1 + log Qs &)

The free energy difference between the charged and neutral
peptides, AAG®, is

AAG® = -RTIn(Q,/Q,) = -2.3RTA(pK,)  (6)

These modifications have been incorporated in to the one-
sequence approximation of the Lifson-Roig theory. The only
three parameters needed for a complete description of the
position dependence of a charged residue in a host peptide
are: (Wnost), 1%, and w(guest). Dielectric constants (eq 2)
between 50 and 80 D appear to fit all of the available data
[Figure 1 and Armstrong and Baldwin (1993); Huyghues-
Despointes et al., 1993a], so D = 60 has been used.

Interactions between Side Chains. In order to incorporate
interactions between specific side chains, a modification of
the original Lifson—Roig treatment has been developed. Using
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the nesting block method described by Robert (1990), the
partition function in the absence of any side chain interactions
can be written as:

0= (LW,..W,_ W, .W,W,,, . W,R)

=33 (LW, W jm) (m[W,...W ) (0] W ... WAR)

= ((LIW .. W 1) (LW, W 2) (LW .. W [3),..)

AW WD (WL WJ2) (W, W)3)
QW W) (2W..W]2)  (2W,.W}3) N
GW.. W) GW.W2)  (IW,..W)3)
(1[Wy... WoIR)
(2IW,41.. WNIR) @

(3IWye1.. WylR)

where W is the correlation matrix for the residue in position
k, (L|and [R}) are the left- and right-end vectors, and (m| and
[n) are unit vectors:

1
(L =(00,.1) [R)= 1
1
Al= (1,0,.,0), (2= (0,1,.,0), ...
1 0
m={%) w={}%}~
0 0

The entries in the matrix in eq 7, (m|W...W/n), are the
partition function for the block between residues / and j when
residue 7 is in the m state and j is in the n state. If we know
the apparent w and v? values for each of the residues, every
term in eq 7 can be evaluated.

If there is an interaction between residues i and j when both
residues are in the stabilized helical state 1 (m = n = 1), then
an additional statistical weight, p, can be used to determine
the strength of the side-chain interaction. The result is that
instead of contributing w to the partition function, one now
contributes pw, but only when both of the residues involved
in the side-chain interaction are in the stabilized helical
conformation. Since we are using the one-sequence approx-
imation of the Lifson-Roig theory, all the residues between
i and j are required to be helical as well. The new partition
function is:

Q, = ({LIW .. W |1) (LW, W, [2) (LIW,.. W, [3),..)

p (AWLWID (W W)  (IW..W]3)
QW W) (2W,..W2)  (2W,..W3)
(BIW,..WJ2)  (3W,..W3)

(IW,..W 1)

(1[W,;.. WxR)
QW WAR) | (8)

(3|W;1...WhR)
A complete evaluation of eq 8 for the Glu-Lys peptides
requires (Whost), b2 Wapp(E7), and wapp(K;). The only
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remaining parameter is p, and the free energy of the side-
chain interaction can be calculated from

AG® = -RTInp 9)

Although we have illustrated this modification of the Lifson—
Roig theory using electrostatic side-chain interactions between
Glu and Lys, the model is general and can describe the
energetics of side-chain interactions regardless of the type of
interaction involved. Computer programs based on both of
these models have been written and are available from the
authors.
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