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The C-peptide Helix from Ribonuclease A Considered

as an Autonomous Folding Unit

K.R. SHOEMAKER, R. Famman, P.S. Kiv,* E.J. York, J.M. STEwarT, aND R.L. BALDWIN

Department of Biochemistry, Stanford University School of Medicine, Stanford, California 94305;
'Department of Biochemistry, University of Colorado School of Medicine, Denver, Colorado 80262

One of the basic goals of work on the mechanism of
protein folding is to define autonomous folding units:
those individual segments of a protein which, if excised,
contain sufficient structural information to specify their
own folding. Surprisingly little is known about this
subject. A common opinion is that entire domains are
the units of folding. A domain is defined as (1) a
continuous segment of polypeptide chain that is folded
on itself, as judged by inspection of the protein’s X-ray
structure, and (2) a folded segment that makes only
marginal contacts with neighboring segments. Domains
are usually found to contain 100-150 amino acid res-
idues. The nature of protein structure is such that a
domain can be divided into two subdomains and each
subdomain can be further divided, if the definition of a
subdomain is based on part 1 above (Rose 1979), with-
out part 2.

Autonomous folding units might, however, prove to
be substantially smaller than entire domains. Gilbert’s
hypothesis that new proteins can be made by reshuf-
fling exons (Gilbert 1978, 1985) implies that each exon
product is an autonomous folding unit (cf. Go 1981)
and the peptide segments encoded by exons are often
as small as 30-40 residues. The definition of an au-
tonomous folding unit is tied to the criteria used for
stability of the folded structure. Our criteria for an
autonomous folding unit are as follows: (1) The struc-
ture shown by the excised fragment should be suffi-
ciently stable in aqueous solution to be detected, and
should occur by a monomolecular reaction. (2) This
structure must closely resemble the structure in the
intact protein.

Other types of experiments on autonomous folding
units may lead to alternative definitions. It seems likely
that peptide reshuffling experiments, based on the
methods of genetic engineering, will be used in future
work to analyze autonomous folding units. Studies of
sequence homology between limited regions of differ-
ent proteins have been used to suggest folding units and
to examine the role of exon boundaries in fixing these
folding units (Doolittle 1985). Another approach to the
analysis of folding units is to examine the ability of a
protein fragment to bind a specific ligand such as heme
(Craik et al. 1981), ATP (Knight and McEntee 1986;

*Present address: Whitehead Institute, Nine Cambridge Center,
Cambridge, Massachusetts (02142.

Barden and Kemp 1987), a-bungarotoxin (Wilson et
al. 1985), or DNA (Bruist et al. 1987).

Autonomous folding units should be larger than
pentapeptides, according to the results of Kabsch and
Sander (1984), who find that a given pentapeptide
sequence can occur as part of an a helix in one protein
and part of a B sheet in a different protein. On the
other hand, Wright and co-workers have reported for-
mation of a B turn, a four-residue structure, within a
nonapeptide fragment of hemagglutinin in aqueous
solution (Dyson et al. 1985). Thus, sequences as short
as B turns may be autonomous folding units. Only a
small fraction of a protein may consist of autonomous
folding units. At an early stage in the folding process,
only a few segments may be folded and other residues
may play a passive role.

Evidence That the C-peptide Helix Is an
Autonomous Folding Unit

Residues 3-13 are helical in bovine pancreatic
ribonuclease A (RNase A) and only a few of these
residues bind the helix to the rest of the protein
(Wiodawer and Sjolin 1983). Peptides containing this
sequence show partial helix formation in aqueous solu-
tion (Brown and Klee 1971; Bierzynski et al. 1982; Kim
and Baldwin 1984). The helix has been studied in C-
peptide (residues 1-13 of RNase A, terminating in
homoserine lactone at residue 13), in S-peptide (resi-
dues 1-20 of RNase A), and in chemically synthesized
analogs of these peptides.

The following observations suggest that the C-
peptide helix is an autonomous folding unit. (1) The
C-peptide helix is much more stable than predicted by
the Zimm-Bragg equation' when host-guest data on
synthetic polypeptides (Sueki et al. 1984) are used to
provide the Zimm-Bragg parameters. Consequently,
the C-peptide helix may be stabilized by specific side-
chain interactions and its side-chain structure may be
similar to that of the 3-13 helix in RNase A. (2)

"Shoemaker et al. (1985) give the predicted stability of a 13-residue
polyalanine helix and show that the C-peptide helix is about 30 times
more stable than expected. They corrected an earlier estimate by
Bierzynski et al. (1982), who used an approximate form of the Zimm-
Bragg equation. Current studies of alanine peptides that are made
water-soluble by inserting a few Lys and Glu residues show that these
helices are also more stable than predicted from host-guest data (S.
Marqusee and R.L. Baldwin, in prep.).
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Additional evidence that side-chain interactions stabi-
lize the C-peptide helix is given by the strong pH de-
pendence of helicity (Bierzynski et al. 1982). The curve
of helicity versus pH, with a maximum at pH 5 and
apparent pKs near 3.5 and 6.5, suggests that charged
amino acid side chains are critical for helix stability. (3)
The helix is localized in S-peptide and does not extend
to the carboxy-terminal end, as shown by different
types of NMR experiments (Rico et al. 1983; Kim and
Baldwin 1984). There is a “helix-stop” signal in S-
peptide whose nature remains to be determined. In
synthetic polypeptides the average length of a helical
sequence at the midpoint of the helix-coil transition is
about 100 residues. Thus, localization of the helix in
S-peptide gave the first definite indication that it is an
autonomous folding unit.

Helix formation by isolated C-peptide occurs mono-
molecularly, as shown by molecular weight measure-
ments (Brown and Klee 1971), by lack of concentration
dependence (Bierzynski et al. 1982), and by gel filtra-
tion experiments (Shoemaker et al. 1987). Although
the C-peptide helix is only marginally stable, helix
formation can be studied readily near 0°C in the ab-
sence of organic cosolvents. Moreover, the helicity of
C-peptide can be increased by certain amino acid sub-
stitutions without increasing the number of residues
(Shoemaker et al. 1987).

Invariant Residues and Models for the Determination
of the 3-13 Helix

Amino acid sequences for ribonucleases homologous
to bovine pancreatic RNase A are known from 38
mammalian species. If we assume that residues 3-13
form the « helix in all 38 ribonucleases, then a study of
the invariant residues and their roles in different helix
prediction schemes might reveal features of the 3-13
helix involved in its behavior as an autonomous folding
unit. The most striking feature of the invariant res-
idues, which are shown in Figure 1, is their large num-
ber: in the sequence 1-15, Glu-2, Ala-5, Lys-7, Phe-8,
Arg-10, Gin-11, His-12, and Asp-14 all are invariant
and some other residues are replaced only by closely
related amino acids. Reasons for the invariance of
some of these residues have been proposed: His-12 is
essential for catalytic activity; Gln-11 aids in substrate
binding; Phe-8, His-12, and Asp-14 are needed for tight
binding of S-peptide to S-protein (Blackburn and
Moore 1982).

The relation between the invariant residues and the
helix prediction schemes of Chou and Fasman (1974),
Burgess et al. (1974), and Lim (1974) has been dis-
cussed by Lenstra et al. (1977). None of these schemes
attempts to predict whether the 3—13 helix should be
stable in C-peptide, and Lim’s method is explicitly
based on finding a cluster of side chains, when the
peptide is in a helical conformation, that could bind the
helix to the protein. Lenstra et al. (1977) suggest that
the success of these different predictive schemes is
closely correlated with the invariance of the hydro-
phobic residues. On the other hand, interactions in-
volving ionizing groups contribute to the behavior of
the 3-13 helix as an autonomous folding unit (see
below). The problem of predicting from sequence
which residues can form a helices that are autonomous
folding units may be a separate problem from that of
predicting « helices in proteins.

Based on studies of the C-peptide helix, we suggest
the following model for « helices that are autonomous
folding units: they are stabilized by specific intrahelical
side-chain interactions which may function also to pro-
vide start and stop signals for localizing the helix. Other
plausible mechanisms for start and stop signals can be
suggested, notably the use of proline residues (Perutz
et al. 1965). The concept that a helices might be stabi-
lized by specific side-chain interactions was foreseen by
Sela, Katchalski, and co-workers (Ramachandran et al.
1971; Schechter et al. 1971; Goren et al. 1979) who
synthesized two types of peptides with simple repeating
sequences in order to look for this effect. Maxfield and
Scheraga (1975) found statistical evidence in protein a
helices for an interaction between Glu and any basic
amino acid four residues away (see also Sundaralingam
et al. 1985).

Proposed Side-chain Interactions in the
C-peptide Helix

In recent work, three types of specific side-chain
interactions have been proposed to explain the stability
of the C-peptide helix (Fig. 2). (1) Interaction between
the a-helix macrodipole and charged groups near the
ends of the helix was suggested by Shoemaker et al.
(1985) after finding that Glu-2~ and His-12" are the
charged groups responsible for the pH dependence of
C-peptide helicity. This interaction is studied in more
detail in recent work (Shoemaker et al. 1987). (2) A
H-bonded ion pair between Glu-2~ and Arg-10" is

Figure 1. Sequence of the first 15 amino acids in bovine pancreatic RNase A. Darkened residues are invariant in ribonucleases
from 38 mammalian species (Blackburn and Moore 1982). In 2 of 38 species, residue 11 is listed as either Gln or Glu with the
other 36 as Gln, and also residue 14 is listed as either Asp or Asn in 2 species, with the other 36 as Asp.
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Figure 2. Residues 1-13 of RNase A illustrating the H-
bonded ion pair between Glu-2~ and Arg-107, a possible
aromatic interaction between Phe-8 and His-12, and the a-
helix macrodipole. All other side chains have been omitted for
simplicity. The coordinates of RNase A are from Wlodawer
and Sjolin (1983) and are deposited in the Brookhaven Pro-
tein Data Bank.

known to be present in RNase A (Wlodawer and Sjélin
1983), and it has been suggested that it should also be
present in C-peptide and S-peptide (Rico et al. 1984,
1986; A. Bierzynski, pers. comm.). (3) Phe-8 and His-
12 are positioned in RNase A so that they might make
an aromatic interaction of the type discussed by Burley
and Petsko (1985) and Blundell et al. (1986) for Tyr,
Phe, and Trp. The existence of an aromatic interaction
between Phe-8 and His-12 in C-peptide and S-peptide
has been proposed (Bermejo et al. 1986; Bierzynski et
al. 1986; Rico et al. 1986). It has been suggested further
that His-12" interacts more strongly with Phe-8 than
does His-12° (A. Bierzynski, pers. comm.), thereby
providing a possible explanation for the effect of pH
titration of His-12 on the helicity of C-peptide.

Interaction of the Helix Dipole with Charged Groups

The dipoles of the peptide groups add across H
bonds so that the « helix has a large dipole moment that
is proportional to helix length (3.4 Debye units per
residue; Wada 1976). Calculations using point charges
indicate that the electrostatic field around an « helix
with no formal charges can be represented to a good
first approximation by an extended line dipole whose
positive and negative poles are near the amino and
carboxyl termini, respectively (Hol et al. 1978,
Sheridan et al. 1982). A more detailed picture is given
by noting that four NH and four CO groups at the
amino and carboxyl termini, respectively, of an « helix
are not H-bonded and that the partial charges of the
helix dipole actually reside on these NH and CO
groups. Consequently, a negatively charged group near
the amino terminus is helix-stabilizing, but becomes
helix-destabilizing if placed near the carboxyl terminus,
whereas the opposite is true of a positively charged

group. In X-ray structures of proteins, there are many
examples of negatively charged ligands bound close to
the amino termini of & helices (Hol 1985). The distribu-
tion of charged groups in protein « helices is highly
asymmetric, with acidic and basic residues found close
to the amino and carboxyl termini, respectively (Chou
and Fasman 1974, 1978), and this finding has been
explained as reflecting the helix-stabilizing effects of
these charged groups (Blagdon and Goodman 1975).

Recent experiments have shown that the charge on
the amino-terminal residue of C-peptide affects the
stability of the helix according to the qualitative predic-
tions of the helix dipole model (Shoemaker et al.
1987). The naturally occurring residue, Lys-1, which
has two positive charges, is helix-destabilizing relative
to Ala, whereas succinyl-Ala-1, with one negative
charge, is helix-stabilizing. Removing the positive
charge on the -NH," group of Ala-1 by pH titration is
helix-stabilizing, whereas protonation of succinyl-Ala-
17 is helix-destabilizing. Increasing the concentration
of NaCl increases helicity for Lys-17 " and decreases
helicity for succinyl-Ala-17, as expected for screening
of charged-group interactions with the helix dipole.

In early work it was found that the «-COOH form of
C-peptide shows much lower helicity than the lactone
form (Kim et al. 1982; see also Rico et al. 1986). pH
titration of the «-COOH group in C-peptide carbox-
ylate affects the chemical shift of the amide proton of
His-12, which is too far away to be affected by a
through-bond interaction (Bundi and Wiithrich 1979),
and the same effect was found in N-acetyl-Gly-His-Gly
(Kim et al. 1982). They suggested that an ion pair is
formed between the a-COO™ group and the proton-
ated side chain of His-12 and that it shifts the helix-
coil equilibrium toward the unfolded form. From the
work of Shoemaker et al. (1987), it is evident that
interaction of the «-COO ™~ group with the helix dipole
offers an alternative explanation. To test this point, we
synthesized the analog of C-peptide (peptide III[Glu-
2—Ala, Arg-10— Ala, «-CONH,— «-COOH})
whose pH titration of helix content is shown in Figure
3. The peptide lacks Glu-2 so that only the «-COOH
group is titrated between pH 2 and pH 5. As Figure 3
shows, protonation of the a-COO~ group is helix-
stabilizing. Comparison of this peptide to one without a
free a-COOH group does not involve comparing the
carboxylate form versus the lactone form, so there is no
question of whether the lactone stabilizes the helix by
some other mechanism.

Next we reinvestigated the NMR evidence for an ion
pair interaction between the «-COO™ group and the
protonated side chain of His-12. Figure 4 shows pH
titration of the chemical shifts of some protons in Gly-
Gly-Phe-Ala. Titration of the a-COOH group between
pH 2 and pH 5 causes substantial changes in the chemi-
cal shift of the Gly-2 a CH, resonance and of the Phe-3
B,B’'CH, resonances. These groups are too far from
the «-COOH group to experience through-bond effects
(Bundi and Withrich 1979). Instead, the changes in
chemical shifts apparently are caused by a ring current
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Figure 3. pH titration of helicity for peptide III(Glu-2— Ala,
Arg-10— Ala, a-CONH, — «-COOH), which has only a free
a-COOH group ionizing in the pH range 2-5. (The sequence
of reference peptide III is given in Fig. 5 legend.) The figure
shows an increase in helicity as the pH is reduced from 5 to 2
and the a-COO™ group is protonated. The effect of titrating
His-12 (between pH 9 and pH 6) can also be seen. The mean
residue ellipticity at 222 nm was measured at 3°C, 0.1 m NaCl.
For experimental methods, see Shoemaker et al. (1985, 1987).
The change in [8],,, for complete helix formation by C-
peptide at 3°C is near 30,000 deg cm’ dmol™', when the
baseline value for 0% helix is estimated as +3,000 deg cm®
dmol™! (Mitchinson and Baldwin 1986; K.R. Shoemaker et
al., in prep.).

effect. The rotamer populations for the Phe-3 a CH—
B,B'CH, bond were calculated from measurements of
the coupling constants and equations given by Kopple
et al. (1973) and by Pachler (1964) and Feeney (1976),
with similar results. The fraction of rotamer III
(gauche-gauche) is small and independent of pH be-
tween 1 and 4.5 (f{IlT] = 0.08-0.09 according to Kop-
ple et al. or 0.11-0.12 according to Pachler and
Feeney), whereas in this pH range f(II) falls from 0.36
to 0.26 (Kopple et al. 1973) or to 0.27 (Pachler 1964
and Feeney 1976), and f(I) rises accordingly. The a-
COOH group is farthest from the aromatic ring of
Phe-3 in rotamer I.

For the peptide Gly-Gly-Phe-Ala, there cannot be an
ion pair between the a-COO™ group and a neighboring
side chain. We conclude that the ion pair explanation is
also unlikely for N-acetyl-Gly-His-Gly, for which simi-
lar NMR results were obtained (Kim et al. 1982).
Therefore, the NMR results for both peptides probably
arise from a ring current effect that reflects the rotamer
populations of the aromatic side chain (Phe or His).
Having thus ruled out the His-12" - - - «-COO " inter-
action, we conclude that the increase in helicity of
peptide III(Glu-2— Ala, Arg-10— Ala, «-CONH, —
a-COOH) that occurs as the a-COO™ group is proto-
nated (Fig. 3) can be explained as arising from a
charged-group:helix dipole interaction.

The Glu-2™ - - - Arg-10" Ion Pair

There is a well-defined H-bonded ion pair between
the side chains of Glu-2~ and Arg-10 in the highly
refined structure of RNase A from combined X-ray and

neutron diffraction data (Wlodawer and Sjolin 1983).
The interaction has been studied in experiments based
on reconstitution of S-peptide and chemically synthe-
sized analogs of S-peptide with S-protein (Hofmann et
al. 1970; Marchiori et al. 1972). It is of major interest to
determine whether or not the Glu-2™ - - - Arg-10" ion
pair is present in the C-peptide helix, both because of
its unusual nature (formed between residues that are
spaced eight residues apart) and because it fixes the
amino-terminal boundary of the helix between Glu-2
and Thr-3. It is sterically improbable to make this ion
pair if Glu-2 is part of the helix, as can be shown with
space-filling models.

One would like to analyze the Glu-2" - - - Arg-10"
interaction by the methods that have been used suc-
cessfully to show that Glu-2~ and His-12" are respon-
sible for the pH dependence of helicity: chemical modifi-
cation or deletion of Glu-2 (Rico et al. 1984); re-
placement of Glu-2 or His-12 by Ala (Shoemaker et al.
1985); and synthesis of C-peptide analogs in which only
Glu-2 or His-12 titrates in the pH range of interest
(Shoemaker et al. 1987). There are, however, several
problems with these approaches. First, Glu-2~ could
stabilize the helix by interacting with the helix dipole
(Shoemaker et al. 1985, 1987). Therefore, experiments
showing that Glu-2" is a helix-stabilizing residue do not
establish that there is a Glu-2™ - - - Arg-10" ion pair.
Second, the high pK of Arg-10 makes it difficult to
employ pH titration.

The strategy used here is to study an analog of C-
peptide with the replacement Arg-10— Ala. If the Glu-
27 - - -Arg-10" ion pair exists and stabilizes the C-
peptide helix, then the Arg-10— Ala replacement
should have two consequences. (1) The helix content at
pH 5 should drop with Arg-10— Ala. (2) The pH
titration of Glu-2 without Arg-10 should no longer
affect helicity by this mechanism, although Glu-2~
might instead stabilize the helix by interacting with the
helix dipole. For illustration, consider first the effect of
the replacement Glu-2— Ala. Figure 5a shows the pH
titration of the reference peptide (III), and Figure 5b
shows the titration of III(Glu-2— Ala). There is a large
drop in helicity at pH 5 and the acid limb of the titration
curve disappears with Glu-2— Ala.

The effects of the replacement Arg-10— Ala are
shown in Figure 5c. There is no significant change in
helicity at pH 5, but the acid limb of the titration curve
again disappears. The latter effect shows that Glu-2~
and Arg-10” do interact, but does not establish
whether the interaction is direct or indirect. The first
effect suggests that, if there is a Glu-2™ - - - Arg-10"
ion pair which contributes to helix stability, then break-
ing this interaction by Arg-10— Ala still allows Glu-2~
to stabilize the helix by interacting with the helix di-
pole. If so, why doesn’t pH titration of Glu-2™ to
Glu-2° cause a drop in helicity (Fig. 5¢)? Several expla-
nations are possible, depending on the relative impor-
tance of the following effects as Glu-2~ — Glu’: (1) loss
of the helix-stabilizing interaction of Glu-2~ with the
helix dipole; (2) intrinsic s value effects (Sueki et al.
1984); (3) a “helix-lengthening” reaction to include
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Figure 4. pH titration of the chemical shifts of some protons in the tetrapeptide Gly-Gly-Phe-Ala (0.01 m NaCl, 20°C, D,0). The
figure shows that substantial titration shifts are observed for some resonances (see b and c) of groups that are too far from the
a-COOH group to be influenced by through-bond effects. Chemical shifts are reported relative to the internal standard sodium
3-trimethylsilyl-(2,2,3,3-°H, )propionate (TSP), and were corrected for the pH dependence of the TSP resonance. Measurements
were made on a 500-MHz GE-Nicolet instrument. pH values in D,O refer to uncorrected meter readings. There are likely to be
negligible through-bond effects from the pH titration of the a-COOH group for protons beyond 5 bonds of the «-COOH group
(Bundi and Wiithrich 1979). The number of bonds from the «-COO™ group to the a CH, of Gly-1 (a) is 11, to the a CH,, of Gly-2
(b) is 8, to the 8B'CH, resonances of Phe-3 (¢) is 6, and to the « CH of Ala-4 (d) is 2. The titration shift for the « CH resonance of
Ala-4 is upfield, as expected for a through-bond effect. In contrast, the shift for one of the Phe-8 88’ CH, resonances is downfield,

indicative of a through-space interaction.

acetyl-Ala-1 and Glu-2. Experiments are in progress to
address the role of each of these effects.

In summary, our results indicate that the Glu-
27 - - Arg-10" ion pair is present in the C-peptide
helix, but that our understanding of this interaction is
still obscure, at least by the methods employed so far.

Aromatic Interaction between Phe-8 and His-12

The approach used here is to study peptide III with
the replacement Phe-8— Ala. If an aromatic interac-

tion between Phe-8 and His-12 makes an important
contribution to helix stability, then the helicity might
drop with Phe-8— Ala much as it drops with His-
12— Ala (Fig. 6a). Figure 6b shows that there is a
moderate drop in helicity with Phe-8— Ala. Also,
NMR data (K.R. Shoemaker et al., in prep.) indicate
that a Phe-8- - - His-12 interaction can be detected.

If the aromatic interaction exists and is stronger with
His-12" than with His® (A. Bierzynski, pers. comm.),
then the alkaline limb might disappear with Phe-
8— Ala, as it does with His-12— Ala (Fig. 6a). There
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Figure 5. pH titration of helicity for three peptides used to study a possible Glu-2~ - - - Arg-10" ion pair: reference peptide III (@)

(Shoemaker et al. 1987), III(Glu-2— Ala) (b), and HI(Arg-10— Ala) (c). The figure shows the effects on helix content of
replacing Glu-2 or Arg-10 by Ala. Conditions: see Fig. 3. The sequence of III is acetyl-A-E-T-A-A-A-K-F-L-R-A-H-A-CONH,.

are comparable decreases in the magnitudes of both the
alkaline and acid limbs of the titration curve (Fig. 6b),
showing that the change in the alkaline limb does not
necessarily result from loss of a Phe-8 - - - His-12 inter-
action.

We conclude that a Phe-8- - - His-12 aromatic inter-
action makes only a moderate contribution to C-
peptide helicity and that it does not completely explain
the role of His-12 in determining the pH dependence of
C-peptide helix content. As with Glu-27, both helix
dipole and intrinsic s value effects also need to be
considered.

CONCLUDING REMARKS

A search for specific side-chain interactions that
stabilize the C-peptide helix has thus far shown the
following. (1) The interaction of charged groups near
the ends of the helix with the a-helix macrodipole may
either stabilize or destabilize the helix. For example,
this interaction explains the destabilizing effects of
charged a-NH," and a-COO~ groups, and explains
why Lys-17" destabilizes the helix. (2) Glu-2~ may
control helicity by forming a Glu-2" - - - Arg-10" ion
pair as it does in RNase A. This interaction is especially

1 (His12 —Ala) 11 {Phe 8 —~Ala)
-14 T T T T T T T T T T T T T T 1 T T T T T T
a b
-12 . - =
—o 3 an
_s 0 L 3°c i N C
o~
€
o
? -8f 1+ 1
o
@
Q
PR 4 .
3 45°C 45°C
=
i O_/O/O——o——o/o— I Q/O/O\O\o——(}”o |
_2 1 1 1 1 1 1 1 } 1 ! | 1 1 L 1
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o
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Figure 6. pH titration of helicity for two peptides used to study a possible aromatic interaction between Phe-8 and His-12:
ITI(His-12— Ala) () and III(Phe-8— Ala) (b). See Fig. 5 for III. The figure shows the effects on helix content of replacing Phe-8
or His-12 by Ala. Conditions: see Fig. 3.
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important among the specific side-chain interactions
because it fixes the amino-terminal boundary of the
helix. (3) A helix-stabilizing role for His-12 is served by
an aromatic interaction with Phe-8 and/or a helix di-
pole interaction. (4) It is known that there is also a
“helix stop” in the S-peptide sequence that fixes the
carboxy-terminal boundary of the helix (Rico et al.
1983; Kim and Baldwin 1984), but the nature of this
stop signal remains to be determined. (5) Additional
specific side-chain interactions that contribute to C-
peptide helix content remain to be identified.

Although the magnitudes of these interactions are
not large (each interaction stabilizes the helix only by a
factor of 2 or 3), the interactions are important in two
respects. First, they help to raise helicity into the range
where it is measurable. For example, without the helix-
stabilizing effects of Glu-2”~ and His-12", the helicity of
C-peptide is so low that the ability of C-peptide to form
a helix in aqueous solution would not have been discov-
ered (Fig. 2 of Bierzynski et al. 1982). Reference
peptide III does show measurable helicity in the ab-
sence of Glu-2 (Fig. 5b) or His-12 (Fig. 6a), but only
because III contains other helix-enhancing replace-
ments. Second, although these interactions are small in
magnitude, they are important in allowing the C-
peptide helix to function as an autonomous folding
unit. This effect is particularly striking in the case of the
Glu-2" - - - Arg-10" ion pair, which sets the amino-
terminal boundary of the helix.

Because of competing interactions, determination of
specific side-chain interactions in a helix formed by a
peptide fragment of a protein is not simple. This point
is made clear by the above discussion of the Glu-
27 -+ - Arg-10" ion pair and the Phe-8 - - - His-12 inter-
action. For this reason, it is important that it is possible
to analyze Glu™ - - - Lys” ion pairs in peptides of de
novo design. These peptides have simple, repetitive
sequences based on an alanine backbone (S. Marqusee
and R.L. Baldwin, in prep.). This approach should
simplify the problem of analyzing specific side-chain
interactions in « helices.
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