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Abstract

We have determined the N- and C-capping preferences of all 20 amino acids by substituting residue X in the pep-
tides NH,-XAKAAAAKAAAAKAAGY-CONH,; and in Ac-YGAAKAAAAKAAAAKAX-CO,H. Helix contents
were measured by CD spectroscopy to obtain rank orders of capping preferences. The data were further analyzed
by our modified Lifson-Roig helix-coil theory, which includes capping parameters (n and ¢), to find free ener-
gies of capping (—RT Inn and —RT In ¢), relative to Ala. Results were obtained for charged and uncharged ter-
mini and for different charged states of titratable side chains. N-cap preferences varied from Asn (best) to Gin
(worst). We find, as expected, that amino acids that can accept hydrogen bonds from otherwise free backbone
NH groups, such as Asn, Asp, Ser, Thr, and Cys generally have the highest N-cap preference. Gly and the acetyl
group are favored, as are negative charges in side chains and at the N-terminus. Our N-cap preference scale agrees
well with preferences in proteins. In contrast, we find little variation when changing the identity of the C-cap res-
idue. We find no preference for Gly at the C-cap in contrast to the situation in proteins. Both N-cap and C-cap
results for Tyr and Trp are inaccurate because their aromatic groups affect the CD spectrum. The data presented
here are of value in rationalizing mutations at capping sites in proteins and in predicting the helix contents of
peptides.
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The a-helix is the most commonly occurring secondary struc-
tural element in proteins. It has been known for some time that
different amino acids show varied preferences for different sec-
ondary structures (Chou & Fasman, 1974). Since then, there has
been a considerable amount of work on experimentally measur-
ing the preference of the amino acids for the a-helix. Most stud-
ies concentrated on the solvent-exposed surface of a central
position of an «-helix (reviewed by Scholtz & Baldwin, 1992, and
Chakrabartty & Baldwin, 1994). Intrinsic preferences were first
measured in a host-guest system of random copolymers (Sueki
et al., 1984; Wojcik et al., 1990), but these results gave poor
agreement with data from peptides with defined sequences. The
reason was investigated by Padmanabhan et al. (1994). Helix
preferences have also been measured in shorter isolated helices
(Lyu et al., 1990; Merutka & Stellwagen, 1990; Chakrabartty
et al., 1994), in proteins (Horovitz et al., 1992; Blaber et al.,
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try, Stanford University Medical Center, Stanford, California 94305.

1994), and in trimeric coiled coils (O’Neil & DeGrado, 1990;
Lovejoy et al., 1993).

Recently it has been realized that helix preferences differ
greatly between interior positions and the helix termini. The
N-terminus of a helix has four amide hydrogens that lack the
i-(i + 4) backbone hydrogen bonds that characterize the o-helix;
similarly, the C-terminus has four free carbonyl groups. Presta
and Rose (1988) suggested that hydrogen bonds from polar side
chains to these otherwise unsatisfied hydrogen bonding partners
are of critical importance in establishing the locations of helix
termini. The residue immediately preceding the N-terminal side
of the helix has been dubbed the N-cap, whereas the residue im-
mediately following the C-terminal side of the helix is the C-cap.
The capping residues have nonhelical (¢, ¥) dihedral angles. The
observed distributions of amino acids for these sites in protein
crystal structures is quite different for preferences for interior
positions (Richardson & Richardson, 1988). The importance of
capping for helix structure and stability has been studied in pep-
tide (Nicholson et al., 1988, 1991; Fairman et al., 1989; Bruch
etal., 1991; Lyu et al., 1992, 1993; Chakrabartty et al., 1993a;
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Forood et al., 1993, 1994; Heinz et al., 1993; Regan, 1993; Doig
et al., 1994; Zhou et al., 1994a, 1994b) and protein systems (Ser-
rano & Fersht, 1989; Lecomte & Moore, 1991; Bell et al., 1992;
Serrano et al., 1992b; Harper & Rose, 1993; Kaarsholm et al.,
1993; Zhukovsky et al., 1994).

Although several groups have measured the free energy
changes that arise when certain residues are substituted at cap-
ping positions (see below), many amino acids have not been
investigated at all. In this paper, we determine the intrinsic pref-
erences for both N- and C-cap positions in our a-helical model
peptide for all 20 naturally occurring amino acids in various
charged states, plus the N-terminal acetyl and C-terminal amide
groups. We use the methodology of our previous work, where
the N-cap preferences of the 11 nonaromatic, uncharged amino
acids were found, together with the acetyl group (Chakrabartty
et al., 1993a; Doig et al., 1994).

Results

Theory for the a-helix/coil transition (Doig et al., 1994)

The «-helix is characterized by i-(i + 4) C=0 to H-N hydro-
gen bonds (Fig. 1). Each residue in the polypeptide is classified
as being in either a helical (h) or a coil (c) conformation, by its
backbone (¢, ) dihedral angles. Residues are given individual
statistical weights based on their conformations and upon the
conformations of the residues on either side. Statistical weights
are thus given to the central residue in a triplet of conformations.
Each statistical weight is related to that of a coil residue between
two other coil residues (i.e., a ccc triplet), which is defined as
having a weight of 1. To form an i-(/ + 4) hydrogen bond, which
stabilizes the helix, it necessary to have at least three residues
in a helical conformation in a row. An hhh triplet is therefore
given a weight of w that reflects the cost of fixing a residue in
an o conformation, offset by the benefit of forming the hydro-
gen bond. It is unfavorable, for entropic reasons, to fix a resi-
due in a helical conformation with no hydrogen bond being
formed. The statistical weight of such a residue is v; it is given
to a helical residue adjacent to at least one coil residue (the trip-
lets chh, hhe, and chc). The coil residue immediately preceding
a helical stretch (the N-cap) has a weight of n; the coil residue
immediately following a helical stretch (the C-cap) has a weight
of ¢. Finally, the rare conformational triplet hch is at present
assigned a weight equal to the geometric mean of the N- and
C-cap weights ((nc)!’?). The statistical weights for these confor-
mations are shown in Figure 1. The theory does not include

i~i+4 hydrogen bond
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side-chain-side-chain interactions. It should be adequate, how-
ever, for accounting for the stability and determining all the
properties of any isolated peptide that can form an «-helix.

Peptide design

A residue at the N-terminal end of an unacetylated peptide can-
not adopt an h conformation because it is not bounded by an
amide group on both sides (Doig et al., 1994). Such a residue
can have a weighting of 1 or n only, depending on whether the
following residue is in a ¢ or h conformation, respectively. n-
Values can thus be determined by substituting the residue at the
N-terminal position of an unacetylated peptide and measuring
the change in helix content. The exact structure of the peptide
we have used is NH,-XAKAAAAKAAAAKAAGY-CONH,,
where X is the residue being changed. This is identical to the se-
quence we used previously (Chakrabartty et al., 1993a) for
straightforward comparison. If residue X is varied, it affects he-
lix content solely through its N-cap preference. A peptide of this
sequence has a helix content of around 50% so that the helix
content is maximally sensitive to a change in free energy of he-
lix formation. The Tyr residue is present to give a UV absorp-
tion for determination of peptide concentration. The Gly residue
ensures that the helix almost always terminates at, or before, this
position so that problems arising from Tyr in a helix affecting
the CD signal are minimized (Chakrabartty et al., 1993b). All
measurements are made at 273 K, as helix content is greater at
lower temperature. The peptide we have used to investigate
C-capping follows similar principles. The sequence is Ac-YGAA
KAAAAKAAAAKAX-CO,H.

Helix contents of N-cap peptides

The helix content of each peptide was measured at pH 9.55,
where the N-terminus is neutral and the Lys residues remain
charged, and at pH 5, where the N-terminus is positively charged
for residues that have no titratable side chain between pH 2 and
10. The results are given in Table 1. pH titrations were per-
formed on each of these peptides to determine the pK,, values
of the N-terminus using the Henderson-Hasselbalch equation
(see Fig. 2). The results are given in Table 2.

Titrations of the amino acid side chains in Asp, Cys, Glu, and
His gave changes in helix content. The data were fitted to a
Henderson-Hasselbalch equation for 2 different pK, values
(Fig. 2). Note that not every combination of charged states could
be examined. For example, it is not possible to measure the he-

CONH CONH CONH CONH CONH CONH CONH CONH CONH
Ca Co Ca Ca Ca Ca Co. Co.
1 2 3 4 5 6 7 8 Alpha numbering
c h h h c Conformation
n w c 1 1 Statistical Weights

Fig. 1. Statistical weights for residues in an a-helix with modified Lifson-Roig theory (Doig et al., 1994).
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Table 1. Helix contents for peptides with varying N-terminal amino acid®

(8] 222 Fraction helix® (61322 Fraction helix®
Residue (uncharged N-terminus) (uncharged N-terminus) (charged N-terminus) (charged N-terminus)
Asn —20,300¢ 0.595 —17,100¢ 0.501
Asp~ —20,200 0.591 —17,900 0.527
Asp® ~14,200 0.420
Acetyl —19,700¢ 0.578
Cys~ —19,400 0.569 -12,900 0.379
Cys® —8,800 0.257
Trp —18,800° 0.552°/0.516f —9,900¢ 0.289¢/0.313f
Gly —17,900¢ 0.525 ~14,400° 0.422
Ser —17,900¢ 0.525 —13,100¢ 0.384
Tyr —16,5008 0.4858/0.556" -9,300" 0.2738/0.313f
Thr —15,600° 0.457 —12,200° 0.358
His® —15,400 0.450 —~10,900 0.319
His* -5,100 0.150
Leu —15,300¢ 0.449 —10,800° 0.317
Phe —15,3008 0.4482 —7,8008 0.2302
Glu~ —15,300 0.447 ~10,200 0.298
Glu® —9,700 0.285
lle —14,300° 0.419 ~10,500¢ 0.308
Pro ~13,800° 0.404 —8,000° 0.234
Met —13,700¢ 0.402 ~10,200° 0.299
Ala —12,900¢ 0.378 —7,900¢ 0.232
Arg* —12,900 0.379 -5,700 0.167
val —12,800¢ 0.375 -~9,000¢ 0.265
Lys* —12,100 0.355 —6,100 0.180
Gln —10,000° 0.293 —7,000° 0.205

2 The peptide sequence is NH;-XAKAAAAKAAAAKAAGY-CONH,. Data are at pH 9.55 (uncharged N-terminus), pH 5 (charged N-terminus),
or from baselines fitted to the Henderson-Hasselbalch equation (Asp, Cys, His, and Glu). All data are at 273 K in 1 M NaCl.

b Calculated as —[8]222/34,100.
¢ From Chakrabartty et al. (1993a).
4 From Doig et al. (1994).

¢ Probably highly inaccurate because of Trp extinction coefficient and Trp effect on CD spectrum (see text). Calculated as if aromatic effect

is not present.
" Corrected value (see text).
£ [naccurate because of aromatic effect on CD spectrum.

lix content of a peptide with an uncharged N-terminus and a
neutral Asp side chain. The results are given in Tables 1 and 2.
All buffers used contained 1 M NaCl to screen attractions and
repulsions between the charged N-terminus, Lys side chains, and
charged capping amino acids.

Helix contents of C-cap peptides

The helix content of each peptide was measured at pH 1, where
the N-terminus is neutral and the Lys residues remain charged,
and at pH 7, where the N-terminus is positively charged for res-
idues that have no titratable side chain between pH 1 and 10.
The results are given in Table 3. Titrations of the amino acid side
chains in Asp, Cys, Glu, and His were analyzed as for the N-cap
peptides (see Fig. 2). The results are given in Tables 3 and 4.

Determination of n- and c-values from helix contents

In previous work we determined all the w- and some n-values
while assuming that the c-value of every amino acid is equal to
1 (Chakrabartty et al., 1994; Doig et al., 1994). In this paper,
we consider variation in c-values. Allowing c-values to vary can

lead to changes in w and n. It is therefore necessary to reevalu-
ate w and n, and find ¢, for Ala, Lys, Gly, Tyr, acetyl, and am-
ide, which occur in the peptides used to give the data in Tables 1
and 3. We therefore used the data in Table 5 to find the results
in Table 6. Absolute n- and ¢-values cannot yet be determined.
They are therefore given relative to Ala with an uncharged N-
or C-terminus, which is defined to have n(Ala) = c(Ala) = 1.
w(Gly) was fixed at 0.05 (Chakrabartty et al., 1994). The w and

_n values listed here are in excellent agreement with previously

published work, showing that allowing the c-values to vary
makes little difference. This is consistent with the conclusion that
altering the identity of the C-cap residue makes little difference
to helix stability.

The rank order of capping preferences for every amino acid
is given by the helix contents listed in Tables 1 and 3. In order
to turn this information into a quantitatively useful form, it is
necessary to use a helix-coil theory that can give capping pref-
erences and hence free energies. The values of # and ¢ for the
amino acids not yet considered were calculated using the param-
eters listed in Table 6 and the data in Tables 1 and 3. For each
sequence, the value of 7 or ¢ was found that gave agreement with
the experimental helix content. The results are listed in Tables 7
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Fig. 2. Representative pH titrations of CD signal for four peptides. Some data for high pH are discarded where neutralization
of the Lys side chain leads to aggregation. A: Cys N-cap (NH,-CAKAAAAKAAAAKAAGY-CONH,). B: Asp N-cap (NH;-
DAKAAAAKAAAAKAAGY-CONH,). C: Cys C-cap (Ac-YGAAKAAAAKAAAAKAC-CO,H). D: Pro C-cap (Ac-YGAAKA

AAAKAAAAKAP-CO,H).

and 8. Free energies of capping (Tables 9, 10) are given by
—RT In(n) or —RT In(c) and give the change in free energy
when an amino acid, of intrinsic capping preference n or c, is
substituted for Ala. In some cases, the program converged to

Table 2. pK, values in N-cap peptides

Residue pK,, N-terminus pK,, side chain
Asn 7.072

Asp 8.25 3.02
Cys 8.36 6.18
Trp 7.84

Gly 8.512

Ser 7.632

Tyr 7.92

Thr 7.622

His 8.12 6.13
Leu 8.312

Phe 7.75

Glu 8.51 4.61
Ile 8.242

Pro 8.852

Met 7.832

Ala 8.352

Arg 7.96

Val 8.142

Lys 8.12

Gln 7.722

2 From Chakrabartty et al. (1993a).

negative n- or c-values. This is equivalent to a negative equilib-
rium constant and is thus meaningless. This arises possibly as
a result of experimental error but is more likely caused by fix-
ing all n- and c-values relative to Ala. If the absolute n- or ¢-
value of Alais greater than 1, then there will be a greater range
of helix contents less than that of Ala that will give positive cap-
ping preferences.

The most useful sets of results are those that give capping
preferences for amino acids at uncharged termini, because these
mimic the environment of a protein more closely. Tables 7 and
9 give this result for every amino acid at an N-cap site. Tables 8
and 10 give this result for 15 amino acids at a C-cap site.

Discussion

PpK, values

The pK,’s of the N-termini in the peptides (Table 2) are on av-
erage 1.5 pH units below those of the free amino acids (Fersht,
1984). This is presumably caused by the absence of the adjacent
CO,~ group that is present in the free amino acid and the
nearby presence of NH groups and the positive end of the helix
dipole. In contrast, no universal trends are observed for side
chain pK,’s. The pK,,’s of Asp and Cys at the N-terminus of the
peptides are =1 and =2 pH units below those of the free amino
acids, respectively, the pK, of His is unchanged, and the pK,
of Glu is =0.5 pH units higher than its free amino acid. These
results are consistent with the Asp and Cys side chains accepting
hydrogen bonds from frge amide NH groups at the N-terminus
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Table 3. Helix contents for peptides with varying C-terminal amino acid®

(61225 Fraction helix® (6] 22, Fraction helix®
Residue (uncharged N-terminus) (uncharged N-terminus) (charged N-terminus) (charged N-terminus)
Tyr —25,800°¢ 0.757¢/0.869¢ —22,700°¢ 0.666¢/0.764¢
Glu® —18,900 0.554
Glu~ —16,200 0.475 —14,200 0.416
Arg* —18,800 0.551 —16,700 0.490
Ala —18,500 0.543 —15,200° 0.446
Gln —18,300 0.537 —15,500¢ 0.455
Gly —18,300 0.537 —15,200¢ 0.446
Amide —18,200 0.534
Met —18,200 0.534 —15,300° 0.449
His* —17,900 0.525 —14,700 0.431
His® —13,300 0.390
Leu —17,600 0.516 —15,000¢ 0.440
Asn —16,900 0.496 —14,000¢ 0.411
Cys~ —14,400 0.422
Cys?® —16,800 0.493 —16,300 0.478
Asp? —~16,700 0.490
Asp~ —15,100 0.443 —12,800 0.375
Lys* —16,300 0.478 —15,000 0.440
Ser —15,800 0.463 —13,800¢ 0.405
Val —15,800 0.463 —13,800°¢ 0.405
Thr —14,700 0.431 —13,100°¢ 0.384
Phe —14,200¢ 0.416¢ —14,700¢ 0.431
Trp —14,000¢ 0.411¢/0.385¢
Pro —13,000 0.381 —13,500° 0.396
Ile —12,600 0.370 —13,500° 0.396

a The peptide sequence is Ac-YGAAKAAAAKAAAAKAX-CO,H. Data are at pH 1 (uncharged N-terminus), pH 7 (charged N-terminus), or
from baselines fitted to the Henderson-Hasselbalch equation (Asp, Cys, His, and Glu). All data are at 273 K in 1 M NaCl.

b Calculated as —([8]52,/34,100.

¢ Probably highly inaccurate because of aromatic effect on CD spectrum (see text). Calculated as if aromatic effect is not present.

d Corrected value (see text).
¢ From Chakrabartty et al. (1993a).

of the helix while the His and Glu side chains remain in solvent
water (see below).

The pK,’s of the C-termini and the C-terminal side chains in
the peptides (Table 4) are each around 1 pH unit higher than
those of the free amino acids (Fersht, 1984). This is presumably
caused by the absence of the adjacent NH;* group in the free
amino acids and the nearby presence of CO groups in the helix
and the negative end of the helix dipole.

Aromatic residues

It has been shown that the presence of Tyr or Trp residues within
an «-helix leads to an error in the determination of helix con-
tent from [0}, values, as a result of UV absorbance by the ar-
omatic groups at that wavelength (Chakrabartty et al., 1993b).

Raw [0],,, values can be corrected for the presence of Tyr
or Trp as described in Chakrabartty et al. (1994). The true frac-
tion helix is given by {01554/ ([1355* + [0]353™*), where
[01555% is the maximum mean residue ellipticity (given by
—40,000(1 — 2.5/n), where n is the number of amino acids in
the peptide), and []353™¢ is +4,400 deg-cm? dmol~! for Tyr
and —2,300 deg-cm? dmol ™! for Trp. Using this equation, the
helix contents for Tyr and Trp N- and C-cap peptides were
corrected (Tables 1, 3) and new n- and c-values determined
(Tables 7, 8).

Table 4. pK, values in C-cap peptides

This problem is negligible if the Tyr group, which is necessarily Residue PK,, N-terminus pKy, side chain
present for concentration determination, is separated from the Asp 3.12 4.56
helix by a helix-breaking Gly spacer. Each of the peptides con- Cys 3.21 9.14
sidered in this paper thus has Gly-Tyr-CONH, at its C-terminus His 2.88 7.68
or Ac-Tyr-Gly at its N-terminus. We consider that results ob- Glu 3.14 4.61
tained from peptides without this precaution are unreliable and Pro 3.13
are thus ignored. Arg 2.81

Lys 3.50

When determining the capping preferences of Tyr or Trp,
however, an undesirable aromatic CD artifact is unavoidable.
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Table 5. Peptide sequences and helix contents used
to determine w, n, and c for Ala, Gly, Lys,
Gin, acetyl, and amide

Name Sequence Helix content
YG Ac-YGKAAAAKAAAAKAAAAK-CONH, 0.7372
YGG Ac-YGGKAAAAKAAAAKAAAAK-CONH, 0.6772
YGGG AC-YGGGKAAAAKAAAAKAAAAK-CONHZ 0.616
YGG-G18 AC-YGGKAAAAKAAAAKAAGAX-CONH, 0.4652
YGG-G8 Ac-YGGKAAGAKAAAAKAAAAK-CONH, 0.3732
YGG-G13 Ac-YGGKAAAAKAAGAKAAAAK-CONH, 0.256*
NG-GY NH,-GAKAAAAKAAAAKAAGY-CONH, 0.525b
NA-GY NH,-AAKAAAAKAAAAKAAGY-CONH, 0.378°
NQ-GY NH,-QAKAAAAKAAAAKAAGY-CONH, 0.293°
YGG-1Q Ac-YGGKAAAAKAQAAKAAAAK-CONH, 0.507¢
YGG-3Q Ac-YGGKAQAAKAQAAKAQAAK-CONH, 0.312¢
2Q-GGY Ac-KAQAAKAQAAKAAAAKGGY-CONH, 0.395¢
N2Q-GGY NH,-KAQAAKAQAAKAAAAKGGY-CONH, 0.220°
Qref AC-YGGQAAAAQAAAAQAAAAQ-CONH, 0.518¢
Ql2 Ac-YGOQAAAAQAQAAQAAAAQ-CONH, 0.378°¢
Q7, 12,17 Ac-YGGQAQAAQAQAAQAQAAQ-CONH; 0.266°
KAK NH,-KAKAAAAKAAAAKAAGY-CONH, 0.355
XAK AC-AKAAAAKAAAAKAAGY-CONH, 0.578
CCA AcC-YGAAKAAAAKAAAAKAA-CO,H 0.543
CCQ AcC-YGAAKAAAAKAAAAKAQ-CO,H 0.537
CCG Ac-YGAAKAAAAKAAAAKAG-CO,H 0.536
CCZ Ac-YGAAKAAAAKAAAAKA-CONH, 0.535
CCK AC-YGAAKAAAAKAAAAKAK-CO,H 0.477

2 Data taken from Chakrabartty et al. (1993b).
®Data taken from Chakrabartty et al. {1993a).
¢ Data taken from Chakrabartty et al. (1994).

Despite this correction, a number of results for Tyr and Trp
peptides still appear to be inaccurate. For example, the c-value
of Tyr with a charged C-terminus was found to be 8.9 (uncor-
rected) or 94 (corrected), both of which are very high compared
to other results in Table 8. This suggests that the aromatic ef-
fect on [0],,, depends strongly on the location of the aromatic
ring relative to the a-helix. The corrections of +4,400 deg - cm?
dmol ™! for Tyr and —2,300 deg-cm? dmol~' for Trp were
found for the side chains in the middle of a helix. They appear

Table 6. w-, n-, and c-Values for Ala, Gly,
Lys, Gin, acetyl, and amide

w(Ala) 1.58
n{Ala) 12
c(Ala) 12
w(Lys) 0.90
n(Lys) 0.79
c(Lys) 1.09
w(Gln) 0.55
n(GIn) 0.01
¢(Gln) 2.38
w(Gly) 0.052
n(Gly) 8.85
c(Gly) 0.88
n(Acetyl) 11.7
c(Amide) 1.30

4 Fixed (see text).

A.J. Doig and R.L. Baldwin

Table 7. n-Values for peptides with varying
N-terminal amino acid

n? n?

(uncharged (charged protonation of
Residue N-terminus) N-terminus) N-terminus®
Asn 22 6.3 0.7
Asp~ 20 8.3 0.5
Asp® 2.4 -
Acetyl 12 —
Cys™ 14 1.3 1.3
Cys? <0° -
Trp 119/7.3¢ <Qde -
Gly 8.9 2.5 0.7
Ser 8.3 1.4 1.0
Tyr 5.24/12¢ <0¢4/0.07° —/72.8%f
Thr 3.7 0.85 0.8
His? 3.4 0.16 1.7
His* <0 —
Leu 3.4 0.13 1.8"
Phe 3.4¢ <0¢ —
Glu~ 3.3 <Q¢ -
Glu! <0¢ —
Ile 2.4 <0c -
Pro 1.9 <0° —
Met 1.8 <0 -
Ala 1.0 <0 -
Arg™* 1.3 <Q¢ —
Val 1.2 {0 -
Lys* 0.78 <Q¢ -
Gln 0.01 <0 —

2 From fitting program.

b _RT In[n(charged)/n(uncharged)] in kcal-mol~!.

¢ See text.

d Inaccurate because of aromatic effect on CD spectrum.
¢ After estimate of aromatic effect on CD (see text).
"Inaccurate as n(charged) is very small.

to be inappropriate for side chains in capping positions. The re-
sults given in this paper for Tyr and Trp are therefore likely to
be highly inaccurate, and CD is thus probably not a suitable
technique for determining the capping preferences of these
amino acids.

N-cap preferences

Tables 1, 7, and 9 give, for the first time, complete scales for
N-cap preferences. It is important to try to rationalize this in-
formation, particularly because there is at present some dispute
over the principal mechanism of capping (Zhukovsky et al.,
1994). The two extreme models discussed by Zhukovsky et al.
are: first, capping by hydrogen bonding from, and to, the ex-
posed NH and CO groups at the N- and C-termini of the heli-
ces, and second, charge-dipole interactions, where charged side
chains form stabilizing interactions with the helix dipole. These
hypotheses are not mutually exclusive, as a charged side chain
can also function as a hydrogen bond acceptor or donor. A free
energy simulation of Tidor (1994) suggested that helix-stabilizing
interactions, as a result of a Tyr — Asp substitution at an N-cap
site, arose from hydrogen bonding interactiqns from its direct
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Table 8. c-Values for peptides with varying
C-terminal amino acid

c? c? AG for

(uncharged (charged protonation of
Residue C-terminus) C-terminus) C-terminus®
Tyr 63°/ 004 8.9°/94¢ -1.1/—
Glu® 2.2
Glu~ 0.41 <0 -
Arg* 2.1 0.66 -0.6
Ala 1.0 <0° —
Gln 2.4 0.11 -1.7
Gly 0.88 <0° -
Amide 1.3 -
Met 1.6 0.02 2.4
His* 1.4 <0° -
His® <0°¢ -
Leu 1.2 <0° -
Asn 0.78 <0° -
Cys™ <0° —
Cys?® 0.72 0.46 -0.2
Asp? 0.66
Asp~ <0°¢ <0° -
Lys* 1.1 <0¢ —
Ser 0.21 <0 -
Val 0.21 <0° -
Thr <0 <0 —
Phe <0° <0° -
Trp <0C.€
Pro <0 <0° -
Ile <0 <0¢ —

2 From fitting program.

® _RT In[c(uncharged)/ c(charged)] in kcal-mol ™',

¢ Probably highly inaccurate because of aromatic effect on CD spec-
trum (see text). Calculated as if aromatic effect is not present.

d Corrected value (see text).

¢ See text.

hydrogen bonding partners and from more distant electrostatic
interactions with groups within the first two turns of the helix.

Table 1 shows that, without exception, the helix content, and
hence the N-cap preference, decreases as the N-cap amino acid
is titrated so that it becomes more positive. This is shown by ti-
trations of the NH, group at the N-terminus for all 20 amino
acids and also for the side chains of Asp, Glu, His, and Cys.
This result can be rationalized as interactions of the N-terminus
and side chains with the positive end of the helix dipole. The high
n-value of the acetyl group can be explained by the fact that it
is the only N-terminal group examined here that has no NH, or
NH;™* group that can form unfavorable interactions with adja-
cent NH groups. Negatively charged side chains generally have
high n-values, whereas the n-values of positively charged side
chains are among the lowest.

On the other hand, there is considerable evidence that some
N-cap side chains accept hydrogen bonds from otherwise free
NH groups. These include Asn, Asp, Cys, Ser, and Thr, which
all have high n-values. Their oxygen or sulfur atoms have been
seen to accept hydrogen bonds from a backbone NH group at
an i + 3 position (Richardson & Richardson, 1988). The re-
markable difference in N-cap preference between Asn and Gln
has been noted before (Richardson & Richardson, 1988; Chakra-
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Table 9. Free energies of N-capping (kcal-mol=)

AG? AG

Residue (uncharged N-terminus) (charged N-terminus)
Asn -1.7 -1.0
Asp~ -1.6 —1.2
Asp® -0.5
Acetyl -1.4
Cys™ —1.4 -0.1
Trp —1.3%-0.6°
Gly -1.2 -0.5
Ser —1.2 -0.2
Tyr -0.9b/—1.5¢ —/0.7
Thr -0.7 0.1
His® -0.7 1.0
Leu -0.7 1.1
Phe —0.7%/-0.9¢
Glu~ -0.7
Ile -0.5
Pro -0.4
Met -0.3
Ala 0
Arg* -0.1
Val -0.1
Lys* 0.1
Gln 2.54

2—RTInn.

® [naccurate because of aromatic effect on CD spectrum.
¢ After estimate of aromatic effect on CD (see text),
d Highly inaccurate as # is very small.

bartty et al., 1993a) and suggests that Gln actively stabilizes a
nonhelical state. Glu also has a low N-cap preference relative
to other negatively charged side chains, implying that it is sub-
ject to the same effect. This is likely to be a hydrogen bond from

Table 10. Free energies of C-capping (kcal-mol—')

AG? AG
Residue (uncharged N-terminus) (charged N-terminus)
Tyr -2.25/— -1.2/-2.5
Glu® —0.4
Glu~ -0.5
Arg* -0.4 0.2
Ala 0
Gln -0.5 1.2¢
Gly 0.1
Amide ~0.1
Met -0.3 2.1¢
His* -0.2
Leu —-0.1
Asn 0.1
Cys® 0.2 0.4
Asp® 0.2
Lys* -0.1
Ser 0.8
Val 0.9
2 ~RTInc.

b Inaccurate because of aromatic effect on CD spectrum.
¢ Highly inaccurate as c¢ is very small.
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the Gln or Glu side chain to its own NH group in the nonheli-
cal state, which has been observed for Glu (Ebina & Wiithrich,
1984).

Significant variations in N-cap preference among nonpolar
side chains show that not all these results can be explained by
hydrogen bonding or electrostatic effects. There appears to be
a small preference for larger hydrophobic side chains over
smaller hydrophobic side chains (Chakrabartty et al., 1993a).
The high N-cap preference of Gly has been attributed to im-
proved solvation of the NH groups when the smallest side chain
is at the N-cap (Serrano & Fersht, 1989; Serrano et al., 1992a;
Harpaz et al., 1994).

The free energy change for protonation of the N-terminus is
given by —RT In[n(charged)/n(uncharged)] (Doig et al., 1994).
For residues with positive n in both charged and uncharged
states, this quantity is listed in Table 7. Similarly, the effect on
helix stability for protonating a side chain is given by the change
in n-value. This can only be done for Asp as no other side chains
have positive n-values in both protonated and deprotonated
states. The free energy change for protonating the Asp side chain
at the N-cap of a helix was thus found to be 0.7 kcal -mol~".
These free energies for protonation are for 100% helix; the ef-
fects of fraying that are present in the experimental data are fac-
tored out when finding n-values.

C-cap preferences

There is much less variation in C-cap preference than N-cap (Ta-
bles 3, 8, 10). A significant observation is that the 8-branched
residues Thr, Val, and lle all have low C-cap preferences. This
may be due to poorer solvation of the CO groups at the
C-terminus when a bulky 3-branched side chain is present.

It is observed that the helix content of the peptide decreases
when the C-terminus or side chain becomes more negative, with
three exceptions. The first two are Phe and Ile, where this be-
havior is most likely caused by experimental error as the helix
contents are very similar. The third is for Pro. Pro has a very
low c-value as it has no NH group that can donate a hydrogen
bond within the helix. A pH titration of the Pro COOH group
(Fig. 2D) showed that there is a small (=300 deg-cm? dmol~}),
but real, increase in helix content when the Pro C-terminus be-
comes negatively charged. All other residues showed a decrease
in [0]55, of =2,500 deg-cm? dmol~! when the COOH group
was titrated. There are several possible explanations for this re-
sult, First, the COO~ group may form a stabilizing interaction
in the helix, such as a salt bridge with a Lys, that is lost or re-
duced when the COO ™ group is protonated. Second, the Pro
amide cis/trans equilibrium may be altered when the COO™
group is protonated, leading to a change in helix content if one
stereoisomer is more stable in the helix. Third, the COOH group
may stabilize a nonhelical state. We cannot distinguish between
these possibilities at present. The otherwise universal decrease
in helix content when the C-terminus or side chain becomes more
negative is readily explained by electrostatic interactions with the
negative end of the helix dipole.

The free energy change for protonation of the C-terminus is
given as —RT In[n(charged)/n(uncharged)] and is shown in Ta-
ble 8. The free energy change for protonating the Glu side chain
at the C-cap of a helix was thus found to be —0.9 kcal-mol .

Figure 3 shows a plot of experimental helix content versus he-
lix content calculated using the modified Lifson-Roig theory and
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Observed helix content

0.00 0.10 0.20 0.30 0.40 0.50 0.60 .70 0.80
Calculated helix content

Fig. 3. Calculated helix content of peptides versus experimental helix
contents. Helix contents are calculated using the w-, n-, and c-values
given here and by Chakrabartty et al. (1994). The straight line is y = x,
not the least-squares line of best fit.

the parameters listed in Tables 6, 7, and 8 and in Chakrabartty
et al. (1994). Peptides with Trp or Tyr at interior or capping po-
sitions are excluded. This is the only set of peptides free from
aromatic effects on the CD spectrum. The correlation coefficient
(R) is 0.97 and the RMS deviation of calculated from experi-
mental values is 3.7%, close to the expected experimental error.

Comparison with capping preferences in crystal structures

Capping preferences for residues in helices in crystal structures
have been determined by Richardson and Richardson (1988). At
the N-cap position, they found considerable variation, whereas
at the C-cap, Gly was the only residue that was strongly pre-
ferred. Figure 4 shows a plot of n-values in peptides with un-
charged N-termini (Table 7) versus the N-cap preferences of
Richardson and Richardson (1988). The correlation coefficient
is high (R = 0.86), which confirms that the N-cap sites in
a-helices in proteins and our peptides are likely to be structur-
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N-cap preference in proteins (Richardson & Richardson, 1988)
Fig. 4. N-cap preferences in peptide helices (n-values) versus N-cap pref-

erences in crystal structures. Peptides with Tyr or Trp at the N-cap po-
sition are not included.
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ally identical (Chakrabartty et al., 1993a). The range of N-cap
preferences is considerably larger in our peptides than in the pro-
teins, however, as shown by the gradient of 5.9. This probably
arises as a result of the larger number of interactions in proteins
that ensure that certain residues occupy an N-cap position, even
though their intrinsic N-cap preferences are low. The peptide re-
sults benefit from being measured in an environment free from
tertiary interactions.

Figure 5 shows a plot of our c-values with uncharged
C-termini (Table 8) versus the C-cap preferences of Richardson
and Richardson (1988). In contrast to Figure 4, the correlation
is virtually zero (R = 0.07). Richardson and Richardson found
that there was little variation in C-cap preference, apart from
the widespread occurrence of Gly at this position. Our results
show that the 3-branched residues are disfavored, in agreement
with Richardson and Richardson, though their statistics are
poorer for rarely occurring residues. We find that Gly has an
intrinsic c-value no higher than average. The majority of resi-
dues show little variation in c¢-value, suggesting that the iden-
tity of the C-cap residue is relatively unimportant compared to
the N-cap, in peptides at least.

The striking difference in C-cap preferences between Gly in
our peptides and in proteins deserves an explanation. Two dis-
tinct structures have been observed when Gly is at a C-cap po-
sition in a helix, named Schellman and « (Schellman, 1980;
Baker & Hubbard, 1984; Milner-White, 1988; Bork & Preif3ner,
1991; Preifiner & Bork, 1991; Dasgupta & Bell, 1993; Naga-
rajaram et al., 1993; Aurora et al., 1994). The Schellman struc-
ture is characterized by 6 —» 1, 5 —» 2 hydrogen bonds between
NH and C=0 groups in the backbone. The o conformation
has a 5 - 1 backbone hydrogen bond. Gly is favored over other
residues as it can readily adopt unusual (¢, ¥) angles. The par-
ticular Gly C-cap structure that is adopted depends on the pres-
ence or absence of side-chain-side-chain interactions and the
nature of side chains at certain critical positions (Aurora et al.,
1994). The structure also involves hydrogen bonds from back-
bone residues beyond the Gly residue. The peptides we have
studied have no residue beyond the Gly and have no side-chains
to form the side chain interactions that appear essential for these
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Fig. 5. C-cap preferences in peptide helices (c-values) versus C-cap pref-
erences in crystal structures. Peptides with Tyr, Trp, Thr, Phe, Pro, and
Ile at the C-cap position are not included (as c is negative for Trp, Thr,
Phe, Pro, and Ile).
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structures. Indeed, we designed our sequences such that side-
chain interactions are avoided wherever possible. We therefore
see no preference for Gly in our peptides, in contrast to the sit-
uation in proteins.

Comparison with capping free energies in other systems

Free energy changes from mutating N-cap residues have been
studied for 7 residues at one site in T4 lysozyme (Bell et al., 1992)
and for 11 residues at two sites in barnase (Serrano et al., 1992b).
Their results are compared with ours in Table 11 and there is rea-
sonable agreement. The free energy changes arising from mu-
tating two C-cap residues to eight different amino acids were
studied by Serrano et al. (1992b) in barnase. These results are
not compared to those found here as both these sites are
Schellman structures (Aurora et al., 1994) and are thus struc-
turally distinct from the capping sites in our peptides.

Muiioz and Serrano (1994) have recently published complete
scales of N- and C-capping energies. They also derived prefer-
ences for helix interiors, capping box energies, and all i-(/ + 3)
and i-(/ + 4) interaction energies by fitting data on helix con-
tents of peptides. Because they had 768 parameters and data on
only 323 peptides, however, they were forced to group some pa-
rameters together. They therefore assumed that His, Phe, Tyr,
Trp, Leu, Val, Ile, Met, and Cys have the same N-cap prefer-
ence, for example. Mainly for this reason, their data are not
compared further with the results published here.

Applications and future work

The scales of n- and c-values presented here and the w-values
presented in a previous paper (Chakrabartty et al., 1994) should
be of use in predicting the helix contents of peptides. We expect
that this information will be all that is necessary when there are
no side-chain-side-chain interactions that affect the stability of
the helix. It should also be noted that the measurement of he-
lix content by CD is subject to possible serious errors when the
helix contains Tyr or Trp, especially if these residues populate

Table 11. Free energies of N-capping compared in peptides
and proteins relative to Ala (kcal-mol™')

T4 lysozyme, T4 lysozyme,

Residue  Peptides? pH 2P pH 6.5 Barnase®
Asn —-1.7 -2.2 —0.4 —0.86
Asp~ —1.6 -1.9 —-0.3 —-2.02
Gly -1.2 —-0.6 0.1 —-0.69
Ser —-1.2 -2.1 —-1.3 —1.64
Thr -0.7 2.8 -1.5 -2.05
His® —0.7 -0.16
Glu~ —0.7 —-0.25
Pro -0.4 0.87
Ala 0 0 0 0
Val -0.1 0 0 0.15
Gln 2.59 -0.42

2From Table 7. Uncharged N-terminus.

b Bell et al. (1992).

©Serrano et al. (1992b). Mean of results from two N-cap sites.
4 Highly inaccurate as » is very small.
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capping positions. The condition of excluding helices with side-
chain-side-chain interactions naturally applies to almost all se-
quences. The next logical step is therefore to determine the free
energies of interaction between side chains. If this is done for
every possible combination of side chains in i-(/ + 3) and
i-(i + 4) spacings, the problem of predicting the helix content
of any peptide is expected to be solved. We have already devised
a theory that includes these interactions, together with w-, v-, n-,
and c-values (C.A. Rohl & A.J. Doig, unpubl.).

Concluding remarks

By substituting amino acids at the unblocked N- and C-termini
of Ala/Lys peptides, we have completed our work on determin-
ing the capping preferences of all 20 amino acids. The results
were analyzed with our modified Lifson~Roig helix—coil theory
which includes capping parameters. We find, as expected, that
amino acids that can accept hydrogen bonds from otherwise free
backbone NH groups, such as Asn, Asp, Ser, Thr, and Cys, gen-
erally have the highest N-cap preference. Gly and the acetyl
group are favored, as are more negative charges at the N-ter-
minus and in N-cap side chains. Our N-cap preference scale
agrees well with preferences in proteins.

We find little variation when changing the identity of the
C-cap residue. We find no preference for Gly at the C-cap, in
contrast to the situation in proteins, because the Gly C-cap mo-
tifs observed in proteins depend on side-chain interactions that
are not present and on additional backbone groups beyond the
Gly. Both N-cap and C-cap results for Tyr and Trp are inaccu-
rate because their aromatic groups affect the CD spectrum, The
data presented here will be of value in rationalizing mutations
at capping sites in proteins and in predicting the helix contents
of peptides.

Materials and methods

Peptide synthesis

Peptides were synthesized by the solid-phase method. C-terminal
amides were made using Rink resin (Advanced ChemTech) and
C-terminal acids using Pepsyn KA resin (Milligen) with the
C-terminal amino acid already attached. Pentafluorophenyl es-
ters of 9-fluorenylmethoxycarbony! amino acids were coupled
to the resin using 1-hydroxybenzotriazole. N-termini were acet-
ylated with acetic anhydride/pyridine or left unblocked. Pep-
tides were cleaved from the resin using 95% trifluoroacetic
acid/5% anisole. Ethanedithiol was added if Cys was present;
indole was added if Trp was present; both ethanedithiol and
thioanisole were added if Arg was present. Peptides were puri-
fied by C,3 reverse-phase FPLC and their molecular weights
were checked by FAB mass spectrometry. Peptide purity was
checked by analytical C,3 FPLC. Stock solutions of peptides
containing Cys were maintained in a reduced state with 10 mM
glutathione.

CD measurements

CD measurements were made on an Aviv 60DS spectropolar-
imeter in a 1-cm quartz cell. The buffer used for pH titrations
contained 1 M NacCl, 1 mM sodium phosphate, | mM sodium
borate, and | mM sodium citrate. The pH was adjusted during
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the titrations with aliquots of 1 M HCI and 1 M NaOH. The
pH § buffer contained 1 M NaCl, 5 mM sodium phosphate,
5 mM sodium borate, and 5 mM sodium citrate. The pH 9.55
buffer contained 1 M NaCl, 5 mM sodium phosphate, 5 mM so-
dium borate, and 5 mM sodium citrate. The pH | buffer con-
tained 1 M NaCl, I mM sodium phosphate, 1 mM sodium
borate, and 1 mM sodium citrate. All measurements were made
at 273 K.

Peptide concentration was determined by measuring tyrosine
UV absorbance of aliquots of stock solution dissolved in 6 M
guanidine hydrochloride using e,;5s = 1,450 M~ cm ! (Brandts
& Kaplan, 1973). Concentrations of peptides containing Trp
were determined using €,5, (Trp) = 5,690 M~! cm ™! + ey,
(Tyr) = 1,250 M~! em ™! (Edelhoch, 1967).

CD measurements are given as mean residue ellipticity in units
of deg-cm? dmol ™! at 222 nm ([6],5,). Helix content was cal-
culated as [8]555°™°4/[0]55%. [A]5Y is given by —40,000 (1 —
2.5/n), where n is the number of amino acids in the peptide
(Chakrabartty et al., 1991).

Determination of helix-coil parameters

The determination of w-, n1-, and c-values was achieved through
the use of two computer programs.” The first implements the
modified Lifson-Roig helix-coil theory (Doig et al., 1994) to cal-
culate the helix content of a given peptide sequence. The pro-
gram draws upon a library of w-, v-, n-, and c-values for each
amino acid, plus n for acetyl and ¢ for amide. A file giving the
peptide sequence is input and the mean helix content calculated,
together with other properties of the helix~coil equilibrium, such
as fraction helix for each residue and mean number of helical
segments. We assumed throughout that v = 0.048 for every res-
idue (the mean value for Ala/Lys peptides measured by Rohl
etal. [1992]). Although it may reasonably be expected that dif-
ferent residues will have different v-values (particularly Gly and
Pro, which have unusual conformational entropy), we have no
measurements at present than can give different v-values for dif-
ferent amino acids. Indeed, there is evidence that v is not influ-
enced greatly by the side chain (Ptitsyn, 1972; Scholtz et al.,
1991; Rohl et al., 1992). This program was written by J.A.
Schellman and modified by H. Qian, C.A. Rohl, and T.
Kortemme.

A second program was used to find the helix-coil parameters
that gave the best fit to the experimental data (Chakrabartty
et al., 1994). The inputs to the program are: the peptide se-
quences and corresponding experimental helix contents, library
of w-, v-, n-, and c-values for each amino acid, and the acetyl
and amide groups, and a list of parameters to be determined.
This program used the modified Lifson~Roig theory program
to determine the helix content of a peptide sequence for a given
set of helix-coil parameters. Parameters were varied until they
converged on essentially unchanging values. This program was
written by S.L. Mayo and modified by T. Kortemme.
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