showed strong species-specific differences. It
is unknown whether these compounds are
involved in species recognition.

The above-mentioned volatile acids may
form a less species-specific long-range pher-
omone that is embedded in a species-specif-
ic matrix that accounts for close-range rec-
ognition. In another linyphiid, Frontinella
pyramitela, spiders are able to distinguish
between sexes by use of chemical stimuli
emitted from the cuticle (17).
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Structural Basis of Amino Acid o Helix Propensity

Michael Blaber, Xue-jun Zhang, Brian W. Matthews*

The propensity of an amino acid to form an o helix in a protein was determined by multiple
amino substitutions at positions 44 and 131 in T4 lysozyme. These positions are solvent-
exposed sites within the a helices that comprise, respectively, residues 39 to 50 and 126
to 134. Except for two acidic substitutions that may be involved in salt bridges, the changes
in stability at the two sites agree well. The stability values also agree with those observed
for corresponding amino acid substitutions in some model peptides. Thus, helix propensity
values derived from model peptides can be applicable to proteins. Among thie 20 naturally
occurring amino acids, proline, glycine, and alanine each have a structurally unique feature
that helps to explain their low or high helix propensities. For the remaining 17 amino acids,
it appears that the side chain hydrophobic surface buried against the side of the helix

contributes substantially to o helix propensity.

Estimates of the helix propensity of the
different amino acids have been made on
the basis of many different sources including
statistical surveys (I, 2), host-guest analysis
(3), model peptides (4-7), directed muta-
genesis (8, 9), and molecular dynamics
calculations (10, 11). To determine o helix
propensity in the context of a folded pro-
tein and to obtain insights into its underly-
ing physical basis, we made multiple amino
acid replacements at each of two positions
in « helices of T4 lysozyme.

Ideally, the substitution site for such an
experiment would be in the middle of a
relatively long, regular helix and would be
exposed to solvent, remote from charged
groups, devoid of possible contacts with
neighboring side chains, and not close to a
contact site in the crystals. Because all of
these criteria cannot be met in T4 lysozyme,
Ser** and Val'®! were chosen as compromis-
es (12). All 19 alternative amino acids were
substituted at position 44 (13), and the
proteins were purified (14). For 13 replace-
ments (Ala, Arg, Asn, Glu, Gly, Ile, Leu,
Lys, Phe, Pro, Thr, Trp, and Val), crystals
suitable for structural analysis were obtained
(15). The coordinates have been deposited
in the Brookhaven Protein Data Bank.

Institute of Molecular Biology, Howard Hughes Medi-
cal Institute, and Department of Physics, University of
Oregon, Eugene, OR 97403.
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With the exception of Pro, no substitu-
tion significantly distorted the o helix back-
bone. In the isomorphous structures (ex-
cept for Pro) the backbone atoms within
the a helix superimposed within 0.10 to
0.14 A (Fig. 1A). For the nonisomorphous
structures, the corresponding values were
0.19 to 0.33 A but did not suggest a
distortion of the helix (Fig. 1B). Thus,
except for Pro there is no clear evidence
that differences in helix propensity are
caused by different amounts of strain intro-
duced within the a helix. Similar structural
results were observed for eight variants at
position 131 (16).

We determined the thermostabilities of
the mutant lysozymes (Table 1) by recording
the circular dichroism as a function of tem-
perature (I7). Excluding those of Asp and
Glu, the differences between the free energy
of unfolding of each mutant and.that of the
Gly variant used for the site 131 replace-
ments are remarkably similar to those at site
44 (correlation of 97%). In the crystal struc-
ture of the Asp'®! variant, Asp!3! forms a
salt bridge with Arg!>*, and we presume that
electrostatic stabilization also occurs for
Glu'?!. The measured AAG values were
compared with other determinations of helix
propensity (Table 1). The agreement with
propensity scales that were derived from
three studies of model peptides (4-6) was
good (correlations of 71 to 93%), despite the
different sequences involved, the differences
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in the experimental systems, and the small
span of energy values. Agreement with
scales derived from the frequency of occur-
rence in protein structures (I, 2) and from
host-guest analysis (3) was also good (corre-
lations of 81 and 69%, respectively).

The nature of the unfolded state of
proteins has been controversial. Is the un-
folded state random and fully solvated, or
does it have sequence-dependent interac-
tions that are influenced by mutations (18)?
The agreement between T4 lysozyme and,
for example, the model peptide of Lyu and
colleagues (6) is good, although the AAG
values are relatively small. This correlation
suggests that the unfolded state of T4 lyso-
zyme is thermodynamically equivalent to
that of the unfolded model peptide and is
not significantly altered by substitutions at
site 44 (or at site 131).

Within an a helix, the side chain atoms
of one residue can contact the backbone (or
side chain) atoms of residues in the next
turn of the helix and may thereby be re-
moved from contact with the solvent (19).
For this reason it has long been expected
that hydrophobic effects might contribute
to differences in a helix propensity (19,
20). As a test of this hypothesis, the ob-
served AAG values were plotted as a func-
tion of the hydrophobic surface area that is
buried when residue 44 is transferred from a
fully extended model peptide to the a
helix, as observed in the available crystal
structures (Fig. 2). The values for a subset
of the 20 amino acids (Asn, Glu, Ser, Thr,
Val, Lys, lle, and Leu) fall approximately
on a straight line, the slope of which is 19
kcal mol~! A~2. The correspondence be-
tween this value and the commonly accept-
ed range of 20 to 30 kecal mol™! A~2 for
hydrophobic stabilization (21) suggests that
the hydrophobic effect is a major factor in
the determination of the helix propensity of
these amino acids. There are structural
reasons why the values for other amino
acids (Gly, Ala, Arg, Phe, and Trp) devi-
ate substantially from the straight line (22).

For the remaining substitutions at site 44
for which crystal structures were not avail-
able, the buried surface areas were calculat-
ed on the assumption that the site 44 side
chains were fully extended and that the
protein structures were otherwise identical
with the wild-type structure. Also in Fig. 2
are the observed values of AAG (Table 1)
and the calculated surface areas derived
from the crystal structures of the substitu-
tions made at site 131. Because of contri-
butions from side chain entropy (11, 23)
and other factors, a perfect correlation is
not expected between buried surface area
and helix propensity. However, the approx-
imately linear dependence of helix propen-
sity on buried surface area, for many of the
amino acids (Fig. 2), suggests that hydro-
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phobic stabilization contributes substantial-  tween helix propensity determined in the
ly to helix propensity. context of a folded protein and that derived
Our results show a good agreement be-  from studies of some helical peptides. At

Fig. 1. (A) A stereodiagram of all the structures with replacements at position 44 that crystallized
isomorphously with the wild type. Color scheme: Ala, orange; Asn, cyan; Arg, light blue; Glu, yellow;
Gly, chartreuse; lle, light green; Leu, red; Lys, red; Pro, red; Ser (wild type), red; Thr, blue; Val,
green. The structures were aligned on the basis of least-squares superposition of the backbone
atoms of residues 40 to 49. (B) A stereodiagram of the position 44 variants that crystallized in
nonisomorphous forms. Included are two distinct forms of the Phe*# variant (yellow and chartreuse),
four distinct forms of the Trp** variant (light green, green, cyan, and light blue), the Glu** variant
(orange), and wild-type Ser (blue).

SCIENCE ¢ VOL. 260 ¢ 11 JUNE 1993



the NH,-terminus of an « helix, Pro can
promote stabilization of the helix because it
restricts conformational freedom (24) but
in general has low helix propensity because
of the strain energy that it tends to intro-

duce (25). Gly has low helix propensity
because of the entropy cost associated with
its backbone conformational flexibility and
because it lacks hydrophobic stabilization
(Fig. 2). Ala provides some hydrophobic

Fig. 2. Free energies of unfolding 1.19
AAG relative to Gly of a series of ]
lysozymes with different amino ac- 1.07
ids substituted at site 44 of T4 |
. 0.9

lysozyme plotted against the sur- i
face area of the side chain of res- 0.8-
idue 44 that is buried during helix — _ :
formation, on the basis of the avail- g 0.7
able crystal structures (closed cir- E i
cles) (30, 31). Substitutions are g 967
identified by the one-letter code for S 0.5
amino acids (32). The side chain = -
conformations of Arg** and Lys* % 0.4
are probably influenced by crystal ]
contacts (22). The Phe“# and Trp*4 0.3
variants crystallize in non-wild- ]

. X 0.2
type crystal forms with, respective- ]
ly, two and four molecules per 014
asymmetric unit. Values shown are 1Gia
the averages of the two- and four- 0.0
crystal  structures, respectively | L — T T T

T
0 10 20 30 40 50 60

Surface area (A2)

(22). Side chain buried areas for
substitutions at site 44 for which
crystal structures were not avail-
able (open circles) were calculated on the assumption that the side chain of the site 44 replacement
was fully extended and the structure was otherwise identical with that of the wild type. Buried areas
for substitutions at position 131 (open triangles) were calculated from observed crystal structures.

Table 1. Helix propensity values. T4L, T4 lysozyme. All free-energy scales have been normalized so
that the helix propensity of Gly is 0. The symbol P, , represents the relative frequency with which
the amino acid occurs in the middle of « helices in known protein structures; s is the Zimm-Bragg
parameter and the correlation is with AT Ins. The sources of data are indicated by the reference
numbers at the top of their respective columns.

AAG (kcal mol=1)

Amino Percent Pra s
acid T4L T4L site 6) 4) Barnase helix (5) 2) (3)
site 44* 131+ site 32 (9)
Ala 0.96 0.94 0.79 0.77 0.91 78 1.41 1.07
Leu 0.92 0.77 0.62 0.62 0.56 80 1.34 1.14
Met 0.86 0.81 0.57 0.50 0.60 1.30 1.20
lle 0.84 0.84 0.39 0.23 0.10 41 1.09 1.14
Gin 0.80 0.48 0.33 0.43 1.27 0.98
Arg 0.77 0.68 0.77 1.21 1.03
Lys 0.73 1.23 0.72 1.23 0.94
Tyr 0.72 0.17 0.09 0.74 1.02
Val 0.63 0.69 0.34 0.14 0.03 17 0.98 0.95
Phe 0.59 0.41 0.22 23 1.16 1.09
Trp 0.58 0.45 0.07 1.02 1.1
His 0.57 0.06 0.13 1.05 0.69
Thr 0.54 0.56 0.23 0.1 0.12 0.76 0.82
Glu 0.53 0.88% 0.27 0.36 1.18 1.35
Ser 0.53 0.64 0.28 0.35 0.50 0.57 0.76
Asp 0.42 0.77% 0.15 0.20 0.99 0.78
Cys 0.42 0.23 0.09 0.66 0.99
Asn 0.39 0.18 0.07 0.25 0.76 0.78
Gly 0.00 0 0.00 0.00 0.00 0.43 0.59
Pro§ -2.50 -3.00 0.19 0.19

*The conditions for optimal reversibility of unfolding and two-state behavior were 0.025 M KCI, 0.003 M H,PO,, and
0.017 M KH,PO, (pH 3.01). The difference between the free energy of unfolding of each mutant and that of the
Gly variant used as the reference was determined by van't Hoff analysis (77, 33). The estimated uncertainty in
AAG for all mutants is less than 0.10 kcal mol-". tData are from (8) and this work. The values of AAG
determined under conditions identical to those used for the site 44 replacements. $Glu and Asp were not
included In the determination of the correlation because of presumed electrostatic stabilization. §Correlations
with the site 44 data from T4 lysozyme, excluding Pro: T4L site 131, 0.97, (6), 0.93; (4), 0.71; barnase site 32, 0 62;
percent helix, 0.93; P, 4 0.81; and s, 0.69.
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stabilization (Fig. 2A) without incurring
the entropy cost associated with the confor-
mational restriction of a -y substituent with-
in an « helix. For the 17 remaining amino
acids, differences in the burial of hydropho-
bic surface seem to be most important. The
agreement between substitutions at sites 44
and 131 in T4 lysozyme is stronger than the
correspondence with replacements at site
32 of barnase (9) (correlation of 62%).
However, this site is at the Ccap — 2

position (9), that is, within the last turn of

the helix, and may not be comparable with
the internal sites (Ccap — 7 and Ccap — 4)
used in T4 lysozyme.
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A Nonpeptidyl Growth Hormone Secretagogue

Roy G. Smith,* Kang Cheng, William R. Schoen,
Sheng-Shung Pong, Gerard Hickey, Tom Jacks, Bridget Butler,
Wanda W.-S. Chan, Lee-Yuh P. Chaung, Fred Judith,
Joyce Taylor, Matthew J. Wyvratt, Michael H. Fisher

A nonpeptidyl secretagogue for growth hormone of the structure 3-amino-3-methyl-N-
(2,3,4,5-tetrahydro-2-oxo-1-{[2'-(1 H-tetrazol-5-yl)(1,1’-biphenyl)-4-yljmethyl}-1 H-1-
benzazepin-3(R)-yl)-butanamide (L-692,429) has been identified. L-692,429 synergizes
with the natural growth hormone secretagogue growth hormone-releasing hormone and
acts through an alternative signal transduction pathway. The mechanism of action of
L-692,429 and studies with peptidyl and nonpeptidyl antagonists suggest that this
molecule is a mimic of the growth hormone-releasing hexapeptide His-p-Trp-Ala-Trp-p-
Phe-Lys-NH,, (GHRP-6). L-692,429 is an example of a nonpeptidyl specific secretagogue

for growth hormone.

The availability of recombinant human
growth hormone (GH) has resulted in re-
newed interest in GH therapy. Aging is
associated with an attenuation of the am-
plitude and frequency of pulsatile GH re-
lease; by age 40, a reduced responsiveness of
the pituitary gland to GH-releasing hor-
mone (GRF) is evident (I). GH replace-
ment therapy may reverse some of the
bodily changes associated with aging (2);
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thus, GH treatment may prove beneficial to
the elderly. In addition to its utility in the
treatment of GH-deficient children, GH
accelerates healing of severely burned chil-
dren (3), is beneficial in preventing cata-
bolic side effects in patients treated with
prednisone (4), acts as an adjuvant to
gonadotrophin treatment for ovulation in-
duction (5), may prevent osteoporosis (6),
and improves exercise capacity in GH-
deficient adults (7). GH also stimulates T
cell development, which suggests that it
may be useful for the treatment of T cell
deficiencies (8). '

Current methods of treating GH defi-
ciency are not ideal. GH, a large polypep-
tide, lacks oral bioavailability, and injec-
tion results in prolonged elevation of GH






