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X-ray diffraction shows the structure of a synthetic protein model, formed from
noncovalent self-association of a 12-residue peptide and of sulfate ions at low pH. This
peptide is a fragment of a 16-residue polypeptide that was designed to form an
amphiphilic & helix with a ridge of Leu residues along one helical face. By interdigita-
tion of the leucines of four such helices, the design called for self-association into a
four—a-helical bundle. The crystal structure (2.7 angstrom resolution; R fac-
tor = 0.215) reveals a structure more complex than the design, with both a tetramer
and a hexamer. The a-helical tetramer with leucine interior has more oblique crossing
angles than most four—a-helical bundles; the hexamer has a globular hydrophobic core
of 12 leucine residues and three associated sulfate ions. Computational analysis
suggests that the hexameric association is tighter than the tetrameric one. The
consistency of the structure with the design is discussed, as well as the divergence.

NE APPROACH TO THE PROTEIN-
O folding problem (1) is protein de-
sign (2). An amino acid sequence
can be designed to fold into a specific three-
dimensional (3-D) structure; the protein is
chemically synthesized or genetically ex-
pressed; and the purified protein is sub-
jected to structural analysis to learn if the
design has been achieved, or if not, to learn
how the design principles need modifica-
tion.
One aim of the present project is to design
a four—a-helical bundle protein (Fig. 1A)
(3). It started with the design and character-
ization of a 16-residue synthetic peptide
engineered to self-associate into a-helical
tetramers (4-7). Two 16-residue peptides,
a;A and B, were designed based on geo-
metric criteria and shown to form helical
tetramers with considerable thermodynami-
cal stability (4, 5). Ultimately, the helices
were connected by three flexible loops (5)
giving a single-chain protein (6). The 16-
residue peptides failed to form x-ray quality
crystals. However, in the course of this
work, a 12-residue fragment, a; (Acetyl-
Glu-Leéu-Leu-Lys-Lys-Leu-Leu-Glu-Glu-
Leu-Lys-Gly-COOH), was isolated as a by-
product of the synthesis of «;A, and this
shortened peptide both crystallized and self-
associated into helical aggregates in solu-
tion. At pH 7 in aqueous solution, the
circular dichroism spectrum of oy shows a
fourth-order dependence on peptide con-
centration (4), although the association was
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thermodynamically rather weak and showed
a midpoint at ~5 mg/ml peptide concentra-
tion. This peptide was crystallized at pH
3.24 from 80% saturated ammonium sul-
fate. These conditions considerably enhance
the self-association of a; (8), although the
aggregation state has not yet been definitive-
ly determined. Herein we report the crystal
structure of a; at 2.7 A resolution.

The structure of o; is of interest as a
model for the association of amphiphilic
segments in proteins and also as a measure
of the specificity of the design of the 16-
residue oA and oyB peptides. A priori, it
appears unlikely that o; would self-associate
into the same helical bundle structure de-
signed for the 16-residue peptide (Fig. 1),
since removal of the four residues at the
amino terminus would result in staggered
ends with a high solvent accessibility of
apolar residues. However, a re-registration
of the apolar Leu residues at the helical
interfaces might result in a shortened bun-

Fig. 1. (A) A schematic representation of a four—
a-helix bundle, as in the original design of a;A
(4). The amino and carboxyl termini are designat-
ed by N and C, respectively. The serrated cuts
show the helices shortened by 25%, as in . (B)
The packing of helices in a;, shown schematically.
All helices have identical structures and environ-
ments. An oy hexamer is shown below, built from
two layers of trimers, hydrogen-bonded to SO4*~
ions (represented as jacks) at the amino-termini of
two helices. At the top is a tetramer, formed from
two helices of the bottom hexamer and from two
helices from another hexamer, the rest of which is
not shown.

dle. Without structural studies it was impos-
sible to know if a; forms such a shortened
bundle, some other helical aggregate (9), or
some unprecedented structure such as the
hexamer of the a; crystals.

The structure was determined by isomor-
phous replacement to 3.0 A resolution and
refined to an R factor of 0.215 against 2
o(F) data of resolution 10 to 2.7 A (Fig. 2).
Because of the high symmetry of the space
group, 4,32, the structure in the o; unit
cell can be described as 48 monomeric o
helices, 24 dimers (of several types), 16
trimers, 12 tetramers having 222 symmetry,
or 8 hexamers having-32 symmetry. Which
oligomeric state is the “true molecule” of a;
depends on the relative binding energy of

the various interhelical associations. We de-

Table 1. Energetics of dimer, tetramer, and hexamer formation of a;. Calculations were performed
with CHARMM (27) yielding the energy-minimized change AE and with atomic solvation parameters
(28) yielding the solvation free energy AGs, an estimate of hydrophobic interaction and other solvation
terms. The values are expressed on a per monomer basis. The energy model for a; is based on the crystal
structure (29). Formation of both hexamer and tetramer is ccompanied by small but significant
decreases of both AE and AGjg. The decrease in solvent accessible surface area per helix (AArea) in
formation of the hexamer and tetramer is small compared to most oligomeric proteins (14), where the
minimum accessible area decrease is 670 A2,

Energy changes Area changes
Process (keal/mol) (A?)
AE AGs AArea AAreal,

Dimer from monomers

20— ay -0.9 -24 140 140
Hexamer from monomers

60— [az], —-28.6 —-6.3 745 540
Tetramer from monomers ’

40— [a] -16.8 -43 546 417
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*Change in apolar surface area (28). All areas computed with ACCESS (30).
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scribe first the structure of the monomer and
the “antiparallel dimer”; then the hexamer,
which is a protein molecule-like trimer of
antiparallel dimers; and finally the tetramer,
an association of two antiparallel dimers,
each part of neighboring hexamers. The
relation of these units (Fig. 1B), in compari-
son with Fig. 1A, shows that the tetramer
more closely resembles the design than does
any of the other oligomeric groupings of
helices. Finally, we suggest on energetic
grounds that the hexamer is probably a
more stable aggregate of o, helices than is
the tetramer.

The amino-terminal portion of the mono-
mer is a standard « helix but the carboxyl-
terminus is extended (Fig. 2). Residues 10
and 11 lie in the B region of the Ramachan-
dran plot, and the last residue, Glyn, is not
well defined but best fits the density in the
left-handed helical conformation. Two o
monomers forming a dimer lie approximate-
ly antiparallel to one another, with four Leu
side chains (2, 3, 6, and 10) abutting the

equivalent twofold related residues of the
opposing helix (10, 3, 6, and 2) (Fig. 3, A
and B), reminiscent of interactions in apolar
peptides [(10), and references within]. The
crossing angle for the two helices of —32° is
just within the limits observed in helical
bundles (3) but their separation of 12.9 A
is unusually large: antiparallel helical pairs
generally show interhelical distances of 9
to 12 A (3, 11). In brief, although the two
monomers of this “antiparallel dimer” en-
joy hydrophobic interaction with each oth-
er, the apolar groups are not interdigitat-
ed.

The o, hexamer is formed by three anti-
parallel dimers around the threefold axis of
symmetry (Fig. 3, C, D, E, and F). Each of
the monomers contributes Leu® and Leu’ to
a hydrophobic interaction of 12 Leu side
chains at the center of the hexamer. Two
triplets of Leu® interdigitate around the
threefold axis at the center of the hexamer.
Above and below these triplets along the
threefold are two triplets of Leu’ side

Fig. 2. A stereoview of the refined atomic model of a; shown in the multiple isomorphous
replacement—solvent-flattened electron density. Crystals were grown in 20-pl hanging drops by a
modification (15) of the procedure described earlier (4). Phases were determined by isomorphous
replacement (16-22). The two-derivative electron-density map to 3.0 A resolution (mean figure of merit
of 0.64) showed a single, largely a-helical peptide in the asymmetric unit. Solvent flattening (23)
marginally clarified the map, and a model was built (24) containing all &, atoms except the side chains
of Lys® and Lys'!, which were not visible. This model explains all of the electron density except for a
large spherical density on a crystallographic twofold axis near the amino termini of two helices. Such
positions are often occupied by anions (25), and this density was interpreted as a sulfate (SO3~) that
forms hydrogen bonds with the main-chain amides of residue 2 from both helices. This interpretation
was confirmed by 3.0 A difference maps from crystals soaked for two days in a synthetic mother liquor
in which the (NH,),SO; is replaced by (NH,),Se¢O,. These maps had by far their largest peaks at the
sulfate site when either MIR or model phases were used. Restrained least squares refinement (26) of
positional parameters gave an R-factor of 0.21 for 2 o (F) data of greater than 10.0 A resolution, with
the root-mean-square deviation of covalent bond lengths from their ideal target values being 0.013 A.
Temperature factors were fixed at 25 A2, The R-factor against all data of resolution 10 to 2.7 i is 0.255,
and the final F, — F. map is reasonably flat.
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chains. A second type of interaction within
the hexamer is that of each of the three
sulfate ions with two a-helices. Each sulfate
sits at the amino-terminus of one helix from
the upper ring of three helices of the hex-
amer (Fig. 3, A, D, and F) and the amino-
terminus of one helix from the lower ring.
From both of these helices, each sulfate
accepts the amide N-H hydrogen bond
from residue 2. Thus the hexamer appears
“protein molecule-like” in that it has a
globular domain, with a 12-residue hydro-
phobic core surrounded by charged and
polar groups in contact with solvent.

Some of the apolar functional groups of
the antiparallel dimer are not wholly buried
in the hexamer; groups remaining on the
surface include portions of Leu?, Leu$, and
Leu'" and some methylene groups of Lys’,
Glu®, and Lys'!, all of which interact with
groups from a symmetry-related antiparallel
dimer of a neighboring hexamer. Two such
interacting antiparallel dimers constitute the
tetramer (Fig. 3G). The interhelical crossing
angle between neighboring helices on ad-
jacent antiparallel dimers is more open
(41°) than in many four-helix bundles (of-
ten near 20°) and approaches the wide
crossing angle (about 65°) in tetramers of
the amphiphilic a-helical peptide, melittin
(12). The helices are separated by 11 A.
Also linking dimers on adjacent hexamers
are the sulfate ions: two sulfate oxygens
each accept a hydrogen bond from the side
chains of Glu’ residues. Presumably the
carboxylate function of Glu® is protonated
at the low pH of the crystals.

Because both hexamer and tetramer ap-
pear to have some similarity to natural pro-
teins, we need to ask which of these units is
more tightly associated. This question is
addressed in Table 1 by use of potential
energy calculations, atomic solvation param-
eters, changes in total solvent accessible
surface area, and change in apolar area. By
all four criteria, the hexamer is the most
stable aggregate within the crystal, as also
indicated by the compactness (13). The tet-
ramer is apparently less stable, but to the
extent that both hexameric and tetrameric
associations are of similar stability, the a;
crystal is more akin to a molecular crystal
such as ice or diamond than to a protein
crystal, in which intersubunit associations
are much tighter than intermolecular associ-
ations.

Despite its shorter chain length, oy shows
several similarities to the original design (4):
(i) the monomer is largely helical and am-
phiphilic; (ii) there is association of helices,
mainly through hydrophobic interaction of
Leu side chains; and (iii) there is an antipar-
allel helical pair. However, the structure also
displays distinct differences from the design:
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(i) there is a hexamer, which has a 3-D
hydrophobic core rather than the elongated
surface of hydrophobic interactions expect-
ed for an a helical bundle; (ii) the Leu side
chains of neighboring antiparallel helices
abut rather than interdigitate; (iii) in the
tetramer the dimer pairs cross at a wider
angle than do the classic four—a-helical bun-
dles (3); and (iv) sulfate ions are incorporat-
ed into the molecular structure.

What factors prevent a; from forming a
classic antiparallel four—a-helical bundle in
the crystal? The major factor is that the 12-
residue helix of the structure is significant-
ly shorter than the 16-residue helix of the

A
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design. The full 16-residue helix has a
longer hydrophobic stripe of 6 Leu resi-
dues that apparently cannot be accommo-
dated in the 3-D hydrophobic core of the
a; hexamer. However, if this longer hy-

~ drophobic stripe were buried in a four—a-

helical bundle, about 600 A2 of apolar
surface area per helix (or about 670 A? of
total surface area) would be covered, per-
haps yielding a stable tetramer (14). In
contrast, an a; monomer has a total acces-
sible surface area of only ~1650 A2, so

ing the novel 12 Leu hydrophobic core of
the hexamer and tetramer.

The structure of «, is consistent with the
broad outlines of the design: a helices asso-
ciate by hydrophobic interaction of Leu
residues. However, the precise mode of
association, involving unusual forms of both
a hexamer and a tetramer, is unexpected.
This surprise may mean that in de novo
design it is easier to arrive at a sequence that
folds in a protein-like manner than at a
particular fold, especially in the multicom-

that it has to cover between one third and
one half of its total surface area to produce
a stable aggregate, which it does by form-

ponent biological milicux, where ligands
such as sulfate and protons can profoundly
affect structure.

Fig. 3. The structure of a;. (A) The antiparallel dimer of a helices shown schematically. Side chains of
Leu residues at positions 2, 3, 6, 7, and 10 project toward the other monomer of the dimer. (B) View
perpendicular to (A). (C) The backbone of one layer of the hexamer formed by three a helices. The view
1s down the threefold axis of symmetry. One sulfate ion (shown as a cross) sits at the amino-terminus of
each a helix (for example, to-the right of the red helix at the bottom). Notice that the carboxyl terminus
of each monomer is extended and that the amino terminus is acetylated. The space in the center is filled
by Leu side chains, as shown in (E). (D) The backbone of the hexamer, from the same view as (C).
Antiparallel dimers meet at the three sulfate ions. (E) The same view of the hexamer as (D) but with side
chains shown and van der Waals radii indicated by blue dots. The a-carbon backbone is white; Leu side
chains, yellow; Lys, blue; and Glu, red. (F) The hexamer, showing only the backbone and sulfate ions,
viewed down a twofold axis. The threefold axis is vertical. The two helices of each antiparallel dimer
have similar color; for example, one of the three antiparallel dimers is the red-orange pair. The three
sulfate ions are shown as white crosses. (G) The tetramer, viewed down a twofold axis, formed from
two antiparallel dimers. One of the antiparallel dimers is made up of a monomer at the upper left and a
monomer at the lower right. Backbone is green. Side chains of Leu are yellow, Glu are red, and Lys are

blue.
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Antibody-Mediated Activation of Drosophila Heat

Shock Factor in Vitro

VINCENZO ZIMARINO,* SUSAN WILSON,T CARL WUt

Eukaryotic cells respond to elevated temperatures by rapidly activating the expression
of heat shock genes. Central to this activation is heat shock—inducible binding of the
transcriptional activator, termed heat shock factor (HSF), to common regulatory
elements, which are located upstream of all heat shock genes. The DNA binding
activity of the inactive form of Drosophila HSF was induced in vitro by treatment with
polyclonal antibodies to the purified, in vivo—activated factor. This finding, together
with observations that high temperature and low pH activate HSF binding in vitro,
suggests that the inactive form of HSF can directly recognize and transduce the heat
shock signal without undergoing a covalent modification of protein structure.

RGANISMS RESPOND TO AN ELEVA-

tion in the ambient temperature by

the rapid transcription and transla-
tion of RNAs encoding heat shock proteins
(1). The transcriptional response to heat
shock in eukaryotes is mediated by a positive
control element, the heat shock element
(HSE), which is present in multiple copies
upstream of all heat shock genes (2). A
transcriptional activator protein, termed
heat shock factor (HSF), binds to HSEs (3
8) and activates transcription of heat shock
genes in vitro in a binding site—dependent
manner (9-11). Although the sequence of
the HSE has been highly conserved in evo-
lution, there are differences in the properties
of HSF from a range of eukaryotic species
(6, 8). Electrophoretic analyses of HSF puri-
fied from Saccharomyces cerevisiae, Drosophila,
and human cells indicate that the factors
have molecular sizes of 150, 110, and 83
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kD, respectively (11-13). In addition, HSF
is bound constitutively to the HSE in yeast
(6, 8, 14), whereas HSF in Drosophila and
vertebrates is unable to bind to the HSE
unless the cells are heat shocked (3, 5-8).
The relative increase in HSF binding is
correlated with the severity of the heat shock
stimulus, suggesting that the temperature-
dependent induction of HSF binding activi-
ty is a critical regulatory switch in the activa-
tion of heat shock gene transcription in
higher eukaryotes.

Experiments with protein.synthesis inhib-
itors indicate that de novo protein synthesis
is not required for the induction, reversal,
and reinduction of HSF binding activity in
Drosophila, Xenopus, and human cells (5, 8,
15). These studies indicate that HSF bind-
ing is likely to be regulated by-a posttransla-
tional mechanism in higher eukaryotes.
Moreover, the binding activity of human
HSF in HeLa cell cytoplasmic extracts is
induced in vitro simply by heat treatment,
suggesting that the inactive form of human
HSEF is able to sense the temperature eleva-
tion (16). Furthermore, low pH (5.8 to 6.4)
activates human HSF in vitro (17). Using
the gel mobility shift assay, we have found
that heat (35°C) and low pH (KH,PO,
buffer, pH 6.5) also stimulate the DNA
binding activity of HSF in unshocked cyto-
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