The collective data from studies per-
formed with T cells and 3T3 cells indicate
that cell cycle commitment is associated with
expression of c-fos and c-myc proto-onco-
genes, whereas c-myb expression is confined
to Gy progression. Thus, future experiments
will surely focus on the critical functional
consequences of nuclear binding by the
products of the c-fos, c-myc, and c-myb genes
during both normal and neoplastic cell pro-
liferation.

Note added in proof. Subsequent to the
submission of this manuscript for publica-
tion, a report by Thompson et al. (24)
appeared, which confirms our findings and
extends them to another species and other
cell types; c-myb is expressed maximally dur-
ing the midpoint of G; progression by
chicken embryo fibroblasts, synchronized
leukemic T cells, and bursal cells. An addi-
tional cell cycle-independent mechanism ap-
pears to result in an even more marked
expression of c-myb in thymocytes.
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Conformations of Signal Peptides Induced by Lipids
Suggest Initial Steps in Protein Export

MARTHA S. BR1GGS,* DONALD G. CORNELL, RICHARD A. DLUHY,

Lira M. GIERASCHT

Despite the requirement for a functional signal sequence in protein export, little is
known of the conformational properties and membrane interactions of these highly
hydrophobic amino terminal extensions on nearly all exported proteins. The Escherich-
in coli N phage receptor signal sequence was studied in phospholipid monolayers by
circular dichroism and Fourier transform infrared spectroscopys; the signal peptide was
shown to prefer an o-helical conformation when inserted into the lipid phase.
However, interaction with the lipid surface without insertion induced the signal
sequence, which is unstructured in bulk aqueous solution, to adopt a § structure.
These observations are combined in a model for the initial steps in signal sequence-

membrane interaction in vivo.

HE NEARLY UNIVERSAL REQUIRE-

ment in protein export for an amino

terminal extension, termed a “signal
peptide,” has focused attention on the roles
that these highly hydrophobic sequences
might play (1). While many essential details
of the secretion process are still poorly un-
derstood, it is clear that the involvement of
the signal sequence in both prokaryotic and
eukaryotic protein secretion includes recog-
nition by proteins, interactions with mem-
branes or membrane-resident components,
facilitation of translocation, and specific
cleavability (2, 3). Little is known, however,
of the physical characteristics that must in-
fluence their participation in the export
process, such as conformational preferences
or potentials for membrane and protein
interaction.
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Our biophysical studies on a family of
chemically synthesized signal sequences
from an Escherichia coli outer membrane
protein, the N phage receptor protein
(LamB protein) (4), show that two physical

-properties of the isolated signal sequences,

their tendency to adopt an a-helical confor-
mation in hydrophobic environments and
their tendency to insert into phospholipid
monolayers, correlate with their in vivo ex-
port function (5-7). These properties may
be involved in the same step in the secretion
process or in different steps. An a-helical
conformation may be required to generate a
sufficiently hydrophobic structure to allow
membrane insertion. Alternatively, the o
helix may be necessary for binding to a
protein, while the ability to interact with
lipids may be important for translocation.

To analyze further the relationships between
these properties of signal sequences, we have
designed experiments that enable conforma-
tional characterization of signal peptides in
lipid monolayers.

Monolayers containing 65% 1-palmitoyl-
2-oleoyl phosphatidylethanolamine (PE)
and 35% 1-palmitoyl-2-oleoyl phosphati-
dylglycerol (PG) (a ratio chosen to mimic
the E. coli membrane) and the wild-type
LamB signal peptide were prepared for
spectroscopic examination by transferring
them to a solid support (Fig. 1). A minia-
ture Teflon Langmuir/Wilhelmy trough
with a dipping well was constructed to
minimize the volume of subphase required.
The lipid monolayers were formed by
spreading of aliquots from chloroform solu-
tion until the desired initial pressure was
achieved. Peptide was then immediately in-
jected into the subphase. The film pressure
was monitored for an equilibration period,
after which the monolayer was transferred
either to quartz plates [for circular dichro-
ism (CD)] or to Ge crystals [for Fourier
transform—infrared (FT-IR)]. Monolayer
transfer and spectroscopic investigations fol-
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lowed a previously developed protocol (8,
9), and a detailed discussion of the tech-
niques will be presented separately (10).

Previous surface tensiometry experiments
(6, 7) had indicated that the synthetic LamB
signal peptides can interact with phospho-
lipid monolayers in two ways: by binding
electrostatically to the head groups of the
lipids and by inserting into the hydrocarbon
region of the monolayer. By selection of the
surface pressures at which the monolayer
CD and IR samples are prepared, it is
possible to determine the signal peptide’s
conformation in each of these two binding
modes. Two sets of samples were made. One
set, in which the monolayer was spread at a
surface pressure higher than the peptide’s
critical insertion pressure (11), allows elec-
trostatic binding to the lipid head groups,
but prevents insertion into the lipid mono-
layer. The other set of samples is prepared
with the monolayer initially at a surface
pressure lower than the critical insertion
pressure; these conditions allow both inser-
tion and electrostatic interactions. Injection
of the signal peptide into the subphase
below a low-pressure monolayer resulted in
an immediate rise in the film pressure, con-
firming peptide insertion. A control film,
prepared at high pressure with only zwitter-
ionic lipid [distearoyl phosphatidylcholine
(DSPC)] in the monolayer, contained only
peptide attached to the solid support. Con-
tributions from this source were excluded
from the spectral analysis.

The spectral studies show the signal pep-
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tide to have marked conformational sensitiv-
ity to its environment. The CD spectrum of
the wild-type LamB signal peptide electro-
statically bound to the monolayer indicates a
predominance of B structure (Fig. 2), based
on comparisons to reference data for poly-
peptide samples in solution (12). While
some effects of orientation are expected in
the CD of monolayer samples, past studies
have shown that the spectra are qualitatively
quite similar to spectra normally associated
with polypeptides in the a-helix and B-sheet
conformations in solution, and can be inter-
preted in terms of these familiar structures
(8 9). The minimum at 215 nm and the
crossover at 205 nm are both characteristic
of B-structure CD’s in solution (12). FT-IR
data, obtained with attenuated total reflec-
tance (ATR) infrared spectroscopy of the
lipid-peptide monolayer transferred onto
germanium ATR crystals at high pressure,
also demonstrate the presence of B confor-
mation; bands characteristic of this structure
can be seen in-the amide I region: strong
absorption at 1630 cm ™!, with a small high-
er frequency shoulder at about 1690 cm™!
(Fig. 3A) (13, 14). The presence of a small
amount of a-helical or random conforma-
tion or both is also indicated by intensity at
1660 cm™! (14, 15). It is noteworthy that
previous studies of this signal peptide in
aqueous buffer had shown no evidence of a
preferred secondary structure, and we had
observed a strongly a-helical spectrum in
micellar SDS and phospholipid vesicles (5,
o).

=0

;‘53)
e

Fig. 1. (A) Transfer of a phospholipid monolayer to a solid support. A Teflon trough (10 by 8 by 0.7
cm) was constructed with a dipping well to accommodate plates for monolayer transfer. Its capacity is
about 100 ml, and its surface area is about 80 cm?. To transfer a monolayer, the trough was filled with 5
mM tris buffer (pH 7.3). Quartz or germanium platés were submerged in the buffer as shown. Lipids
(either DSPC or 65% PE plus 35% PG) were spread from chloroform to the desired surface pressure,
which was measured using a Wilhelmy plate. High-pressure monolayers were spread at 40 dyne/cm, and
low-pressure monolayers were spread at 25 dyne/cm. These values are above and below, respectively,
the peptide’s critical pressure of insertion, which is 38 dyne/cm (6). Then, 500 pl of a peptide solution
(1 mg/ml) in 5 mAM tris (pH 7.3) was injected through the monolayer, and the subphase was stirred
gently for 5 minutes. Final peptide concentration was about 3 w4, a saturating concentration (6). The

tide was allowed to interact with the monolayer for 30 minutes. After this time the surface pressure
had stabilized. (B) The film was then transferred to the quartz or germanium plates at constant surface
pressure. The amount of peptide on the plates was estimated by ultraviolet absorption. The plates were
stored at room temperature in an atmosphere of constait 80% humidity until spectra were obtained.
The transfer shown corresponds schematically to a low-pressure monolayer experiment, in which some
peptide would be inserted, some electrostatically adsorbed to the head groups, and some bound to the

solid support.

11 JULY 1986

Signal peptide-lipid films, prepared un-
der conditions where the peptide is both
inserted into the monolayer and electrostati-
cally bound to the head groups, show a
substantial contribution to their CD spectra
from an a-helical conformation in addition
to B structure (Fig. 2). This is indicated by
an increased negative ellipticity at 208 and
222 nm. Note that the spectrum shown
reflects a sum of adsorbed and inserted
peptide; hence, the inserted peptide is en-
riched in a-helical conformation. This con-
clusion is further supported by CD spectra
obtained for signal peptide in PE/PG soni-
cated vesicles, which correspond to 60% «
helix [based on mathematical curve-fitting
to reference spectra (6, 12)]. The FT-IR
data for the peptide inserted into the lipid
monolayer (Fig. 3B) show enhanced inten-
sity at 1660 cm ™!, indicative of an increased
content of a helix or random structure or
both, and the intensity of the 1630 cm™!
band (B structure) is much reduced. These
data support the conclusions from CD that
the inserted peptide is less likely to adopt a B
conformation than the adsorbed peptide.
The band at 1660 cm™! in the amide I
region can be assigned either to random or
a-helical peptide segments; these particular
conformations cannot be distinguished on

8 (m degq)

_6 1 . 1
190 210 230 250
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Fig. 2. CD spectra of the peptide interacting with
a high-pressure (------ ) or low-pressure (——)
monolayer on quartz plates. The cell holder for
positioning the plates in the circular dichrometer
sample compartment has been described (8, 9).
The spectra were recorded on a Jasco J-41C
dichrometer. The spectra are of 8 or 16 plates (16
or 32 monolayers) arranged in series, and are
sums of 128 scans each. A control spectrum of
DSPC transferred to the plates from a peptide-
containing subphase at 40 dyne/cm was subtract-
ed from the experimental spectra. Data were
digitized every 2 nm.
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Fig. 3. FT-IR spectra of the peptide interacting with a PE/PG (65:35) monolayer transferred to a 45°
germanium ATR crystal (50 by 10 by 2 mm; Harrick Scientific, Ossining, NY). Spectra were obtained
on a Digilab FTS- 10 FT-IR spectrometer cqulppcd with a narrow band, liquid N,-cooled HgCdTe
detector at 4-cm™! resolution with triangular apodization and one level of zero filling. Spectra were
obtained using a 6x ATR beam condenser accessory (Harrick Scientific) at an incoming angle of
incidence of 45°. Typically, 4096 scans were collected to improve the signal-to-noise ratio; the spectra
presented here have not been smoothed. (A) FI-IR spectrum of the peptide interacting with a
phospholipid monolayer above the critical insertion pressure of the peptide. The infrared bands at 1742
and 1465 cm™' correspond to the C=O stretching and mcthylcnc scissoring  vibrations
of the phospholipid, respectively. The bands between 1600 and 1700 cm™' are due to the amide I
vibration of the peptide, while the band between 1500 and 1600 cm ™" is due to the amide II vibration
of the peptide. (B) FT-IR spectrum of the peptide interacting with a phospholipid monolayer below the
critical insertion pressure of the peptide. Band assignments are as in (A). The insert marks in both (A)
and (B) indicate an intensity of 1.0 X 10~ absorbance units.

structure. This form could be the conforma-
tion that initially inserts into the membrane.
The length of the hydrophobic regions in

the basis of their infrared spectra in the
amide I region alone (16, 17). Random and
a-helical conformations can be differentiat-

quence of the conformational change, if the
NH,-terminus stays anchored on the cyto-
plasmic side [as supported by recent studies
(27)), is entry of the first 10 to 15 residues
of the mature protein into the membrane.
These steps are shown in Fig. 4; in this
model, the signal sequence functions to es-
tablish a productive arrangement of the nas-
cent chain such that its subsequent translo-
cation is facilitated.
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