
lanes 1 and 2) and with two antibody 
positive healthy homosexual males (Fig. 
3, lanes 7 and 8; these are the same sera 
as in Fig. 2B, lanes 5 and 6). No proteins 
of related sizes were detected in sera 
from antibody-negative healthy homo- 
sexual males (Fig. 3, lanes 9 and 10) or 
with sera from laboratory workers (Fig. 
3, lanes 11 and 12). 

None of the human serum samples 
that we tested contained antibodies to 
p24 or other gag-related HTLV-I11 anti- 
gens without also containing readily de- 
tectable antibodies to gp120 and gp160. 
Conversely, when examined in the same 
RIPISDS-PAGE preparation, less than 
half of the AIDS patients that had anti- 
bodies to gp120 also revealed detectable 
antibodies to p24 (Table 1). Although 
this ratio was higher for ARC patients 
and antibody-positive healthy homosex- 
ual males, only about three-fourths of 
the individuals in these categories that 
had readily detectable antibodies to 
gp120 and gp160 also had readily detect- 
able antibodies to p24. Other, more sen- 
sitive assay systems could conceivably 
reveal a higher proportion of individuals 
with antibodies to p24. However, for 
assays based on equimolar amounts of 
undenatured antigen, the gp1201160 com- 
plex, which has been mapped to the env 
gene of HTLV-111, would presumably be 
the antigen of choice. This might be 
particularly important for patients in- 
volved in differential diagnoses for 
AIDS, since such individuals had lower 
amounts of antibody to p24. 

We recently reported that asympto- 
matic hemophiliacs that tested positive 
by MIF also regularly had antibodies to 
gp1201160 (11). At that time we had not 
established that these proteins were en- 
coded by HTLV-111. However, as we 
now find with AIDS patients, ARC pa- 
tients, and healthy homosexual males, a 
significant fraction of the asymptomatic 
hemophiliacs had antibodies to gpl201 
gp160 in the absence of antibodies to p24 
that could be detected with the same 
procedure. We also recently reported 
that four healthy individuals from "high 
risk" backgrounds carried infectious 
HTLV-I11 but had no antibodies detect- 
able by the MIF, ELISA (enzyme-linked 
immunosorbent assay), or Western blot- 
ting procedures (12). Three of these indi- 
viduals were also tested by RIPISDS- 
PAGE and were also found to be nega- 
tive by this procedure. 

These results suggest that RIPISDS- 
PAGE should be considered as a possi- 
ble confirmatory test for establishing re- 
activity of selected serum samples that 
give uninterpretable results by proce- 
dures such as ELISA and Western blot- 

ting, especially potential "false posi- References and Notes 
tives." Although the ELISA and West- 
ern blotting procedures are clearly more 
adaptable for use in broad-scale screen- 
ing, to our knowledge the RIPISDS- 
PAGE described here is the only assay 
currently available that regularly reveals 
a reactivity with a spectrum of the major 
HTLV-encoded proteins of both the gag 
and env genes, virtually eliminating the 
possibility that false positives would be a 
problem with this procedure. 
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In Vivo Function and Membrane Binding Properties Are 
Correlated for Escherichia coli LamB Signal Peptides 

Abstract. Wild-type andpseudorevertant signal peptides of the lamB gene product 
of Escherichia coli interact with lipid systems whereas a nonfunctional deletion 
mutant signal peptide does not. This conclusion is based on (i) interaction of 
synthetic signal peptides with a lipid monolayer-water surface, (ii) conformational 
changes induced by presence of lipid vesicles in an aqueous solution of signal 
peptide, and (iii) capacities of the peptides to promote vesicle aggregation. Analysis 
of the signal sequences and previous conformational studies suggest that these lipid 
interaction properties may be attributable to the tendency of the functional signal 
peptides to adopt a-helical conformations. Although the possibility of direct interac- 
tion between the signal peptide and membrane lipids during protein secretion is 
controversial, the results suggest that conformationally related amphiphilicity and 
consequent membrane afinity of signal sequences are important for function in vivo. 

Secreted proteins are generally syn- 
thesized as precursors with an amino- 
terminal extension termed a signal se- 
quence (1-4). The signal sequence is 
required for protein export, but the 
mechanism of its action is unclear. Bio- 
chemical and genetic evidence suggests 
that the signal sequence plays a number 
of roles, interacting at various times in 
the secretion process with one or more 
species including the ribosome, soluble 
and membrane-bound proteins, lipid 
head groups, and hydrocarbon chains. 
Although signal sequences exhibit little 
sequence homology, they may be inter- 
changed with retention of function, even 
among widely different proteins and or- 
ganisms (5-9). Several investigators (10- 
12) have proposed a "conformational 

homology" as the basis for this inter- 
changeability; that is, signal sequences 
all take on the same general conforma- 
tion (or conformations) during the secre- 
tion process. Inspection of known signal 
sequences (13) supports this idea. Signal 
sequences are similar in length, generally 
having 15 to 30 amino acid residues. One 
to three charged residues, usually basic, 
are located near the NH2-terminus, and 
are adjacent to a stretch of hydrophobic 
residues. This hydrophobic core region 
is usually about 9 to 18 residues long, 
and has been predicted (14) and ob- 
served in synthetic signal peptides (15, 
16) to adopt an a-helical conformation, a 
structural feature often found in mem- 
brane-binding proteins. Biochemical and 
biophysical studies have, in fact, shown 
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that signal sequences can interact with 
membranes (17, 18). However, there has 
been little direct evidence to show that 
such interactions are significant in pro- 
tein translocation. 

Emr and Silhavy's genetic analysis 
(19) of the signal sequence of the lambda 
receptor (an outer membrane protein in 
E, coli coded for by the lamB gene) 
provides an excellent system for investi- 
gating correlations of signal sequence 
properties with biological function. A 
mutant deficient in translocation of the 
lambda receptor across the bacterial in- 
ner membrane was found to have four 
amino acids deleted from the central 
portion of the signal sequence. This dele- 
tion brings proline and glycine, both of 
which destabilize the propagation of a- 
helical structure (20), into proximity 
(Fig. 1). Pseudorevertants (double mu- 
tants with restored export competence) 
were subsequently isolated in which the 
proline or glycine was replaced by leu- 
cine or cysteine, respectively (designat- 
ed Pro>Leu and Gly>Cys). These 
changes were predicted (19, 21) to re- 
store a-helix-forming tendency, suggest- 
ing a conformational requirement for ac- 
tivity. Previous work in one of our labo- 
ratories (15) tested these conformational 
hypotheses. Peptides that included the 
hydrophobic portions of these LamB sig- 
nal sequences (Fig. 1) were synthesized, 
and their conformations were analyzed 
by circular dichroism (CD). In helix- 
promoting environments (trifluoroeth- 
an01 or sodium dodecyl sulfate micelles), 
wild-type and pseudorevertant peptides 
had CD spectra characteristic of a par- 
tially helical conformation, whereas the 
deletion mutant did not, an indication 
that the intrinsic properties of the isolat- 
ed signal peptide in the absence of the 
mature protein are correlated to their 
activity in vivo. 

We now extend our previous studies 
of the conformational properties of ge- 
netically defined signal peptides to in- 
clude conformation-dependent interac- 
tions with phospholipid-water interfaces. 
Indeed, we find that the ability of these 
peptides to interact with phospholipids 
correlates with their in vivo function. 

The interaction of the previously stud- 
ied (15) synthetic LamB signal peptide 
fragments with a planar lipid surface was 
studied by injecting the peptides beneath 
a phospholipid monolayer (to simulate 
one side of a bilayer) and measuring the 
consequent change in surface pressure 
while holding surface area constant. To 
minimize the possibility of incomplete 
mixing in the monolayer, that is, the 
formation of patches of pure peptide, we 
spread the lipids to a surface pressure 
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WILD TYPE SIGNAL SEQUENCE 

Met Met Ile Thr Leu Arg Lys Leu Pro Leu Ala Val Ala Val Ala Ala Gly Val Met Ser Ala Gln Ala Met AlaIVal 

- 2 5  - 2 0  - 1 5  - 1 0  - 5  - 1  1  

DELETION MUTANT 

GLY + CYS PSEUDOREVERTANT I ! 
I 

Met Met Ile Thr Leu Arg Lys Leu Pro Val Ala Ala Gly Val Met Ser Ala Gln Ala Met AlaIVal 

PRO + LEU PSEUDOREVERTANT I 

- 5  - 1  1  - 2 5  - 2 0  

I 
Met Met Ile T h r  Leu A r g  Lys Leu Pro 

i 
Val Ala Ala Cys Val Met Ser Ala_ Gln Ala Met Ala/Val 

1 
Met Met Ile Thr Leu Arz Lys Leu Leu Val Ala Ala Gly Val Met Ser Ala Gln Ala Met ~ l a / V a l  

- 2 5  - 2 0  -1 5 - 1 0  - 5  - 1  1  

- 1 5  - 1 0  

- 2 5  - 2 0  

Fig. 1 .  The amino acid sequences of LamB wild-type and mutant signal peptides. A slash 
indicates the site of cleavage by signal peptidase. The portions of the signal peptides that we 
have synthesized are underlined. Details of synthesis, purification, and characterization are 
reported in (15). 

- 1 5  - 1 0  - 5  - 1  1  

greater than the peptide's equilibrium 
spreading pressure at an air-water inter- 
face (22). Thus an increase in surface 
pressure indicated that the peptide was 
interacting with the lipid components of 
the monolayer. In each experiment, a 
portion of peptide was added to the 
subphase (5 mM tris-HC1, pH 7.3) of a 
monolayer consisting of egg phosphati- 
dylethanolamine (PE) and egg phosphati- 
dylglycerol (PG) (65 to 35, mole ratio) 
(23) at an initial pressure of 20 mN1meter 
and constant area, and the increase in 
surface pressure (which stabilizes to a 
plateau value after 30 to 90 minutes) was 
observed. The increase in surface pres- 
sure was dependent on peptide concen- 
tration (Fig. 2). The maximum increases 
in surface pressure for the wild-type and 
Pro>Leu pseudorevertant peptides (24) 
were approximately 10 and 8 mNimeter, 
respectively. The peptide concentrations 
at half-maximal surface pressure in- 
crease, approximating the dissociation 
constant for monolayer binding (25), for 
the wild-type and Pro>Leu pseudore- 
vertant peptides were 0.3 and 0.1 pM, 
respectively. In contrast, the maximal 
surface pressure increase for the deletion 
mutant peptide was only 1.5 mN/meter, 
and its concentration at half-maximal 
surface pressure was 0.8 pM. 

Similar experiments in the presence of 
0.15M NaCl showed smaller surface 
pressure increases, an indication of in- 
teraction between the positively charged 
NH2-terminus and side chains of the 
signal peptides and the negatively 
charged head groups of phosphatidylgly- 
cerol. The maximal increases in surface 
pressure at saturating peptide concentra- 
tions were 5 and 3 mN1meter for wild- 
type and Pro>Leu pseudorevertant, re- 
spectively, although the midpoints were 
not greatly affected. The deletion mutant 
did not increase the surface pressure of 
the lipid monolayer, even when its con- 
centration was 3 pM. 

The ability of one surface-active mole- 
cule to "penetrate" a monolayer gf an- 
other is dependent on the initial mono- 
layer surface pressure (26). The lipid 
monolayer pressure above which the 
penetrating molecule no longer inserts 
(thus causing a pressure change) is called 
the critical pressure of insertion, and is 
obtained by measuring the dependence 
of the surface pressure increase on initial 
monolayer surface pressure and extrapo- 
lating to a pressure increase of zero. 
Critical pressures of insertion of the sig- 
nal peptides (Fig. 3) were determined at 
saturating peptide concentrations (1 pM 
for the wild-type and Pro>Leu pseudo- 
revertant peptides, and 2 pM for the 
deletion mutant peptide, in 0.15M NaC1, 
5 mM tris, pH 7.3). The critical pressures 
of insertion of the wild-type and Pro- 
>Leu pseudorevertant peptides are 28.1 
and 26.3 mNlmeter, respectively, which 
are similar to those of membrane-associ- 
ated proteins such as rat apolipoprotein 
A1 (27) and colicin A (28). In contrast, 
the critical pressure of insertion for the 
deletion mutant is 16 mNImeter, which is 
similar to that of bovine serum albumin 
(23,  a soluble protein. These values 
yield a rough measurement of the point 
at which the forces favoring transfer of 
the peptide from the subphase to the 
monolayer are balanced by the compres- 
sional forces opposing the addition of 
material to the surface. The critical pres- 
sures, when multiplied by the cross-sec- 
tional area per peptide molecule (29), 
provide estimates of the energies of in- 
sertion of the peptides into the monolay- 
er. Insertion energies for the functional 
signal peptides are nearly double those 
for the nonfunctional signal peptide. The 
increased insertion energies of the func- 
tional versus nonfunctional signal pep- 
tides (three to nine times thermal energy) 
suggest that signal peptide-lipid interac- 
tions contribute significantly to lowering 
energy barriers to protein translocation. 



Circular dichroism spectra of the pep- 
tides (data not shown) were obtained in 
the presence and absence of PE-PG 
(65: 35) vesicles (preformed at 3 mM total 
lipids in O.15M NaC1, 10 mM tris, pH 
8.0; peptide to lipid ratios of 1:lOO). 
Under these conditions, there is little 
aggregation of the vesicles so that light- 
scattering artifacts are minimal (30). The 
CD spectrum of the deletion mutant is 
identical to its spectrum in aqueous solu- 
tion in the absence of vesicles. In con- 
trast, both the wild-type and Pro>Leu 
pseudorevertant peptides gave spectra 
distinctly different from those in aqueous 
solutions and similar to those previously 
observed in detergent micelles (15), an 
indication that they form complexes of 
phospholipid and peptide with altered 
conformational properties. At ratios of 
peptide to lipid greater than 1 : 50, both 
the wild type and Pro>Leu pseudorever- 
tant caused vesicle aggregation, as 
judged by increases in light scattering 
and changes in elution volume on size 
exclusion chromatography. The deletion 
mutant did not cause vesicle aggrega- 
tion, even at ratios of peptide to lipid of 
up to 1:lO. 

Our results show that the ability of 
these signal peptides to interact with 
phospholipid-water interfaces correlates 
with their in vivo activitv. We believe 
that this correlation arises because of the 
different tendencies of these peptides to 
adopt secondary structures that mini- 
mize amide group surface exposure and 
thus enhance the hydrophobicity of the 
uncharged core region and the amphiphi- 
licity of the signal region overall. The 
distinctions among the peptides are most 
clearly illustrated by comparing the 
pseudorevertant and deletion mutant 
peptides. Although the hydrophobicities 
of the side chains are nearly equal, their 
lengths are the same, and their charged 
residues are identical, the pseudorever- 
tant has a greater propensity to form 
secondary structure and interacts more 
strongly with phospholipid surfaces than 
does the deletion mutant. 

Although these experiments were per- 
formed on a small set of peptides from 
only one organism, the results may bear 
on more general questions of protein 
secretion. One major point of controver- 
sy is how the signal sequence and the 
secreted protein interact with the mem- 
brane components. In the signal hypoth- 
esis (4 ) ,  a proteinaceous pore which per- 
mits the secreted protein to cross the 
membrane is postulated; thus the signal 
sequence and nascent protein never 
come in contact with the membrane lip- 
ids. At the other extreme, Wickner's 

membrane trigger hypothesis holds that 
no proteinaceous export machinery is 
necessary (with the exception of signal 
peptidase), and that both the signal se- 
quence and the secreted protein interact 
extensively with lipid (3). Genetic evi- 
dence suggests that translocation of the 
lamB gene product to the outer mem- 
brane is a multistep process involving 
the cooperation of many proteins (I). 

Fig. 2. The increase in surface pressure of 
phospholipid monolayers as a function of sig- 
nal peptide concentration (semi-logarithmic 
plot). A monolayer of egg phosphatidylethan- 
olamine and egg phosphatidylglycerol (65:35) 
(Avanti, Birmingham, Alabama) was spread 
from a benzene solution onto 5 mM tris HC1, 
p H  7.3, yielding a final surface pressure of 20 
mNlm after evaporation of the benzene. The 
peptide was added by injecting a concentrated 
solution below the lipid-water interface. The 
surface pressure was measured by the du 
Nouy ring method (31) with a Fisher Autoten- 
siomat equipped with a platinum-iridium ring. 
The plateau values are plotted as a function of 
the peptide concentration for the wild-type 
(0), pseudorevertant (D), and deletion mu- 
tant (A) peptides. 

Fig. 3. Dependence of final surface pressure 
increase on initial surface pressure. A mono- 
layer of egg PE and egg PG was spread from 
benzene (see text) to yield the desired initial 
surface pressure. Peptide was injected below 
the lipid surface to a final concentration of 1 
p,M for the wild-type and Pro>Leu revertant 
peptides, and 2 p,M for the deletion mutant 
peptide. Surface pressure plateau values are 
plotted versus the initial surface pressure for 
wild type (0), pseudorevertant (D), and dele- 
tion mutant (A) peptides. 

Nonetheless, direct interactions with the 
phospholipid constituents of membranes 
may also be involved in the process. Our 
data indicate that the ability of these 
signal peptides to interact with ordered 
phospholipid assemblies correlates with 
their biological activity. While the data 
in no way diminish the probability that 
various proteins are necessary for pro- 
tein transport, and may indeed interact 
with the signal sequence, the implication 
that signal sequences may also have 
some contact with the membrane lipids 
during secretion is clear. 
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adenovirus (A&)-transformed rat embryo cells. Progression was not correlated with integration by DNA filter hybridization 
major changes in the pattern of integration of viral DNA sequences. Instead, it was (8) in parental E l  1 cells and El 1 sub- 
associated with an increased methylation of integrated viral sequences other than clones isolated from agar and nude 
those corresponding to the El transforming genes of A&. A single exposure of mouse tumors indicated that progression 
progressed cells to the demethylating agent 5-azacytidine (Aza) resulted in a stable was not associated with detectable alter- 
reversion to the unprogressed state of the original parental clone. A further selection ations in the state of integration of the 
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phenotypes during the evolution of a The E l l  cell line is a cloned culture G, guanine) but does not cleave if the 
transformed cell (I). Specific cellular isolated from secondary Sprague-Daw- internal C is methylated (11). The migra- 
phenotypes that may be used to monitor 
progression include stable changes in 
anchorage independence (the ability ofa  1 2 3 4 5 6 7 8 e lo 1 1  12 Fig. 1. Analysis of Ad5 DNA 
cell to grow in agar, agarase, or methyl- sequences persisting in clone 

El 1-L and its agar-, tumor-, 
cellulose) and stable alterations in a and Aza-derived subclones. 
cell's tumorigenic potential (1). Progres- * El l -L( lane1) ;El l -Lnude  
sion can occur naturally after treatment a $p - - - = - = a mouse tumor (lane 2); El l -  
with a chemical carcinogen or after viral AT-la (lane 3); Ell-AT-la 

nude mouse tumor (lane 4); transformation and repeated subcultur- El 1-NMT subclones CI 1, 16, 
ing, and can be accelerated by exposing . L 18. and 12 isolated from mono- 
cells to the potent tumor-promoting 
agent 12-0-tetradecanoyl-phorbol-13-ac- 
etate (TPA) (3, 4). TPA induces an irre- 
versible acquisition of anchorage inde- 
pendence and increases the ability of 
carcinogen-treated mouse epidermal 
cells (4) and Ad5-transformed rat em- 
bryo cells (3) to grow in agar. In addi- 
tion, TPA can enhance the tumorigenic 
potential of cells transformed by herpes 

i 
- layer culture (lanes 5 to 8, re- 

@ spectively); El 1-NMT-Aza 
subclones 10-1, -6, -9, and -1 1, 
isolated from Ell-NMT cells 
treated for 24 hours with 10 

Aza (lanes 9 to 12, respec- 
tively). DNA (10 kg) was 
cleaved with the restriction 
endonuclease Xba I, separat- 
ed by electrophoresis in 0.7 

percent agarose, transferred to nitrocellulose sheets by blotting, and hybridized to Ad5 DNA 
that had been labeled with 32P by nick-translation. 
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