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The signal peptide of the outer membrane lipoprotein
(OMLP) of Escherichia coli was shown to be capable
of promoting protein translocation across mammalian
microsomal membranes in vitro. We assayed translo-
cation of a fusion protein containing the OMLP signal
peptide and nine amino acids of OMLP fused in frame
to S-lactamase. The efficiency with which the mam-
malian translocation machinery recognizes and accepts
the OMLP signal peptide as substrate is indistinguish-
able from that of mammalian secretory proteins. Upon
translocation mammalian signal peptidase processes
the pre-OMLP-3-lactamase protein at different sites
than are utilized in vivo by E. coli OMLP signal pep-
tidase (signal peptidase II) but that can be predicted as
mammalian signal peptidase cleavage sites.

Mutants in the OMLP signal peptide were tested for
their ability to promote translocation of the fusion
protein in this assay system. It has been shown previ-
ously that mutants in the positively charged amino
acids at the amino terminus of the signal peptide se-
verely delay the translocation of OMLP in vivo in E.
coli. However, these mutants had no detectable effect
either on signal recognition by mammalian signal rec-
ognition particle or on the efficiency of translocation
itself.

Secretory, lysosomal, and most integral membrane proteins
contain peptide sequences that act as signals for their specific
translocation across the membrane of the endoplasmic retic-
ulum (ER! (1)). Usually, the signal peptides are cleaved by
signal peptidase located in the luminal side of the ER mem-
brane during or immediately after translocation (2). Biochem-
ical dissection of canine ER fractions capable of in vitro
protein translocation has led to the characterization of the
signal recognition particle (SRP (3)) and the SRP receptor
(4-8). These two components function to target nascent se-
cretory proteins to the ER membrane (1) and to initiate the
translocation process. SRP has high affinity for ribosomes
engaged in synthesis of secretory proteins (9) and upon bind-
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ing causes pausing of protein synthesis (elongation arrest
(10)). Upon interaction of the SRP-ribosome-nascent chain
complex with the SRP receptor in the ER membrane, the
SRP-dependent arrest is released and the ribosomes engage
in a functional ribosome-membrane junction (7, 8, 11). Sub-
sequent translocation of the protein across the membrane
proceeds (most likely coupled to translation) by an essentially
unknown mechanism.

Several observations indicate that the prokaryotic protein
translocation machinery may function by a mechanism simi-
lar to that described for the translocation of secretory proteins
across the mammalian endoplasmic reticulum membrane. (a)
Prokaryotic secretory and some integral membrane proteins
contain signal peptides that have similar features to that of
eukaryotic proteins (12, 13). (b) The signal peptide of 8-
lactamase (a periplasmic enzyme) requires SRP and SRP
receptor to be translocated across canine ER membranes in
vitro, and the translocated protein is correctly processed by
the mammalian signal peptidase (14). (¢) Expression of §-
lactamase in Xenopus oocytes results in secretion of the
correctly processed enzyme (15), indicating that the signal
peptide of this bacterial protein is recognized in vivo by the
eukaryotic translocation machinery. (d) The expression in
Escherichia coli of eukaryotic secretory proteins containing
their natural signal peptides results in many cases in localiza-
tion of the mature protein into the periplasmic space (16-18).
(e) In vitro translocation systems have been developed re-
cently using inverted plasma membrane vesicles from E. coli
(19, 20). Such a system has been used to show that a soluble
factor that can be separated from the membranes is required
for their translocation activity (21). Such a factor may act
similarly to SRP in that it may somehow prevent precursor
proteins from assuming a tertiary structure that would then
be incompatible with translocation (47).

In spite of these similarities, prokaryotic and eukaryotic
protein secretion appears to differ in the degree of coupling
between translation and translocation. Protein translocation
in prokaryotic cells can occur post-translationally for many
proteins. In contrast, secretory proteins in mammalian cells
are translocated while they are synthesized on membrane-
bound ribosomes. Recently, however, it was shown in a variety
of systems that eukaryotic ER is in principle capable of
accepting post-translationally certain proteins as transloca-
tion substrates (22-25). Thus, although eukaryotic protein
translocation is generally a co-translational event that is
tightly coupled to translation, the coupling of the two proc-
esses is not a strict prerequisite for translocation.

The evolutionary functional conservation of signal peptides
raises the question about the molecular nature of the infor-
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mation contained within them, since no primary sequence
homology is apparent (12). Compilations of known signal
sequences reveal features that appear to be conserved (12, 13,
44, 46). (i) One to three basic amino acids are usually found
at the amino terminus of the signal peptide; (ii) 10-15 hydro-
phobic amino acids follow these basic amino acids; and (iii)
amino acids of small side chain (alanine or glycine) are
preferentially found at positions —1 and —3 of the signal
peptidase cleavage site. Recently, Kaiser et al. (48) showed
that a remarkable number of random amino acid sequences
can function as signal peptides in vivo, albeit most at reduced
efficiency. Nevertheless, it appears that the specificity with
which these peptides are recognized must be surprisingly low
and seems to correlate primarily to the overall hydrophobicity
(48). Thus, it would seem that other conserved features of
signal peptides may indeed be dispensable and may at most
add fidelity to the process.

To test specifically which of the conserved features of the
signal peptides are relevant to their function, mutations in
the signal peptide of the E. coli outer membrane lipoprotein
(OMLP) have been constructed, and their in vivo effects have
been determined (26-32). Replacement of the positively
charged amino acids of the signal peptide with acidic amino
acids, although not completely abolishing translocation, re-
sults in accumulation of the precursor in the cytoplasm (26,
27). This cytoplasmic pre-OMLP can be post-translationally
translocated across the plasma membrane with a considerable
delay relative to the wild type protein (26, 27). Most of the
eukaryotic signal peptides contain positively charged amino
acids in their amino terminus. However, in contrast to the
prokaryotic signal peptides, some of them contain acidic
amino acids resulting in a signal peptide with a negatively
charged amino terminus (44). This fact raises questions about
the functional importance of these charges for protein trans-
location across eukaryotic ER membranes. To address this
question, we have characterized and quantitated the efficiency
by which the eukaryotic translocation machinery recognizes
OMLP signal peptide mutants.

MATERIALS AND METHODS

Construction of the Plasmids—The construction of a plasmid con-
taining the coding sequences for the signal peptide and the first nine
amino acids of the OMLP fused in frame to the coding sequences for
mature S-lactamase has been described elsewhere (33). An Xbal-
BamHI fragment of plasmid pJG300 (33) that contains the coding
sequences for the wild type or alternatively mutations in the signal
peptide of this fusion protein was inserted between the Xbal and
BamHI site of the pSP64 vector (34). The resulting plasmids contain
the fusion gene in the correct orientation for transcription from the
SP6 phage promoter.

Transcription by the SP6 Phage RNA Polymerase—The plasmids
were linearized with BamHI and transcribed in 20-ul reactions con-
taining 40 mMm Tris-HCl, pH 7.5, 6 mM MgCl,, 2 mM spermidine, 0.5
mM each ATP, CTP, and UTP, 0.1 mM GTP, 0.5 mM G{(5')ppp(5)G,
10 mM dithiothreitol, 1000 units/ml human placental ribonuclease
inhibitor, 0.1 mg/ml linearized plasmid, and 500 units/ml SP6 RNA
polymerase. The reactions were incubated at 40 °C for 60 min and
were terminated by phenol-chloroform extraction. Nucleic acids were
ethanol precipitated, and the resulting pellet was dissolved in 40 pl
of water.

In Vitro Translation and Translocation Assays—Wheat germ trans-
lation extracts were prepared as described by Erickson and Blobel
(35). Pancreatic microsomal vesicles (K-RM) were depleted of SRP
and ribosomes by EDTA and salt extraction as described (36). SRP
was prepared from canine pancreas as previously described (37).
Translation was performed at 26 °C for 1 h as reported (35), except
that the magnesium concentration was found optimal at 3.5 mM and
that 0.002% Nikkol detergent (octaethylene glycol n-dodecyl ether)
was included to stabilize SRP activity (3). RNA transcripts of 50 ng
of plasmid (contained in 1 pl) were translated in a 25-ul reaction
containing 25 uCi of [¥*S]methionine. Translation products were
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visualized after overnight exposure after SDS-polyacrylamide gel
electrophoresis.

Microsome Sedimentation Assay—Translocation of the processed
form of OMLP-f8-lactamase was assayed by cosedimentation of this
protein with the microsomal membranes. After translation the reac-
tions were transferred to an ice-water bath, and KOAc was added to
a concentration of 500 mM. Ten equivalents of K-RM (36) were added
as carrier membranes. The reactions were layered on a 100-ul cushion
containing 0.5 M sucrose, 0.5 M KOAc, and 2 mM Mg(OAc),. After
centrifugation at 30 p.s.i. in a Beckman Airfuge for 5 min, the proteins
from the supernatant and the pellet were trichloroacetic acid-precip-
itated and subjected to SDS-PAGE and autoradiography. This sedi-
mentation assay was preferable over proteolytic protection assays (2),
due to the intrinsic protease resistance of mature 8-lactamase (14).

SRP Arresting and Translocation Efficiency Assays—For quanti-
tative interpretation of the SRP-dependent elongation arrest and
translocation efficiency, globin mRNA was included as an internal
standard of a protein whose translation is not affected by SRP (10).
Bands corresponding to the precursor and processed forms of the
OMLP-8-lactamase protein and globin were quantified by densito-
metric scanning of the preflashed autoradiograms. To measure elon-
gation arrest activity, the percentage of synthesis at a SRP concen-
tration equal to (A) was determined by

pre-OMLP-B-lactamase (A) X globin (0O)
pre-OMLP-8-lactamase (O) X globin (A)

% synthesis = X 100

where pre-OMLP-3-lactamase (A) and globin (A) correspond to the
intensities of the bands of these proteins made at a SRP concentration
equal to A, and pre-OMLP-8-lactamase (O) and globin (O) corre-
spond to the intensities of the bands of these proteins made in the
absence of SRP. To quantitate translocation efficiency, the percent-
age of signal peptide processing at a given SRP concentration (A)
was determined relative to the total pre-OMLP-3-lactamase synthesis
when no SRP was added. The factor 10/9 was included because one
of the 10 methionine residues of pre-OMLP-8-lactamase is removed
upon processing. For this calculation the following equation was used.

10/9 OMLP-3-lactamase (A)
X globin (0) x 100
[pre-OMLP-8-lactamase (O)
+ 10/9 OMLP-B-lactamase (0)]
X globin (A)

% translocation =

Note that this term is different from the one previously used to
measure the efficiency of translocation (38). Because we determine
the percentage of translocated protein relative to the total amount of
protein synthesized in the absence of SRP (rather than the total
protein made in each reaction, i.e. in the presence of various SRP
concentrations), this new term reflects more accurately the translo-
cation activity of a given amount of membranes at different SRP
concentrations. The distortion of the measurements produced by the
translational arrest of the precursor protein observed at high SRP
concentration is thereby eliminated.

RESULTS

The signal peptide of the E. coli OMLP has all the features
commonly found in both eukaryotic and prokaryotic signal
sequences (12, 13). Using a standard in vitro protein translo-
cation assay, we tested if this prokaryotic signal peptide can
be properly recognized by the eukaryotic translocation ma-
chinery. In order to avoid complications due to the small size
of authentic pre-OMLP (58 amino acids plus the 20-amino
acid signal peptide, i.e. the signal peptide would just be barely
exposed outside the eukaryotic ribosome by the time protein
synthesis is terminated), we chose to study the function of
the OMLP signal peptide as part of a larger fusion protein.
An in vitro synthesized mRNA (34) encoding a fusion protein
of the signal peptide and the first 9 amino acids of OMLP
fused to B-lactamase (pre-OMLP-8-lactamase (33)) was
translated in a wheat-germ cell-free extract (Fig. 1, lane 2).
Addition of salt-extracted microsomal membranes (K-RM) in
the presence (Fig. 1, lane 5), but not in the absence (Fig. 1,
lane 3), of SRP led to the formation of an additional band of
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Fic. 1. SRP-dependent processing of the OMLP-g-lacta-
mase protein by mammalian microsomes. The translation reac-
tions were carried out in a 25-ul volume. Transcripts from 50 ng of
the plasmid were added per reaction. SRP (about 7 nM) and K-RM
(1 eq) were added in the indicated reactions. Lane I, no exogenous
RNA was included; lane 2, only RNA was added; lane 3, RNA and K-
RM were added; lane 4, RNA and SRP were added; lane 5, RNA,
SRP, and K-RM were added. The full and open arrows indicate the
bands corresponding to the precursor (32 kDa) and the processed
form (30 kDa) of the OMLP-3-lactamase protein, respectively.

lower molecular weight. Both the primary translation product
and the lower molecular weight band can be immunoprecipi-
tated by anti-G-lactamase antibodies (data not shown), indi-
cating that the latter corresponds to a processed form of pre-
OMLP-g-lactamase protein. Addition of SRP in the absence
of microsomal membranes (Fig. 1, lane 4) led to a substantial
decrease in pre-OMLP-3-lactamase synthesis due to elonga-
tion arrest by SRP.

To verify that the processed form of OMLP-3-lactamase is
indeed translocated across the membrane of the microsomal
vesicles, the translocation reactions were fractionated by sedi-
mentation prior to SDS-PAGE analysis. Translation reac-
tions performed in the absence or presence of SRP and/or K-
RM were centrifuged as described under “Materials and
Methods.” Fig. 2 shows an analysis of the pellets and super-
natants by SDS-PAGE. When both SRP and K-RM were
included in the translation, the processed form of the fusion
protein pelleted quantitatively with the microsomal mem-
branes (Fig. 2, lane 7), while, as expected, the precursor
protein remained in the supernatant (Fig. 2, lane 6). Pre-
OMLP-B-lactamase also remained in the supernatant frac-
tions if K-RM (Fig. 2, lanes 2 and 3) or SRP (Fig. 2, lanes 4
and 5) was added independently. Taken together the results
of Figs. 1 and 2 demonstrate that (i) the signal peptide of pre-
OMLP is recognized by mammalian SRP and (ii) the OMLP-
B-lactamase fusion protein is properly targeted to and trans-
located into the lumen of the microsomal vesicles where it
appears proteolytically processed by signal peptidase.

Most E. coli periplasmic and membrane proteins are
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Fi1G. 2. Cosedimentation assay of the translation products
with the microsomal fraction. The translation reactions were
performed as indicated in the legend to Fig. 1. After translation, the
microsomal and soluble fractions were obtained as indicated under
“Materials and Methods.” ¢ indicates the total translation products,
s indicates the supernatant (soluble fraction), and p indicates the
pellet (microsomal fraction). The presence of small quantities of pre-
OMLP-3-lactamase in the pellet fractions (lanes 3 and 5) is not
reproducible and probably corresponds to unspecific sticking to the
walls of the centrifuge tubes.

processed by a signal peptidase (signal peptidase I) that is
very similar in its specificity to the mammalian counterpart
(39). In contrast, processing of pre-OMLP is coupled to the
addition of a fatty acid moiety to OMLP (40), and the proteo-
lytic cleavage step is performed by a specialized signal pepti-
dase (signal peptidase II (39)). This peptidase is sensitive to
the peptide antibiotic globomycin (41). To test whether a
mammalian counterpart of signal peptidase II exists we added
globomycin to the in vitro translocation assay. Even at high
concentrations (30 ug/ml) of globomycin, no inhibition of the
processing of pre-OMLP-(-lactamase was observed (data not
shown; 1 ug/ml globomycin completely inactivate E. coli signal
peptidase II (41)).

To determine the position of the cleavage site in OMLP-8-
lactamase by the mammalian signal peptidase, we sequenced
a sample of the processed protein. Translation products la-
beled with [*H]proline in the presence of SRP and K-RM
were resolved by SDS-PAGE. The processed form of OMLP-
B-lactamase was electroeluted from the gel (42) and subjected
to sequential Edman degradation in a gas phase sequenator.
Fig. 3b shows that peaks of released radioactivity were ob-
tained at cycles 7, 9, 10, and 12. Peaks 7 and 10 (labeled with
closed arrows in Fig. 3) and peaks 9 and 12 (labeled with open
arrows) can be aligned with prolines +12 and +15 in OMLP-
B-lactamase (labeled with stars in Fig. 3a). These results
indicate that mammalian signal peptidase cleaves at two
positions in the OMLP-3-lactamase protein: between serine
+3 and asparagine +4, and between alanine +5 and lysine +6
(see Fig. 3a). The first cleavage position is somewhat preferred
(note that the peak in cycle 9 is larger than that in cycle 7).
The processed form of OMLP-g-lactamase is, therefore, a



9466

¢

Radioactivity [cpm]

Cycle Number

FiG. 3. Localization of the signal peptidase cleavage site. g,
sequence of the OMLP-8-lactamase protein around the signal pepti-
dase cleavage site. The first amino acid of the mature OMLP is
indicated as +1. The full triangle shows the positions of the cleavage
by the OMLP signal peptidase (signal peptidase II). The full and
empty arrows indicate the two cleavage sites by the mammalian signal
peptidase. The stars show the positions of the two radiolabeled
prolines detected in the Edman degradation cycles (b). b, Edman
degradation analysis of the processed form of the OMLP-3-lactamase
protein. The [*H]proline-radiolabeled processed form of the OMLP-
B-lactamase protein was applied to a gas phase sequenator (see
“Results” for details). The products of each reaction cycle were diluted
in 10 ml of Aquasol (New England Nuclear) and counted for 5 min
two times. The radiocactivity levels indicated in the figure represent
the average cpm. Background levels (that represent 20% of the total
counts of the major peaks) are subtracted from the numbers indicated.
the background levels of radioactivity for these experiments were
determined by averaging the radioactive contents in the products of
two degradation cycles containing no radiolabeled proteins. Similar
results were obtained in two other independent Edman degradation
experiments (data not shown). We estimate that about 10% of the
radioactivity incorporated in each proline residue was recovered in
cycle 7.

mixture of two proteins differing by two amino acids at their
amino terminus. Both cleavage positions differ from that used
by E. coli signal peptidase II which cleaves between position
—1 and +1 (Fig. 3a, triangle).

One of the “consensus features” of signal sequences is the
presence of basic amino acids at their amino-terminal end
(12, 13). It has been argued that these positive charges play a
role in the translocation process across the membrane (13,
43, 44). Mutations that alter these amino acids in the OMLP
signal peptide have been constructed by site-directed muta-
genesis (26, 27) and have been shown to affect OMLP trans-
location when assayed in vivo in E. coli. In particular, muta-
tions that change the positive charge to a negative net charge
cause a delay in translocation of OMLP (27). To test if such
mutations also have an effect on the translocation of the
OMLP-3-lactamase across mammalian microsome mem-
branes, we assayed the properties of three of these mutant
signal peptides both for signal recognition by SRP (observed
as SRP-dependent elongation arrest) and for translocation
itself. In the signal peptide of two of these mutants (I-4 and
I-7; see Table I) negative charges have been introduced,
whereas the third mutant (I-6) contains only neutral amino
acid residues in its signal peptide (see Table I).

Signal Recognition Particle Interacts with OMLP Signal Peptide

TaBLE I
Amino-terminal signal peptide mutants of the OMLP
Net charge
Mutant Amino-terminal sequence in the amino
terminus
+ +
Wild type + Met Lys Ala Thr Lys Leu Val. . . +3
- - +
I-4 + Met Glu Asp Thr Lys Leu Val, . . 0
I-6 + Met ... Ala Thr Asn Leu Val. . . +1
I-7 + Met Glu Asp Thr Asn Leu Val. . . -1
100

g

% Synthesis

10 20 30 40 50 60
srRP [nm]

Fic. 4. SRP-dependent translation arrest of the OMLP-8-
lactamase protein containing the wild type and mutant signal
peptides. Translation reactions were performed as indicated under
“Materials and Methods,” in the presence of varying concentrations
of SRP. Rabbit reticulocyte total RNA (coding primarily for the
cytoplasmic protein globin) was included in the reactions simultane-
ously with the mRNA for the wild type or the signal peptide mutants
of the OMLP-3-lactamase protein. The products of each translation
reaction were resolved in a 10-15% gradient SDS-PAGE. After elec-
trophoresis, the gels were dried and exposed on preflashed Kodak
XAR-5 film. The intensities of the bands corresponding to each
protein were determined in a LKB scanning densitometer. The per-
centage of synthesis of the OMLP-8-lactamase in each reaction was
determined as indicated under “Materials and Methods.” The symbols
are: closed circles, wild type protein; open triangles, I-4; open circles,
1-6; and closed triangles, I-7 mutant proteins, respectively.

The relative efficiency of SRP to recognize wild type and
mutant pre-OMLP signal peptides was measured by deter-
mining elongation arrest at different SRP concentrations.
The data in Fig. 4 show that the synthesis of pre-OMLP-8-
lactamase containing wild type or mutant signal sequences is
inhibited by SRP to very similar degrees, which are about the
same as for an authentic eukaryotic secretory protein, bovine
preprolactin (data not shown). This indicates that a net
positive charge is not essential for an efficient signal peptide-
SRP interaction in vitro. There are some slight, yet reproduc-
ible, variabilities in the relative inhibition of synthesis at low
SRP concentrations for the different mutations. This effect
does not correlate with the net charge at the amino terminus
of the signal peptide and, therefore, may reflect other struc-
tural differences of unknown nature that affect signal recog-
nition. In a similar series of experiments we addressed the
question of whether the efficiency of membrane translocation
is dependent on the terminal charge of the signal peptide. Fig.
5 demonstrates that mutant and wild type proteins are trans-
located to an indistinguishable extent at all the SRP concen-
trations assayed. Since post-translational translocation of this
protein cannot be detected under the experimental conditions
of Fig. 5 (data not shown), the observed processing must
correspond to co-translational translocation. Thus, the pre-
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F16. 5. SRP-dependent translocation of the OMLP-S-lacta-
mase protein containing the wild type and mutant signal
peptides. Translation reactions were performed as indicated in Fig.
4, with the exception that K-RM (2 eq in a 25-ul reaction) was
included in all reactions. The translation products were analyzed as
for Fig. 4. The percentage of translocation was determined as indi-
cated under “Materials and Methods.” The symbols are as for Fig. 4.

OMLP-3-lactamase protein has a defined period of time to
be translocated while it is being synthesized. Therefore, the
extent of processing observed in Fig. 5 reflects the rate at
which these proteins are translocated. We conclude that nei-
ther signal recognition by SRP nor the subsequent targeting
to and translocation across the microsomal membrane is
measurably affected by a variety of drastic changes in the
amino-terminal charge of this signal peptide in vitro.

DISCUSSION

We have shown that the signal peptide of the OMLP can
direct the translocation of OMLP-8-lactamase across the
canine microsomal membrane in vitro. Due to the small size
of the OMLP (58 amino acids, i.e. it would barely span the
large subunit of a eukaryotic ribosome) we chose to study the
functions of this signal peptide as part of a fusion protein
with B-lactamase. The efficiency by which this prokaryotic
signal peptide promotes translocation across mammalian mi-
crosomes is indistinguishable from that of mammalian signal
peptides, both at the level of signal recognition by SRP and
at the level of subsequent translocation across the lipid bi-
layer. It follows that the OMLP signal peptide contains all
the information necessary for efficient protein translocation
across the mammalian ER membrane. This confirms the
notion that signal sequences directing proteins to the prokar-
yotic plasma membrane and the mammalian ER are function-
ally conserved and evolutionarily related.

Similar results were previously obtained for 3-lactamase, a
periplasmic protein of E. coli. Its signal sequence is also
efficiently recognized by the eukaryotic translocation machin-
ery (14). Translation of the mRNA for this protein in the
presence of canine pancreatic microsomes results in translo-
cation and correct processing of its signal peptide. Thus, the
mammalian signal peptidase will cleave pre-g-lactamase at
the same position as cleaved in E. coli. This is in contrast
with the processing observed for the OMLP signal peptide,
which is cleaved at positions by the mammalian microsomes
that are cryptic in E. coli (Fig. 3). This difference can be
reconciled considering that the localization and processing
pathway for the OMLPs in E. coli is different from that of
other membrane and periplasmic proteins. In particular, the
signal peptide of the OMLP is removed by a specialized signal
peptidase (signal peptidase II) that is specific for OMLPs,
whereas signal peptidase I removes the signal peptides of the
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other membrane and periplasmic proteins (like 8-lactamase).
Signal peptidase II requires a covalent modification (the ad-
dition of a glyceride moiety) on the cysteine residue at the
cleavage site of the OMLP (position +1 in Fig. 3) as a
prerequisite for processing (28, 29). If this modification is
prevented (either by site-directed mutagenesis of cysteine
(+1) into a glycine residue (28) or by inhibition of the signal
peptidase II with globomycin (45)), then signal peptide cleav-
age will not take place. If the same mutation is introduced in
the pre-OMLP-3-lactamase fusion protein, the E. coli signal
peptidase I will cleave at a previously cryptic position (be-
tween residues +5 and +6 in Fig. 3a (45)). This cleavage is no
longer sensitive to the signal peptidase II inhibitor globomycin
(45) and, therefore, is performed by signal peptidase I. In the
mammalian system, cleavage is observed at the position where
signal peptidase I cleaves the glycine (+1) substitution in E.
coli (see Fig. 3b), as well as an alternative site that is less
frequently used (between residues +3 and +4 in Fig. 3a). As
expected, in the mammalian in vitro system the glycine (+1)
substitution behaves indistinguishably from the wild type
(data not shown). These results indicate that the mammalian
microsomes lack an activity equivalent to signal peptidase I1
and that, as for the cleavage of the 8-lactamase signal peptide,
the E. coli signal peptidase I and the mammalian signal
peptidase have the same specificity for this particular site.
The cryptic cleavage site(s) that get utilized by both prokar-
yotic signal peptidase I and eukaryotic signal peptidase agree
well with the rules described by vonHeijne (44) for signal
peptide cleavage.

Mutations that change the positively charged amino acids
in the amino terminus of the OMLP signal peptide have no
effect on signal recognition by SRP or translocation across
mammalian microsomal membranes. These results indicate
that a net positive charge in the amino terminus of the signal
peptide is not required nor does it increase the efficiency of
the process in vitro. Functional interactions of the conserved
positive charges with the membrane have been suggested (43,
44) to be essential for the translocation of the protein. How-
ever, some eukaryotic signal sequences deviate from this
“consensus” and have an acidic amino terminus (12, 44),
demonstrating that a requirement for an amino-terminal pos-
itive net charge is not absolute. Some of the mutants assayed
in this study show kinetically delayed translocation in E. coli
in vivo, both in OMLP (26, 27) or in the fusion protein used
here (54). It may be possible that the mammalian transloca-
tion machinery overcomes the requirement for a net positive
charge by coupling translation to translocation more tightly
(by targeting the nascent chain via the SRP/SRP receptor)
than it is observed in E. coli, where at least the mutant
proteins of pre-OMLP were clearly shown to be translocated
post-translationally (26, 27). Alternatively, the a-amino group
of the initiating methionine in eukaryotic cells carries an
additional positive charge that is not present when the pro-
teins are synthesized in prokaryotic systems (due to the
formylated amino terminus) and which, at least in principle,
could compensate for effects that would octherwise be induced
by the mutations. Since we cannot construct mutations that
completely lack basic groups, our interpretation has to be
limited to the effects of the net charges on the amino end of
signal sequences.

The question remains, what constitutes a “minimal signal
sequence” and how can signal sequences, diverse as they are,
be efficiently recognized in a protein/protein interaction by
mammalian SRP and/or additional signal receptors within
the membrane. For the signal sequence/SRP interaction it
was clearly shown by cross-linking experiments that the rec-
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ognition involves a direct binding of the signal sequence to
the 54-kDa polypeptide of SRP (49, 50). Similarly, the sub-
sequent interactions of signal sequences with membrane com-
ponents also seem to involve protein/protein interactions,
although this has only been demonstrated indirectly (51, 52).
Molecular models that account for such interactions must
take into account the considerable diversity of signal se-
quences. Thus, it seems reasonable to consider a model in
which some features of the signal peptides, such as a certain
amount of hydrophobicity toge ‘her with the ability to assume
a particular secondary structure, .nay constitute a structural
moiety that is recognized in the context of its interactions
with other components. Interestingly, an analogous model has
been proposed to explain the related problem of how a class
II major histocompatibility antigen can bind to different
peptide antigens (53). Class II major histocompatibility anti-
gens appear to contain a single binding site for different
peptides which, once bound, may adopt a similar general
structure that is reinforced by the binding site (53). For signal
recognition one could envision a hydrophobic patch or grove
on the surface of the receptors (SRP or the yet putative
membrane receptor) that binds to signal sequences forcing
them to assume an a-helical or 8-sheet configuration. Thus,
signal recognition and antigen presentation may have evolved
similar mechanisms to solve a related problem, and it will be
interesting to compare the two systems once more detailed
structural information about the receptor/ligand interactions
becomes available.

Acknowledgments—We thank Drs. Pat Hoben, Kurt Jarnagin, and
Charles Lunn for their assistance with the Edman degradation ex-
periments and Dr. Susan Michaelis, Vivian Siegel, Leander Lauffer,
Vishu Lingappa, Debbie Zimmerman, and Lila Gierasch for helpful
discussions.

REFERENCES

. Walter, P., Gilmore, R., and Blobel, G. (1984) Cell 38, 5-8
. Blobel, G., and Dobberstein, B. (1975) J. Cell Biol. 87, 835-851
. Walter, P., and Blobel, G. (1980) Proc. Natl. Acad. Sci. U. S. A.
77, 7112-7116
4. Meyer, D. 1., and Dobberstein, B. (1980) J. Cell Biol. 87, 498-
502
5. Meyer, D. L., and Dobberstein, B. (1980) J Cell Biol. 87, 503-508
6. Meyer, D. 1., Krause, E., and Dobberstein, B. (1982) Nature 297,
647-650
7. Gilmore, R., Blobel, G., and Walter, P. (1982) J. Cell Biol. 95,
463-469
8. Gilmore, R., Walter, P., and Blobel, G. (1982) J. Cell Biol. 95,
470-477
9. Walter, P., Ibrahimi, L, and Blobel, G. (1981) J. Cell Biol. 91,
545-550
10. Walter, P., and Blobel, G. (1981) J. Cell Biol. 91, 557-561
11. Walter, P., and Blobel, G. (1981) J. Cell Biol. 91, 551-556
. Watson, M. E. E. (1984) Nucleic Acids Res. 12, 5145-5164
13. Briggs, M. S., and Gierasch, L. M. (1986) Adv. Protein Chem. 38,
109-180
Miiller, M., Ibrahimi, 1., Chang, C. N., Walter, P., and Blobel, G.
(1982) J. Biol. Chem. 257, 11860-11863
Wiedmann, M., Huth, A., and Rapoport, T. A. (1984) Nature
309, 637-639
Fraser, T. H., and Bruce, B. J. (1978) Proc. Natl. Acad. Sci. U.
S.A. 75, 5936-5940

LN

14.
15.
16.

17

18.
19.
20.
21.

22.
23.

24.
25.

26.

27.
28,
29,
30.
31.
32.

33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.

44,
45.

46.
47.
48.

49.

50.

51.
52.

53.
54.

Signal Recognition Particle Interacts with OMLP Signal Peptide

. Talmadge, K., Stahl, S., and Gilbert, W. (1980) Proc. Natl. Acad.
Sei. U. S. A. 77, 3369-3373

Talmadge, K., Kaufman, J., and Gilbert, W. (1980) Proc. Natl.
Acad. Sci. U. 8. A. 77, 3988-3992

Muller, M., and Blobel, G. (1984) Proc. Natl. Acad. Sci. U. S. A.
81, 7421-7425

Rhoads, D. B., Tai, P. C.,, and Davis, B. D. (1984) J. Bacteriol.
159, 63-70

Muller, M., and Blobel, G. (1984) Proc. Natl. Acad. Sci. U. S. A.
81, 7737-7741

Mueckler, M., and Lodish, H. F. (1986) Cell 44, 629-637

Hansen, W., Garcia, P. D., and Walter, P. (1986) Cell 45, 397-
406

Perara, E., Rothman, R. E., and Lingappa, V. R. (1986) Science
232, 348-352

Waters, M. G., and Blobel, G. (1986) J. Cell Biol. 102, 1543-
1550

Inouye, S., Soberon, X., Franceschini, T., Nakamura, K., Itakura,
K., and Inouye, M. (1982) Proc. Natl. Acad. Sci. U. S. A. 79,
3438-3441

Vlasuk, G. P., Inouye, S., Ito, H., Itakura, K., and Inouye, M.
(1983) J. Biol. Chem. 258, 7141-7148

Inouye, S., Franceschini, T., Sato, M., Itakura, K., and Inouye,
M. (1983) EMBO J. 2, 87-91

Inouye, S., Sherman-Hsu, C. P., Itakura, K., and Inouye, M.
(1983) Science 221, 59-61

Inouye, S., Vlasuk, G. P., Hsiung, H., and Inouye, M. (1984) JJ.
Biol. Chem. 259, 3729-3733

Vlasuk, G. P., Inouye, S., and Inouye, M. (1984) J. Biol. Chem.
259, 6195-6200

Pollitt, S., Inouye, S., and Inouye, M. (1985) J. Biol. Chem. 260,
7965-7969

Ghrayeb, J., and Inouye, M. (1984) J. Biol. Chem. 259, 463-467

Krieg, P. A., and Melton, D. A. (1986) Methods Enzymol., in
press

Erickson, A. H., and Blobel, G. (1983) Methods Enzymol. 96, 38—
50

Walter, P., and Blobel, G. (1983) Methods Enzymol. 96, 84-93

Walter, P., and Blobel, G. (1983) Methods Enzymol. 96, 682-691

Siegel, V., and Walter, P. (1985) J. Cell Biol. 100, 1913-1921

Benson, S. A., Hall, M. H., and Silhavy, T. J. (1985) Annu. Rev.
Biochem. 54, 101-134

Hussain, N., Ichihara, S., and Mizushima, S. (1980) J. Biol. Chem.
258, 3707-3712

Dev, L. K., Harvey, R. J., and Ray, P. H. (1985) J. Biol. Chem.
260, 5891-5894

Hunkapillar, M. W., Lujan, E., Ostrander, F., and Hood, L. E.
(1983) Methods Enzymol. 91, 227-236

Inouye, S., Wang, S., Sekizawa, J., Halegoua, S., and Inouye, M.
(1977) Proc. Natl. Acad. Sci. U. S. A. 74, 1004-1008

vonHeijne, G. (1984) EMBO J. 3, 2315-2318

Ghrayeb, J., Lunn, C. A., Inouye, S., and Inouye, M. (1985) J.
Biol. Chem. 260, 10961-10965

von Heijne, G. (1985) J. Mol. Biol. 184, 99-105

Randall, L. L., and Hardy, S. J. S. (1986) Cell 46, 921-928

Kaiser, C. A., Preuss, D., Grisafi, P., and Botstein, D. (1987)
Science 235, 312-317

Kurzchalia, T. Z., Weidmann, M., Girshovich, A. S., Bochkareva,
E. S., Bielka, H., and Rapoport, T. A. (1986) Nature 320, 634—
636

Krieg, U. C., Walter, P., and Johnson, A. E. (1986) Proc. Natl.
Acad. Sci. U. S. A. 88, 8604-8608

Gilmore, R., and Blobel, G. (1985) Cell 42, 497-505

Connolly, T., and Gilmore, R. {1986) J. Cell Biol. 103, 2253-
2261

Guillet, J. G., Lai, M. Z., Briner, T. J., Smith, J. A., and Gefter,
M. L. (1986) Nature 324, 260-262

Lunn, C., and Inouye, M. (1987) J. Biol. Chem., in press



