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ABSTRACT Assembly of several inner membrane pro-
teins—leader peptidase (Lep), a Lep derivative (Lep-inv) that
inserts with an inverted topology compared with the wild-type
protein, the phage M13 procoat protein, and a procoat
derivative (H1-procoat) with the hydrophobic core of the
signal peptide replaced by a stretch from the first transmem-
brane segment in Lep—has been studied in vifro and in
Escherichia coli strains that are conditional for the expression
of either the 54 homologue (Ffh) or 4.5S RNA, which are the
two components of the E. coli signal recognition particle
(SRP), or SecE, an essential core component of the E. coli
preprotein translocase. Membrane insertion has also been
tested in a SecB null strain. Lep, Lep-inv, and H1-procoat
require SRP for correct assembly into the inner membrane; in
contrast, we find that wild-type procoat does not. Lep and,
surprisingly, Lep-inv and H1-procoat fail to insert properly
when SecE is depleted, whereas insertion of wild-type procoat
is unaffected under these conditions. None of the proteins
depend on SecB for assembly. These observations indicate that
inner membrane proteins can assemble either by a mechanism
in which SRP delivers the protein at the preprotein translo-
case or by what appears to be a direct integration into the lipid
bilayer. The observed change in assembly mechanism when
the hydrophobicity of the procoat signal peptide is increased
demonstrates that the assembly of an inner membrane protein
can be rerouted between different pathways.

What are the mechanisms that ensure efficient targeting and
assembly of integral membrane proteins in various organisms
and organelles? In eukaryotic cells, the biosynthesis of almost
all endoplasmic reticulum (ER) membrane proteins seems to
proceed by the same mechanism (1-3). The process starts with
the signal recognition particle (SRP) binding to the N-terminal
signal or signal-anchor sequence when the nascent chain has
reached a critical length of approximately 60 amino acids (i.e.,
when the signal sequence is exposed just outside the ribo-
some). Further translation is inhibited until the SRP contacts
its receptor at the ER membrane and dissociates from the
nascent chain. The ribosome then makes a tight seal with the
translocon (Sec61p complex), translation is resumed, and the
nascent chain inserts cotranslationally into the aqueous trans-
location channel. Hydrophilic polypeptide chains are translo-
cated across the ER membrane through the translocon,
whereas hydrophobic transmembrane segments get trapped in
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the translocon and subsequently move out laterally into the
lipid bilayer (4).

Homologues of the eukaryotic SRP, its receptor, and most
of the translocon subunits are present in Escherichia coli (1, 5).
Recently, evidence has emerged that the E. coli SRP-targeting
pathway may be involved in the assembly of at least a subset
of inner membrane proteins (6—12). However, the role of the
E. coli Sec machinery (which includes the SecB chaperone; the
preprotein translocase, including the integral membrane sub-
units SecY, SecG, and SecE; and the peripheral subunit SecA)
in the assembly of inner membrane proteins is not clear. It has
been proposed that inner membrane proteins, except for those
containing long periplasmic loops, may assemble in a Sec-
independent fashion (13). It should be noted, however, that
this conclusion was based on negative results from either
conditional secA and secY strains that were primarily selected
for secretion defects rather than inner membrane protein
assembly defects or by sodium azide treatment that only
partially inhibits the ATPase activity of the preprotein trans-
locase subunit SecA (14, 15).

To further delineate the role of the SRP-targeting pathway
and the preprotein translocase in the assembly of inner mem-
brane proteins in E. coli, we have studied four model inner
membrane proteins with different membrane topologies and
different modes of membrane assembly both in vitro and in vivo
in various depletion backgrounds. Leader peptidase (Lep) has
two transmembrane segments and a large C-terminal periplas-
mic domain (Fig. 1). Translocation of the C-terminal domain
depends on SecA and SecY (19), but translocation of the
N-terminal tail does not (20). Lep-inv, the second model
protein, is a Lep derivative with an inverted membrane topol-
ogy where the short P1 loop is exposed to the periplasm;
translocation of the P1 loop appears to be independent of SecA
and SecY (21). Both Lep and Lep-inv require the E. coli SRP
for efficient targeting to the inner membrane (7). The phage
M13 procoat protein has a cleavable N-terminal signal peptide,
a short periplasmic loop, and a short cytoplasmic C-terminal
tail. It does not appear to require SecA or SecY for assembly
(19, 22, 23). Its dependence on the E. coli SRP has not
previously been tested. Finally, we have constructed a modified
procoat (H1-procoat), where the core of the signal peptide has
been replaced by a more hydrophobic stretch from the first
transmembrane segment of Lep.

Membrane assembly of Lep, Lep-inv, procoat, and HI1-
procoat have been studied in Escherichia coli strains that are
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Fic. 1. Orientation of Lep, Lep-inv, and M13 procoat protein in
the cytoplasmic membrane. The Lep-inv mutant was derived from Lep
by adding 3 lysine codons between codons 4 and 5, inserting 10 codons
encoding the sequence Gly-Gln-Ser-Leu-Asn-Ala-Pro-Thr-Ser-Gly
between codons 22 and 24, deleting residues 30-52, and changing Lys>®
to Asn and Glu®!' to Val (16, 17). In spheroplasts, proteinase K
degrades the periplasmic P2 domain of Lep and the periplasmic P1
loop of Lep-inv (thin arrows). For Lep-inv, this treatment gives rise to
a protease-resistant H2-P2 fragment that can be immunoprecipitated
with a Lep antiserum, whereas no immunoprecipitable material
remains when the P2 domain in Lep has been digested. M13 procoat
protein is processed by signal peptidase I (SPase; thick arrow) and can
be immunoprecipitated with an antiserum raised against the periplas-
mic domain of the mature coat protein. In spheroplasts, proteinase K
degrades the periplasmic domain of M13 coat protein and thus
abolishes the immunoreactivity of the protein (18).

conditional for the expression of either 54 homologue (Ffh) or
4.5S RNA, the two components of the E. coli SRP, or SecE, an
essential component of the E. coli preprotein translocase (1,
24, 25). In addition, membrane assembly of the model proteins
has been studied in a SecB null mutant strain. SecB is a
chaperone that is involved in posttranslational targeting (24,
26), and it has been suggested that proteins that use the SRP
pathway do not use SecB and vice versa (10).

MATERIALS AND METHODS

Strains, Plasmids, and Growth Conditions. The 4.5S RNA
conditional strain FF283 was cultured as described (27). To
deplete cells of 4.5S RNA, cells were grown to midlogarith-
mic phase in the absence of isopropyl B-D-thiogalactopyr-
anoside (IPTG). The Ffh conditional strain WAMI121 (7)
was cultured in LB medium supplemented with 0.4% glucose
and 0.1% L-arabinose. Overnight cultures were washed once
with LB and back-diluted 1:20. To deplete cells for Ffh, cells
were grown to midlogarithmic phase in the absence of
L-arabinose. Thirty minutes before labeling the WAMI121
cells were transferred to M9 minimal medium. SRP deple-
tion was checked by monitoring the accumulation of pre-3-
lactamase during a short pulse labeling with [3>S]methionine.
The SecB null mutant strain MM152 (28) was cultured in
Mops medium (29). The SecE-depletion strain CM124 (30)
was cultured in M9 minimal medium supplemented with
0.4% glucose and 0.2% L-arabinose. Overnight cultures were
washed once with M9 medium and back-diluted 1:20. To
deplete cells for SecE, cells were grown to midlogarithmic
phase in the absence of L-arabinose. Depletion of SecE was
checked by monitoring the accumulation of pro-outer mem-
brane protein A (OmpA) during a short pulse labeling with
[**S]methionine. Where appropriate, ampicillin (final con-
centration, 100 ug/ml) and kanamycin (final concentration,
50 wg/ml) were added to the medium.

Lep, Lep-inv, M13 procoat, and Hl-procoat (a procoat
derivative in which the underlined residues in the wild-type
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signal sequence MKKSLVLKASVAVATLVPMLSFA have
been replaced by a more hydrophobic stretch from the H1
transmembrane segment in Lep; MKKSLVLFALIL-
VIPMLSFA) were expressed by L-arabinose induction from
the pING1 vector (31) in the strains FF283 and MM152 and
by IPTG induction from the pDHB5700 vector (unpublished
results, a gift from J. Beckwith, Harvard Medical School,
Boston) in strain CM124. In strain WAM121, proteins were
expressed from the pJF119HE vector by IPTG induction (32).

Assay for Membrane Targeting. For all experiments, cells
were grown to midlogarithmic phase. Expression of Lep,
Lep-inv, M13 procoat protein, and H1-procoat protein was
induced for 5 min with either IPTG (final concentration, 1
mM) or L-arabinose (final concentration, 0.2%). Cells were
labeled with [*S]methionine (150 wCi/ml; 1 Ci = 37 GBq) for
15 sec, and then nonradioactive methionine was added (final
concentration, 500 wg/ml). FF283 and WAM121 cells express-
ing M13 procoat protein and H1-procoat protein were directly
precipitated with trichloroacetic acid (final concentration,
10%), resuspended in 10 mM Tris/2% SDS, and processed as
described below. Otherwise, cells were converted to sphero-
plasts. For spheroplasting, cells were collected at 14,000 rpm
for 2 min in a microcentrifuge, resuspended in ice-cold buffer
[40% (wt/vol) sucrose/33 mM TrissHCl, pH 8.0), and incu-
bated with lysozyme (final concentration, 5 pg/ml) and 1 mM
EDTA for 15 min on ice. Aliquots of the spheroplast suspen-
sion were incubated on ice for 1 h either in the presence or
absence of proteinase K (final concentration, 0.3 mg/ml).
Subsequently, phenylmethylsulfonyl fluoride was added to the
spheroplast suspensions (final concentration, 0.33 mg/ml).
After addition of phenylmethylsulfonyl fluoride, samples were
precipitated with trichloroacetic acid (final concentration,
10%), resuspended in 10 mM Tris/2%SDS, immunoprecipi-
tated with antiserum to Lep, M13 coat protein, OmpA [a
periplasmic control (7)], AraB/bandX [a cytoplasmic control
(7), results not shown], and B-lactamase (a control to monitor
SRP depletion), washed, and analyzed by gel electrophoresis.
M13 procoat protein and H1-procoat protein were analyzed by
Tricine SDS/PAGE (33), and all other proteins were analyzed
by standard SDS/PAGE (34). Gels were scanned and quan-
titated in a Fuji BAS1000 phosphoimager.

In Vitro Transcription, Translation, Targeting, Cross-
Linking, and Floatation Gradient Analysis. /n vitro transcrip-
tion to produce truncated mRNAs that carry a C-terminal
methionine tag sequence was done with the pC4Meth-vector
as described by Valent et al. (11). Translation, targeting,
cross-linking, and floatation gradient analysis were essentially
performed as described by Valent et al. (12). The M13 procoat
nascent chains that were used in the in vitro studies contained
the 73 amino acids of the full-length M13 procoat and the
H1-procoat nascent chains that were used in the in vitro studies
contained the 71 amino acids of the full-length H1-procoat
protein.

Hydrophobicity Calculations. The mean hydrophobicity of
the (Ala, Leu)-based PhoA signal sequences from Doud et al.
(35), procoat, and Hl-procoat was calculated by using the
TOPPRED program (36) and the GES hydrophobicity scale (37).
The full and core window lengths were set to 11 and 9 residues,
respectively. Procoat has a lysine residue in the h-region of the
signal sequence (Kg) that reduces the calculated mean hydro-
phobicity of the h-region (residues 4-14) to a very low value
((H) = 1.4); however, if the positively charged moiety on the
lysine side chain is allowed to “snorkel” (38) along the
h-region, the aliphatic part of the side chain will in fact
contribute to the overall hydrophobicity. For this reason, the
calculation was repeated with Kg changed to either Ala or Leu,
and the respective mean hydrophobicities for the h-region were
found to be (H) = 2.0 and 2.1.
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RESULTS

M13 Procoat Protein Does Not Depend on the E. coli SRP
for Efficient Insertion into the Inner Membrane. We have
previously shown, by using a pulse—chase/protease accessibil-
ity protocol, that both Lep and Lep-inv require the E. coli SRP
for correct assembly into the inner membrane (7). It has been
proposed, however, that not all inner membrane proteins
depend on the SRP-targeting pathway for assembly (9). We
decided to test the SRP dependency of the M13 procoat
protein, which is thought to insert spontaneously into the inner
membrane (22, 39, 40). As seen in Fig. 2, the assembly of
procoat (as indicated by the removal of the signal peptide) was
unaffected upon depletion of the 4.5S RNA. Similarly, no
effect on membrane insertion was seen in the Ffh depletion
strain WAM121 (data not shown). Thus, in contrast to both
Lep and Lep-inv, procoat appears not to be targeted by the
SRP pathway. As reported (18), dissipation of the membrane
potential by addition of the protonophore carbonyl cyanide
m-chlorophenylhydrazone efficiently inhibited membrane in-
sertion, leading to accumulation of the pro-form of the protein.

Lep and Lep-inv Depend on a Functional Preprotein Trans-
locase for Efficient Insertion into the Inner Membrane,
Whereas M13 Procoat Does Not. In eukaryotic cells, the
SRP-targeting pathway delivers membrane proteins at the
translocon (Sec61p complex). The E. coli SRP and preprotein
translocase and eukaryotic SRP and translocon components
are strongly related (1, 5). The core of the E. coli preprotein
translocase consists of SecE and SecY, which are homologous
to the eukaryotic translocon core subunits Sec61y and Sec61«,
respectively (1), and SecG and SecA, which have no known
eukaryotic ER translocon homologues (1). In E. coli, the
depletion of SecE results in a sharp decrease in the levels of all
components of the preprotein translocase but SecA (25), and
it has been shown that SecY is degraded by the FtsH protease
in the absence of SecE (41). SecE depletion is the most
effective way to compromise the E. coli preprotein translocase
in vivo found so far, and precursor forms of exported proteins
such as DegP, whose secretion is not noticeably affected in
secA and secY conditional strains, can be readily observed in
the SecE-depletion strain CM124 (30).

Although previous studies have failed to demonstrate a
dependence on SecA and SecY for the assembly of Lep-inv and
procoat (19, 21), the availability of the SecE-depletion strain
CM124 prompted us to reinvestigate this issue. Upon depletion
of SecE, the assembly of the SecA- and SecY-dependent Lep
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F1G. 2. SRP is not required for efficient membrane assembly of
procoat. (4) Proper membrane assembly is shown by the rapid
processing of the procoat signal peptide in strain FF283 not depleted
(lane 1) or depleted (lane 2) for the 4.5S RNA. In lane 3, carbonyl
cyanide m-chlorophenylhydrazone was added to inhibit insertion (and
subsequent processing) of procoat (18) in FF283 cells not depleted for
the 4.5S RNA. (B) Depletion of the 4.5S RNA in strain FF283 was
checked by monitoring the accumulation of pre-B-lactamase (27).
Lanes: 1, strain FF283 not depleted for the 4.5S RNA; 2, strain FF283
depleted for the 4.5S RNA.

Proc. Natl. Acad. Sci. USA 95 (1998)

A P—— "-I_Lep

8 .?‘ -— - ssml| ep-inv

H2-P2 frag.

Cc — proOmpA
" OmpA

SecE-depletion - -+ o+
proteinase K A +

FiG. 3. Lep and Lep-inv depend on a functional preprotein trans-
locase for efficient insertion into the cytoplasmic membrane. Lep (4)
and Lep-inv (B) were expressed in strain CM124 not depleted (lanes
1and 2) and depleted (lanes 3 and 4) for SecE. Cells were pulse-labeled
for 15 sec and subsequently processed. (B) The H2-P2 product is a
protease-resistant fragment resulting from cleavage in the P1 loop
(Fig. 1). OmpA secretion/processing was monitored in parallel to
check spheroplasting and SecE depletion (C).

protein was, as expected, strongly affected (Fig. 34). Unex-
pectedly, however, the assembly of Lep-inv was also strongly
affected under these conditions (Fig. 3B). In contrast to the
assembly of Lep and Lep-inv, the assembly of the SRP-
independent procoat protein was not detectably affected by
SecE depletion (Fig. 4).

M13 Procoat Associates with Inner Membranes Only When
Released from the Ribosome and Does Not Interact with the
SRP and Preprotein Translocase. In vitro floatation assay
studies have shown that ribosome-bound Lep nascent chains
associate with inner membranes, and cross-linking studies have
further shown that these Lep nascent chains interact with the
SRP in the cytosol and are transferred to the SecA and SecY
components of the preprotein translocase in the membrane
after the release of the SRP from the nascent chains by the
SRP receptor FtsY (12). The in vivo results reported above are
thus in full agreement with the in vitro data.

Procoat targeting and assembly have not been studied
previously by using an in vitro cross-linking approach. There-
fore, ribosome-nascent chain complexes were prepared by
translating mRNAs encoding the full-length M13 procoat, in
an E. coli cell-free extract (11); these ribosome-bound nascent
chains are of sufficient length (77 amino acids) to expose the
signal sequence to the outside of the ribosome, assuming that
30-40 amino acids are sequestered in the ribosome. Purified
ribosome—nascent chain complexes were incubated with inner
membrane vesicles and subjected to floatation gradient anal-
ysis (12) to study the interaction of ribosome-bound procoat
nascent chains with the inner membrane. As shown in Fig. A,
only background levels of membrane-associated (floated) ri-
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FiG. 4. M13 procoat protein does not depend on a functional
preprotein translocase for efficient insertion into the cytoplasmic
membrane. (4) Procoat was expressed in strain CM124 not depleted
(lanes 1 and 2) and depleted (lanes 3 and 4) for SecE. Cells were
pulse-labeled for 15 sec and subsequently processed. (B) OmpA
secretion/processing was monitored in parallel to check spheroplas-
ting and SecE depletion.
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FiG. 5. Hl-procoat assembles into the inner membrane by a
different mechanism than wild-type procoat. (4) Ribosome—procoat
and ribosome-H1-procoat nascent chain complexes, not treated and
treated with puromycin, were incubated with inner membrane vesicles
and subjected to floatation gradient analysis. The percentage mem-
brane-associated ribosome nascent chain complexes (RNC) was de-
termined. (B) Procoat and H1-procoat ribosome—nascent chain com-
plexes were incubated with inner membrane vesicles and treated with
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bosome-nascent chain complexes were observed. When the
nascent chains were released from the ribosomes with puro-
mycin before the addition of membranes, a weak but repro-
ducible association of nascent chains with inner membranes
could be detected.

To probe the molecular environment of ribosome-bound
procoat nascent chains, a cross-linking approach was used (12).
Nascent polypeptides were incubated with inner membrane
vesicles to allow targeting and subsequently treated with the
bifunctional cross-linking reagent disuccinimidyl suberate.
Disuccinimidyl suberate is a membrane-permeable analogue
of BS3, a cross-linking reagent that was used to probe inter-
actions of untargeted ribosome-nascent chain complexes (11).
After cross-linking, samples were extracted with alkaline so-
dium carbonate buffer to separate integral membrane from
peripheral and soluble cross-linked complexes. Immunopre-
cipitation was used to identify components cross-linked to
procoat nascent chains. Neither the translocase subunits SecA
and SecY (Fig. 5B, lanes 1 and 2) nor Ffh, the proteinaceous
component of the E. coli SRP (Fig. 5B, lane 4), were detected
in the supernatant and pellet of the carbonate extraction. The
only cross-linking partner that could be identified in this way
was the ribosome-associated component trigger factor (Fig.
5B, lane 3), which has been found to interact with all nascent
polypeptide chains long enough to protrude from the ribosome
(11, 12, 42, 43).

Replacing the Core of the Signal Sequence of M13 Procoat
Protein with a Segment from the H1 Transmembrane Helix in
Lep Results in SRP- and Preprotein Translocase-Dependent
Assembly. It has been shown that there is a strong correlation
between the hydrophobicity of a signal sequence and its
affinity for SRP in prokaryotic and eukaryotic systems (10, 11,
42, 44-48). Consistent with this, the three-dimensional struc-
ture of the M domain from Thermus aquaticus Ffth includes a
large hydrophobic crevice that presumably binds sufficiently
hydrophobic signal sequences (48). By using a series of Leu-
Ala-based signal sequences of increasing hydrophobicity, a
threshold for Ffh binding and efficient secretion of PhoA has
been defined at an overall hydrophobicity corresponding to a
stretch composed of six Ala and four Leu residues (11, 35, 42).
The mean hydrophobicity of the procoat signal peptide was
found to be right at the threshold ((H)procoar = 2.0-2.1, vs.
(H)saar = 2.1), suggesting that the lack of Ffh cross-linking and
the efficient membrane assembly of procoat in SRP- and
SecE-depleted cells might be explained by the low hydropho-
bicity of the signal sequence. To test whether procoat can be
funnelled into the SRP-targeting pathway, the core of the
procoat signal sequence was thus replaced with a more hy-
drophobic stretch from the H1 transmembrane helix in Lep,
yielding H1-procoat. The mean hydrophobicity of this con-
struct is higher even than the most hydrophobic PhoA signal
peptide tested in the study cited above ((H)mi-procoat = 2.7, Vs.
<H>1A9L = 26)

H1-procoat was subjected to the same set of in vitro and in
vivo experiments as described above for procoat. Hl-procoat
nascent chains used in the in vitro studies contained the
completed H1-procoat protein. In marked contrast to procoat,
floatation gradient analysis showed that H1-procoat ribosome-

the cross-linker disuccinimidyl suberate. After quenching, soluble and
peripheral cross-linking complexes were extracted from the mem-
branes with Na,COs. Both pellet (pel.) and supernatant (sup.) frac-
tions from trichloroacetic acid-precipitated samples were examined by
immunoprecipitation for the presence of cross-linking adducts with the
indicated proteins. Immunoprecipitated protein complexes are indi-
cated by an arrow. Relative molecular masses (M;) of marker proteins
are indicated to the right. (C) Hl-procoat was expressed in strains
CM124 and FF283 not depleted (lane 1) or depleted (lane 2) for SecE
or SRP 4.5S RNA, respectively. Cells were pulse-labeled for 15 sec and
subsequently processed.
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bound nascent chains associated efficiently with inner mem-
branes (Fig. 54). This association was enhanced upon release
of the nascent chains from the ribosome. Ribosome-nascent
chain complexes were also subjected to cross-linking. Similar
to procoat, H1-procoat nascent chains could be cross-linked to
trigger factor (Fig. 5B, lane 7). In contrast to procoat, however,
H1-procoat nascent chains could also be cross-linked to the
SRP constituent Ffh in the cytosol (Fig. 5B, lane 8) and to the
preprotein translocase component SecA in the membrane
(Fig. 5B, lane 5). These observations were consistent with in
vivo studies showing that the assembly of H1-procoat was
strongly affected under SRP- and SecE-depletion conditions
(Fig. 5C). Although it is possible that the effect on processing
of H1-procoat is indirectly caused by a lower level of active Lep
in cells depleted for SRP or SecE, we see this as unlikely
because processing of the wild-type procoat protein and
pro-OpmaA is not affected under these conditions. Moreover,
the level of Lep in depleted cells is the same as in nondepleted
cells, as assayed by Western blotting (data not shown).

Lep, Lep-inv, Procoat, and H1-Procoat Do Not Depend on
SecB for Efficient Insertion into the Inner Membrane. Be-
cause it has been suggested that SRP dependence correlates
with a lack of SecB dependence and vice versa (10, 12), the
assembly of Lep, Lep-inv, procoat, and H1-procoat was studied
in the E. coli SecB null mutant MM152. Consistent with the
suggestion, the assembly of Lep, Lep-inv, or Hl-procoat was
not affected, whereas procoat was also rapidly converted to
mature coat protein in this strain (results not shown). We
conclude that SecB is not necessary for the assembly of any of
the inner membrane proteins tested herein.

DISCUSSION

We have recently shown that two inner membrane proteins,
Lep and Lep-inv, depend on the E. coli SRP for efficient
membrane assembly (7). We now show by using a tight
SecE-depletion strain that the assembly of these two proteins
also depends on the preprotein translocase. Lep has long been
known to depend on SecA and SecY for proper assembly,
whereas Lep-inv, as well as many other inner membrane
proteins with short periplasmic loops, has hitherto been
thought not to require a functional preprotein translocase for
membrane insertion (21, 49-51). The secA and secY mutant
strains used in the earlier studies were primarily selected for
defects in protein secretion rather than inner membrane
protein assembly, and it is conceivable that in these mutant
strains the ability of the preprotein translocase to efficiently
export long periplasmic domains is more strongly affected than
its ability to assemble short periplasmic loops and transmem-
brane segments (52).

Because in vivo depletion experiments may suffer from
secondary effects, an in vitro cross-linking approach was also
used. The in vitro and in vivo results reported herein agree with
each other and indicate that the M13 procoat protein does not
depend on the SRP-targeting pathway, the SecB chaperone, or
the preprotein translocase for proper assembly. Thus inner
membrane proteins can bypass the SRP, an observation that is
in keeping with the observation that the overexpression of
different inner membrane proteins in a strain with artificially
depressed SRP levels have differential effects on cell viability,
and thus different inner membrane proteins may have differ-
ent affinities for the SRP (9).

It has been shown that there is a correlation between the
hydrophobicity of a signal sequence and its affinity for SRP
(10, 11, 42, 44-48). By using a modified procoat construct
(H1-procoat) where the hydrophobicity of the signal sequence
has been increased, we now demonstrate that an originally
SRP- and Sec-independent inner membrane protein can be
rerouted into the SRP-dependent pathway, further stressing
the importance of signal sequence hydrophobicity. We also
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note that SRP and preprotein translocase dependence coin-
cide for all proteins tested thus far, strongly supporting the
notion that the SRP-targeting pathway is connected to the
preprotein translocase in the membrane (12).

In vitro studies using dog pancreas microsomes have shown
that Lep and Lep-inv require both the SRP and the ER
translocon (Sec61p complex) for proper membrane integra-
tion (4), whereas procoat can assemble correctly into the ER
membrane in an SRP-independent fashion and appears not to
require any other membrane-associated components (22, 53,
54). The basic mechanisms of membrane protein assembly thus
seem to be strongly conserved from prokaryotes to eukaryotes.
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