
Chapter 10 

Membrane Assembly in Bacteria 

Matthias Muller and Juan MacFarlane 

1. INTRODUCTION 

Membrane biogenesis requires de novo synthesis of protein as well as phospho
lipid. This chapter focuses on the molecular events by which newly synthesized 
proteins are incorporated into bacterial membranes. By far the most detailed 
knowledge of these processes stem from studies performed with gram-negative 
bacteria, in particular with E. coli. The following description will also include 
some recent results obtained with a different gram-negative bacterium, Rhodo
bacter capsulatus, which from an evolutionary point of view is rather distantly 
related to E. coli (Woese, 1987). 

The cell envelope of gram-negative bacteria is composed of two membrane 
layers, the plasma or inner membrane, hereafter called cytoplasmic membrane, 
and the outer membrane. The two membranes are separated by the intermediate 
periplasmic space. Whether the two membranes intimately associate at some 
places (so-called adhesion sites, or Bayer bridges, as revealed by electron mi
croscopy), at least during the process of cell division and septation (peri septal 
anuli), is still a matter of debate (Kellenberger, 1990). In any case, several lines 
of evidence suggest that an outer membrane protein has first to overcome the 
obstacle of the plasma membrane before it integrates into the lipid bilayer of the 
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outer membrane. Consequently, integration into the two membranes of gram
negative bacteria represent distinct processes. 

Mechanistically speaking, the integration of a particular membrane protein 
results from an interrupted translocation process. In this concept (Blobel, 1980) 
translocation of a (part of a) protein is initiated by distinct signals, termed signal 
sequences, which are present on the polypeptide chain itself. Signal sequences 
lead to a complete translocation of the protein unless information to stop the 
transfer (stop-transfer signal) is provided by sections of the protein downstream 
of the signal sequence. Stop-transfer signals cause a halt in translocation with a 
concomitant or subsequent incorporation of the protein segment encoding this 
information into the membrane lipids. 

In eukaryotic organisms, protein translocation into the endoplasmic reticu
lum as well as integration into the endoplasmic reticular membrane of many 
membrane proteins depend on the function of the signal recognition particle, 
SRP (reviewed in Saier et al., 1989). Thus, both processes involve the same 
SRP-catalyzed membrane-targeting steps. In gram-negative bacteria the situation 
is less clear. The targeting to the cytoplasmic membrane of those proteins that 
leave the cytoplasm and are exported to one of the compartments of the cell 
envelope is so far the best-understood event during bacterial protein export. The 
question as to what extent this targeting mechanism also applies to integral 
membrane proteins is now being addressed. This chapter will start (Section 2.1) 
with a description of how secretory proteins are targeted to the cytoplasmic 
membrane of E. coli, followed by an account of the known determinants of 
protein integration into the cytoplasmic membrane of E. coli. This latter section 
will also list the methods used to study membrane assembly of bacterial integral 
membrane proteins. Section 2.2 summarizes what is known about the integration 
of proteins into the outer membrane of E. coli. Finally, unique features of protein 
export in R. capsulatus will be discussed (Section 3). 

2. PROTEIN INTEGRATION INTO THE MEMBRANES 
OF ESCHERICHIA COll 

Proteins whose final destination is one of the three layers of the cell 
envelope of gram-negative bacteria are termed exported proteins. The 
process of protein export encompasses (1) recognition of these proteins during 
or after their synthesis within the cytoplasm; (2) their targeting to the cyto
plasmic membrane; (3) their complete or partial translocation across the cyto
plasmic membrane; and (4) where appropriate, their targeting to the outer 
membrane. 
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2.1. Cytoplasmic Membrane of E. coli 

In view of the similarities established for the initial steps of protein trans
location across, and integration into, the membrane of the endoplasmic reticulum 
(ER) (see Introduction), this chapter begins with a description of the molecular 
mechanisms involved in targeting of secretory proteins to, and their complete 
translocation across, the cytoplasmic membrane of E. coli. The reader is referred 
to recent reviews of this topic (Saier et al., 1989; Schatz and Beckwith, 1990; 
Wickner et at., 1991). The second part of the chapter will deal with the question 
of the extent that protein integration into the E. coli cytoplasmic membrane 
resembles the complete translocation of proteins across this membrane and what 
kind of molecular determinants are known to lead to anchorage of proteins within 
the cytoplasmic membrane of E. coli. 

2.1.1. Factors Involved in Protein Translocation across 
the Cytop~asmic Membrane 

Detailed genetic analyses have revealed that the export of periplasmic and 
outer-membrane proteins across the cytoplasmic membrane of E. coli is depen
dent on a distinct set of Sec-proteins (Sec stands for secretion; Bieker et al., 
1990; Schatz and Beckwith, 1990). The basic role Sec-proteins play in protein 
export in E. coli has been illustrated biochemically by the reconstitution of 
transmembrane transport of one precursor protein (preOmpA) from SecA, ATP, 
Sec Y / SecE-containing liposomes, and purified precursor (Brundage et al., 1990; 
Akimura et al., 1991). While SecA and SecB are required for targeting of 
precursor proteins to the cytoplasmic membrane, SecY most likely functions as a 
translocator in the membrane in concert with at least SecE. SecD and SecF are 
presumably involved in late translocation steps. The transmembrane movements 
of polypeptide chains require two sources of energy, ATP and the H+-motive 
force. 

2.1.1a. SeeS: A Targeting Chaperone or a Chaperoning Targeting 
Factor? SecB (reviewed in Kumamoto, 1990) is a 17 kDa soluble protein that 
elutes from gelfiltration columns as multimer (Weiss et al., 1988; Kumamoto et 
al., 1989; Watanabe and Blobel, 1989a). A secBnUIl-mutation interferes with the 
export of maltose-binding protein (MBP), OmpF, lambda receptor (LamB), 
OmpA, and PhoE, but does not affect that of alkaline phosphatase, lipoprotein, 
ribose-binding protein, and ~-lactamase (Kumamoto and Beckwith, 1985; Wat
anabe et al., 1988; Kusukawa et at., 1989; Kusters et al., 1989; Collier et al. , 
1990; Altman et al., 1990b; Laminet et al., 1991). Mutants of the ribose-binding 
protein exhibiting a diminished export efficiency, however, were found to be 
dependent on SeeB (Kim et at., 1992). Sec B is essential only for E. coli cells 
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growing on rich medium (Kumamoto and Beckwith, 1985). A direct molecular 
interaction of SecB with preproteins has frequently been described (Collier et al., 
1988; Kumamoto, 1989; Lecker et al., 1989; Watanabe and Blobel, 1989b; 
Lecker et al., 1990). Both the signal sequence itself (Kumamoto, 1989; Wat
anabe and Blobel, 1989b; Altman et al., 1990b) and regions outside of it (Collier 
et al., 1988; Trun et al., 1988; Watanabe et al., 1988; Randall et al., 1990; 
Altman et al., 1990a; de Cock et al., 1992) were reported to be recognized by 
SecB. Even nonsecretory proteins interact with SecB if they are in a nonnative 
confonnation (Randall, 1992), the specificity of SecB for exported proteins 
being explained by reduced folding kinetics of signal sequence-bearing proteins 
(Hardy and Randall, 1991; MacIntyre et al., 1991). The selective binding of 
SecB to nascent precursors of MBP, LamB, OmpA, and OmpF was recently 
demonstrated by Kumamoto and Francetic (1993). 

As to the function of SecB, an antifolding, (Le., chaperoning) activity is 
suggested by the coincidence of a SecB-dependence of a particular precursor 
protein and its tendency to fold rapidly into a transport-incompetent structure 
(Collier et al., 1988; Weiss et al., 1988; Collier and Bassford, 1989; Liu et al., 
1989). Direct biophysical analysis, however, revealed little effect of SecB on the 
actual folding of the precursor of PhoE, but rather showed that the fonnation of a 
stabile SecB-prePhoE complex prevents the precursor from aggregating (Breuk
ing et al., 1992). In contrast to SecB, the general folding modulator, GroEL, is 
not specific for exported proteins (Bochkareva et al., 1988; Phillips and Silhavy, 
1990; Kumamoto, 1991). Only the export of 13-lactamase was found to be af
fected by a GroEL-deficiency (Kusukawa et al., 1989). On the other hand, the 
demonstration of a competition between SecB and the eukaryotic signal recogni
tion particle (SRP) prompted Watanabe and Blobel (1989b) to suggest a signal 
recognition function for SecB. Recent evidence indicates that the main function 
of SecB might be the targeting of precursor proteins to sites at the cytoplasmic 
membrane of E. coli (comprising at least Sec A, SecY, SecE; Hartl et al., 1990), 
from which a productive transmembrane translocation takes place (Swidersky et 
ai., 1990; Hartl et al., 1990; de Cock and Tommassen, 1992). In mediating 
contact between precursor and membrane, SecB would certainly help to prevent 
a premature folding of the precursor. 

2.t.tb. SecA: An Autoregulated Targeting Factor. SecA (reviewed in 
Oliver et al., 1990b) is a 102 kDa protein that is found attached to the plasma 
membrane, in a soluble fonn (Cabelli et al., 1991), and ribosome-associated 
(Liebke, 1987; Swidersky et al., 1990). A SecA-defect is lethal, and conditional 
secA mutants revealed a requirement of SecA for the export of all periplasmic 
and outer-membrane proteins tested thus far (Oliver et al., 1990b). SecA exhibits 
a low ATPase-activity (Lill et al., 1989) stimulated by precursor and cytoplasmic 
membrane vesicles. Blocking the ATP-binding sites of SecA with 8-azido-ATP 
(Lill et al., 1989) and sodium azide (Oliver et al., 1990a; Fortin et al., 1990) 
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abolishes the translocation-promoting function of SecA. A direct demonstration, 
however, of a coupling between ATP-hydrolysis and the translocation-promoting 
function of SecA has so far remained elusive (Schiebel et al., 1991; Driessen, 
1992a). Interaction of SecA with precursor proteins via the signal sequence is 
suggested by the isolation of secA (prLD) mutants, which suppress a number of 
signal sequence mutations of maltose binding protein (Fikes and Bassford, 1989) 
and by a signal sequence-dependent cross-linking of SecA to the model export 
protein OmpF-Lpp (Akita et al., 1990). SecA further associates with the 
membrane-embedded SecY (Fandl et al., 1988; Hartl et al., 1990; Bieker-Brady 
and Silhavy, 1992). 

Aq involvement of acidic phospholipids in the fixation of SecA at the 
pl~a membrane has also been demonstrated (Lill et al., 1990; Cabelli et al., 
1991; Hendrick and Wickner, 1991; Shinkai et al., 1991; Ulbrandt et al., 1992). 
The level of SecA is regulated by the protein export capability of the cell with the 
SecA protein serving as autogenous repressor that directly interacts with its own 
mRNA (Schmidt et al., 1991), a process that also requires ATP (Dolan and 
Oliver, 1991). Blockage of protein export by mutations in secA, secD, secE, and 
secY by nontranslocatable hybrid proteins, and by a changed lipid composition of 
the cytoplasmic membrane, all lead to derepression of SecA (Oliver et al., 
1990b; Kusters et al., 1992). 

From these properties it appears that SecA fulfills three major functions in 
the cell: (1) regulation of its own synthesis, which might involve an ATP
dependent RNA-helicase activity (Koonin and Gorbalenya, 1992); (2) targeting 
of precursors to the Sec Y-containing export sites of the plasma membrane (Cun
ningham et al., 1989; Hartl et al., 1990; Swidersky et al., 1990); as with SecB, 
the binding of SecA to precursor proteins might simultaneously serve a certain 
chaperoning function, as indicated by the fact that a SecA defect can be sup
pressed by GroE (Ueguchi and Ito, 1992) as well as by Skp (see Section 2.2.3); 
(3) participation in the transmembrane movement of a polypeptide chain poten
tially by preventing reverse translocation (Schiebel et al., 1991). A functional 
mapping of the SecA protein revealing the binding sites for ATP, precursor 
molecules, membrane, and mRNA has been initiated by several groups (Mat
suyama et al., 1990; Cabelli et al., 1991; Jarosik and Oliver, 1991; Kimura et 
ai., 1991). 

2.1.1c. SecY: Presumably a Major Constituent of the Translocation 
Pore. Sec Y is a 49 kDa protein embedded in the lipid bilayer of the cyto
plasmic membrane of Escherichia coli. It is essential for the export of peri
plasmic and outer membrane proteins of E. coli since mutations in secY result in 
temperature-sensitive export defects. This was shown both in vivo (Ito et al., 
1983, 1989; Shiba et aI., 1984) and in vitro (Fandl and Tai, 1987; Baba et al., 
1990), although under certain in vitro conditions Sec Y has been found to be 
dispensable (Watanabe et al., 1990). A model of its membrane topography 
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predicts ten hydrophobic, transmembrane segments with the short NH2- and 
COOH-terminal peptides facing the cytoplasm (Akiyama and Ito, 1987, 1989). 
Such a transmembrane orientation of SecY is consistent with the formation of, or 
at least participation in the formation of, a hydrophilic pore across the membrane 
to allow translocation of exported proteins. The translocation pore-forming func
tion of SecY is strongly supported by the selective cross-linking of a translocat
ing polypeptide chain to SecY (Joly and Wiclener, 1993). Moreover, SecY was 
recently reported to exhibit significant structural homology to the SEC61 protein 
of the endoplasmic reticular membrane, which intimately interacts with nascent 
translocating proteins (Gorlich et al., 1992). 

The cytoplasmic loops of the molecule, including the NH2- and COOH
terminal peptides, are involved in precursor binding. This is demonstrated by a 
decreased targeting of preproteins to cytoplasmic membrane vesicles that had 
been coated with anti-SecY-antibodies specific for cytoplasmic epitopes (Wa
tanabe and Blobel, 1989c; Tokuda et al., 1990; Swidersky et al., 1992) or 
prepared form the secY24 mutant (Swidersky et al., 1992) carrying the mutation 
in one of the cytoplasmic loops (Shiba et al., 1984). The targeting of precursor 
molecules to SecY appears to be mediated by SecA, as several indications exist 
for a molecular interaction between SecY and SecA (see 2.1.1b). 

One of the main issues about the function of Sec Y is whether it directly 
recognizes the signal sequences of precursor proteins. Such an interaction is 
suggested by the suppression of the export defects of various signal sequence 
mutations by the prLA4-allele of secY as demonstrated in vivo (Emr et al., 1981; 
Emr and Bassford, 1982; Stader et al., 1986; Sako and lino, 1988; Puziss et al., 
1992) and recently also in vitro (Swidersky et al., 1992). The interpretation of 
these data in terms of a binding of signal sequences to SecY (PdA) has, however, 
been questioned (Randall et al., 1987) because of a lack of allele-specificity
i.e., one suppressor has been found to be active on more than one signal se
quence mutation (Emr et al., 1981; Emr and Bassford, 1982; Stader et al., 
1986). However, such a clear-cut allele-specificity might not be expected in view 
of the fact that the function of signal sequences is not mediated by a consensus 
sequence but rather by some common tertiary-structure motif (for a discussion of 
this matter see also Bieker et al., 1990; Ito, 1990). 

On the contrary, prLA mutants were shown to allow for export of proteins 
deprived of their entire signal sequences (Derman et al., 1993), thus arguing 
against an interaction between Sec Y and signal sequences as an essential feature 
of protein export in E. coli. Simon and Blobel (1992) demonstrated that a signal 
peptide is able to open large transmembrane aqueous channels in the plasma 
membrane of E. coli probably by directly binding to the mouth of the channel 
(pore) protein(s). This finding reinforces the idea of a direct interaction of precur
sors with membrane-embedded pore-proteins such as Sec Y. A functional interac
tion of SecY with SecE (Section 2.l.1d) is suggested by the co-purification of 
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both proteins (Brundage et at.. 1990) and the titration of the SecE-activity with 
inactive Sec Y (Bieker and Silhavy, 1990). 

2.1.1d. SecE. The seeE-locus was first identified by a mutation causing 
a pleiotropic defect in protein export and a cold-sensitive growth defect (Riggs et 
al .. 1988). It encodes a 13.6 kDa protein integrated into the plasma membrane 
via three transmembrane segments (Schatz et al .• 1989). A distinct part of the 
molecule encompassing only one of the transmembrane segments appears to be 
sufficient for the activity of SecE (Schatz et al .. 1991). Two of the priG-alleles of 
seeE. whose phenotype is characterized by the suppression of signal sequence 
mutations of LamB and MalE (Stader et al.. 1989), map to the essential trans
membrane segment of SecE (Schatz et al .. 1991). Identification of prlG
suppressors suggests an interaction of SecE with signal sequences similarly as 
detailed for Sec Y. Because signal sequence-bearing hybrid proteins that enter the 
export site without being completely translocated are not proteolytic ally pro
cessed in priG-mutants as opposed to prIA-mutants, it was proposed that SecE 
acts at a step before SecY during protein export (Bieker and Silhavy, 1990; 
Bieker-Brady and Silhavy, 1992). Conversely, inactivation of SecY causes a 
decrease in precursor binding, indicating that SecE cannot function as the prima
ry membrane receptor for exported proteins when SecY is inhibited (Swidersky 
et al.. 1992). 

2.1.1e. SecD/SecF. Mutations in the seeD-locus result in severe defects 
in protein export and in a cold-sensitivity for growth (Garde! et al .. 1987). They 
fall into two complementation groups, termed seeD and seeF. The two genes are 
co-transcribed. Both encode integral membrane proteins with large periplasmic 
domains (Gardel et al., 1990). This feature, in combination with the failure to 
isolate alleles of seeD IF that suppress signal sequence mutations, suggests an 
involvement of SecD/F in a later step of translocation across the cytoplasmic 
membrane. In fact, blockage of SecD at the periplasmic site of the plasma 
membrane by anti-SecD antibodies interferes with the release of MBP and 
OmpA, leading to an accumulation of both proteins within the cell (Matsuyama 
et al .• 1993). Recent genetic evidence suggests an interaction of SecD/F with 
SecY (Bieker-Brady and Silhavy, 1992). 

2.1.lf. Energy Requirement. Two sources of energy are utilized to 
drive translocation of exported proteins across the cytoplasmic membrane of E. 
eoli (recently summarized in Geller, 1991; Driessen, 1992b; see individual refer
ences therein): ATP-hydrolysis and the H+ -motive force, IlJ.LH+. The export 
process can be separated into single steps, each one having an individual energy 
requirement. Membrane binding of precursor proteins occurs in the absence of 
ATP (Swidersky et al .. 1990). Translocation of the first 40-50 amino acids 
leading to the formation of a hairpin-loop structure (Inouye and Halegoua, 1980) 
(such that the NH2-terminus of the signal peptide remains on the cytoplasmic 
side and a tum around the cleavage site is located on the periplasmic face of the 
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cytoplasmic membrane) requires ATP and is unaffected by AIJ.H+. Nonhydrolyz
able ATP binding to SecA was shown to be sufficient to generate such a trans
location intermediate. A complete translocation involves further steps that are 
dependent on ATP-hydrolysis and/or AIJ.H+. SecA-mediated ATP-hydrolysis 
(see Section 2.1.1b.) has not been shown to be strictly coupled to net protein 
translocation. Circumstantial evidence suggests that ATP-hydrolysis by SecA 
might cause dissociation of the precursor from SecA to allow further transloca
tion (Schiebel et al., 1991; Bassilana et al., 1992). Both components of AIJ.H+, 
the electrical gradient At/J, and the chemical H+-gradient ApH, can meet the 
requirements for AIJ.H+ (Bakker and Randall, 1984; Driessen, 1992a). While 
translocation of certain precursors proceed in the complete absence of AIJ.H+, 
albeit at a reduced rate, SecA can substitute in vitro for the need of AIJ.H+. The 
At/J might exert an electrophoretic effect on the transmembrane movement of 
polypeptide chains and/or influence the rate of the reaction by changing the 
kinetic parameters of membrane components. Dependence on ApH suggests an 
involvement of H+-transfer reactions. This view is corroborated by the finding 
that translocation is significantly retarded in D20 relative to H20. Incidentally, 
overproduction of some truncated forms of SecY dissipates AIJ.H+ (Ito, 1990), 
pointing toward the possibility of a H+-transfer activity of SecY. It should be 
kept in mind that many of the results described here were obtained by in vitro 
studies conducted with one particular precursor protein only. The energy require
ment of protein export, however, has been shown to vary dramatically with the 
precursor studied (Yamada et al., 1989; Ernst et al., in preparation). 

2.1.1g. Open Questions. Although transmembrane translocation of one 
precursor protein (preOmpA) has been reconstituted from a few defined compo
nents (Section 2.1.1) future work will have to address several unresolved prob
lems: (1) the translocation efficiency of these minimal in vitro systems is low 
(Brundage et al., 1990; Akimura et al., 1991), suggesting the need for auxiliary 
components; (2) SecY and SecE appear to act in concert with other membrane 
proteins, such as band 1 (Brundage et al., 1992), and Y dr (Ito, 1992), whose 
precise functions, however, are unknown; (3) certain precursor proteins appear to 
translocate into membrane vesicles independently of Sec¥ (Watanabe et al., 
1990); (4) the signal recognition process is poorly understood; whereas SecA 
seems to recognize positive charges of the signal sequence (Akita et al., 1990), 
the signal sequence binding subunit of the eukaryotic SRP binds via hydrophobic 
interactions (Zopf et al., 1990; High and Dobberstein, 1991); (5) E. coli contains 
a ribonucleoprotein analogous to SRP with an as yet ill-defined physiological 
function (Poritz et al., 1990; Ribes et al., 1990); specific cross-linking of the E. 
coli ribonucleoprotein to a eukaryotic signal sequence suggests that it interacts 
with signal sequences also in E. coli (Luirink et al., 1992); depletion of the E. 
coli homolog of the 54 kDa subunit of SRP causes a defect in the export of 
several precursor proteins (Phillips and Silhavy, 1992); and (6) most precursor 
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proteins can translocate posttranslationally in E. coli, but it is poorly understood 
whether components of the export apparatus associate with a nascent precursor 
molecule. 

2.1.2. Determinants of Protein Integration into the 
Cytoplasmic Membrane 

Integral membrane proteins (IMPs) are characterized by one or several 
stretches of mostly hydrophobic amino acids that are long enough (about 20 
residues) to span the plane of cellular membranes. These transmembrane seg
ments anchor the protein within the lipid bilayer of the membrane. The topogra
phy of an individual IMP is given by the number of transmembrane segments 
(single and multiply spanning), the localization and size of their extramembrane, 
hydrophilic domains, and the orientation of the NH2-terminus, being either on 
the trans-side of the membrane (so-called class I IMP) or alternatively on the cis
side (class II IMP). 

Unraveling the molecular prerequisites for the integration of IMPs is gener
ally hampered by the difficulty in experimentally assessing proper integration 
(resulting in an authentic topography and, consequently, functional activity of an 
IMP) as opposed to its mere association with the structures of the membrane. In 
contrast to completely translocated proteins, no proteolytic processing-i.e., 
removal of a signal sequence-accompanies the integration of an IMP into the 
membrane. In bacteria, glycosylation of the translocated domains of an IMP does 
not take place. Therefore, no natively occurring covalent modification serves as 
an indication for the correct integration of IMPs into the bacterial cytoplasmic 
membrane (an exception is the processing of the NHz-terminal Met discussed in 
2.1.2a). 

2.1.2a. Methodological Strategies to Assess the Topography of Bacte
rial IMPs. The direct embedment of a protein within the phospholipids of 
cellular membranes (not involving other proteins) renders this protein resistant 
toward extraction with protein denaturants such as Na2C03 at alkaline pH (Fujiki 
et ai., 1982) or 0.1 N NaOH (Russel and Model, 1982). Applied to bacterial 
membranes, a considerable amount of nonlipid anchored proteins turns out to be 
also nonextractable by Na2C03 (Ahrem et aI., 1989) unless the method is proper
ly modified (Ito and Akiyama, 1991). Similarly, 5-6 M urea releases periph
erally associated membrane proteins, whereas lipid-embedded proteins are not 
affected (Gilmore and Blobel, 1985). This method applied to in vitro assembled 
bacterial IMPs gives results comparable to other procedures that indirectly assay 
membrane integration of IMPs (Troschel et ai., 1992; Werner et ai., 1992). At 
9 M urea, however, even lipid-anchored proteins are solubilized (Tadros et al., 
1989), indicating that the effective concentration of urea needs to be determined 
individually. 
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Limited proteolysis of an IMP should result in a distinct set of proteolytic 
fragments protected against further degradation by the membrane lipids. The 
pattern of fragments thus created should be different from that of a nonintegrated 
or an incorrectly integrated form of the protein, which has in fact been demon
strated for bacterial IMPs (Ahrem et al., 1989; Werner et al., 1992). Both the 
kind and the number of fragments generated depend on the particular protease 
used and the conditions of incubation chosen (Stochaj et al., 1986). Furthermore, 
the stability of a newly inserted IMP monitored by a pulse/chase approach allows 
conclusion of whether or not correct, i.e., stable, integration has occurred (Bibi 
et al., 1991; Richter and Drews, 1991). 

In contrast to the aforementioned operational criteria, a direct probing of the 
membrane topography of an IMP can be achieved by assessing the degree of 
proteolytic degradation when the protease is added in situ from either side of the 
cytoplasmic membrane. Thus, periplasmic localization of parts of an IMP is 
concluded from partial proteolysis following addition of the protease to pulse
labeled E. coli cells whose outer membrane was permeabilized and therefore 
allows access to the periplasmic space (for example, Eckert and Beck, 1989; 
Kuhn et al., 1990; Nilsson and von Heijne, 1990; Yamane et al., 1990). Con
versely, cytoplasmic moieties of an IMP are rendered accessible to proteolysis by 
disrupting the spheroplasts or using inside-out plasma membrane vesicles 
(Seckler and Wright, 1984; Eckert and Beck, 1989). The transmembrane topog
raphy of an IMP is also probed using epitope-specific antibodies (Seckler et al., 
1986). Blockage of the NH2-terminus, reflected by the inability to perform 
Edman-degradation, is an indication for a periplasmic localization of the NH2-
terminus because the formylated NH2-terminal Met is removed when retained in 
the cytoplasm (von Heijne, 1989). The sidedness of the NH2-terminus can be 
determined also by chemical modification of the free a-NH2-grouP as shown for 
the tetracycline resistance protein (Eckert and Beck, 1989). 

Another way to analyze the transmembrane topography of an IMP is the 
molecular insertion of foreign protein domains whose membrane sidedness is 
easily tested. This has been verified by introducing a small antigenic peptide, the 
first 18 amino acids of the PO bacteriophage coat protein, at the beginning of E. 
coli signal peptidase I to immuno-Iocalize the NH2-terminus (Lee et al., 1992). 
Furthermore, a widely used technique is the fusion of (parts of) the gene encod
ing the IMP with that of signal sequence-free alkaline phosphatase (phoA) (Man
oil et al., 1990). PhoA exhibits enzymatic activity only when translocated to the 
periplasmic space where it can assemble into the dimeric structure required for 
activity (Manoil et al., 1990). In addition, periplasmic PhoA, as opposed to a 
cytoplasmically located enzyme, is protease-resistant. Thus, PhoA-activity of an 
IMP-PhoA-fusion protein is always an indication that the IMP-derived, NH2-
terminal fraction of the fusion protein must contain topogenic information for the 
translocation of the downstream PhoA-moiety. Instead of the phoA-gene the bla-
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gene encoding periplasmic 13-lactamase is also used to create these kinds of 
diagnostic fusion proteins (Zhang and Broome-Smith, 1990). 

Finally, an unequivocal proof of an IMP acquiring its authentic tertiary 
structure within the lipid environment of the membrane is its enzymatic activity, 
such as the catalysis of transmembrane transport processes (Bibi et ai., 1991; 
Ehrmann and Beckwith, 1991; Werner et ai., 1992). In the case of IMPs synthe
sized in vitro and assembled into membrane vesicles, this approach is more 
difficult to realize because of the minute amounts of IMP made by the usual in 
vitro systems. Nevertheless, enzymatic activity of two in vitro synthesized IMPs 
was demonstrated by a functional reconstitution of membrane vesicles that, prior 
to the experiment, lacked this activity (Ahrem et ai., 1989; Swidersky et ai., 
1992). Correct membrane assembly of in vitro synthesized photosynthetic pro
teins of R. capsuiatus (Troschel and Miiller, 1990) was indicated by the spec
troscopically verified formation of supramolecular complexes between protein 
and pigment molecules. 

2.t.2b. Topogenic Sequence Determinants of IMPs. The signals re
sponsible for the insertion of IMPs are called topogenic sequences (Blobel, 1980) 
and reside in and around the transmembrane segments of the membrane proteins 
(reviewed in Hartmann et ai., 1989; Saier et ai., 1989; Boyd and Beckwith, 
1990; Dalbey, 1990). They are defined as discrete regions that allow initiation 
(signal sequences) and termination (stop-transfer sequences) of polypeptide 
chain translocation. A stop-transfer sequence always leads to anchorage of the 
polypeptide chain within the lipid bilayer, whereas a signal sequence does so 
only if not cleaved during assembly of the protein (signal anchor or internal 
signal sequence). The final topography of an IMP spanning the membrane sev
eral times was proposed to result from the concerted action of pairs of signal 
anchor and stop-transfer sequences, the first one specifying translocation of 
downstream sequences, the second one halting this translocation process and 
thereby leading to the generation of cytoplasmic domains (Blobel, 1980). The 
functionality of multiple topogenic sequences within an IMP becomes manifest 
when these are individually fused to reporter proteins. This is the most direct way 
to disclose the topogenic information inherent to a given polypeptide chain 
segment. 

The topogenic information of prokaryotic IMPs is contained in their hydro
phobic transmembrane stretches and adjacent charged residues. The orientation 
of a topogenic sequence within the membrane bilayer is usually such that positive 
charges remain on the cis-side (i.e., cytoplasmic side) of the membrane. This 
was originally revealed by a statistical analysis of the distribution of charged 
amino acids within the cis- and trans-loops of IMPs ("positive-inside rule"; von 
Heijne, 1986). The fact that positively charged amino acids are usually not 
translocated across the membrane bilayer applies also to eukaryotic IMPs (von 
Heijne and Gavel, 1988) and is also verified for cleavable signal sequences 
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whose positively charged NH2-terminus remains cytoplasmic (reviewed in Mul
ler, 1992) and which become inactive upon introduction of positive charges at 
their COOH-terminal end (Yamane and Mizushima, 1988; Puziss et al., 1989; 
Summers et al., 1989; Summers and Knowles, 1989). 

In general, the distribution of positive charges around a transmembrane 
segment determines its orientation and consequently its topogenic information: 
Preceding positive charges render the following transmembrane segment a signal 
sequence (cleavable or internal); subsequent clusters of basic residues confer 
stop-transfer information on the preceding transmembrane segment. This has 
been experimentally verified by introducing positively charged amino acids be
fore and after the transmembrane segments of prokaryotic (Nilsson and von 
Heijne, 1990; Yamane et al., 1990) and eukaryotic (BeItzer et al., 1991; Parks 
and Lamb, 1991) IMPs and determining the transmembrane orientatiory6f the 
modified proteins. It was thereby shown that it is possible to reverse the orienta
tion of a transmembrane segment and that, if both boundaries of a trans
membrane segment contain positive charges, the dominating part of the to
pogenic sequence determining the orientation of the transmembrane segment 
appears to be the one that has a higher net positive charge and contains 
more Arg than Lys (charge-difference rule by Hartmann et al., 1989; Nilsson 
and von Heijne, 1990; McGovern et al., 1991 and references therein). The 
distance between the hydrophobic string and the basic amino acids influences the 
strength of the topogenic signal with a weakening concomitant with an increase 
in distance (discussed in Boyd and Beckwith, 1990). It should be mentioned, 
however, that exceptions to these rules have been described (Hartmann et 
al., 1989; Kuhn et al., 1990; Andrews et al., 1992; Krijnse Locker et al., 
1992). 

Central to the question of how a polypeptide chain assembles into a poly
topic IMP is whether the topogenic information of the most NH2-terminal to
pogenic sequence dominates in such a way that incorporation of downstream 
transmembrane segments follows passively in a sequential order. This problem 
was addressed experimentally by removing selected transmembrane segments of 
poly topic IMPs of E. coli and probing the topography of the truncated IMP using 
PhoA-fusions, protease-accessibility, and activity measurements (Bibi et al., 
1991; Ehrmann and Beckwith, 1991; McGovern et al., 1991). The results are in 
line with previous reports on eukaryotic IMPs (Audigier et al., 1987), demon
strating that COOH-terminal transmembrane segments contain topogenic infor
mation that is decoded separately from preceding topogenic sequences. Thus, 
whereas in certain instances removal of a transmembrane segment early in the 
protein causes inversion of the orientation of subsequent portions, compatible 
with a sequential mode of assembly (McGovern et al., 1991), strong COOH
terminal topogenic sequences counteract inversion in other constructs (Bibi et 
al., 1991; McGovern et al., 1991). In the latter cases the experimental strategy 
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employed to demonstrate topogenic information of COOH-terminal trans
membrane segments involved IMP-PhoA-fusions. This allows an accurate as
sessment of the sidedness only of those parts of the IMP that follow the late 
topogenic signal. Therefore, it remains essentially unclear as to how an IMP that 
contains an even number of transmembrane segments, so exposing NH2- and 
COOH-termini to the same side of the membrane, partially reorientates when one 
of the transmembrane segments is removed. Such a construct may now either 
adopt a new orientation with both termini pointing to opposite sides of the 
membrane or retain its original orientation, thereby forcing one hydrophobic 
segment to appose to, rather than traverse, the membrane. 

Although such truncated IMPs are artificial constructs (which might not 
even yield a homogeneous population of IMP molecules with the same topogra
phy, McGovern et al., 1991), the results obtained have an impact on the idea how 
IMPs might assemble into the bacterial cytoplasmic membrane. If late topogenic 
information exists within a polypeptide chain, the assembly process must ac
count for this by allowing late (i.e., stepwise) decoding of individual topogenic 
sequences. This might, at least potentially in the case of truncated IMPs, require 
correcting (reversing) of the transmembrane orientation of upstream stretches. 
This is difficult to reconcile with a co-translational insertion mode that usually 
might be the preferred one because of the hydrophobicity of IMPs (Ahrem et al., 
1989), unless a flip-flop mechanism is postulated, enabling postinsertional reor
ientation of transmembrane segments. Either such a situation does not occur in 
nature because the topogenic sequences have been selected in such a way that 
signal anchor sequences are always followed by stop-transfer sequences, a com
bination that does not require late corrections or, alternatively, the final insertion 
into the lipid is achieved from an insertion intermediate that might conceivably 
form on the surface of a soluble or membrane-bound chaperone. Accordingly, 
recent examination of the membrane topography of the E. coli tetracycline resis
tance protein employing PhoA-fusions suggested long-range interactions at least 
between the two adjacent transmembrane segments to guarantee proper insertion 
(Allard and Bertrand, 1992). These authors reported that fusions of PhoA to three 
predicted periplasmic segments of the tetracycline resistance protein gave low, 
rather than high, PhoA activity because aspartate residues near the middle of the 
preceding transmembrane segments prevented the latter from functioning as 
efficient insertion signal. In the full-length molecule, these weak topogenic sig
nals must then be somehow compensated for by flanking sequences provided that 
the proposed topography of this protein is correct. 

2.t.le. Does the Integration of Proteins into the Cytopl~mic Mem
brane of E. coli Depend on Sec-Proteins? As mentioned in the Introduction, 
eukaryotic IMPs are integrated into the ER membrane in an SRP-dependent 
fashion, suggesting that the ER-targeting mechanism is the same for both translo
cated and integrated proteins. Extending this notion to prokaryotic cells, one 
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would expect that the integration of IMPs into the cytoplasmic membrane of E. 
coli requires the Sec-proteins. 

In a global analysis Baker et al. (1987) found that in two secAls-mutants the 
rate of integration of newly synthesized total protein into outer- and inner
membrane fractions decreased by about 70% at the restrictive temperature. The 
Sec-dependence of several distinct cytoplasmic membrane proteins of E. coli has 
been investigated in more detail. In some cases fusion proteins consisting of 
(parts of) the IMP under investigation and a reporter protein such as PhoA 
(Gebert et al., 1988; Akiyama and Ito, 1989; Kuhn et al., 1990; McGovern and 
Beckwith, 1991) and others (Cobet et al., 1989; Kuhn et al., 1990; McGovern 
and Beckwith, 1991) were used for these studies. Only the fusion proteins made 
from MalF, a cytoplasmic membrane protein involved in maltose uptake, were 
reported to integrate properly in the absence of Sec-functions (McGovern and 
Beckwith, 1991), whereas all other fusions studied required Sec-proteins for 
membrane assembly. In these experimental conditions it is difficult to discern 
between the Sec-dependence of the integration of the IMP-moiety and that of the 
export of the reporter domain. The finding that the E. coli signal peptidase I 
(SPase I, leader peptidase) requires SecA and SecY for membrane assembly only 
if its large periplasmic domain has to be translocated across the plasma mem
brane (see below) suggests that the Sec-dependence of the fusion proteins listed 
above might actually reflect that of the fused hydrophilic portions. 

Sec-dependent integration has also been investigated for authentic IMPs of 
E. coli, including SPase I, lactose permease (LacY), MaIF, mannitol permease 
(MtlA), and Sec Y. Membrane-embedded SPase I has the NH2-terminus in the 
periplasm followed by a hydrophobic transmembrane segment, a 25-amino-acid
long cytoplasmic loop, a second transmembrane segment, and a large peri
plasmic domain comprising about two-thirds of the protein including the COOH
terminus (San Millan et al., 1989). Its membrane insertion requires SecA and 
SecY (Wolfe et ai., 1985). However, the insertion of SPase I becomes Sec
independent if the orientation of the protein is inversed (von Heijne, 1989), 
which can be achieved by reducing the positive net charge of the cytoplasmic 
loop of the protein (Nilsson and von Heijne, 1990). In this case the large peri
plasmic domain remains in the cytoplasm. Such constructs with inversed topog
raphy can be again rendered Sec-dependent if the now periplasmically located 
loop between the two transmembrane segments is increased in size. The degree 
to which translocation of the lengthened constructs requires SecA and Sec Y is 
linearily correlated with the length of the loop within a range of 25-55 amino 
acid residues (Andersson and von Heijne, 1993). Consequently, IMPs with less 
extended extramembrane domains might not use the Sec-dependent export path
way at all. Recent reports seem to confirm this notion. LacY, which spans the 
membrane 12 times with both NHz- and COOH-termini in the cytoplasm (Foster 
et ai., 1983; Seckler et ai., 1983; Calamia and Manoil, 1990), was found to be 
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enzymatically active in seeA- and seeY-mutant cells (Yamato, 1992). Using 
extractibility by alkali as a criterion for a lack of membrane integration, however, 
Sec Y was reported to be required for the membrane integration of LacY (Ito and 
Akiyama, 1991). 

The pattern of proteolytic fragments derived from MalF, an eightfold trans
membrane protein ofthe cytoplasmic membrane with an approximate 180-amino
acid-long periplasmic loop, was the same whether or not cells had been treated 
with sodium azide, which is known to inhibit SecA-functions (Section 2.1.1b). 
This finding suggests a SecA-independent integration of MalF (McGovern and 
Beckwith, 1991). Similarly, a combined in vitro and in vivo approach employing 
partial proteolysis and measurement of enzymatic activity to demonstrate proper 
membrane integration revealed that the assembly of mannitol permease in the 
cytoplasmic membrane of E. eoli proceeds in the absence of SecA, whereas Sec Y, 
either directly or indirectly, appears to be required for this process (Werner et al., 
1992). MtlA is an interesting IMP in that it possesses an NH2-terminal am
phipathic targeting sequence preceding the first hydrophobic transmembrane 
segment (Yamada et ai., 1991). Finally, SecY (for a model of its secondary 
structure see 2.1.1c) was recently found to integrate into cytoplasmic membrane 
vesicles lacking endogenous Sec Y. This was shown by a functional reconstitution 
of seeY-mutant membrane vesicles with in vitro synthesized wild-type SecY 
(Swidersky et ai., 1992). Collectively, these studies point to a SecA-independent 
integration of predominantly hydrophobic IMPs of the E. eoli cytoplasmic mem
brane, while the dependence on SecY appears to vary with the protein studied. 

The demonstration of a Sec-independent membrane assembly of some E. 
coli cytoplasmic membrane proteins raises the interesting, yet ultimately unre
solved, question as to which feature of an exported protein determines (i.e., 
mediates) Sec-dependence. As discussed earlier in this chapter, the translocation 
of large, hydrophilic domains appears to require Sec-functions. In accordance, 
the small bacteriophage M13 major coat protein inserts independently of 
SecA/SecY into the cytoplasmic membrane of E. coli during phage assembly. 
The 73-amino-acid-Iong precursor inserts into the membrane to give a topogra
phy with the NH2-terminus remaining cytoplasmic, the hydrophobic core of the 
signal sequence traversing the membrane, a 20-amino-acid-Iong periplasmic 
loop, a stop-transfer sequence, and a short, positively charged COOH-terminal 
peptide also facing the cytoplasm. However, the insertion of the precursor of the 
coat protein becomes Sec-dependent when its periplasmic loop is extended by a 
173-residue-Iong fragment of OmpA (Kuhn, 1988). These and other results have 
been interpreted such that the precursor of the M13 coat protein consisting of the 
two transmembrane segments and the short intervening sequence contains all the 
information necessary to spontaneously insert into the cytoplasmic membrane of 
E. eoli without the need for other proteins to mediate integration (Wickner, 
1988). The self-integrating tripartite structure of the M13 precursor protein was 
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tenned insertion domain (Dalbey, 1990), the tenn insertion sequence being origi
nally proposed to mean a signal that initiates integration of proteins into the lipid 
bilayer without protein effectors (Blobel, 1980). 

Similarly, the first transmembrane segment of SPase I and the subsequent 
positively charged cluster was shown to comprise a Sec-independent insertion 
signal (Lee et al., 1992), whereas the remainder of the molecule requires SecA 
and Sec Y for assembly. According to the proposed models (Wickner, 1988; 
Kuhn et al., 1990; Nilsson and von Heijne, 1990) the topographies of M 13 coat 
protein and SPase I are generated by an initial attachment of the two hydrophobic 
transmembrane segments of each protein to the surface of the cytoplasmic mem
brane from where spontaneous insertion occurs (M13 coat protein) or, alter
natively, where interaction with SecA/SecY takes place to catalyze inser
tion/translocation (SPase I, COOH-tenninal part). The latter situation would 
demand a similar integration intennediate, presumably on the surface of a mo
lecular chaperone as proposed above (Section 2.1.2b) to avoid reorientation of 
the transmembrane topography of IMP-constructs in which a late topogenic 
signal might supersede earlier ones. 

The findings discussed in the previous paragraph invoke the following ques
tion: Do IMPs of the E. coli cytoplasmic membrane, whose membrane integra
tion was shown to proceed in the absence of SecA and Sec Y, consist of a string of 
insertion domains similar to those described for the M13 coat protein? Alter
natively, does independence of SecA/SecY necessarily imply a nonprotein cata
lyzed integration mechanism? The involvement of translocators (pore- or 
channel-fonning membrane structures) (Singer and Yaffe, 1990; Lingappa, 
1991) in the temporary accommodation of translocating transmembrane seg
ments of ER membrane proteins prior to their release laterally into the lipid 
bilayer has been suggested to account for both the existence of protein
conducting channels (Simon and Blobel, 1991) and the cross-linking of nascent 
IMPs to ER membrane proteins (High et al., 1991; Thrift et al., 1991). Although 
similar pores have recently been detected in the E. coli cytoplasmic membrane 
(Simon and Blobel, 1992), the demonstration that proteins of this membrane can 
be cross-linked to a traversing IMP is still lacking. In view of the SecY
independent integration of some IMPs, this particular experimental approach 
should ultimately yield a clue as to the molecular environment of an IMP in statu 
integrandi. 

2.2. Outer Membrane of E. coli 

The outer membrane of gram-negative bacteria contains a relatively small 
set of IMPs (porins) whose function are mostly related to the uptake of nutrients 
(for a comprehensive review see Benz, 1988; Nikaido, 1992). Except for the 
murein lipoprotein (see below), which is anchored within the outer membrane by 
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a lipid moiety, outer-membrane proteins are poly topic transmembrane proteins. 
The native conformation of most outer-membrane proteins consists of trimers. 
Each monomer spans the membrane in multiple, antiparallel ~-strands, giving 
rise to the formation of an amphiphilic ~-sheet barrel as the structural basis for 
the pore function of these proteins (Walian and lap, 1990; Weiss et at., 1991). 

2.2.1. Topogenic Sequences of Oute .... Membrane Proteins 

Intensive studies have been performed to pinpoint stretches within the pri
mary sequence of outer-membrane proteins that are required for localization to, 
and incorporation into, the outer membrane. Whereas deletions throughout the 
molecule of PhoE all interfere with proper localization to the outer membrane 
(Bosch et at., 1986, 1988), the most COOH-terminal ~-strand of OmpA was 
elucidated as the important determinant for assembly of this protein into the outer 
membrane (Klose et at., 1989; Francisco et at., 1992). Although stretches of 
conserved amino acid sequences had been originally detected in several outer
membrane proteins and consequently regarded as candidates for topogenic sig
nals (Nikaido and Wu, 1984), it is unlikely that such localization signals are 
defined by the primary protein sequence. Rather, sequence determinants are 
required for the folding into the tertiary structure within the lipid bilayer, and this 
event might be severely altered if single amino acids are exchanged: Both intro
duction of a strand-breaking Pro into the most COOH-terminal ~-strand of 
OmpA (Klose et at., 1988) and the substitution of a tum-forming Gly in PhoE 
(de Cock et at., 1991) were found to affect membrane incorporation of the 
respective proteins. This Gly is the only strictly conserved residue in the segment 
of high homology between various outer-membrane proteins (Nikaido and Wu, 
1984). Many outer-membrane proteins of E. coli harbor a Phe-residue at their 
COOH-terminus, which, when removed, leads to a decrease in membrane inte
gration (Struyve et at., 1991). 

2.2.2. Assembly Pathway of Outer-Membrane Proteins 

A body of evidence has been presented for the existence of soluble peri
plasmic intermediates in the assembly process of outer-membrane proteins. Sub
fractionation of pulse/chase-labeled cells revealed soluble, periplasmic inter
mediates of TonA (FbuA, involved in uptake of iron chelates, lackson et al., 
1986) and the morphogenetic, gene IV-product of the filamentous phage f1, 
located to the outer membrane of the host cell and required for virus assembly 
(Brisette and Russel, 1990). Truncated forms of OmpA (Freudl et at., 1985) and 
PhoE (Bosch et at., 1986), constructed via deletion mutagenesis, were shown by 
immuno-electronmicroscopy to accumulate within the periplasm of E. coli. 
OmpF was secreted as water-soluble protein into the medium by spheroplasts of 
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E. coli (Sen and Nikaido, 1990), and an in vitro synthesized, signal-sequence
free form of PhoE was not recognized by monoclonal anti-PhoE antibodies 
specific for cell-surface-exposed conformational epitopes (de Cock et al. 1990). 
These results suggest that outer-membrane proteins pass through a soluble, peri
plasmic intermediate before they acquire their authentic conformation within the 
outer membrane. Transition from the soluble intermediate to the outer
membrane-embedded form of outer-membrane proteins is accompanied by the 
formation of trimers from monomeric subunits, possibly via dimers (Vos
Scheperkeuter and WithoIt, 1984; Reid et al., 1988; de Cock et al., 1990) as 
shown by use of epitope-specific antibodies and via the different temperature
dependent susceptibility of monomers and trimers toward denaturation by SDS. 
A processed but still membrane-associated form of OmpA, designated imp
OmpA (immature processed), was also described (Freudl et al., 1986). 

It should be mentioned that a different view has also been advanced. Ac
cording to this, outer-membrane proteins such as LamB are first integrated into 
the cytoplasmic membrane of E. coli from where they might reach the outer 
membrane by lateral diffusion via contact sites. This was inferred from the 
finding that LamB, after translocation in vitro into inside-out plasma membrane 
vesicles of E. coli, remained Na2C03-resistant as expected for a lipid-embedded 
protein. In contrast, LamB segregated within microsomal vesicles prepared from 
dog pancreas could be extracted by Na2C03 (Watanabe et al., 1986). 

2.2.3. Molecular Determinants of Outer-Membrane Assembly 

Few details are known about the molecular events following translocation of 
outer-membrane proteins across the cytoplasmic membrane prior to their sorting 
to the outer membrane. It is conceivable that oligomerization of outer-membrane 
proteins proceeds on the surface of molecular chaperones similar to what has 
been elucidated for the oligomerization of mitochondrial and chloroplast proteins 
by GroE-type chaperonins or of ER-proteins by BiP-hsp70 class chaperones 
(reviewed in Ellis and Hemmingsen, 1989). The existence of a periplasmic 
chaperone binding to outer-membrane proteins prior to their membrane assembly 
was inferred from a pleiotropic inhibition of outer-membrane protein synthesis 
by a truncated form of OmpA, which is thought to titrate the presumed chaperone 
by irreversibly binding to its free form (Ried et al., 1990b).· Current knowledge 
on distinct periplasmic chaperones, however, is scarce. A periplasmic peptidyl
prolyl-cis-trans-isomerase, also termed rotamase, has been identified and struc
turally characterized (Liu and Walsh, 1990; Hayano et al., 1991). A periplasmic 
protein involved in disulfide bond formation (protein disulfide isomerase) has 
also been discovered (Bardwell et al., 1991; Kamitani et al., 1992). Whereas 
these enzymes presumably catalyze protein folding like their eukaryotic counter-
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parts, a direct involvement of these chaperones in the oligomerization process of 
outer-membrane proteins has not been demonstrated. 

Recently a protein was identified within the periplasm of E. coli whose 
functional properties might well be compatible with that of an outer-membrane 
protein-specific chaperone. The protein Skp (seventeen kilodalton protein) was 
purified to homogeneity from a ribosomal salt-extract of E. coli by its ability to 
partially compensate the defect in translocation of preLamB into cytoplasmic 
membrane vesicles caused by a lack of SecA. A partial NH2-terminal sequence 
analysis revealed its identity with Skp of E. coli and OmpH of Salmonella 
typhimurium (Thome et al., 1990). The nucleotide sequence of skp disclosed the 
existence of a classical NH2-terminal signal sequence (Holck and Kleppe, 1988), 
suggesting a localization of Skp to the cell envelope. This was subsequently 
confirmed by subfractionation studies and the demonstration of a SecA/SecY
dependent translocation of Skp across the cytoplasmic membrane of E. coli 
(Thome and Muller, 1991). Despite the periplasmic destination of Skp within a 
living cell, its SecA-like activity in vitro suggests a possible interaction with the 
precursor of LamB and probably other outer-membrane proteins. Such a func
tional interaction of Skp with a precursor protein is also indicated by the finding 
that translocation of preLamB into cytoplasmic membrane vesicles proceeded 
with decreased efficiency upon immunodepletion of the cytosolic extract of E. 
coli used to synthesize preLamB (Thome et al., 1990). Interaction of Skp with 
precursor proteins in vitro, however, might simply reflect the potential associa
tion with loosely folded forms of an outer-membrane protein in the periplasm in 
vivo. The tendency of Skp to form oligomers and the mapping of its gene on the 
E. coli chromosome to a region specifying outer-membrane components and 
functions might all point toward a physiological function of Skp as a peri
plasmic chaperone involved in the posttranslocational biogenesis of outer
membrane proteins. A definite proof of this hypothesis, however, has not yet 
been arrived at. 

An involvement of outer-membrane lipopolysaccharide (LPS) in the biogen
esis of the oligomeric forms of outer-membrane proteins has also been demon
strated, yet appears to be protein-specific. The monomeric form of OmpF se
creted by spheroplasts is taken up by outer-membrane preparations and correctly 
converted into a trimeric conformation when Triton X-l00 or, alternatively, 
intact LPS is added (Sen and Nikaido, 1990, 1991), indicating that LPS functions 
as a soluble integration factor of OmpF. In accordance with this, the antibiotic 
cerulenin, which blocks fatty acid synthesis and thereby that of LPS, inhibits 
synthesis of OmpF (and OmpC) (Bocquet-Pages et aI., 1981). Conversely, syn
thesis and membrane incorporation of OmpA was not affected by the antibiotic 
(Ried et al., 1990a), and denatured OmpA refolded correctly into liposomes in 
the absence of LPS (Dornmair et al., 1990). 
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2.2.4. Lipoproteins 

The major outer-membrane (Braun's) lipoprotein of E. coli is a prototype of 
lipid-modified proteins of bacterial cell envelopes. It is first synthesized as a 
precursor protein that is translocated in a SecA-, SecD-, SecE, SecF-, and SecY
dependent manner across the cytoplasmic membrane. Prior to signal sequence 
cleavage the precursor is modified by a glyceryl-moiety attached to the prospec
tive NH2-terminal Cys of the mature protein. The glyceride is subsequently 
O-acylated before a lipoprotein-specific signal peptidase (SPase II; for a recent 
review see Muller, 1992), which is unique in its inhibition by the antibiotic 
globomycin, removes the signal sequence. The emerging a-NH2-group is finally 
N-acylated to form mature lipoprotein, which is anchored within the outer mem
brane by its lipid moiety and which is also covalently coupled via its COOH
terminal Lys to the murein layer (for a detailed discussion and references, see 
Hayashi and Wu, 1990). Interestingly, the lipoprotein precursor that accumulates 
in various sec mutants is not modified with glyceride, indicating that the Sec 
protein-dependent steps of lipoprotein's export precede its modification reactions 
(Sugai and Wu, 1992). 

3. PROTEIN INTEGRATION INTO THE MEMBRANES OF 
a-PURPLE BACTERIA 

Members of the group of facultatively photoheterotrophic bacteria, such as 
Rhodobacter sphaeroides and R. capsulatus, are capable of growth by aerobic 
and anaerobic respiration, fermentation, and anoxygenic photosynthesis. They 
have a typical gram-negative cell envelope when growing aerobically. Removal 
of oxygen from such a culture triggers a differentiation event of the cytoplasmic 
membrane, resulting in multiple invaginations termed intracytoplasmic mem
branes (ICM). The ICM, although contiguous to the cytoplasmic membrane, 
represent specialized domains containing specifically the photosynthetic 
pigment-protein complexes (reaction center, RC; and two light harvesting com
plexes, LH I and LH II), whereas other proteins such as substrate carriers appear 
to be restricted to the cytoplasmic membrane. Thus, photosynthetic membranes 
are induced in the absence of light, upon lowering the 02-partial pressure (gratu
itous event). Decreasing incident light intensities also regulate ICM synthesis by 
increasing the intracellular amount of ICM and changing their molecular 
composition-Le., inserting pigment-protein complexes into pre-existing ICM 
(nongratuitous event). The different ways of induction of ICM render this group 
of a-purple bacteria obviously an excellent system in which to study membrane 
assembly and differentiation. Although the physiology of ICM, the genetic orga
nization of structural genes for ICM components, their regulation, and the three-
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dimensional structure of the reaction center complexes have been extensively 
reviewed (Drews, 1985, 1986; Kiley and Kaplan, 1988; Deisenhofer and Michel, 
1989), few details are known about the assembly of photosynthetic and other 
proteins in these bacteria. 

3.1. Protein Targeting in Rhodobacter capsulatus 

No export-defective mutants have been isolated from Rho(iospirillaceae, 
and only very recently was the translocation of a precursor protein reproduced in 
vitro (Wieseler and MUller, 1992). Using a cell-free synthesis/export system, 
which allows translocation of R. capsulatus precytochrome C2 into ICM, and 
crosswise exchanging components of this system with a comparable one pre
pared from E. coli, no soluble R. capsulatus proteins were found that can 
functionally substitute for E. coli SecA and SecB. Nor was active SecA, being 
partially membrane-associated in E. coli, detected on R. capsulatus membrane 
vesicles. In accordance with the lack of a SecB-function, precytochrome C2 of R. 
capsulatus does not require SecB for translocation across the E. coli plasma 
membrane. Conversely, SecA has to be supplemented to achieve efficient trans
location of the E. coli preOmpA across the R. capsulatus plasma membrane. 
Translocation of the R. capsulatus precursor, however, is independent of SecA 
under these experimental conditions, as expected for an organism devoid of a 
SecA-analogue. These results seem to suggest that SecA- and SecB-like proteins 
are not involved in protein export of the a-purple bacterium R. capsulatus (Wies
eler et al., submitted). 

3.2. Assembly of Reaction Center Complexes 

Reaction centers (RC) consist of 1 : 1 : 1 complexes of two pigment-binding 
proteins, Land M, each spanning the membrane five times, and the nonpigment
binding protein H, which is anchored within the membrane by an NHrterminal 
transmembrane segment. Because the H subunit is found in aerobically grown cells 
that do not have detectable amounts of the other RC subunits and because its total 
cellular content is in excess ofL and M, it was suggested that H might fulfill a critical 
role in the membrane assembly of the two other subunits (summarized in Kiley and 
Kaplan, 1988). It is not known whether Land M form a complex prior to insertion or 
whether they are individually incorporated into the lipid bilayer of ICM. 

3.3. Topogenic Sites of Light-Harvesting Complex I Proteins 
of R. capsulatus 

The two proteins a and 13 of LH I (B870) are single-spanning IMPs with the 
two NH2-terminal peptides remaining in the cytoplasm. The opposite net charge 
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of both NH2-termini suggests a direct molecular interaction of both subunits. By 
deleting one of the two subunits and using Na2COrextraction of pulse/chase
labeled membrane proteins to assay for membrane integration, it was demon
strated that ~ inserts in the absence of a but does not remain as stably integrated 
as in the presence of a, whereas a alone could not be appreciably detected in the 
membrane. Pulse/chase-labeling experiments also revealed that when both pro
teins are co-expressed, the incorporation of ~ appears to precede that of a 
(Richter and Drews, 1991). 

Replacing the positively charged amino acids of the NH2-terminal a-peptide 
by negative residues using site-directed mutagenesis abolished assembly of LH I 
as judged by spectroscopic measurements and pulse/chase-labeling of the two 
proteins. Conversely, reversing the negative charge of the ~-subunit to a positive 
one resulted in a measurable complex formation of somewhat reduced stability 
(Stiehle et al., 1990). Similarly, replacement of the Trp-residue at position 8 of 
the LH I a-subunit, which is a highly conserved amino acid among a-peptides of 
LH I and LH II complexes of Rhodospirillaceae, prevented membrane integra
tion of the complex (Richter et al., 1991). This kind of study was extended to a 
more general mutagenesis of the NH2-terminal portion of LH II a, which alto
gether interfered with stable complex formation, indicating that the NHrtermini 
of LH-peptides contains important topogenic information (Babst et al., 1991; 
Richter et al., 1992). 
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