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■ Abstract The inner membranes of eubacteria and mitochondria, as well as the
chloroplast thylakoid membrane, contain essential proteins that function in oxidative
phosphorylation and electron transport processes or in photosynthesis. Because most
of the organellar proteins are nuclear encoded, they are synthesized in the cytoplasm and
subsequently imported into the organelle before they are inserted into the membrane.
This review focuses on the pathways of protein insertion into the inner membrane of
eubacteria and mitochondria and into the chloroplast thylakoid membrane. In many
respects, insertion of proteins into the inner membrane of bacteria is a process sim-
ilar to that used by proteins of the thylakoid membrane. In both of these systems a
signal recognition particle (SRP) and a SecYE-translocase are involved, as in translo-
cation into the endoplasmic reticulum. The pathway of proteins into the mitochondrial
membranes appears to be different in that it involves no SecYE-like components. A
conservative pathway, recently identified in mitochondria, involves the Oxa1 protein
for the insertion of proteins from the matrix. The presence of Oxa1 homologues in
eubacteria and chloroplasts suggests that this pathway is evolutionarily conserved.
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INTRODUCTION

Two unit membranes, similar to those of gram-negative bacteria, surround mito-
chondria and chloroplasts. Chloroplasts and photosynthetic eubacteria contain an
additional membrane system, the thylakoid membrane. Both mitochondria and
chloroplasts are believed to have evolved from prokaryotic ancestors, and these
organelles still exhibit some structural and functional similarities to prokaryotes.
For example, the organelles contain genomes that encode some of their proteins,
using their own protein synthesizing machinery. However, the protein conducting
capacity of mitochondria and chloroplasts is strongly reduced because the genes
originally encoded within these organelles were transferred to the nucleus. Now,
most mitochondrial and chloroplast proteins are synthesized in the cytoplasm and
are post-translationally imported into the organelle. In this review, we discuss
how proteins insert into the inner membrane of bacteria and how this process is
related to the translocation pathways of the mitochondria and of the chloroplast
thylakoid. Recent work shows that there are some similarities between the protein
insertion into the bacterial inner membrane and the chloroplast thylakoid mem-
brane. Mitochondria exhibit multiple mechanisms for inserting proteins into the
inner membrane that are quite distinct from the bacterial and chloroplast systems.
However, the import pathways of proteins from the matrix side to the mitochondrial
inner membrane may have been conserved from the bacterial ancestor.

Routing of nuclear-encoded proteins to the chloroplast and mitochondrion is
achieved by unique presequences typically located at the N terminus of the pro-
tein. Mitochondrial presequences are enriched in basic amino acids and form
amphipathic alpha helices that have positively charged amino acids on one side
and hydrophobic amino acids on the opposite face of the helix. The sequences
that target proteins to the chloroplast are typically rich in serine and threonine
residues but also contain basic amino acids. Receptor proteins localized in the
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outer membrane recognize the mitochondrial and chloroplast presequences. The
presequences are cleaved by the processing peptidase located in the mitochon-
drial matrix (MPP) or the chloroplast stroma (SPP), respectively. Translocation
of the proteins from the cytoplasm into the organelle occurs through channels in
the outer membrane that form transient contacts with a translocase localized in the
inner membrane. In addition to the matrix targeting presequence, some inner mi-
tochondrial membrane proteins contain a second signal that directs proteins to the
inner membrane and is cleaved by an inner membrane peptidase (IMP). Likewise,
thylakoid membrane proteins are often synthesized with bipartite presequences
consisting of a stroma targeting signal and a signal that directs that protein to the
thylakoid membrane. The stroma targeting signal is cleaved by SPP located in the
stroma and the thylakoid signal is cleaved by the thylakoid processing peptidase
(TPP) in the thylakoid membrane.

CLASSIFICATION OF MEMBRANE PROTEINS

Hundreds of membrane proteins with diverse orientations reside within the inner
membrane of eubacteria, mitochondria, and the chloroplast thylakoid membrane.
Some of these proteins perform the complex chemistry of oxidative phosphoryla-
tion in bacteria and mitochondria, or photosynthesis in the photosynthetic bacteria
and plant chloroplast, as well as transport processes and signaling functions. Mem-
brane proteins are classified according to their topology and whether they contain a
cleavable presequence (von Heijne 1992). Single-spanning bitopic membrane pro-
teins have their N termini facing the outside (Type I and III; away from the matrix,
the bacterial cytoplasm and the stroma, respectively) or the inside surface (Type II)
of the membrane. Type I proteins can possess a cleavable presequence that sup-
ports the insertion process, whereas type II and III proteins do not. Multispanning
membrane proteins are summarized as Type IV proteins. Polytopic membrane
proteins in bacteria lack presequences and insert directly from the cytoplasm. For
the inner membrane of mitochondria and thylakoid membrane only a few multi-
spanning proteins have been characterized so far in terms of their topology.

TOPOGENIC SEQUENCES

All membrane proteins contain sequence determinants called topogenic sequen-
ces that specify for their insertion into the membrane. These topogenic sequences
contain a hydrophobic region surrounded by hydrophilic amino acids. There are
at least four different topogenic sequences known within membrane proteins:
leader sequence, uncleaved signal sequence, stop-transfer sequence, and reverse
signal sequence. There are also sequences functioning as an insertion domain.
Leader sequences initiate translocation of the C-terminal hydrophilic regions
of proteins and are cleaved during translocation. In bacteria, only a few inner
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membrane proteins are known to possess a cleavable leader sequence. Examples
include the coat proteins of the M13 bacteriophage, which are made in precursor
forms. Uncleaved signal sequences, like cleavable leader sequences, initiate C-
terminal translocation of the polypeptide chain but remain as membrane anchor
regions. A well-characterized protein with such a topogenic sequence is theEs-
cherichia colileader peptidase (Dalbey & Wickner 1987, Dalbey et al 1987). Both
cleaved and uncleaved signal sequences are oriented within the membrane with
their N termini residing in the cytoplasm and their C termini at thetransside of the
membrane. In contrast, stop-transfer domains are oriented within the membrane
with the opposite orientation (Ntrans, Ccyto) and function to hold the translocating
polypeptide chain in the membrane. Reverse signals initiate translocation of the
polypeptide chain in the N-terminal direction and remain as transmembrane an-
chors (Kuhn et al 1990a). Insertion domains contain two hydrophobic segments
separated by a polar region and may insert spontaneously across the lipid bilayer.

In mitochondria and chloroplasts, the nuclear-encoded proteins destined to
the inner membrane or thylakoid membrane, respectively, often contain bipartite
presequences. The first part of these presequences target the protein to the lumen
of the organelle, whereas the second part mediates membrane integration.

How might topogenic sequences operate? Over two decades ago Blobel (1980),
in his signal hypothesis, proposed that membrane proteins contain signal and
stop-transfer sequences that initiate and stop translocation of a polypeptide chain,
respectively. Signal and stop-transfer sequences act independently and in an
N-terminal to C-terminal order. According to this hypothesis, a translocation ma-
chinery catalyzes the transfer of hydrophilic domains of membrane proteins across
the lipid bilayer and allows the hydrophobic regions of the membrane proteins to
integrate into the lipid bilayer. The translocation of a number of membrane proteins
has been shown to confirm the predictions of the signal hypothesis.

In contrast to what was predicted by the signal hypothesis, some proteins can
be inserted by a loop mechanism. Such proteins often contain an insertion domain
containing two hydrophobic regions separated by a small intervening hydrophilic
region (Engelman & Steitz 1981, Kuhn 1987). By this mechanism, both hydropho-
bic domains act in concert to initiate translocation of the central polar domain. No
protein channel is needed to facilitate translocation by this loop mechanism, as the
protein is believed to cross by interaction with the membrane lipids. This mech-
anism may be used by some multispanning membrane proteins for translocating
small domains to thetransside.

TRANSLOCATION OF PROTEINS ACROSS MEMBRANES

In mitochondria and chloroplasts, nuclear-encoded proteins must translocate across
the two membranes that form their boundaries. Translocation into the matrix of
mitochondria and the stroma of chloroplasts is mediated by translocases and is
ATP driven. Membrane translocation most likely occurs by a molecular motor
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or molecular ratchet mechanism (Schatz & Dobberstein 1996). In contrast to
the SecA-driven bacterial system where proteins are pushed across the membrane
(Wickner 1994), chloroplast and mitochondrial imported proteins are either pulled
across the membrane by the motor or translocated by Brownian motion. The im-
ported proteins are then physically trapped on thetransside of the membrane by
binding to chaperones. The trapping prevents the polypeptide chain from traveling
back across the membrane.

The Sec translocase facilitates the transfer of most proteins across the mem-
brane in bacteria (for review see Duong et al 1997c, Wickner & Leonard 1996). The
translocase is composed of six polypeptides: SecA (Oliver & Beckwith 1981),
SecY (Ito et al 1983), SecE (Riggs et al 1988), SecG (Douville et al 1994),
SecD and SecF (Gardel et al 1987, 1990), and YajC (Duong & Wickner 1997a).
SecB delivers most exported proteins to the translocase (Kumamoto & Beckwith
1983) by interacting with the membrane-bound receptor SecA (Hartl et al 1990),
which is part of the translocase. SecA is an ATPase (Lill et al 1989, 1990) found
both in the cytoplasm or associated to the membrane (Cabelli et al 1991, Oliver
& Beckwith 1982). SecA drives translocation of hydrophilic regions across the
membrane (Economou 1998) by undergoing cycles of membrane insertion and de-
insertion, which occurs upon ATP binding and hydrolysis, respectively. This SecA
cycle is coupled to preprotein binding and release, which promotes the stepwise
translocation of a preprotein across the membrane (Economou & Wickner 1994,
Economou et al 1995). The proton motive force stimulates protein translocation
by promoting membrane deinsertion of SecA (Nishiyama et al 1999). The integral
membrane component SecYE is believed to function as a protein channel through
which the exported proteins move (Hartl et al 1990). The membrane proteins SecG
and YajC, as well as SecD and SecF, which have large periplasmic domains, im-
prove the efficiency of translocation by regulating insertion-deinsertion cycles (Ni-
shiyama et al 1996, Duong & Wickner 1997b, Matsumoto et al 1998, Suzuki et al
1998). How SecG, YajC, SecD, and SecF enhance the SecA cycle is not known.

INSERTION OF BACTERIAL MEMBRANE PROTEINS

Research on how proteins insert into the bacterial membrane began in earnest in the
late 1970s and early 1980s. The research was confined primarily to two proteins,
the coliphage f1 gene III protein and the M13 major coat protein. These proteins
are both synthesized with a cleavable signal peptide. Each spans the membrane
once with its N terminus located in the periplasm and the C terminus located in
the cytoplasm after cleavage by leader peptidase has occurred.

As predicted by the signal hypothesis, Model and coworkers (Boeke & Model
1982) reported that the f1 gene III protein contains two topogenic sequences: signal
and stop-transfer. They showed that the hydrophobic region in the mature part acts
as a stop-transfer domain (Davis & Model 1985). This domain plays no role in the
translocation of the large hydrophilic domain but functions to stop the translocation
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of the polypeptide chain. The expectation was that a proteinaceous machinery
would facilitate the translocation of the large hydrophilic domain. However, the
signal/stop-transfer concept did not apply to all proteins. Wickner and coworkers
(Kuhn et al 1986b) showed that the membrane anchor region in the coat region was
just as important for insertion as was the signal peptide. They suggested that the
M13 procoat protein contains an insertion domain with two hydrophobic domains
that pair up and then insert directly into the membrane, independent ofsecAand
secY(Kuhn et al 1987).

The first membrane protein shown to require the Sec machinery was leader
peptidase, which spans the membrane twice. It has a 28-kDa periplasmic domain
that requires bothsecAandsecY(Wolfe et al 1985) in addition to the membrane
electrochemical potential (Wolfe & Wickner 1984) for export. Other membrane
proteins that require the SecYE translocase are the polytopic membrane proteins
Mal F (Traxler & Murphy 1996), Tsr (Gebert et al 1988), SecY (Werner et al
1992), and MtlA (Beck et al 2000).

It became apparent in early studies that no single mechanism explains the in-
sertion of proteins into the bacterial inner membrane. Today we know that there
are at least two widely used pathways for insertion (Figure 1, see color insert).
One involves the signal recognition particle (SRP) for targeting the protein to the
membrane; the Sec-translocase is required for the translocation of the hydrophilic
domains of the membrane protein across the membrane. The other pathway ap-
pears to be a Sec-independent mechanism, which in some cases, may not require
any protein component for membrane insertion.

SRP-Sec Pathways

The role of SRP in the membrane insertion of bacterial proteins was determined
rather late after seminal studies were done in the eukaryotic systems where it
was shown that SRP is required for translocation of exported proteins across the
mammalian ER membrane. In mammalian cells, SRP is a ribonucleoprotein with
six distinct protein subunits and a 7S RNA (Walter & Blobel 1980, 1982). SRP
binds the signal peptide of the nascent polypeptide chain as it emerges from the
large subunit of the ribosome. Synthesis of the polypeptide is then halted by this
binding and the nascent chain-ribosome complex is targeted to the membrane by the
interaction of SRP with the membrane bound SRP receptor. Soon after binding to
the membrane, SRP dissociates from the SRP receptor, protein synthesis resumes,
and the polypeptide chain translocates across the membrane through the Sec61
channel.

In 1989 and 1990,E. coli was discovered to have a homologue of the SRP
54 subunit, namely the 48-kDa protein Ffh. In addition, a 4.5S RNA (Bernstein
et al 1989, Poritz et al 1990) and the SRP receptor-like protein FtsY were found
(Romisch et al 1989). TheE. coli ffh (Phillips & Silhavy 1992) andftsY(Luirink
et al 1994) genes were discovered to be necessary for cell viability (Phillips &
Silhavy 1992). Although the exact role of SRP and FtsY inE. coli was initially
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controversial (Bassford et al 1991), they now appear to play an important role in
the targeting of membrane proteins to the cytoplasmic membrane. Crosslinking
studies with disuccinimidyl-suberate showed that Ffh is associated with nascent
membrane proteins such as FtsQ and leader peptidase (de Gier et al 1996, Valent
et al 1998). As expected for a targeting role, depletion of either Ffh or 4.5S RNA
had an adverse effect on the membrane insertion of leader peptidase (de Gier
et al 1996). Inhibition of the SRP pathway using a synthetic lethality approach
blocked the membrane insertion of several polytopic membrane proteins (Ulbrandt
et al 1997), but some integral membrane proteins, such as MalF or Tsr, were not
affected. Moreover, depletion of FtsY in the cell leads to a marked effect on
the insertion of Lac permease and SecY (Seluanov & Bibi 1997). In addition,
functional integration of Lac permease (MacFarlane & Mueller 1995, Jensen &
Pedersen 1994) was reduced when the 4.5S RNA synthesis was inhibited.

The SRP membrane protein targeting system and the SecB protein targeting
system are thought to converge at the translocase (Valent et al 1998). Mannitol
permease (MtlA) and the SecY protein, which are targeted by the SRP pathway,
require the Sec translocase. Their membrane insertion is inhibited when the SecY
translocase components are depleted in vitro. Surprisingly, the translocation of
SecY itself is independent of SecA (Koch et al 1999), whereas the translocation
of the C-terminal domain of leader peptidase requires SecA and SecY (Wolfe et al
1985). However, not all SRP-targeted proteins require the translocase: A truncated
ProW molecule consisting of only the N-terminal and the first transmembrane
segment did not require SecE but did need the SRP components for targeting
(Cristobal et al 1999). Presumably, alternative translocase complexes exist that
support translocation of large N-terminal hydrophilic domains.

For membrane proteins, an important question is when does the hydrophobic
signal sequence or membrane anchor region leave the translocase and integrate into
the bilayer. If a stop-transfer sequence is present downstream from the translocated
domain of a membrane protein, translocation must halt, and the protein must be
released laterally from the translocase complex to integrate into the lipid bilayer.
How does this occur? Recently, Wickner and colleagues showed that translocation
arrest by a stop-transfer domain is controlled by the SecYEG translocase. The
lateral release and membrane integration of the exported protein OmpA with a
synthetic stop-transfer sequence was directed by the hydrophobicity of the segment
(Duong & Wickner 1998). Such studies should also be done with bona fide
membrane proteins.

Direct Membrane Insertion Pathway

The paradigm for the Sec-independent insertion pathway is the M13 coat protein;
it is synthesized in a precursor form, termed procoat, with a cleavable signal
sequence. Studies show that its membrane biogenesis can be dissected into four
steps: targeting, hydrophobic partitioning, translocation of the polar region, and
leader peptidase cleavage. (a) Targeting the protein to the membrane requires
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the basic residues in the N- and C-terminal regions (Gallusser & Kuhn 1990).
This requirement most likely reflects the electrostatic binding of procoat to the
acidic phospholipid head groups. (b) The initial partitioning of procoat into the
lipid bilayer is driven by hydrophobic forces (Soekarjo et al 1996). In this step,
the hydrophobicity of the signal sequence and the membrane anchor sequence is
critical (Kuhn et al 1986a). Both hydrophobic regions synergistically contribute
to drive the protein into the membrane. (c). The translocation of the acidic loop
across the membrane is stimulated by the proton motive force. The transmembrane
electrical component is most likely important here, with the positively charged
periplasmic side of the membrane electrophoretically pulling the acidic protein
region across the membrane (Kuhn et al 1990b, Cao et al 1995). In the last step,
(d) leader peptidase cleaves procoat thus generating the mature coat protein and
the leader peptide (Shen et al 1991). M13 procoat was thought to insert by a
spontaneous mechanism because it does not require SecA or SecY (Wolfe et al
1985) and because it inserts in vitro into protein-free liposomes (Geller & Wickner
1985, Soekarjo et al 1996).

In this pathway, membrane insertion is driven by two forces: hydrophobicity
and the proton motive force (pmf). Hydrophobic force (Kuhn et al 1986a, Cao
et al 1995) seems to play the crucial role in membrane translocation. The pro-
ton motive force plays a secondary role and only stimulates the translocation. It
is required for translocation of negatively charged residues across the membrane
when the hydrophobicity of the leader sequence or the membrane anchor region
is decreased by deletions (TA Schuenemann et al 1999). The proton motive force
only promotes translocation when the region to be translocated contains acidic
residues (Kuhn et al 1990b, Cao et al 1995). The primary role of the hydrophobic
force for membrane insertion was also shown with the purified procoat protein
added to preformed liposomes containing diphenylhexatriene-modified phospho-
lipids. The protein insertion showed a standard free energy gain of1G0 of−10.4
kcal/mol, underscoring the thermodynamically favored membrane insertion of the
M13 procoat protein into lipid bilayers (Soekarjo et al 1996).

The major coat protein of thePseudomonas aeruginosaphage Pf3 is similar to
the M13 coat protein in that it also inserts into the bacterial membrane in a Sec-
independent fashion. In contrast to the M13 coat protein, Pf3 coat is synthesized
without a cleavable leader sequence. Basically, the two coat proteins share the
same topology: The Pf3 coat protein has an 18-residue periplasmic domain at the
N terminus, an 18-residue transmembrane segment, and an 8-residue C-terminal
tail. The Pf3 coat absolutely requires the electrochemical membrane potential for
insertion (Rohrer & Kuhn 1990). Its membrane translocation is not affected by
the temperature-sensitive mutations in the SecY or SecA protein, nor by azide,
which inactivates SecA (Oliver et al 1990). Notably, the translocation of the
N-terminal tail into the periplasm requires at least one acidic residue in that re-
gion, which suggests that a negative charge plays an active role in translocation
(Kiefer et al 1997). More recent studies show that it is primarily the transmem-
brane electrical component of the pmf that drives insertion. Interestingly, the



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 59

pmf is not only required to translocate the N terminus across the membrane but
also to maintain this domain in the periplasm (Kiefer & Kuhn 1999). The Pf3
coat protein was efficiently translocated in vitro into trypsin-treated membrane
vesicles where Sec-dependent proteins were blocked for translocation (Kiefer &
Kuhn 1999). Therefore, Pf3 coat inserts directly into the lipid bilayer or requires
a protein component that is protease resistant.

A Sec-independent mechanism is also proposed for the translocation of the N
terminus of leader peptidase, even though the Sec-pathway is needed for translo-
cation of the large C-terminal hydrophilic domain (Lee et al 1992). In contrast
to the Pf3 coat protein, translocation of the N terminus of leader peptidase to the
periplasm does not require the pmf (Lee et al 1992) unless the hydrophobicity of
the first hydrophobic region is decreased (Delgado-Partin & Dalbey 1998).

How prevalent is this Sec-independent insertion mechanism? Many believe it
is quite common. This is, however, a contentious point in the membrane field.
A number of investigators believe that the Sec-independent mechanism is quite
rare and applies only to viral coat proteins. These scientists believe that almost all
membrane proteins require the SecYE protein conducting pore for translocation
of hydrophilic domains of membrane proteins. Indeed, recent studies call into
question whether Sec-independent insertion really means that insertion is truly not
facilitated by the Sec machinery. Traxler & Murphy (1996) showed that small
amounts of the Sec-components are sufficient for MalF insertion, indicating that
the so-called Sec-independent MalF protein really is Sec-dependent. Likewise,
the Sec-independent inverted Lep (von Heijne 1989) appears to insert in a Sec-
dependent manner (de Gier et al 1998). In these latter studies, a conditionally
lethal strain was used where SecE was efficiently depleted. In the previous studies
temperature-sensitivesecAor secYmutants were used.

Extending the periplasmic loop of the M13 procoat protein changes the mem-
brane insertion from a Sec-independent to a SecA- and SecY-dependent mechanism
(Kuhn 1988). Mutants of leader peptidase behave similarly in their Sec depen-
dence, which corresponds to the length of the hydrophilic portion that translocates
across the membrane (Andersson & von Heijne 1993). Each translocated region
may require different components of the translocase.

YidC—A New Component Involved in Membrane
Protein Insertion

Another protein that might play an important role in the insertion of proteins into
the inner membrane ofE. coli, is the six-spanning membrane protein YidC. YidC
is the bacterial homologue of Oxa-l in mitochondia, which participates in a novel
pathway for insertion of polytopic membrane proteins into the mitochondrial inner
membrane (Hell et al 1997). YidC was recently found to be associated with the
Sec translocase complex and to interact with the transmembrane segment of the
membrane protein FtsQ during its insertion into the membrane (Scotti et al 2000).
When cells are depleted of YidC the membrane integration of the Sec-dependent
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proteins such as leader peptidase and ProW is impaired (Samuelson et al 2000).
Even the insertion of the Sec-independent M13 procoat protein, which was thought
to insert into the membrane by a spontaneous mechanism, is strongly inhibited in
the YidC-deficientE. colicells. The preproteins that are exported into the periplasm
or outer membrane are not affected under these conditions (Samuelson et al 2000).
This suggests that YidC is a new translocation component specific for membrane
proteins (Figure 1, see color insert). It may also function to catalyze the lateral
exit of transmembrane segments from the Sec translocase into the lipid bilayer.
This idea requires further investigation.

INSERTION OF THYLAKOID MEMBRANE PROTEINS

The protein import systems in the thylakoidal membranes in chloroplasts appear to
be analogous to the phylogenetically ancient insertion systems of cyanobacteria.
These systems could date back to the early eubacteria, which developed the special-
ized membranes of thylakoids. There are few comparative investigations between
chloroplasts, cyanobacteria, and purple bacteria (Heins & Soll 1998, Drews 1996,
Reumann et al 1999). Certainly, the study of these systems will elucidate the
evolution of the thylakoid system.

Most of the nuclear-encoded thylakoidal proteins in plants are synthesized in
a precursor form with an aminoterminal bipartite chloroplast presequence and are
imported from the cytoplasm into the stroma. These proteins bind to receptor
proteins at the outer envelope membrane of the chloroplast and then translocate
across both the outer and inner envelope membrane [for recent reviews see Chen
& Schnell (1999) and May & Soll (1999)]. The translocase complexes in the
outer and inner envelope membrane of chloroplasts are referred to as TOC and
TIC, respectively (Figure 2, see color insert). Toc160 and Toc34 are the receptor
proteins that mediate binding to the preproteins (Hirsch et al 1994, Kouranov &
Schnell 1997). Toc160 was originally identified as Toc86 since it was detected
as a proteolytic fragment. The receptor function might be regulated by GTP
binding of Toc86 and Toc34 (Kessler et al 1994). Toc75 is a protein-conducting
channel through which the preprotein is translocated (Hinnah et al 1997). In
the inner envelope, or associated with the intermembrane surface of the inner
envelope, are three membrane proteins, Tic110, Tic 55, Tic22, and a peripheral
protein, Tic20. The Tic proteins are associated with the TOC complex to form
a TOC-TIC supercomplex (Nielsen et al 1997, Kouranov et al 1998). Tic22 is
believed to function by recognizing the preprotein moving through TOC, based
on crosslinking of preproteins trapped during translocation (Wu et al 1994). The
exact function of Tic20 is not known, but it is proposed to be involved in protein
conductance (Kouranov et al 1998). Tic55, co-immunoprecipitated with Tic110,
contains a Rieske-type iron-sulfur center and a mononuclear iron site. Presently,
it is not clear which protein makes up the protein-conducting channel of the inner
envelope. Tic110 provides the docking site for the Hsp100 homologue ClpC in the
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intermembrane space (Nielsen et al 1997), which facilitates translocation across
the membrane. ATP is the only energy source required for the chloroplast import
process (Theg et al 1989). Its hydrolysis by stromal chaperones might pull the
preprotein into the chloroplast. Concomitantly, some proteins are folded by the
GroEL homologue Cpn60 in the stroma (Kessler & Blobel 1996), which is also
found close to TOC-TIC. After translocation, the presequence is removed by the
stroma processing peptidase (SPP).

Cyanobacterial homologues of Toc75, Toc34, Tic20, Tic22, Tic55, and Hsp110
were identified inSynechocystis(Reumann et al 1999, Soll & Tien 1998). This
corroborates the view that an early protein import machinery already existed in
cyanobacteria and that both chloroplast envelope membranes have evolved from
a cyanobacterial ancestor. The insertion pathways of membrane proteins into the
thylakoid membrane could be quite similar to those used in the inner membrane
of eubacteria. In the simplest pathway, proteins are believed to insert into the
thylakoid membrane in the absence of both soluble factors and proteinaceous
membrane components. This is similar to the direct insertion mechanism used
by some bacterial membrane proteins. The other assisted pathways require SecA,
SRP homologues, GTP hydrolysis, or1pH (Robinson & Mant 1997, Settles &
Martienssen 1998, Dalbey & Robinson 1999).

In vitro studies with isolated thylakoid membranes are useful in deciphering
membrane insertion pathways. In these studies, the radiolabeled preproteins are
incubated with thylakoid membranes and with (or without) stromal fractions, either
in the presence or absence of apyrase, which hydrolyzes ATP. The assisted path-
way is blocked when the stromal fraction is not added or when it is added together
with apyrase because the SRP/SecA pathways depend on nucleoside triphosphates.
Moreover, the assisted pathways are blocked when the membrane-bound translo-
case (presumably a Sec-like protein channel) is inactivated by mild pretreatment
of the thylakoids with proteases.

Direct Membrane Insertion Pathway

A growing number of proteins are found to insert into the thylakoid membrane
from the stroma by a direct or “unassisted” pathway (Table 1). These include
the single-spanning membrane proteins CFoII, PsbX, and PsbW, as well as the
polytopic membrane proteins Elip2 and PsbS ( Michl et al 1994; Kim et al 1998,
1999). Strikingly, these proteins are able to insert into the thylakoid membrane
in the absence of SRP, nucleotide triphosphates, SecA, a1pH, and a functional
SecYE complex. Since these proteins also insert into thylakoid membranes that
have been pretreated with protease, they might sponanteously translocate. A model
was proposed by Robinson & Mant (1997) for the membrane insertion of the ATP
synthase subunit CFoII, and the PsbX and PsbW protein of the photosystem II. In
this spontaneous model the membrane proteins insert by a similar pathway origi-
nally proposed for the M13 procoat protein. Remarkably, these thylakoidal pro-
teins do not require a transmembrane potential for insertion. This might correlate
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TABLE 1 Thylakoid membrane proteins

Direct pathway
PsbS
PsbW
PsbX
PsbZ
Elip2
CFoI
CFoII

SRP interacting proteins

CytF
LHCP
PsbA (D1)

Sec-dependent proteins

Cyt f
Tat-pathway

OE 16 kD
OE 23 kD
Psa N
Psb T

to the fact that thylakoid proteins possess higher hydrophobic forces that drive
membrane insertion. The membrane anchor regions of the thylakoidal proteins
are also much longer than the one found in the M13 procoat protein. Because the
M13 procoat protein requires YidC for membrane translocation (Samuelson et al
2000), these thylakoidal proteins might use the Albino3 protein, which is the YidC
homologue in chloroplasts (Sundberg et al 1997).

The thylakoidal proteins CFoII, PsbZ, and PsbW are synthesized in the cy-
toplasm with a bipartite presequence, containing an envelope transit signal and
a thylakoid signal sequence. The latter is reminiscent of a bacterial N-terminal
hydrophobic leader sequence. In addition, the mature regions of these proteins
possess a hydrophobic anchor domain. After the proteins translocate across both
envelope membranes, the stromal peptidase SPP removes the envelope transit
signal peptide. Targeting and binding of the preproteins to the thylakoid mem-
brane are believed to occur by electrostatic interactions with the positively charged
N-terminal signal peptide region and the negatively charged membrane surface.
The hydrophobic domains then insert into the membrane via a transmembrane
loop. This loop structure promotes the translocation of a hydrophilic domain
of 20 or fewer residues across the thylakoid membrane (Thompson et al 1998).
Cleavage by the thylakoid processing peptidase TPP generates the mature protein
in the transmembrane form.
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Interestingly, CFoI, a protein closely related to CFoII, is encoded by the plastidal
chromosome (Herrmann et al 1993). It is synthesized without a bipartite prese-
quence and has a presequence of 17 residues (Bird et al 1985). Michl et al (1999)
found that even this short presequence is not required for the translocation of the
8-residue long N-terminal tail of CFoI. In contrast, the N-terminal tail of CFoII,
which has additional charged residues, requires a thylakoidal signal sequence. This
is reminiscent of the Sec-independent insertion of Pf3 and M13 coat proteins that
translocate without a bacterial leader sequence when only few charged residues
are in the N-terminal region (Rohrer & Kuhn 1990).

SRP and Sec Pathways

Some thylakoid membrane proteins require the chloroplast homologue of the bac-
terial Ffh for targeting (Franklin & Hoffman 1993), as well as a FtsY homologue
(Kogata et al 1999) and GTP hydrolysis (Hoffman & Franklin 1994). Despite
the presence of these targeting homologues, no RNA component appears to be re-
quired for the chloroplast SRP. Rather, there is a novel SRP43 protein, an as yet not
well characterized 43-kDa polypeptide in the stroma (D Schuenemann et al 1998).

The best studied chloroplast thylakoid membrane protein in this pathway is the
light-harvesting chlorophyll a/b-binding protein (LHCP) of the photosystem II.
LHCP is synthesized with only an envelope transit sequence, which is cleaved
by SPP. The nucleotide GTP is sufficient for integration of LHCP into the thy-
lakoid membrane, and nonhydrolyzable analogs of GTP are inhibitory (Hoffman
& Franklin 1994). Recently, Hoffman and colleagues showed that in the stroma
LHCP is bound to a complex containing cpSRP54 and SRP43 (D Schuenemann
et al 1999). Both of these SRP proteins are necessary to form a transient complex
with LHCP, and they are, along with additional soluble factors, sufficient for the
post-translational targeting of LHCP to the thylakoid membrane.

SRP preferentially recognizes hydrophobic precursors such as integral mem-
brane proteins. In photocrosslinking experiments, efficient crosslinking was ob-
served for only those proteins that had hydrophobic signals (High et al 1997). The
SRP efficiently crosslinked to the D1 thylakoidal protein, as well as to LHCP at
its third transmembrane region (Nilsson et al 1999). Currently, the membrane
translocation components of this pathway are not characterized. It is assumed
that for some of these SRP-dependent membrane proteins, homologues of the
SecYE translocase will be required. The SRP and SecA-dependent pathways con-
verge at SecYE in bacteria (Valent et al 1998). Homologues of SecY and SecE
were found inSynechococcusPCC7942,Pisum sativum, andArabidopsis thaliana
(Nakai et al 1992, Laidler et al 1995) and are components of a 180-kDa complex
in Arabidopsis(D Schuenemann et al 1999). Interestingly, antibodies to SecY,
which inhibit Sec pathway substrates, do not inhibit the insertion of LHCP into
the thylakoid membrane (Mori et al 1999). This suggests that insertion, at least
for the SRP-dependent LHCP, does not require the SecYE translocase.
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The only integral membrane protein known to require SecA in thylakoids is
cytochromef. The addition of azide, which inhibits the SecA activity, slows the
insertion of cytochromef across the membrane (Mould et al 1997). Furthermore,
the insertion of cytochromef was inhibited in a SecA− mutant in maize (Voelker
et al 1997). Cytochromef might require SecA because it has a large lumenal
domain preceding the C-terminal transmembrane segment. The peripheral 33-kDa
membrane protein of the PSII oxygen-evolving complex in the thylakoidal lumen
requires SecA and SecY for correct import (Haward et al 1997, D Schuenemann
et al 1999).

Twin Arginine Pathway

The nuclear-encoded 16 and 23-kD proteins of the oxygen-evolving complex use
the twin arginine or1pH pathway for import into the thylakoidal lumen (Creighton
et al 1995, Chaddock et al 1995). Strikingly, they do not require stromal factors
or ATP for translocation. Similarly, the subunits N and T of photosystem I and
II, respectively, insert using this pathway. All these proteins are synthesized with
a bipartite presequence, which is processed by SPP first. The thylakoid signal
sequence has two arginine residues between the N and H region, similar to some
eubacterial proteins. Functional investigations showed that the import of these
proteins is sensitive to nigericin and that the twin arginines in the signal sequence
prevent the interaction with the components of the Sec-dependent pathway (Chad-
dock et al 1995).

In E. coli, periplasmic redox proteins were found that also contain a twin-
arginine motif in their leader sequence (Berks et al 2000). Thetat locus inE. coli,
containing four different genes, is required for twin-arginine protein translocation
(Sargent et al 1998); one of which showed homology to a maize gene involved in
the1pH-dependent pathway (Settles et al 1997). Other homologues of this gene
exist in Archaeoglobus fulgidusandPseudomonas stutzeri(Sargent et al 1998,
Glockner & Zumft 1996). The1pH pathway probably developed specifically for
the translocation of cofactor-binding proteins early in evolution. The mechanism
by which proteins are translocated by this pathway is unknown. It appears that
tightly folded proteins are transported by the central component TatC (Bogsch et al
1998) and that the bacterial and thylakoidal systems are interchangeable (Wexler
et al 1998).

INSERTION OF MITOCHONDRIAL INNER
MEMBRANE PROTEINS

Most inner membrane proteins of mitochondria are nuclear encoded and synthe-
sized in the cytoplasm. In yeast, for example, only eight proteins are encoded by
the mitochondrial DNA and synthesized in the mitochondrial matrix. The major-
ity of proteins directed from the cytosol to the mitochondrial inner membrane are
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made with bipartite presequences. These bipartite signals include an N-terminal
presequence followed by an intra-mitochondrial sorting sequence. However, some
mitochondrial inner membrane proteins are made with only an N-terminal prese-
quence or contain an internal targeting sequence that is not removed during export
(Stuart & Neupert 1996).

Current evidence demonstrates that more than one mechanism accounts for the
integration of inner mitochondrial membrane proteins. Of the varieties of mech-
anisms, the stop-transfer and conservative mechanisms are the most prevalent.
Before the mechanisms are discussed in detail, we describe the protein import
pathway from the cytoplasm into the matrix because some nuclear-encoded pro-
teins must first cross both the outer and inner mitochondrial membrane. Protein
import into the matrix involves five steps (Figure 3, see color insert): targeting to
the mitochondria, translocation across the outer membrane, translocation across
the inner membrane, removal of the matrix signal peptide, and folding in the matrix
(Hartl & Neupert 1990). In the cytoplasm, the mitochondrial-stimulating factor
(MSF) (Hachiya et al 1993) and Hsp70 (Endo et al 1996) promote export of a num-
ber of mitochondrial proteins by binding to mitochondrial exported proteins. MSF
binds selectively to certain preproteins, whereas Hsp70 binds to a wider range of
preproteins. Translocase outer membrane (TOM) and translocase inner membrane
(TIM) complexes mediate translocation across the outer and inner membrane. Pro-
teins are targeted in an ATP-dependent manner (Pfanner et al 1997, Hachiya et al
1993) to the outer membrane by interacting with membrane-bound receptors. The
receptor Tom20-Tom22 binds to preproteins containing N-terminal presequences
(Schneider et al 1991, Kiebler et al 1993, Brix et al 1997), whereas Tom70 prefer-
entially binds preproteins containing internal targeting signals (Schlossmann et al
1994, Brix et al 1997). After targeting, the preproteins interact with the TOM-TIM
complex.

Translocation across the outer membrane occurs through the Tom40 channel
(Pfanner et al 1997). Electron micrographs of purified and reconstituted Tom40
show an internal channel of about 2 nm (Kunkele et al 1998) through which pro-
teins can move. Tom40 forms a stable complex with Tom22. Translocation into
the matrix requires additional machinery within the inner membrane of mitochon-
dria called TIM. TIM and TOM likely form a supercomplex during preprotein
import into the matrix (Schulke et al 1999). To date, two different TIM com-
plexes, TIM22 and TIM23, have been characterized that are used by preproteins
recognized by Tom20 and Tom70, respectively. Preproteins with an N-terminal
presequence are translocated by the TIM23 complex that contains Tim17, Tim23,
and Tim44 (Berthold et al 1995, Blom et al 1995). Proteins with internal topogenic
sequences use the TIM22 complex made up of Tim22 and Tim54 and the associ-
ated proteins Tim9, 10, and 12 (Koehler et al 1998, Adam et al 1999). Tim23 and
Tim17 are most likely components of a preprotein-conducting channel because a
direct contact with a preprotein was detected (Ryan & Jensen 1993, Kubrich et al
1994). Initial translocation of the presequence through TIM23 could be driven
by an electrophoretic mechanism because the translocation depends strictly on
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1ψ (Martin et al 1991). Tim44 catalyzes the vectorial movement of preproteins
across the TIM23 complex. This occurs in conjunction with mitochondrial Hsp70
(Kronidou et al 1994, Rassow et al 1994, Schneider et al 1994). The interaction of
Tim44 with mt-Hsp70 in the matrix occurs in cycles that depend on ATP hydroly-
sis. Mge1 is also involved in import and folding of proteins in the matrix (Bolliger
et al 1994, Laloraya et al 1994). The bacterial homologue of Mge1 is GrpE, which
is a nucleotide exchange factor that promotes the release of nucleotides from the
chaperone DnaK (Schneider et al 1996). Therefore, Mge1 most likely promotes
import by interacting with mt-Hsp70.

After translocation across the inner membrane, the matrix-processing pepti-
dase (MPP) removes the targeting sequence (Kalousek et al 1993). The final step
involves folding of the imported protein in the matrix. This requires additional
chaperones such as Mdj1 (Westermann et al 1996), Hsp60 (Cheng et al 1989,
Ostermann et al 1989), and Hsp10 (Hohfeld & Hartl 1994).

Stop-Transfer Insertion

The best example of an inner membrane protein that uses a stop-transfer mecha-
nism is the single-spanning cytochromec oxidase subunit Va (CoxVa; Figure 3,
see color insert; see Table 2). Prior to assembling into the inner membrane, CoxVa
is synthesized in a precursor form with a matrix targeting signal and is imported
across the outer membrane via the TOM complex (Gartner et al 1995). A strong
dependence on the matrix Hsp70 for assembly into the inner membrane was found
(Gartner et al 1995), suggesting that the mtHsp70 catalyzes the translocation of

TABLE 2 Mitochondrial inner membrane proteins

Stop-transfer (TIM2)
Cox Va
LD

TIM22 pathway

AAC
PiC
DiC
OgC

Conservative pathway

ATP synthase subunit 9
CoxII
Oxa1

Mitochondrial-encoded proteins

Cox II (mt)
ATPase Su9
Cox III
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the short N-terminal region into the matrix (Cyr et al 1994). The transmembrane
segment is involved in halting translocation, most likely within Tim17-23. Consis-
tent with the transmembrane segment exerting a stop-transfer activity, a deletion
of this hydrophobic region leads to mislocalization of the protein to the matrix
(Glaser et al 1990).

Recently, the properties of a transmembrane segment that are required for stop-
transfer activity were investigated with D-lactate dehydrogenase (LD) (Rojo et al
1998). This protein, which is synthesized with a cleavable matrix signal, is located
in the inner membrane of mitochondria. It spans the membrane with an Nmatrix
and Cims orientation, with most of the protein exposed to the intermembrane space
region. Import into the mitochondria requires a transmembrane electrochemical
potential. The stop-transfer activity of the inner membrane signal depends on both
the cluster of charges on the C-terminal side of the transmembrane segment and on
the hydrophobicity (Rojo et al 1998). Deletion of the hydrophobic transmembrane
segment within a DHFR-LD fusion protein led to the import of the DHFR moiety
into the matrix. Increasing the hydrophobicity of the transmembrane region by
8-leucine residues led to the assembly of the protein into the outer membrane of
mitochondria. The mechanism by which a topogenic sequence acts as a stop-
transfer is not known. One possibility is that the cluster of charged residues may
slow translocation and allow inner membrane proteins to leave TIM23 laterally
into the lipid bilayer. Another possibility is that the charge cluster is recognized by
a protein component that disengages from the translocase and allows the protein
to integrate into the lipid bilayer.

TIM22 Pathway

A number of membrane proteins travel across the mitochondrial intermembrane
space in order to insert into the mitochondrial inner membrane (Koehler et al 1999,
Tokatlidis & Schatz 1999). These membrane proteins include the multispanning
mitochondrial inner membrane proteins, such as the ADP/ATP carrier (AAC), the
phosphate carrier (PiC), the dicarboxylate carrier (DiC), and the 2-oxoglutarate
carrier (OgC; see Table 2). The members of the mitochondrial carrier protein
family have six membrane spans and about 50-residue-long hydrophilic regions
within the matrix. The well-studied AAC protein binds to the Tom70 receptor first
and then translocates across the outer membrane (see Figure 3). AAC then binds
to a soluble intermembrane 70-kDa complex composed of three small proteins,
Tim9, 10, and 12, prior to interacting with Tim22 (Koehler et al 1998). Tim22
mediates the membrane potential–dependent insertion of the AAC protein into
the inner membrane. If the membrane potential is dissipated, the AAC protein
only partially translocates across the outer membrane and does not insert into the
inner membrane. For the AAC protein it was suggested that the intermembrane
intermediate protein is inserted as three modules, each having two hydropho-
bic regions and a connecting loop region (Endres et al 1999). Whereas the first
two loops translocate across the outer membrane, only the third loop shows a
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1ψ-dependent response to direct the insertion into the inner membrane. Another
protein that uses the TIM22 pathway is Tim23. However, it binds to a differ-
ent soluble complex in the intermembrane space made up of Tim8, 9, and 13.
The soluble complex escorts Tim23 to the TIM22 complex (Leuenberger et al
1999) where it then inserts into the membrane bilayer in a potential-dependent
manner.

Conservative Mechanism

Many membrane proteins are routed to the inner membrane by the so-called con-
servative mechanism, including subunit 9 of Fo-ATPase (Su9) (Figure 3) (Rojo
et al 1995), subunit II of cytochrome oxidase (CoxII) (Hermann et al 1995), the
Rieske FeS protein (van Loon & Schatz 1987), and the Oxa1 protein (Herrmann
et al 1997). In this pathway, proteins are first imported into the matrix, processed,
and then inserted into the inner membrane. The transmembrane region(s) acts as
a membrane insertion sequence (directed from matrix), but not as a stop-transfer
sequence. It is called the conservative mechanism because assembly from the
matrix into the inner mitochondrial membrane is reminiscent of bacterial mem-
brane insertion from the cytoplasm. Hence, this mitochondrial pathway may have
evolved from a bacterial pathway.

Su9, which spans the membrane twice with both its N and C termini located in
the intermembrane space, typifies a protein that inserts by the conservative pathway
(Figure 3). It is synthesized in a precursor form with a bipartite signal sequence
and is cleaved twice during assembly into the membrane. Using dihydrofolate
reductase fusions, Rojo et al (1995) showed that the first transmembrane segment
of Su9 is completely translocated into the matrix. After the removal of the matrix
targeting signal by MPP, the first transmembrane segment initiates the membrane
insertion and the export of the N-terminal region. Export of Su9 out of the matrix
into the inner membrane requires a pH gradient and ATP hydrolysis.

The precise mechanism by which inner membrane proteins are inserted from the
matrix is unknown. Possibly, there is a novel translocase that promotes membrane
potential-dependent insertion, one of the components being the Oxa1 protein. Re-
cent studies (Hell et al 1998) using a temperature-sensitive yeast mutant defective
in Oxa1showed that Su9, Oxa1, and CoxII accumulate in the matrix at the non-
permissive temperature. Moreover, Oxa1 was shown to interact directly with the
importing pCoxII polypeptide chains synthesized in vitro. The translocation of the
subunit II of cytochrome oxidase (CoxII) from the matrix into the intermembrane
space requires the electrical component of the membrane potential (Herrmann et al
1995). A membrane potential is also required for insertion of the nuclear encoded
Oxa1 ofSaccharomyces cerevisiae, which spans the membrane five times with
the N terminus located in the intermembrane space. Oxa1 is made in a precursor
form with a matrix targeting peptide. After cleavage of the imported Oxa1 by
the MPP, the membrane potential promotes insertion of the first transmembrane
segment and translocation of the negatively charged 90-residue tail. Subsequently,
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the other transmembrane segments insert into the membrane to generate the final
topology in the inner membrane (Herrmann et al 1997).

One of the issues in the mitochondrial field not studied extensively is how pro-
teins that are encoded by the mitochondrial genome assemble into the membrane.
One possibility is that a direct mechanism is used, similar to the bacterial coat pro-
teins (Clarkson & Poyton 1989). For more complex proteins, it was first believed
that they insert into the membrane from the matrix via a mechanism like that of
the Sec-dependent proteins in bacteria. This is unlikely because no SecA or SecY
homologues have been discovered in mitochondria. However, an intriguing possi-
bility suggests that that an additional translocase is involved that includes the Oxa1
protein (Hell et al 1997). The homologue of Oxa1 inE. coli plays an important
role in membrane protein insertion in bacteria (Samuelson et al 2000). In addition,
the homologue of Oxa1 inArabidopsis thalianawas capable of complementing a
yeast mutant inOxa1, which suggests the existence of an evolutionarily conserved
protein translocation pathway (Hamel et al 1997).

MEMBRANE PROTEIN ORIENTATION

Since 1986 it has been clear that there is a correlation in bacteria between posi-
tively charged amino acids flanking transmembrane segments and the membrane
topology (von Heijne 1986, Dalbey 1990). By statistical analysis it was found that
basic amino acids were four times more likely to be within cytoplasmic loops than
periplasmic loops, but less correlation was found with acidic residues. Later, a
charge bias was also found for membrane proteins in the endoplasmic reticulum,
chloroplasts, and mitochondria, suggesting that the positive-inside rule is quite
general in nature (von Heijne 1992, Wallin & von Heijne 1998).

The idea that positively charged residues were determinants of the membrane
protein topology was supported by site-directed mutagenesis studies (Laws &
Dalbey 1989, von Heijne 1989, Nilsson & von Heijne 1990) and PhoA fusion
studies (Boyd & Beckwith 1989). The topology of leader peptidase could be
inverted by altering the basic residues flanking a transmembrane segment (von
Heijne 1989). Whereas arginines have slightly higher determinant power than
lysines, no effect was seen with histidine residues (Andersson et al 1992).

What is the physical basis of the positive-inside rule? Examination of membrane
properties raises several possibilities. The surface charge of a typical membrane
is negative due to the phospholipid headgroups. The basic residues on membrane
proteins may bind electrostatically to the acidic phospholipid head groups and
thereby be retained in the cytoplasm (Gallusser & Kuhn 1990). Likewise, the
topology of leader peptidase was affected by manipulating the amount of acidic
phospholipids withinE. coli (van Klompenburg et al 1997). Another possible
determinant is the pmf wherein the periplasmic face of the membrane is positively
charged and the cytosolic face of the membrane is negatively charged. Evidence for
this comes from studies in which a topology reversal of leader peptidase occurred
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upon dissipation of the transmembrane potential (Andersson & von Heijne 1994).
Although the effects of the pmf on the translocation of positively charged residues
were not shown directly in this study, recent work definitively shows that the pmf
hinders translocation of basic residues and is thereby a determinant of the positive-
inside rule of membrane proteins (TA Schuenemann et al 1999). A third possible
way positively charged residues could be retained in the cytoplasm and act as
topological determinants may be the transmembrane dipole potential. This dipole
potential (positive inside the bilayer) is such that positively charged residues would
be impeded from entering the membrane (Flewelling & Hubbell 1986).

An interesting investigation was recently reported using membrane proteins of
Sulfolobus acidocaldarius. This archaeal organism lives in a highly acidic envi-
ronment (pH 0.5–2.5) and has a positive-inside electrical potential that maintains
an internal neutral pH and a1ψ of −200 eV (Moll & Schafer 1988). Analysis
of SecY and subunit 1 of cytochromec oxidase showed that the charge bias of
the hydrophilic loops of these proteins is also positive inside (van de Vossenberg
et al 1998). This implies that the positive-inside rule is not related to the mem-
brane potential and rather that the electrostatic interactions may be the functional
basis.

The positive-inside rule also applies to thylakoid membrane proteins and to
mitochondrial-encoded inner membrane proteins (Gavel et al 1991, Gavel & von
Heijne 1992). In these proteins, the positively charged residues in the hydrophilic
loops are located in the chloroplast stroma and mitochondrial matrix. Interest-
ingly, most of the inner membrane proteins that are nuclear encoded do not show
this positive-inside bias. Rather, they show a bias for glutamic acid residues in the
hydrophilic loops that face the mitochondrial inner membrane space. Recently,
Rojo et al (1999) studied a derivative of preSu9 ofNeurospora crassaand showed
that this protein adheres to a negative-outside paradigm. The model protein pre-
Su9-DHFR spans the inner membrane once with its N-terminal tail in the inter-
membrane space and the DHFR region in the matrix. The N-terminal tail located
in the intermembrane space has a net negative charge with two glutamic acid
residues and one lysine residue, whereas the C-terminal domain bordering the
transmembrane segment is positively charged. Rojo et al (1999) showed that the
N-terminal tail must contain a net negative charge for export. Reversing the net
charge flanking the hydrophobic segment resulted in an inverted protein.

The orientation of the single-spanning Pf3 coat protein is also determined by
negatively charged residues in the periplasmic region (Kiefer et al 1997). The
Pf3 coat protein has two negatively charged residues in the periplasmic tail and
two basic residues flanking the single transmembrane segment on the cytoplasmic
side. All positively charged residues can be removed from the Pf3 coat protein,
and the protein still inserts into the membrane with the same defined topology as
long as one negatively charged residue is present in the periplasmic domain and
an electrical potential across the membrane exists (Kiefer & Kuhn 1999). This
finding is consistent with the idea that the electrical gradient1ψ across the inner
membrane acts directly on the negatively charged residue within the protein.



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 71

ASSEMBLY OF MEMBRANE PROTEINS

Once polytopic membrane proteins insert into the membrane, the next step in the
folding pathway is the formation of the transmembrane domain structure by the
interaction of several transmembrane helical regions. Many membrane proteins
are organized as complexes consisting of a number of subunits. Each subunit must
recognize the partner protein(s) and interact. Recent research has shed some light
on these interesting processes. Another related problem for future research is the
ordered disassembly of membrane complexes. Mechanisms must exist to replace
malfunctioning subunits in an assembled complex.

Membrane Anchoring and Folding of Transmembrane Helices

Membrane-spanning regions within integral membrane proteins function to hold
the protein in the lipid bilayer. Typically, these regions consist of 20 or more non-
polar amino acids (Kuroiwa et al 1991). Sixteen non-polar residues are sufficient
for anchoring a protein. However, it can be as short as 11 residues if the region has
a high degree of overall hydrophobicity (Davis & Model 1985, Davis et al 1985,
Chen & Kendall 1995). For some proteins, flanking polar residues are involved
in the anchoring (Kuroiwa et al 1991, Falcone et al 1999). In membrane anchor-
ing, hydrophobicity is an important property. The hydrophobicity is measured
as the sum of partition coeffients of the individual amino acyl residues within a
hydrophobic phase and can be calculated as the Gibbs free energy Go (Engelman
et al 1986). In addition, the free energy of each peptide bond in the membrane must
be considered in the context of H-bonding interactions (White & Wimley 1998).
The conformational state of the protein is, therefore, important in thermodynamic
considerations. If the conformation of a transmembrane protein isα-helical, the
cost of free energy is much lower than if it is in an unordered state.

The structure of integral membrane proteins are of two basic types. One is
theα-helical transmembrane segment type and the other is theβ-sheet type. The
β sheets forming barrel structures are predominantly found in porins, which are
located in the outer membrane of bacteria, mitochondria, and chloroplasts and
are not discussed here. All organellar and bacterial inner membrane proteins known
so far are of theα-helical type. The size of theα-helical transmembrane segments
are inferred from structures of membrane proteins crystallized in detergents and
are an average of 26.4 residues (Bowie 1997). The transbilayer distance of a
membrane is about 6 nm, which includes a hydrocarbon core of 3 nm and a
interface region of 1.5 nm including the phospholipid head groups (Gally et al
1979, 1980). Significantly, anα-helix of about 20 residues matches with the
thickness of the hydrocarbon core of a membrane. In the interface region of the
membrane, certain amino acid residues of membrane proteins are preferentially
positioned in proteins. Phenylalanine and tryptophan are often found at the ends
of membrane-spanning regions where they interact with the phospholipid head
groups (Wallin et al 1997, Spruijt et al 1996).
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Packing of Transmembrane Helices

How do transmembrane regions interact? This question was investigated for gly-
cophorin A (Lemmon et al 1992), the M13 phage coat protein (Haigh & Webster
1998), and the transmembrane region of phospholamban (Arkin et al 1997), a Ca2+

ATPase in the cardiac sarcoplasmic reticulum. We concentrate on what is known
about the transmembrane interactions for glycophorin, a protein that spans the
membrane with a stretch of 23-amino acid residues. The single transmembrane
segment of glycophorin can form stable dimers even in SDS micelles (Lemmon
et al 1992). Mutagenesis experiments (Fleming et al 1997) identified the criti-
cal residues for dimerization, which were along one face of the transmembrane
α-helix. The dimerization domain motif is LixxGVxxGVxxT, with xs standing for
amino acids that can be exchanged with little effect on dimerization, whereas the
other amino acids play an important role in the dimerization process. Using this
information, computational methods were used to build a three-dimensional model
of the right-hand dimer where the helix faces, which are critical for packing, are
formed by the residues that are very sensitive to mutagenesis. The NMR struc-
ture of a glycophorin A dimer in dodecylphosphocholine (MacKenzie et al 1997)
proved the model valid. In the case of phospholamban, which forms a pentamer
via its transmembrane helical regions, the critical residues are L37, I40, I44, and
I47. These results and others suggest that the intolerant residues cluster on one face
of the helix when projected at 3.5 residues per turn. The M13 major coat protein
also forms a dimer via the transmembrane helical regions prior to the assembly
onto phage particles (Haigh & Webster 1998). This was shown by disulfide bond
formation of cysteine residues placed along the helix.

In polytopic membrane proteins, many transmembrane helices interact and con-
tribute to the specific three-dimensional arrangement. In fact, some helices can
find their appropriate partners even if the membrane protein is made as fragments.
This was nicely demonstrated with Lac permease, which spans the membrane
12 times. Ehring and coworkers (Wrubel et al 1990) showed that Lac perme-
ase still functions when it is synthesized as two split proteins. Bibi & Kaback
(1990) made a split Lac permease with an N-terminal fragment spanning the
membrane 6 times, and a C-terminal fragment spanning the membrane 6 times.
The two fragments inserted into the membrane independently and, amazingly,
found each other to form a functional permease. Different combinations of Lac
permease fragments were combined and showed similar reconstitution capability
(Wrubel et al 1994). Within Lac permease the packing of the helices was de-
termined, despite the lack of a three-dimensional X-ray crystal structure, using
site-directed spin labeling and crosslinking studies (Wu & Kaback 1996, Wolin
& Kaback 1999). This protein is also a good example of a membrane protein
with intramembrane salt bridges (Sahin-Toth et al 1992). Helices VII and X are
connected by D240 and K319, and helices VII and XI are connected by D237 and
K358. Similarly, precise contacts between helices VIII and X, and between IX and
X, were shown by excimer fluorescence (Jung et al 1993). Helix-helix contacts
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of bacteriorhodopsin were determined by electron diffraction studies (Grigorieff
et al 1996), by structural analysis with X-ray crystallography (Pebay-Peyroula
et al 1997, Luecke et al 1998), and via site-directed spin labeling (Altenbach et al
1990).

Transient interactions between two hydrophobic regions may also occur dur-
ing membrane insertion. This interaction was proposed for the insertion of the
M13 procoat protein, which requires the hydrophobic signal sequence and the
hydrophobic membrane anchor region. These two hydrophobic domains enter
the membrane and insert as a helical hairpin (Kuhn 1987). Alternatively, the tight
packing of membrane proteins may occur as a late step. Popot & Engelman (1990)
proposed a two-stage mechanism. In the first stage, the protein helices are sur-
rounded by lipid molecules and are distant from each other. In the second stage
they interact with their interfaces and the final folded structure forms.

Oligomeric Assembly of Membrane Complexes

One of the most challenging future problems in membrane biology is charac-
terizing the mechanism of assembly of complexes in the membrane. Following
the membrane integration of the individual proteins, a defined order must assure
that the correct complexes are assembled in a sequential process. This process
may be very complex, as in the case of the mitochondrial cytochromec oxidase,
which is composed of 13 subunits. Many of the steps in the formation of mem-
brane complexes—membrane insertion, cofactor binding, folding, and quarternary
assembly—are poorly understood.

Although daunting, studies of the assembly of many membrane complexes
possessing multiple membrane-spanning subunits, organic cofactors, and metal
clusters are underway. The photosynthetic reaction center ofRhodopseudomonas
viridis and the ATP synthase and cytochromec oxidase ofE. coli are attractive
models for these studies because their structures are solved at high resolution
(Deisenhofer & Michel 1991, Michel et al 1998, Rastogi & Girvin 1999). The cy-
tochromec oxidase assembly pathway has been addressed in yeast and eubacteria.
Cytochromec oxidase is the terminal enzyme in the mitochondrial and bacterial
respiratory chains. The mitochondrial enzyme contains 13 subunits and the bac-
terial enzyme contains 4 subunits. In mitochondria, the deletion of subunit IV,
VI, VII, and VIIa leads to the loss of cytochromec oxidase activity. Most likely,
these nuclear-encoded subunits are important for either the folding or the stability
of the mitochondrial encoded subunits I, II, and III in the holoenzyme (Poyton
& McEwen 1996). The assembly of cytochromec oxidase also depends upon a
number of proteins that are not part of the oxidase complex. For instance, Cox10
and Cox11 genes encode proteins that are involved in the heme A biosynthetic
pathway. Heme A is necessary for assembly or stability of protein subunits within
the enzyme complex. Also,Cox17, a gene encoding a protein important for copper
delivery to mitochondria, is necessary for the formation of a functional cytochrome
c oxidase molecule (Glerum et al 1996). The results with cytochromec oxidase
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are typical of the assembly of other membrane complexes. That is, membrane
complexes are often unstable when one of the subunits is not expressed (Baba et al
1994, Omote et al 1998). The addition of a metal ion or cofactor is also necessary
for correct folding or in vivo stability.

Another example where the assembly of membrane complexes is studied is the
ATP synthase of mitochondria andE. coli (Straffon et al 1998, Deckers-Hebestreit
& Altendorf 1996). Here, the formation of a dimer between two b subunits was
found to be a prerequisite if assembly of the F1 part is to occur (Sorgen et al 1998).

Membrane complexes are detected by extraction methods using mild detergents.
For example, the Sec-translocase complex was extracted withβ-octylglucoside
(Brundage et al 1990). When digitonin was used for extraction, the loosely bound
components SecD, SecF, and YajC remained bound to the complex (Duong &
Wickner 1997b). Also, blue native gel electrophoresis traps membrane complexes
simultaneously, thus allowing estimation of the molecular weight of the complexes
(Dekker et al 1997). An attractive approach for studying the assembly of mem-
brane complexes is the reconstitution into liposomes, which was studied with the
photosystem I of cyanobacteria (Kruip et al 1999). However, the details of the
assembly process remain incomplete.

CONCLUDING REMARKS

Protein insertion into membranes in bacteria and the chloroplast thylakoids are
conserved and quite similar. These systems use both the Sec-pathway and Sec-
independent pathway. The only difference is that in chloroplasts the proteins
must first be imported into the stroma, prior to using these conserved pathways.
In bacteria and chloroplasts, the key components of the Sec translocase, namely
SecA, SecE, and SecY, and the components of the targeting pathway, SRP and
the SRP receptor FtsY, are all present. The Sec-independent pathways seem to
apply to those proteins that have short hydrophilic regions to translocate across the
membrane. The twin-arginine translocation pathway (or1pH pathway) is used
for insertion of some peripheral membrane proteins as well.

The mechanism in mitochondria is different and a little more complicated.
A conservative pathway is present but is used for only certain inner membrane
proteins. In the stop-transfer pathway, translocation of the inner membrane protein
is halted as it passes through the TIM23 channel. In the conservative mechanism,
nuclear-encoded mitochondrial inner membrane proteins are imported first into
the matrix and then inserted into the inner membrane. The insertion of proteins
from the matrix is analogous to the bacterial pathway. Some inner membrane
proteins require Oxa1 for insertion, of which homologues exist in bacteria and
chloroplasts. Interestingly, YidC, the bacterial homologue of Oxa1, is important
for membrane protein insertion inE. coli. Whether mitochondrial-encoded inner
membrane proteins also use a translocase, such as Oxa1, is an open question. A
Sec translocase clearly is not used; mitochondria do not have SecA, SecY, SecE,
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SRP, or FtsY homologues. Finally, there are at least two pathways (one involves
Tim9/10 and the other Tim 8/13) that direct mitochondrial inner membrane proteins
through the intermembrane space.

Both bacterial and organellar systems require translocases to pass proteins
across the membrane. With this commonality, it is puzzling that the major translo-
cases SecYEG, TOM-TIM, and TOC-TIC are not evolutionarily related. This
might be due to the direction of the transport, i.e. proteins are exported in bacteria
but imported into chloroplasts and mitochondria, having lost most of their genome.
These organelles had to invent new protein machineries to import nuclear-encoded
proteins from the cytoplasm. The bacterial Sec-system was limited to export func-
tion only and could not convert into an import machine. The mitochondrial TIM
was derived most likely from a bacterial permease, since sequence homology was
found between Tim 17, 22, and 23 with LivH ofE. coli (Rassow et al 1999).
In contrast to the mitochondria, the chloroplasts kept the bacterial-derived Sec-
system, along with the newly developed TOC-TIC complex. Protein insertion
systems that play an essential role for membrane proteins were evolutionarily con-
served among the bacterial and organellar membranes. Homologues of the Oxa1
protein are found in mitochondria, chloroplasts, and bacteria. In addition, homo-
logues that are not directly functionally related have also been detected. Toc36 of
the outer envelope membrane shows homology to the bacterial SecA (Pang et al
1997).

In essence, it was the evolutionary change after endosymbiosis that led to the
development of new translocases that use similar mechanisms. In mitochondria,
the translocase catalyzes translocation and lateral integration of hydrophobic seg-
ments into the bilayer by a stop-transfer mechanism. The translocases work in
conjunction with the protein folding and secondary translocation systems that de-
scended from a bacterial ancestor. The evolution of these pathways in this manner
explains why some mitochondrial proteins are first transported into the matrix
and are then inserted into the inner membrane by a bacterial-type conserved path-
way.

Our knowledge of the similarities of the export pathways used to insert pro-
teins into membrane provides the impetus for the elucidation of the underly-
ing molecular mechanism. More emphasis must be directed toward unraveling
the structure/function details of the Tim, Tic, and Oxa1 proteins so that the
mechanism of how proteins are inserted into the membranes may be under-
stood.

ACKNOWLEDGMENTS

We thank Tilmann Roos for the art work. Thanks also go to Joseph Carlos, Aria
D Smith, and Doro Kiefer for their helpful comments on the manuscript. Work
in the authors’ laboratories was supported by a grant from the National Science
Foundation (MCB-9808843) to RED and by a grant Ku 749/1 from the Deutsche
Forschungsgemeinschaft to AK.



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

76 DALBEY ¥ KUHN

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

Adam A, Endres M, Sirrenberg C, Lottspeich F,
Neupert W, Brunner M. 1999. Tim9, a new
component of the TIM22.54 translocase in
mitochondria.EMBO J.18:313–19

Altenbach C, Marti T, Khorana HG, Hubbell
WL. 1990. Transmembrane protein structure:
spin labeling of bacteriorhodopsin mutants.
Science248:1088–92

Andersson H, Bakker E, von Heijne G. 1992.
Different positively charged amino acids
have similar effects on the topology of a
transmembrane protein inEscherichia coli.
J. Biol. Chem.267:1491–95

Andersson H, von Heijne G. 1993. Sec de-
pendent and sec independent assembly ofE.
coli inner membrane proteins: The topolog-
ical rules depend on chain length.EMBO J.
12:683–91

Andersson H, von Heijne G. 1994. Membrane
protein topology: Effects of1µH+ on the
translocation of charged residues explain the
“positive inside” rule.EMBO J. 13:2267–
72

Arkin IT, Adams PD, Brunger AT, Smith SO,
Engelman DM. 1997. Structural perspec-
tives of phospholamban, a helical transmem-
brane pentamer.Annu. Rev. Biophys. Biomol.
Struct.26:157–79

Baba T, Taura T, Shimoike T, Akiyama Y,
Yoshihisa T, Ito K. 1994. A cytoplasmic do-
main is important for the formation of a SecY-
SecE translocator complex.Proc. Natl. Acad.
Sci. USA91:4539–43

Bassford P, Beckwith J, Ito K, Kumamoto C,
Mizushima S, et al. 1991. The primary path-
way of protein export inE. coli. Cell65:367–
68

Beck K, Wu L-F, Brunner J, M¨uller M.
2000. Discrimination between SRP- and
SecA/B-dependent substrates involves selec-
tive recognition of nascent chains by SRP and
trigger factor.EMBO J.19:134–43

Berks BC, Sargent F, Palmer T. 2000. The

Tat protein export pathway.Mol. Microbiol.
35:260–74

Bernstein HD, Poritz MA, Strub K, Hoben PJ,
Brenner S, Walter P. 1989. Model for sig-
nal sequence recognition from amino acid se-
quence of 54 K subunit of signal recognition
particle.Nature340:482–86

Berthold J, Bauer MF, Schneider H-C, Klaus C,
Dietmeier K, et al. 1995. The MIM complex
mediates preprotein translocation across the
mitochondrial inner membrane and couples
it to the mt-Hsp70/ATP driving system.Cell
81:1085–93

Bibi E, Kaback HR. 1990. In vivo expression of
the lacY gene in two segments leads to func-
tional Lac permease.Proc. Natl. Acad. Sci.
USA87:4325–29

Bird CR, Koller B, Auffret AD, Huttly AK,
Howe CJ, et al. 1985. The wheat chloroplast
gene for Cfo subunit I of ATP synthase con-
tains a large intron.EMBO J.4:1381–88

Blobel G. 1980. Intracellular protein topogene-
sis.Proc. Natl. Acad. Sci. USA77:1496–500

Blom J, Dekker PJT, Meijer M. 1995. Func-
tional and physical interactions of com-
ponents of the yeast mitochondrial inner-
membrane import machinery (MIM).Eur. J.
Biochem.232:309–14

Boeke JD, Model P. 1982. A prokaryotic mem-
brane anchor sequence: Carboxyl terminus
of bacteriophage f1 gene III protein retains it
in the membrane.Proc. Natl. Acad. Sci. USA
79:5200–4

Bogsch EG, Sargent F, Stanley NR, Berks BC,
Robinson C, Palmer T. 1998. An essential
component of a novel bacterial protein ex-
port system with homologues in plastids and
mitochondria.J. Biol. Chem.273:18003–6

Bolliger L, Deloche O, Glick BS, Georgopoulos
C, Jeno P, et al. 1994. A mitochondrial ho-
molog of bacterial GrpE interacts with mito-
chondrial hsp70 and is essential for viability.
EMBO J.13:1998–2006



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 77

Bowie JU. 1997. Helix packing in membrane
proteins.J. Mol. Biol.272:780–89

Boyd D, Beckwith J. 1989. Positively charged
amino acid residues can act as topogenic de-
terminants in membrane proteins.Proc. Natl.
Acad. Sci. USA86:9446–50

Brix J, Dietmeier K, Pfanner N. 1997. Differen-
tial recogntion of preprotein by the purified
cytosolic domains of the mitochondrial im-
port receptors Tom20, Tom22 and Tom 70.J.
Biol. Chem.272:20730–35

Brundage L, Hendrick JP, Schiebel E, Driessen
AJM, Wickner W. 1990. The purifiedE. coli
integral membrane protein SecY/E is suffi-
cient for reconstitution of SecA-dependent
precursor protein translocation.Cell62:649–
57

Cabelli RJ, Dolan K, Qian L, Oliver DB. 1991.
Characterization of membrane-associated
and soluble states of SecA protein from wild-
type and SecA 51 (ts) mutant strains ofEs-
cherichia coli. J. Biol. Chem.266:24420–27

Cao G, Kuhn A, Dalbey RE. 1995. The
translocation of negatively charged residues
across the membrane is driven by the
electrochemical potential: evidence for
an electrophoresis-like membrane transfer
mechanism.EMBO J.14:866–75

Chaddock AM, Mant A, Karnauchov I, Brink
S, Herrmann RG, et al. 1995. A new type of
signal peptide: central role of a twin-arginine
motif in transfer signals for the delta pH-
dependent thylakoidal protein translocase.
EMBO J.14:2715–22

Chen H, Kendall DA. 1995. Artificial trans-
membrane segments. Requirements for stop
transfer and polypeptide orientation.J. Biol.
Chem.270:14115–22

Chen X, Schnell DJ. 1999. Protein import into
chloroplasts.Trends Cell. Biol.9:22–27

Cheng MY, Hartl FU, Martin J, Pollock RA,
Kalousek F, et al. 1989. Mitochondrial heat-
shock protein hsp60 protein is essential for
assembly of proteins imported into yeast mi-
tochondria.Nature337:620–25

Clarkson GH, Poyton RO. 1989. A role for
membrane potential in the biogenesis of

cytochrome c oxidase subunit II, a mi-
tochondrial gene product.J. Biol. Chem.
264:10114–18

Creighton AM, Hulford A, Mant A, Robinson
D, Robinson C. 1995. A monomeric, tightly
folded stromal intermediate on the delta pH-
dependent thylakoidal protein transport path-
way.J. Biol. Chem.270:1663–69

Cristobal S, Scotti P, Luirink J, von Heijne G,
de Gier J-WL. 1999. The signal recognition
particle-targeting pathway does not necessar-
ily deliver proteins to the Sec-translocase in
Escherichia coli. J. Biol. Chem.274:20068–
70

Cyr DM, Langer T, Douglas MG. 1994. DnaJ-
like proteins: molecular chaperones and spe-
cific regulators of Hsp70.Trends Biochem.
Sci.19:176–81

Dalbey RE. 1990. Positively charged residues
are important determinants of membrane
protein topology. Trends Biochem. Sci.
15:253–57

Dalbey RE, Kuhn A, Wickner W. 1987. The
internal signal sequence ofEscherichia coli
leader peptidase is necessary, but not suffi-
cient, for its rapid membrane assembly.J.
Biol. Chem.262:13241–45

Dalbey RE, Robinson C. 1999. Protein translo-
cation into or across the bacterial plasma
membrane and the plant thylakoid mem-
brane.Trends Biochem. Sci.24:17–22

Dalbey RE, Wickner W. 1987. Leader pepti-
dase ofEscherichia coli: critical role of a
small domain in membrane assembly.Sci-
ence235:783–87

Davis NG, Boeke JD, Model P. 1985. Fine struc-
ture of a membrane anchor domain.J. Mol.
Biol. 181:111–21

Davis NG, Model P. 1985. An artificial an-
chor domain: hydrophobicity suffices to stop
transfer.Cell 41:607–14

Deckers-Hebestreit G, Altendorf K. 1996. The
F0F1-type ATP synthases of bacteria: struc-
ture and function of the F0 complex.Annu.
Rev. Microbiol.50:791–824

de Gier J-WL, Mansournia P, Valent QA,
Phillips GJ, Luirink J, von Heijne G. 1996.



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

78 DALBEY ¥ KUHN

Assembly of a cytoplasmic membrane pro-
tein in Escherichia coli is dependent on
the signal recognition particle.FEBS Lett.
399:307–9

de Gier J-WL, Scotti PA, Saaf A, Valent QA,
Kuhn A, et al. 1998. Differential use of the
signal recognition particle translocase target-
ing pathway for inner membrane protein as-
sembly inEscherichia coli. Proc. Natl. Acad.
Sci. USA95:14646–51

Deisenhofer J, Michel H. 1991. High-resolution
structures of photosynthetic reaction centers.
Annu. Rev. Biophys. Biophys. Chem.20:247–
66

Dekker PJT, Martin F, Maarse AC, B¨omer U,
Müller H, et al. 1997. The Tim core com-
plex defines the number of mitochondrial
translocation contact sites and can hold ar-
rested preproteins in the absence of matrix
Hsp70/Tim44.EMBO J.16:5408–19

Delgado-Partin VM, Dalbey RE. 1998. The pro-
ton motive force, acting on acidic residues,
promotes translocation of amino-terminal
domains of membrane proteins when the hy-
drophobicity of the translocation is low.J.
Biol. Chem.273:9927–34

Douville K, Leonard M, Brundage L,
Nishiyama K, Tokuda H, et al. 1994. Band
1 subunit of Escherichia coli. Preprotein
translocase and integral membrane export
factor P12 are the same protein.J. Biol.
Chem.269:18705–7

Drews G. 1996. Forty-five years of develop-
mental biology of photosynthetic bacteria.
Photosynth. Res.48:325–52

Duong F, Eichler J, Price A, Rice Leonard M,
Wickner W. 1997. Biogenesis of the gram-
negative envelope.Cell 91:557–73

Duong F, Wickner W. 1997a. Distinct catalytic
roles of the SecYE, SecG and SecDFyajC
subunits of preprotein translocase holoen-
zyme.EMBO J.16:2756–68

Duong F, Wickner W. 1997b. The SecDFyajC
domain of preprotein translocase controls
preprotein movement by regulating SecA
membrane cycling.EMBO J.16:4871–79

Duong F, Wickner W. 1998. Sec-dependent

membrane protein biogenesis: SecYEG,
preprotein hydrophobicity and translocation
kinetics control the stop-transfer function.
EMBO J.17:696–705

Economou A. 1998. Bacterial preprotein
translocase: mechanism and conformational
dynamics of a processive enzyme.Mol. Mi-
crobiol. 27:511–18

Economou A, Pogliano JA, Beckwith J, Oliver
DB, Wickner W. 1995. SecA membrane cy-
cling at SecYEG is driven by distinct ATP
binding and hydrolysis events and is regu-
lated by SecD and SecF.Cell 83:1171–81

Economou A, Wickner W. 1994. SecA pro-
motes preprotein translocation by undergo-
ing ATP-driven cycles of membrane insertion
and deinsertion.Cell 78:835–43

Endo T, Mitsui S, Nakai M, Roise D. 1996.
Binding of mitochondrial presequences to
yeast cytosolic heat shock protein 70 depends
on the amphiphilicity of the presequence.J.
Biol. Chem.271:4161–67

Endres M, Neupert W, Brunner M. 1999. Trans-
port of the ADP/ATP carrier of mitochon-
dria from the TOM complex to the TIM22.54
complex.EMBO J.18:3214–21

Engelman DM, Steitz TA. 1981. The sponta-
neous insertion of proteins into and across
membranes: the helical hairpin hypothesis.
Cell 23:411–22

Engelman DM, Steitz TA, Goldman A. 1986.
Identifying nonpolar transbilayer helices in
amino acid sequences of membrane proteins.
Annu. Rev. Biophys. Biophys. Chem.15:321–
53

Falcone D, Do H, Johnson AE, Andrews DW.
1999. Negatively charged residues in the
IgM stop-transfer effector sequence regu-
late transmembrane polypeptide integration.
J. Biol. Chem.274:33661–70

Fleming KG, Ackerman AL, Engelman DM.
1997. The effect of point mutations on the
free energy of transmembrane alpha-helix
dimerization.J. Mol. Biol.272:266–75

Flewelling RF, Hubbell WL. 1986. The
membrane dipole potential in a total mem-
brane potential model. Applications to



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 79

hydrophobic ion interactions with mem-
branes.Biophys. J.49:541–52

Franklin AE, Hoffman NE. 1993. Characteri-
zation of a chloroplast homologue of the 54-
kDa subunit of the signal recognition particle.
J. Biol. Chem.268:22175–80

Gallusser A, Kuhn A. 1990. Initial steps in pro-
tein insertion. Bacteriophage M13 procoat
binds to the membrane surface by electro-
static interaction.EMBO J.9:2723–29

Gally HU, Pluschke G, Overath P, Seelig J.
1979. Structure ofEscherichia colimem-
branes. Phospholipid conformation in model
membranes and cells as studied by deuterium
magnetic resonance.Biochemistry18:5605–
10

Gally HU, Pluschke G, Overath P, Seelig J.
1980. Structure ofEscherichia colimem-
branes. Fatty acyl chain order parameters of
inner and outer membranes and derived lipo-
somes.Biochemistry19:1638–43

Gardel C, Benson SA, Hunt J, Michaelis S,
Beckwith J. 1987. SecD, a new gene involved
in protein export inEscherichia coli. J. Bac-
teriol. 169:1286–90

Gardel C, Johnson K, Jacq A, Beckwith J. 1990.
The SecD locus ofE. colicodes for two mem-
brane proteins required for protein export.
EMBO J.9:3209–16

Gartner F, Bomer U, Guiard B, Pfanner N. 1995.
The sorting signal of cytochrome b2 pro-
motes early divergence from the general mi-
tochondrial import pathway and restricts the
unfoldase activity of matrix Hsp70.EMBO
J. 14:6043–57

Gavel Y, Steppuhn J, von Heijne G. 1991. The
‘positive-inside rule’ applies to thylakoid
membrane proteins.FEBS Lett.282:41–46

Gavel Y, von Heijne G. 1992. The distribu-
tion of charged amino acids in mitochondrial
inner membrane proteins suggests different
modes of membrane integration for nucle-
arly and mitochondrially encoded proteins.
Eur. J. Biochem.205:1207–15

Gebert JF, Overhoff B, Manson MD, Boos W.
1988. The Tsr chemosensory transducer of
Escherichia coliassembles into the cytoplas-

mic membrane via a SecA-dependent pro-
cess.J. Biol. Chem.263:16652–60

Geller GL, Wickner W. 1985. M13 coat inserts
into liposome in the absence of other mem-
brane proteins.J. Biol. Chem.260:13281–85

Glaser SM, Miller BR, Cumsky MG. 1990.
Removal of a hydrophobic domain within
the mature protein of a mitochondrial inner
membrane protein causes its mislocalization
to the matrix.Mol. Cell. Biol.10:1873–81

Glerum DM, Shtanko A, Tzagoloff A. 1996.
Characterization of Cox17, a yeast gene in-
volved in copper metabolism and assem-
bly of cytochrome oxidase.J. Biol. Chem.
271:14504–9

Glockner AB, Zumft WG. 1996. Sequence
analysis of an internal 9.72-kb segment from
the 30-kb denitrification gene cluster ofPseu-
domonas stutzeri. Biochim Biophys. Acta
1277:6–12

Grigorieff N, Ceska TA, Downing KH, Bald-
win JM, Henderson R. 1996. Electron-
crystallographic refinement of the structure
of bacteriorhodopsin.J. Mol. Biol.259:393–
421

Hachiya N, Alam R, Sakasegawa Y, Sakaguchi
M, Mihara K, Omura T. 1993. A mitochon-
drial import factor purified from rat liver cy-
tosol is an ATP-dependent conformational
modulator for precursor proteins.EMBO J.
12:1579–86

Haigh NG, Webster RE. 1998. The major
coat protein of filamentous bacteriophage f1
specifically pairs in the bacterial cytoplasmic
membrane.J. Mol. Biol.279:19–29

Hamel P, Sakamoto W, Wintz H, Dujardin
G. 1997. Functional complementation of an
Oxa1-yeast mutation identifies anArabidop-
sis thalianacDNA involved in the assembly
of respiratory complexes.Plant J.12:1319–
27

Hartl F-H, Lecker S, Schiebel E, Hendrick J,
Wickner W. 1990. The binding cascade of
SecB to SecA to SecY/E mediates prepro-
tein targeting to theE. coliplasma membrane.
Cell 63:269–79

Hartl F-H, Neupert W. 1990. Protein sorting to



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

80 DALBEY ¥ KUHN

mitochondria: evolutionary conservation of
folding and assembly.Science247:930–38

Haward SR, Napier JA, Gray JC. 1997.
Chloroplast SecA functions as a membrane-
associated component of the Sec-like pro-
tein translocase of pea chloroplasts.Eur. J.
Biochem.248:724–30

Heins L, Soll J. 1998. Chloroplast biogenesis:
mixing the prokaryotic and the eukaryotic?
Curr. Biol. 8:215–17

Hell K, Herrmann J, Pratje E, Neupert W, Stuart
RA. 1997. Oxa1p mediates the export of the
N- and C-termini of pCoxII from the mito-
chondrial matrix to the intermembrane space.
FEBS Lett.418:367–70

Hell K, Herrmann JM, Pratje E, Neupert W,
Stuart RA. 1998. Oxa1p, an essential compo-
nent of the N-tail protein export machinery
in mitochondria.Proc. Natl. Acad. Sci. USA
95:2250–55

Herrmann JM, Koll H, Cook RA, Neupert W,
Stuart RA. 1995. Topogenesis of cytochrome
oxidase subunit II: mechanisms of protein ex-
port from the mitochondrial matrix.J. Biol.
Chem.270:27079–86

Herrmann JM, Neupert W, Stuart RA. 1997.
Insertion into the mitochondrial inner mem-
brane of a polytopic protein, the nuclear-
encoded Oxa1p.EMBO J.16:2217–26

Herrmann RG, Steppuhn J, Herrmann GS, Nel-
son N. 1993. The nuclear-encoded polypep-
tide Cfo-II from spinach is a real, ninth sub-
unit of chloroplast ATP synthase.FEBS Lett.
326:192–98

High S, Henry R, Mould RM, Valent Q, Mea-
cock S, et al. 1997. Chloroplast SRP54 inter-
acts with a specific subset of thylakoid pre-
cursor proteins.J. Biol. Chem.272:11622–28

Hinnah SC, Hill K, Wagner R, Schlicher T,
Soll J. 1997. Reconstitution of a protein
translocation channel of chloroplasts.EMBO
J. 16:7351–60

Hirsch S, Muckel E, Heemeyer F, von Heijne
G, Soll J. 1994. A receptor component of the
chloroplast protein translocation machinery.
Science266:1989–92

Hoffman NE, Franklin AE. 1994. Evidence for

a stromal GTP requirement for the integra-
tion of a chloroplyll a/b-binding polypep-
tide into thylakoid membranes.Plant Phys-
iol. 105:295–304

Hohfeld J, Hartl FU. 1994. Role of the chap-
eronin cofactor Hsp10 in protein folding and
sorting in yeast mitochondria.J. Cell. Biol.
126:305–15

Ito K, Wittekind M, Nomura M, Shiba K, Yura
T, et al. 1983. A temperature-sensitive mu-
tant ofE. coli exhibiting slow processing of
exported proteins.Cell 32:789–97

Jensen CG, Pedersen S. 1994. Concentrations
of 4.5S RNA and Ffh protein inEscherichia
coli: the stability of Ffh protein is dependent
on the concentration of 4.5S RNA.J. Bacte-
riol. 176:7148–54

Jung K, Jung H, Wu J, Prive GG, Kaback HR.
1993. Use of site-directed fluorescence label-
ing to study proximity relationships in the
lactose permeaseof Escherichia coli. Bio-
chemistry32:12273–78

Kalousek F, Neupert W, Omura T, Schatz G,
Schmitz UK. 1993. Uniform nomenclature
for the mitochondrial peptidase cleaving pre-
cursors of mitochondrial proteins.Trends
Biochem. Sci.18:249

Kessler F, Blobel G. 1996. Interaction of the
protein import and folding machineries of
the chloroplast.Proc. Natl. Acad. Sci. USA
23:7684–89

Kessler F, Blobel G, Patel HA, Schnell DJ.
1994. Identification of two GTP-binding pro-
teins in the chloroplast protein import ma-
chinery.Science266:1035–39

Kiebler M, Keil P, Schneider H, van der Klei
IJ, Pfanner N, Neupert W. 1993. The mito-
chondrial receptor complex: a central role
of MOM22 in mediating preprotein transfer
from receptors to the general insertion pore.
Cell 74:483–92

Kiefer D, Hu X, Dalbey RE, Kuhn A. 1997.
Negatively charged amino acid residues
play an active role in orienting the Sec-
independent Pf3 coat protein in theEs-
cherichia coli inner membrane.EMBO J.
16:2197–204



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 81

Kiefer D, Kuhn A. 1999. Hydrophobic forces
drive spontaneous membrane insertion of the
bacteriophage Pf3 coat protein without topo-
logical control.EMBO J.18:6299–306

Kim SJ, Jansson S, Hoffman NE, Robinson
C, Mant A. 1999. Distinct “assisted” and
“spontaneous” mechanisms for the inser-
tion of polytopic chlorophyll-binding pro-
teins into the thylakoid membrane.J. Biol.
Chem.274:4715–21

Kim SJ, Robinson C, Mant A. 1998. Sec/SRP-
independent insertion of two thylakoid mem-
brane proteins bearing cleavable signal pep-
tides.FEBS Lett.424:105–8

Koch H-G, Hengelage T, Neumann-Haefelin
C, MacFarlane J, Hoffschulte HK, et al.
1999. In vitro studies with purified compo-
nents reveal signal recognition particle (SRP)
and SecA/SecB as constituents of two in-
dependent protein-targeting pathways ofEs-
cherichia coli. Mol. Biol. Cell10:2163–73

Koehler CM, Jarosch E, Tokatlidis K, Schmid
K, Schweyen RJ, Schatz G. 1998. Import of
mitochondrial carriers mediated by essential
proteins of the intermembrane space.Science
279:369–73

Koehler CM, Merchant S, Schatz G. 1999.
How membrane proteins travel across the
mitochondrial intermembrane space.Trends
Biochem. Sci.24:428–32

Kogata N, Nishio K, Hirohashi T, Kikuchi S,
Nakai M. 1999. Involvement of a chloroplast
homologue of the signal recognition particle
receptor protein, FtsY, in protein targeting to
thylakoids.FEBS Lett.329:329–33

Kouranov A, Chen X, Fuks B, Schnell DJ.
1998. Tic20 and Tic22 are new components
of the protein import apparatus at the chloro-
plast inner envelope membrane.J. Cell Biol.
143:991–1002

Kouranov A, Schnell DJ. 1997. Analysis of the
interactions of preproteins with the import
machinery over the course of protein im-
port into chloroplasts.J. Cell Biol.139:1677–
85

Kronidou NG, Oppliger W, Bolliger L, Han-
navy K, Glick BS, et al. 1994. Dynamic in-

teraction between Isp45 and mitochondrial
hsp70 in the protein import system of the
yeast mitochondrial inner membrane.Proc.
Natl. Acad. Sci. USA91:12818–22

Kruip J, Karapetyan NV, Terekhova IV, Rogner
M. 1999. In vitro oligomerization of a mem-
brane protein complex. Liposome-based re-
constitution of a trimeric photosystem I
from isolated monomers.J. Biol. Chem.
274:18181–88

Kubrich M, Keil P, Rassow J, Dekker PJ, Blom
J, et al. 1994. The polytopic mitochondrial in-
ner membrane proteins MIM17 and MIM23
operate at the same preprotein import site.
FEBS Lett.349:222–28

Kuhn A. 1987. Bacteriophage M13 procoat pro-
tein inserts into the plasma membrane as a
loop structure.Science238:1413–15

Kuhn A. 1988. Alterations in the extracellu-
lar domain of M13 procoat protein make its
membrane insertion dependent on secA and
secY.Eur. J. Biochem.177:267–71

Kuhn A, Kreil G, Wickner W. 1986a. Both hy-
drophobic domains of M13 procoat are re-
quired to initiate membrane insertion.EMBO
J. 5:3681–85

Kuhn A, Kreil G, Wickner W. 1987. Recombi-
nant forms of M13 procoat with an OmpA
leader sequence or a large carboxy terminal
extension retain their independence ofsecY
function.EMBO J.6:501–5

Kuhn A, Rohrer J, Gallusser A. 1990a. Bac-
teriophages M13 and Pf3 tell us how pro-
teins insert into the membrane.J. Struct. Biol.
104:38–43

Kuhn A, Wickner W, Kreil G. 1986b. The cy-
toplasmic carboxy terminus of M13 procoat
is required for the membrane insertion of its
central domain.Nature322:335–39

Kuhn A, Zhu HY, Dalbey RE. 1990b. Efficient
translocation of positively charged residues
of M13 procoat protein across the membrane
excludes electrophoresis as the primary force
for membrane insertion.EMBO J.9:2385–
89

Kumamoto CA, Beckwith J. 1983. Mutations
in a new gene, SecB, cause defective protein



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

82 DALBEY ¥ KUHN

localization inEscherichia coli. J. Bacteriol.
154:254–60

Kunkele KP, Heins S, Dembowski M, Nar-
gang FE, Benz R, et al. 1998. The preprotein
translocation channel of the outer membrane
of mitochondria.Cell. 93:1009–19

Kuroiwa T, Sakaguchi M, Mihara K, Omura
T. 1991. Systematic analysis of stop-transfer
sequence for microsomal membrane.J. Biol.
Chem.266:9251–55

Laidler V, Chaddock AM, Knott TG, Walker
D, Robinson C. 1995. A SecY homolog in
Arabidopsis thaliana. Sequence of a full-
length cDNA clone and import of the precur-
sor protein into chloroplasts.J. Biol. Chem.
270:17664–67

Laloraya S, Gambill BD, Craig EA. 1994. A
role for a eukaryotic GrpE-related protein,
Mge1p, in protein translocation.Proc. Natl.
Acad. Sci. USA91:6481–85

Laws JK, Dalbey RE. 1989. Positive charges
in the cytoplasmic domain ofEscherichia
coli leader peptidase prevent an apolar do-
main from functioning as a signal.EMBO J.
8:2095–99

Lee J-I, Kuhn A, Dalbey RE. 1992. Distinct
domains of an oligotopic membrane protein
are Sec-dependent and Sec-independent for
membrane insertion.J. Biol. Chem.267:938–
43

Lemmon MA, Flanagan JM, Hunt JF, Adair
BD, Bormann BJ, et al. 1992. Glycophorin
A dimerization is driven by specific interac-
tions between transmembrane alpha-helices.
J. Biol. Chem.267:7683–89

Leuenberger D, Bally NA, Schatz G, Koehler
CM. 1999. Different import pathways
through the mitochondrial intermembrane
space for inner membrane proteins.EMBO
J. 18:4816–22

Lill R, Cunningham K, Brundage LA, Ito K,
Oliver D, Wickner W. 1989. SecA protein
hydrolyzes ATP and is an essential compo-
nent of the protein translocation ATPase of
Escherichia coli. EMBO J.8:961–66

Lill R, Dowhan W, Wickner W. 1990. The
ATPase activity of SecA is regulated by

acidic phospholipids, SecY, and the leader
and mature domains of precursor proteins.
Cell 60:271–80

Luecke H, Richter HT, Lanyi JK. 1998. Proton
transfer pathways in bacteriorhodopsin at 2.3
angstrom resolution.Science280:1934–37

Luirink J, ten Hagen-Jongman CM, van der
Weijden CC, Oudega B, High S, et al.
1994. An alternative protein targeting path-
way: studies on the role of FtsY.EMBO J.
13:2289–96

MacFarlane J, Muller M. 1995. The functional
integration of a polytopic membrane pro-
tein of Escherichia coliis dependent on the
bacterial signal-recognition particle.Eur. J.
Biochem.233:766–71

MacKenzie KR, Prestegard JH, Engelman DM.
1997. A transmembrane helix dimer: struc-
ture and implication.Science276:131–33

Martin J, Mahlke K, Pfanner N. 1991. Role of an
energized inner membrane in mitochondrial
protein import.1ψ drives the movement of
presequences.J. Biol. Chem.266:18051–57

Matsumoto G, Mori H, Ito K. 1998. Roles of
SecG in ATP- and SecA-dependent protein
translocation.Proc. Natl. Acad. Sci. USA
95:13567–72

May T, Soll J. 1999. Chloroplast precursor pro-
tein translocon.FEBS Lett.452:52–56

Michel H, Behr J, Harrenga A, Kannt A. 1998.
Cytochromec oxidase: structure and spec-
troscopy.Annu. Rev. Biophys. Biomol. Struct.
27:329–56

Michl D, Karnauchov I, Berghofer J, Herrmann
RG, Klosgen RB. 1999. Phylogenetic trans-
fer of organelle genes to the nucleus can lead
to new mechanisms of protein integration
into membranes.Plant J.17:31–40

Michl D, Robinson C, Schackleton JB, Herr-
mann RG, Klosgen RB. 1994. Targeting of
proteins to the thylakoid by bipartite prese-
quences: CFoII is imported by a novel, third
pathway.EMBO J.13:1310–17

Moll R, Schafer G. 1988. Chemiosmotic H+ cy-
cling across the plasma membrane of the ther-
moacidophilic archaebacteriumSulfolobus
acidocaldarius. FEBS Lett.232:359–63



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 83

Mori H, Summer EJ, Ma X, Cline K. 1999.
Component specificity for the thylakoidal
Sec and delta pH-dependent protein transport
pathways.J. Cell Biol.146:45–55

Mould RM, Knight JS, Bogsch E, Gray JC.
1997. Azide-sensitive thylakoid membrane
insertion of chimeric cytochrome f polypep-
tides imported by isolated pea chloroplast.
Plant J.11:1051–58

Nakai M, Tanaka A, Omata T, Endo T.
1992. Cloning and characterization of the
secYgene from the cyanobacterium Syne-
chococcus PCC7942.Biochim. Biophys.
Acta1171:113–16

Nielsen E, Akita M, Davila-Aponte J, Keegstra
K. 1997. Stable association of chloroplastic
precursors with protein translocation com-
plexes that contain proteins from both en-
velope membranes and a stromal Hsp100
molecular chaperone.EMBO J.16:935–46

Nilsson I, von Heijne G. 1990. Fine-tuning the
topology of a polytopic membrane protein:
role of positively and negatively charged
amino acids.Cell 62:1135–41

Nilsson R, Brunner J, Hoffmann NE, van Wijk
KJ. 1999. Interactions of ribosome nascent
chain complexes of the chloroplast-encoded
D1 thylakoid membrane protein with cp-
SRP54.EMBO J.18:733–42

Nishiyama K, Fukuda A, Morita K, Tokuda H.
1999. Membrane deinsertion of SecA under-
lying proton motive force-dependent stim-
ulation of protein translocation.EMBO J.
18:1049–58

Nishiyama K, Suzuki T, Tokuda H. 1996. Inver-
sion of membrane topology of SecG coupled
with SecA-dependent preprotein transloca-
tion. Cell 85:71–81

Oliver DB, Beckwith J. 1981.E. coli mutant
pleiotropically defective in the export of se-
creted proteins.Cell 25:765–72

Oliver DB, Beckwith J. 1982. Regulation of a
membrane component required for protein
secretion inEscherichia coli. Cell 30:311–
19

Oliver DB, Cabelli RJ, Dolan KM, Jarosik GP.
1990. Azide-resistant mutants ofEscherichia

coli alter the SecA protein, an azide-sensitive
component of the protein export machinery.
Proc. Natl. Acad. Sci. USA87:8227–31

Omote H, Tainaka K, Fujie K, Iwamoto-Kihara
A, Wada Y, Futai M. 1998. Stability of theEs-
cherichia coliATP synthase F0F1 complex
is dependent on interactions between gamma
Gln-269 and the beta subunit loop beta Asp-
301–beta Asp-305.Arch. Biochem. Biophys.
358:277–82

Ostermann J, Horwich AL, Neupert W, Hartl
FU. 1989. Protein folding in mitochondria
requires complex formation with hsp60 and
ATP hydrolysis.Nature341:125–30

Pang P, Meathrel K, Ko K. 1997. A compo-
nent of the chloroplast protein import ap-
paratus functions in bacteria.J. Biol. Chem.
272:25623–27

Pebay-Peyroula E, Rummel G, Rosenbusch JP,
Landau EM. 1997. X-ray structure of bacteri-
orhodopsin at 2.5 angstroms from microcrys-
tals grown in lipidic cubic phases.Science
277:1676–81

Pfanner N, Craig EA, H¨onlinger A. 1997. Mito-
chondrial preprotein translocase.Annu. Rev.
Cell. Dev. Biol.13:25–51

Phillips GL, Silhavy TJ. 1992. TheE. coli ffh
gene is necessary for viability and efficient
protein export.Nature359:744–46

Popot JL, Engelman DM. 1990. Membrane pro-
tein folding and oligomerization: the two-
stage model.Biochemistry29:4031–37

Poritz MA, Bernstein HD, Strub K, Zopf D,
Wilhelm H, Walter P. 1990. AnE. coliribonu-
cleoprotein containing 4.5S RNA resembles
mammalian signal recognition particle.Na-
ture250:1111–17

Poyton RO, McEwan JE. 1996. Crosstalk be-
tween nuclear and mitochondrial genomes.
Annu. Rev. Biochem.65:563–607

Rassow J, Dekker PJT, van Wilpe S, Meijer M,
Soll J. 1999. The preprotein translocase of
the mitochondrial inner membrane: function
and evolution.J. Mol. Biol.286:105–20

Rassow J, Maarse AC, Krainer E, Kubrich M,
Muller H, et al. 1994. Mitochondria protein
import: biochemical and genetic evidence



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

84 DALBEY ¥ KUHN

for interaction of matrix hsp70 and the in-
ner meembrane protein MIM44.J. Cell Biol.
127:1547–56

Rastogi VK, Girvin ME. 1999. Structural
changes linked to proton translocation by
subunit c of the ATP synthase.Nature
402:263–68

Reumann S, Davila-Aponte J, Keegstra K.
1999. The evolutionary origin of the protein-
translocating channel of chloroplastic en-
velope membranes: identification of a
cyanobacterial homolog.Proc. Natl. Acad.
Sci. USA96:784–89

Riggs PD, Derman AI, Beckwith J. 1988. A
mutation affecting the regulation of a SecA-
LacZ fusion defines a new sec gene.Genetics
118:571–79

Robinson C, Mant A. 1997. Targeting of pro-
teins into and across the thylakoid membrane.
Trends Plant Sci.2:431–37

Rohrer J, Kuhn A. 1990. The function of a
leader peptide in translocating charged amino
acyl residues across the membrane.Science
250:1418–21

Rojo EE, Guiard B, Neupert W, Stuart RA.
1998. Sorting of D-lactate dehydrogenase to
the inner membrane of mitochondria. Analy-
sis of topogenic signal and energetic require-
ments.J. Biol. Chem.273:8040–47

Rojo EE, Guiard B, Neupert W, Stuart RA,
1999. N-terminal tail export from the mito-
chondrial matrix.J. Biol. Chem.274:19617–
22

Rojo EE, Stuart RA, Neupert W. 1995. Conser-
vative sorting of Fo-ATPase subunit 9: ex-
port from the matrix requires1pH across the
inner membrane and matrix ATP.EMBO J.
14:3445–51

Romisch K, Webb J, Herz J, Prehn S, Frank
R, et al. 1989. Homology of 54K protein of
signal-recognition particle, docking protein
and twoE. coli proteins with putative GTP-
binding domains.Nature340:478–82

Ryan KR, Jensen RE. 1993. Mas6p can be
crosslinked to an arrested precursor and inter-
acts with other proteins during mitochondrial
protein import.J. Biol. Chem.268:23743–46

Sahin-Toth M, Dunten RL, Gonzalez A, Kaback
HR. 1992. Functional interactions between
putative intramembrane charged residues in
the lactose permease ofEscherichia coli.
Proc. Natl. Acad. Sci. USA89:10547–
51

Samuelson JC, Chen M, Jiang F, Moeller I,
Wiedmann M, et al. 2000. YidC mediates
membrane protein insertion in bacteria.Na-
ture. In press

Sargent F, Bogsch EG, Stanley NR, Wexler
M, Robinson C, et al. 1998. Overlapping
functions of components of a bacterial Sec-
independent protein export pathway.EMBO
J. 17:3640–50

Schatz G, Dobberstein B. 1996. Common prin-
ciples of protein translocation across mem-
branes.Science271:1519–26

Schlossmann J, Dietmeier K, Pfanner, N, Neu-
pert W. 1994. Specific recognition of mito-
chondrial preproteins by the cytosolic do-
main of the import receptor MOM72.J. Biol.
Chem.269:11893–901

Schneider HC, Berthold J, Bauer MF, Diet-
meier K, Guiard B, et al. 1994. Mitochon-
drial Hsp70/MIM44 complex facilitates pro-
tein import.Nature371:768–74

Schneider HC, Sollner T, Dietmeier K, Ecker-
skorn C, Lottspeich F, et al. 1991. Targeting
of the master receptor MOM19 to mitochon-
dria.Science254:1659–62

Schneider HC, Westermann B, Neupert W,
Brunner M. 1996. The nucleotide exchange
factor MGE exerts a key function in the ATP-
dependent cycle of mt-Hsp70-Tim44 inter-
action driving mitochondrial protein import.
EMBO J.15:5796–803

Schuenemann D, Amin P, Hartmann E,
Hoffman NE. 1999. Chloroplast SecY is
complexed to SecE and involved in the
translocation of the 33-kDa but not the 23-
kDa subunit of the oxygen-evolving com-
plex.J. Biol. Chem.274:12177–82

Schuenemann D, Gupta S, Persello-Cartieaux
F, Klimyuk VI, Jones JDG, et al. 1998.
A novel signal recognition particle targets
light-harvesting proteins to the thylakoid



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 85

membranes.Proc. Natl. Acad. Sci. USA
95:10312–16

Schuenemann TA, Delgado-Nixon VM, Dal-
bey RE. 1999. Direct evidence that the
proton motive force inhibits membrane
translocation of positively charged residues
within membrane proteins.J. Biol. Chem.
274:6855–64

Schulke N, Sepuri NB, Gordon DM, Saxena S,
Dancis A, Pain D. 1999. A multisubunit com-
plex of outer and inner mitochondrial mem-
brane protein translocases stabilized in vivo
by translocation intermediates.J. Biol. Chem.
274:22847–54

Scotti PA, Urbanus ML, Brunner J, de Gier
JW, von Heijne G, et al. 2000. YidC, theEs-
cherichia coli homologue of mitochondrial
Oxa1p, is a component of the Sec translo-
case.EMBO J.19:542–49

Seluanov A, Bibi E. 1997. Fts, the prokary-
otic signal recognition particle receptor ho-
mologue, is essential for biogenesis of mem-
brane proteins.J. Biol. Chem.272:2053–55

Settles AM, Martienssen R. 1998. Old and new
pathways of protein export in chloroplasts
and bacteria.Trends Cell Biol.8:494–501

Settles AM, Yonetani A, Baron A, Bush
DR, Cline K, Martienssen R. 1997. Sec-
independent protein translocation by the
maize Hcf106 protein.Science278:1467–70

Shen LM, Jong-In L, Shiyuan C, J¨utte H, Kuhn
A, Dalbey RE. 1991. Use of site-directed
mutagenesis to define the limits of sequence
variation tolerated for processing of the M13
procoat protein by theE. coli leader pepti-
dase.Biochemistry30:11775–81

Soekarjo M, Eisenhawer M, Kuhn A, Vogel H.
1996. Thermodynamics of the membrane in-
sertion process of the M13 procoat protein,
a lipid bilayer traversing protein containing
a leader sequence.Biochemistry35:1232–
41

Soll J, Tien R. 1998. Protein translocation into
and across the chloroplastic envelope mem-
branes.Plant Mol. Biol.38:191–207

Sorgen PL, Bubb MR, McCormick KA, Edison
AS, Cain BD. 1998. Formation of theβ sub-

unit dimer is necessary for interaction with
F1-ATPase.Biochemistry37:923–32

Spruijt RB, Wolfs CJ, Verver JW, Hemminga
MA. 1996. Accessibility and environment
probing using cysteine residues introduced
along the putative transmembrane domain of
the major coat protein of bacteriophage M13.
Biochemistry35:10383–91

Straffon AF, Prescott M, Nagley P, Devenish
RJ. 1998. The assembly of yeast mitochon-
drial ATP synthase: subunit depletion in vivo
suggests ordered assembly of the stalk sub-
unitsβ, Oscp andδ. Biochim. Biophys. Acta
1371:157–62

Stuart RA, Neupert W. 1996. Topogenesis of
inner membrane proteins into mitochondria
Trends Biochem. Sci.21:261–67

Sundberg E, Slagter JG, Fridborg I, Cleary SP,
Robinson C, Coupland G. 1997. ALBINO3,
an Arabidopsisnuclear gene essential for
chloroplast differentiation, encodes a chloro-
plast protein that shows homology to proteins
present in bacterial membranes and yeast mi-
tochondria.Plant Cell9:717–30

Suzuki H, Nishiyama K, Tokuda H. 1998.
Coupled struture changes of SecA and SecG
revealed by the synthetic lethality of the
secAcsR11and1secG::kandouble mutant.
Mol. Microbiol. 29:1749–57

Theg SM, Bauerle C, Olsen LJ, Selman BR,
Keegstra K. 1989. Internal ATP is the only
energy requirement for the translocation of
precursor proteins across chloroplastic mem-
branes.J. Biol. Chem.264:6730–36

Thompson SJ, Kim SJ, Robinson C. 1998.
Sec-independent insertion of thylakoid mem-
brane proteins. Analysis of insertion forces
and identification of a loop intermediate in-
volving the signal peptide.J. Biol. Chem.
273:18979–83

Tokatlidis K, Schatz G. 1999. Biogenesis of mi-
tochondrial inner membrane proteins.J. Biol.
Chem.274:35285–88

Traxler B, Murphy C. 1996. Insertion of the
polytopic membrane protein MalF is depen-
dent on the bacterial secretion machinery.J.
Biol. Chem.271:12394–400



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

86 DALBEY ¥ KUHN

Ulbrandt ND, Newitt JA, Bernstein HD. 1997.
The E. coli signal recognition particle is
required for the insertion of a subset of in-
ner membrane proteins.Cell 88:187–97

Valent QA, Scotti PA, High S, de Gier JW, von
Heijne G, et al. 1998. TheEscherichia coli
SRP and SecB targeting pathways converge
at the translocon.EMBO J.17:2504–12

van de Vossenberg JL, Albers SV, van der Does
C, Driessen AJ, van Klompenburg W. 1998.
The positive inside rule is not determined by
the polarity of the delta psi.Mol. Microbiol.
29:1125–27

van Klompenburg W, Nilsson I, von Heijne G,
de Kruijff B. 1997. Anionic phospholipids
are determinants of membrane protein topol-
ogy.EMBO J.16:4261–66

van Loon AP, Schatz G. 1987. Transport
of proteins to the mitochondrial intermem-
brane space: the “sorting” domain of the cy-
tochromec1 presequence is a stop-transfer
sequence specific for the mitochondrial in-
ner membrane.EMBO J.6:2441–48

Voelker R, Mendel-Hartvig J, Barkan A. 1997.
Transposon-disruption of a maize nuclear
gene, tha1, encoding a chloroplast SecA ho-
mologue: in vivo role of cp-SecA in thy-
lakoid protein targeting.Genetics145:467–
78

von Heijne G. 1986. The distribution of pos-
itively charged residues in bacterial inner
membrane proteins correlates with thetrans-
membrane topology.EMBO J5:3021–27

von Heijne G. 1989. Control of topology and
mode of assembly of a polytopic membrane
protein by positively charged residues.Na-
ture341:456–58

von Heijne G. 1992. Membrane protein struc-
ture prediction. Hydrophobicity analysis
and the positive-inside rule.J. Mol. Biol.
225:487–94

Wallin E, Tsukihara T, Yoshikawa S, von Heij-
ne G, Elofsson A. 1997. Architecture of he-
lix bundle membrane proteins: an analysis
of cytochromec oxidase from bovine mito-
chondria.Protein Sci.6:808–15

Wallin E, von Heijne G. 1998. Genome-wide

analysis of integral membrane proteins from
eubacterial, archaean, and eukaryotic organ-
isms.Protein Sci.7:1029–38

Walter P, Blobel G. 1980. Purification of a
membrane-associated protein complex re-
quired for protein translocation across the en-
doplasmic reticulum.Proc. Natl. Acad. Sci.
USA77:7112–16

Walter P, Blobel G. 1982. Signal recognition
particle contains a 7S RNA essential for
protein translocation across the endoplasmic
reticulum.Nature299:691–98

Werner PK, Saier MH Jr, Muller M. 1992.
Membrane insertion of the mannitol perme-
ase ofEscherichia colioccurs under con-
ditions of impaired SecA function.J. Biol.
Chem.267:24523–32

Westermann B, Gaume B, Herrmann JM,
Neupert W, Schwarz E. 1996. Role of the mi-
tochondrial DnaJ homolog Mdj1p as a chap-
erone for mitochondrially synthesized and
imported proteins.Mol. Cell Biol. 16:7063–
71

Wexler M, Bogsch EG, Klosgen RB, Palmer T,
Robinson C, Berks BC. 1998. Targeting sig-
nals for a bacterial Sec-independent export
system direct plant thylakoid import by the
delta pH pathway.FEBS Lett.431:339–42

White S, Wimley W. 1998. Hydrophobic in-
teractions of peptides with membrane inter-
faces.Biochim. Biophys. Acta1376:339–52

Wickner WT. 1994. How ATP drives proteins
across membranes.Science266:1197–98

Wickner W, Leonard MR. 1996.Escherichia
coli preprotein translocase.J. Biol. Chem.
271:29514–16

Wolfe PB, Rice M, Wickner W. 1985. Effects
of two sec genes on protein assembly into
the plasma membrane ofEscherichia coli. J.
Biol. Chem.260:1836–41

Wolfe PB, Wickner W. 1984. Bacterial leader
peptidase, a membrane protein without a
leader peptide, uses the same export pathway
as pre-secretory proteins.Cell 36(4):1067–
72

Wolin CD, Kaback HR. 1999. Estimating loop-
helix interfaces in a polytopic membrane



P1: FRK

September 6, 2000 14:46 Annual Reviews AR112-03

MEMBRANE PROTEIN INSERTION 87

protein by deletion analysis.Biochemistry
38(26):8590–97

Wrubel W, Stochaj U, Ehring R. 1994. Con-
struction and in vivo analysis of new split
lactose permeases.FEBS Lett.349:433–38

Wrubel W, Stochaj U, Sonnewald U, Theres C,
Ehring R. 1990. Reconstitution of an active
lactose carrier in vivo by simultaneous syn-
theses of two complementary protein frag-
ments.J. Bacteriol.172:5374–81

Wu C, Seibert FS, Ko K. 1994. Identification of
chloroplast envelope proteins in close prox-
imity to a partially translocated chimeric pre-
cursor protein.J. Biol. Chem.269:32264–71

Wu J, Kaback HR. 1996. A general method for
determining helix packing in membrane pro-
teins in situ: helices I and II are close to helix
VII in the lactose permease ofEscherichia
coli. Proc. Natl. Acad. Sci. USA93:14498–
502



P1: FDS

October 5, 2000 16:12 Annual Reviews AR112-CO

F
ig

ur
e

1
M

em
br

an
e

pr
ot

ei
n

in
se

rt
io

n
in

E
.c

ol
i.

Pr
ot

ei
ns

sy
nt

he
si

ze
d

in
th

e
cy

to
pl

as
m

ar
e

in
se

rt
ed

in
to

th
e

m
em

br
an

e
by

tw
o

pa
th

w
ay

s.
B

y
th

e
fir

st
pa

th
w

ay
,t

he
pr

ot
ei

ns
ar

e
di

re
ct

ly
in

se
rt

ed
in

to
th

e
lip

id
bi

la
ye

r
or

m
ay

be
as

si
st

ed
by

Y
id

C
.E

xa
m

pl
es

ar
e

Pf
3

co
at

an
d

M
13

pr
oc

oa
t(

sh
ow

n
he

re
as

th
e

un
cl

ea
ve

d
pr

ot
ei

n)
.

T
he

se
co

nd
pa

th
w

ay
re

qu
ir

es
Ff

h
fo

r
ta

rg
et

in
g

th
e

pr
ot

ei
n

to
its

re
ce

pt
or

Ft
sY

.T
ra

ns
lo

ca
tio

n
ac

ro
ss

th
e

m
em

br
an

e
oc

cu
rs

th
ro

ug
h

Se
cY

E
G

.E
xa

m
pl

es
ar

e
th

e
le

ad
er

pe
pt

id
as

e
an

d
th

e
m

an
ni

to
l

pe
rm

ea
se

M
tlA

.I
n

ad
di

tio
n,

Se
cA

is
re

qu
ir

ed
fo

r
tr

an
sl

oc
at

io
n

of
la

rg
e

pe
ri

pl
as

m
ic

do
m

ai
ns

,a
s

se
en

fo
r

th
e

le
ad

er
pe

pt
id

as
e

pr
ot

ei
n.



P1: FDS

October 5, 2000 16:12 Annual Reviews AR112-CO

Figure 2 Membrane insertion into thylakoidal membrane. Nuclear-encoded proteins are
synthesized in a precursor form in the cytoplasm. Chaperones interact with the preprotein
to prevent misfolding. The protein is translocated across both the inner and outer envelope
membrane through the TOC-TIC complex driven by ATP hydrolysis. A processing pepti-
dase located in the stroma cleaves off the presequence. A direct pathway not involving the
Sec proteins is used to insert both bitopic and polytopic membrane proteins and might be
assisted by the Alb3 protein. As an example, the PsbW protein is shown in its uncleaved
state. The SRP pathway requires GTP hydrolysis and cpFtsY for membrane integration of
proteins. The Sec-dependent pathway is believed to use SecYE for membrane insertion and
SecA for translocation of large lumenal domains of membrane proteins. The twin-arginine
pathway (TAT or DpH) is used to transport folded proteins into the thylakoid lumen.
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Figure 3 Insertion of proteins into the mitochondrial inner membrane. Nuclear-encoded
proteins are typically made with a presequence. The protein is targeted to the TOM complex
and translocated across the outer membrane. In the stop-transfer pathway, translocation
across the inner membrane through the TIM23 complex is interrupted after its initiation.
The model protein for this pathway is Cox Va. The carrier proteins are exported by the
TIM22 pathway or domain insertion pathway where they enter the intermembrane space
prior to the insertion into the inner membrane. The carrier proteins (such as ADP/ATP
carrier) interact with a 70-kDa complex (Tim9, 10, 12) in the intermembrane space and
then insert into the inner membrane by domain insertion. In the conservative pathway,
the preprotein is imported into the matrix through the TOM-TIM complex. The matrix
presequence is removed by the matrix processing peptidase and the protein is then inserted
into the inner membrane by an Oxal-dependent mechanism. The ATP synthase subunit
9 uses the conservative pathway. The mitochondrial type 1 signal peptidase (Imp1/Imp2)
cleaves off the sorting sequence when present on the inner membrane proteins.


