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Abstract

The Sec pathway for export of proteins across the cytoplasmic membrane to the bacterial
periplasm and outer membrane was the first secretion pathway to be discovered in bacteria. A
combination of bacterial genetics, development of an in vitro membrane vesicle system and the
concurrent elaboration of the signal hypothesis from studies on eukaryotes led to the identification
and characterization of two pathways leading to protein export through the SecYEG cytoplasmic
membrane translocon. The Sec pathway is also required for assembly of proteins into the
cytoplasmic membrane. Since the membrane translocon for Sec pathways is conserved across the
three domains of life, the history of research progress in eukaryotes and bacteria was facilitated by
the close interaction between those studying both classes of organisms.
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1. From molecular biology to cell biology of bacteria

Advances in many areas of biology fueled the beginnings of molecular biology in the 1950’s
and its subsequent expansion in the 1960’s. These advances included X-ray crystallography,
bacterial and bacteriophage genetics, the identification of DNA as the genetic material and
the accumulation of substantial amounts of information on bacterial metabolism resulting
from preceding decades of work of biochemists and bacterial physiologists. Geneticists,
microbiologists, biochemists, structural biologists and biophysicists progressively self-
assembled into a field that they named molecular biology, taking a multi-pronged approach
to biological problems. The outcome was a remarkable accumulation of foundational
concepts in a short period of time. These included the nature of DNA structure, replication,
repair and recombination, the nature and origin of mutations, the defining of the genetic
code, the elaboration of gene regulatory mechanisms and the nature of information transfer
in cells from transcription of DNA into RNA and translation of RNA into protein. Given the
tools developed, the foundational concepts arrived at during this period and the government
and private funding that they attracted, ever increasing numbers of young researchers
entered molecular biology. They sought to work out the mechanistic details of gene
regulation and of the “central dogma” which focused on the transfer of information from
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DNA to RNA to protein. For the most part, they continued to use the bacterium Escherichia
colf as the organism of choice.

However, by the mid 1960’s, for many of those who had pioneered molecular biology,
studies with bacteria had served their purpose of generating insights into fundamental
mechanisms and providing general approaches to molecular biological questions. It was
time to apply these insights and approaches and explore, for example, the more complex
developmental issues in multicellular organisms. These pioneers and founders of molecular
biology became pioneers once again. When the techniques for gene cloning were developed
in the 1970’s they were given more remarkable tools that made the study of higher
organisms even more feasible. There was a feeling, perhaps expressed most strongly by
Francois Jacob, that those who continued to work with organisms such as £. coli were
“rehashing the same questions” and “needed the courage.... to turn to new problems and
study them with more suitable organisms.” (Jacob, 1998)

Certainly, the successful approaches and methodologies of bacterial molecular biology had
provided important incentive to apply them to the more complex eukaryotic cell and to
human biology. And it may well have been that those of us who were new recruits to
molecular biology were examining “the same questions” as suggested by Jacob. Yet, | think
that there was a fundamental error here. The choices were not just to move to higher
organisms, even though such a move certainly made sense for many. First of all, the
continued studies in bacteria, which are still the organisms most easily manipulable
genetically, have contributed enormously to those who study eukaryotic organisms. To
mention a few instances, the characterization of specific bacterial DNA repair mechanisms
that were then shown to be altered in some human cancers or the discovery of positive
control in bacteria at a time when eukaryotic researchers mainly were positing negative
control mechanisms. But, more importantly for the purposes of this chapter, there was a
narrowness among us in the kinds of problems that we chose to attack. To explain what |
mean by narrowness, | will classify two kinds (there are more) of biological problems that
one might want to study. (I don’t mean to imply an invidious comparison between the two
approaches.) The first class comprises sequential linear processes such as the replication or
transcription of DNA and most of the major topics that we pursued during the early years of
molecular biology. The second comprises processes that are three-dimensional. These
include formation of subcellular compartments, substructures, membranes and phage
particles, cell movement, cell division, movement of proteins within the cell, out of the cell
and between subcellular compartments.

But it is the case that very few biologists were studying three-dimensional processes in
bacteria in the 1960’s. To the extent that molecular biology chugged along productively for
years but, in this sense, limited in its scope, Jacob’s concern had some validity. Yet the
implication that bacteria were not the “suitable” organisms for approaching some of these
three-dimensional problems was not necessarily valid. To the contrary, although it took a
while, the powerful genetic techniques that had been developed during this period and their
success in allowing the biological community to establish the foundations of a molecular
biology ultimately opened our minds to more comprehensive uses of these techniques for
studying cell biology.

I do not ignore that there were instances where molecular biologists at least made attempts
to explore questions in this three-dimensional domain. Phage particle assembly was one of
the early projects of molecular biologists that was considered initially an exciting area
(Wood and Edgar, 1967). However, the more readily accessible, more linear problems lured
many people away from this endeavor. Other examples include the initiation of studies on
chemotaxis in bacteria (Adler, 1965), an attempt to study cell division through the isolation

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckwith

Page 3

of a collection of cell division-defective mutants of Escherichia coli (Hirota et al., 1968),
efforts to understand protein secretion in bacteria (Bissell et al., 1971) and the beginnings of
genetic studies on bacterial sporulation (Losick and Sonenshein, 1969). The latter studies
focused initially on regulation of gene expression involved in sporulation of Bacillus
subtilis, using the organism as a means of studying developmental processes. Ultimately, the
power of bacterial genetics along with the use of fluorescent microscopy has recently
allowed a detailed description of the movement of cellular components necessary for this
process to take place. All of these were pioneering efforts themselves that focused on
biological processes that involved considerable movement of cells, movement of
macromolecules within cells or movement in and out of cells.

2. Protein secretion studies open up in the 1970’s: Identification and
characterization of bacterial sighal sequences

A mention of progress in the field of eukaryotic cell biology, which also occurred in the
1950’s, is important background to a discussion of studies of protein export in bacteria.
Largely due to the extraordinary fecundity of the collaboration between George Palade and
Philip Siekevitz in the 1950’s, there emerged a more detailed description of the organelles
that made up the cell (Siekevitz and Palade, 1958). In particular, these researchers identified
which of these organelles were involved in the protein secretory pathway. But a parallel
examination in bacteria of questions such as the mechanism of protein secretion was being
approached by very few biologists during this time.

In Gram-negative bacteria such as £. coli, 25% of the cell’s proteins are located in the cell
envelope and periplasmic space. These proteins, which are made on cytoplasmic ribosomes,
must be translocated through the cytoplasmic membrane in order for them to reach the
periplasm and outer membrane. By the mid-1970’s, several laboratories had begun projects
to study the mechanism by which this translocation takes place. However, the first major
insights into how this process works came from studies of the eukaryotic secretory pathway
that followed on the work of Palade and Siekevitz. Milstein and his colleagues had noted in
1972 that the secreted immunoglobulins were made in precursor form with an amino-
terminal hydrophobic sequence that was cleaved to the mature form of the protein (Milstein
et al., 1972). While this finding was seen as potentially providing insights into how secreted
proteins are recognized, it was not until a few years later that Blobel and Dobberstein
(Blobel and Dobberstein, 1975) presented substantial and persuasive evidence for their
signal sequence hypothesis. According to their model, proteins destined to enter the
secretory pathway were recognized as such by the presence of a hydrophobic amino-
terminal signal sequence that was cleaved during the translocation process.

At about the same time that the signal hypothesis was presented, microbiologists obtained
evidence indicating that proteins exported from the £. coli cytoplasm were synthesized as
precursors with small cleavable domains. The first evidence for proteins with cleavable
signal sequences in bacteria came from studies of the f1 and M13 phage coat proteins which,
during phage maturation in bacteria, assembled first in the cytoplasmic membrane
(Sugimoto et al., 1977;Wickner et al., 1978). Also, cleavable sequences were detected in
precursors for the periplasmic protein alkaline phosphatase (Inouye and Beckwith, 1977)
and for three outer membrane proteins (Inouye et al., 1977;Sekizawa et al., 1977).
Subsequently, Randall and coworkers identified three more cell envelope proteins that were
made with amino-terminal cleavable signal sequences (Randall et al., 1978). Randall’s work
also showed that proteins destined for export across the cytoplasmic membrane were
synthesized on membrane-bound polysomes.
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The use of gene fusions in the study of protein secretion in £. coli proved to be a powerful
tool for obtaining direct evidence for the signal sequence hypothesis. Furthermore, such
fusions provided a means of identifying those protein components of the cell that comprised
the machinery required for translocating proteins out of the cytoplasm. The fusions used for
these purposes consisted of an amino-terminal portion deriving from an exported protein and
a carboxy-terminal portion consisting of nearly the entire cytoplasmic protein -
galactosidase. The p-galactosidase portion of the hybrid protein, missing only a few amino
acids from its amino-terminus, had been shown previously to be sufficient to exhibit normal
enzymatic activity when it was fused to another cytoplasmic protein. However, in these
fusion proteins, the signal sequence initiated export of a protein whose normal residence was
the cytoplasm. When expressed at high levels, the translocation of these unwieldy hybrid
proteins was toxic to the cell, jamming the membrane translocon apparatus (Bassford and
Beckwith, 1979;Emr et al., 1978).

Since the toxicity of high level expression of the fusion proteins was dependent on the
functionality of the signal sequence, a selection for mutants that eliminated the toxicity
yielded fusion proteins with altered signal sequences (Bassford and Beckwith, 1979;Emr et
al., 1978). These mutant signal sequences were no longer recognized by the secretory
machinery and the hybrid protein remained cytoplasmic. From these genetic selections a
collection of mutants were obtained in which hydrophobic amino acids were, for the most
part, replaced by hydrophilic or charged amino acids (Bedouelle et al., 1980;Emr et al.,
1980). These mutations provided direct evidence for the essential role of signal sequences,
and particularly for their hydrophobic nature, in promoting translocation of proteins across
the cytoplasmic membrane. Gene fusions to two periplasmic proteins, maltose binding
protein and alkaline phosphatase, and to an outer membrane protein, LamB, yielded a large
collection of signal sequence mutants with similar characteristics (Bedouelle et al.,
1980;Emr et al., 1980;Michaelis et al., 1986).

3. Defining the bacterial Sec machinery for signal sequence recognition
and protein export

For the remainder of this review, | will refer to those proteins that are dependent, for their
translocation across the bacterial cytoplasmic membrane, on the SecYEG cytoplasmic
membrane complex as Sec-dependent proteins. I will concentrate mainly on the set of
proteins (and an RNA) that were identified as components of Sec export pathways and
broadly on what roles each of those components play in the export process. Except for the
SecG protein and components of the SRP pathway (see below), the remainder of the Sec
proteins were identified via selection for mutants that altered their activity. In the case of
SRP components and the SRP membrane receptor, the genes for them were discovered by
noting that they encoded homologues or analogues of eukaryotic proteins involved in the
secretory pathway. SecG was discovered by its association with SecY. The complete set of
genes and their products were identified between 1981and 1993. The Sec system is also
involved in assembly of proteins into the cytoplasmic membrane. There will be only brief
mention of this subject, as the focus of this volume is mainly on soluble secreted proteins.

Mutations that relieved the toxicity of the B-galactosidase fusions described above caused
defects in the signal sequences of the various proteins that were components of the fusions.
However, genetic selection did not yield mutations that affected the activity of components
of the cell’s secretion machinery. In fact, it was highly unlikely that the latter class of such
mutations would be obtained by this genetic selection, since a mutation significantly
defective in a component of the machinery would interfere with the export of all signal-
sequence-containing proteins. Such pleiotropic mutations were likely to be as toxic as the
original fusion.
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However, the properties of the signal sequence mutants themselves provided a means of
obtaining mutants that altered components of the secretion machinery. Emr et al. obtained a
signal sequence mutant of LamB, an outer membrane protein required for maltodextrin
accumulation in the cell, that had much of the hydrophobic domain of the signal sequence
deleted. Cells expressing this mutant protein were no longer able to export the LamB protein
to the outer membrane, resulting in their inability to use maltodextrins as a carbon source.
The researchers then selected for suppressor mutations that restored the ability to utilize
maltodextrins but were not linked to the /amB gene (Emr et al., 1981). The mutants obtained
mapped to a gene they named pr/A; mutations in it restored export not only to /amB signal
sequence mutants, but also to signal sequence mutants in other exported proteins.
Mutagenesis of this gene was subsequently shown to yield temperature-sensitive mutations
that exhibited strong export defects at the non-permissive temperature (Ito et al., 1983).
Thus, mutations were obtained in the same gene with both positive and negative effects on
protein export. The gene, which was renamed secY; encoded an integral cytoplasmic
membrane protein; the membrane translocon protein SecY was eventually found to be
conserved throughout nature from £. colito humans.

A different approach to genetically defining components of the secretion machinery was
provided by a second property of the fusions of B-galactosidase to exported proteins.
Apparently, the jamming of the hybrid proteins in the membrane that resulted in toxicity at
high levels of expression also resulted in an inactive B-galactosidase even at low levels of
expression. Selection for Lac* derivatives of the fusion of p-galactosidase to the maltose
binding protein yielded mutations in another new gene, SecA (Oliver and Beckwith, 1981).
SecA is a cytoplasmic protein that is important for the transfer of secretory proteins to the
membrane-embedded translocon. A combination of pr/ suppressors of signal sequence
mutants, the Lac™ selection with certain fusions and selection for mutants that caused
derepression of the secA gene, yielded mutations that defined many of the genes for
components of the secretory machinery that were involved in the major protein export
pathway (Gardel et al., 1987;Gardel et al., 1990;Kumamoto and Beckwith, 1983;Riggs et al.,
1988;Stader et al., 1989). These included secA, secB, secD, SeckE and secF. However, one of
the Sec proteins, SecG, was initially detected in the in vitro system (Nishiyama et al., 1993),
although subsequently, pr/mutations were found in the secG gene (Bost and Belin, 1997).
The genes for the protein SecG and for the signal peptidase, /ep, were identified by working
back from the sequence of the protein to the DNA sequence (Date and Wickner,
1981;Nishiyama et al., 1994).

The genetic studies of protein export via the Sec proteins were complemented by the
development of an in vitro system for assaying protein translocation into cytoplasmic
membrane vesicles. Wickner and coworkers (Wickner et al., 1978) established an in vitro
system for studying the assembly of the signal-sequence-containing M13 phage protein into
the E. coli cytoplasmic membrane. While the system was developed for studies on the M13
coat protein, it was subsequently used to study the in vitro translocation of periplasmic
proteins and outer membrane proteins into the interior of the membrane vesicles. These in
vitro studies verified the role of many of the Sec proteins, demonstrated subcomplexes of
proteins (SecYEG and SecDFYajC) and revealed the role of the membrane electrochemical
potential gradient in protein translocation (Date et al., 1980;Wickner and Leonard, 1996).
(The YajC protein is in an operon with SecD and F and purifies with them, but it is not clear
that it plays a role in protein export.) Wickner’s system and the studies of Chang et al. also
allowed the detection and subsequent studies on the bacterial signal peptidase (Chang et al.,
1978;Mandel and Wickner, 1979)

The combination of these early genetic and biochemical studies led to a picture of the role of
most of the Sec proteins in the export process.
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During the period in which the genetics of protein export in bacteria was being investigated,
Blobel and his colleagues were identifying the components of the secretory apparatus in
eukaryotic cells, reconstituting a membrane vesicle system for assaying protein translocation
across dog pancreas microsomal vesicles. They first identified a eukaryotic signal peptidase
(Jackson and Blobel, 1977). Further studies led to the identification of membrane
components that constituted the machinery for transferring proteins across the ER membrane
or incorporation of proteins into it (Walter et al., 1979) and to the discovery of the cytosolic
signal recognition particle (SRP) (Walter et al., 1981). The similarities between the
eukaryotic and bacterial systems were emphasized by the finding that the mammalian
system could translocate bacterial proteins into the ER lumen with their quite comparable
signal sequences. Furthermore, the actual membrane translocon complex of proteins through
which proteins passed, SecYEG and Sec 61apy, appeared to be not only quite similar, but
the sequences of the protein SecY, Sec6la and the archaeal SecY were evolutionarily
related. It appeared that mechanism had been conserved across the three domains of life
(Pohlschroder et al., 1997).

Despite the remarkable similarities in mechanisms to those of the eukaryotic system, the
early studies of protein export in bacteria suggested some significant differences. The most
apparent of these was related to the connection between protein synthesis and protein
translocation. Proteins were translocated into the lumen of the ER in a co-translational
fashion (Walter and Blobel, 1981). That is, almost as soon as the signal sequences were
synthesized and emerged from the ribosomes, they were recognized by SRP and taken to the
ER membrane where they immediately began to be translocated. In contrast, Linda Randall
and her coworkers showed that, in bacteria, the export of each protein they studied exhibited
mixed co-and post-translational mechanisms (Josefsson and Randall, 1981). That is,
substantial lengths (the amount varying from protein to protein) of the polypeptide chains
were synthesized and remained in the cytoplasm before protein translocation across the
membrane began (Josefsson and Randall, 1981;Kadokura and Beckwith, 2009;Schierle et
al., 2003). There was a significant post-translational component to the export process.
Furthermore, the genetic studies in bacteria had not revealed any bacterial components of
the secretory apparatus that resembled the components of the eukaryotic SRP.

These studies were reconciled when, first, Peter Walter and colleagues identified genes in £.
colithat were homologous to a protein subunit of eukaryotic SRP (1), encoded a 4.5S
RNA (f7s) that might correspond to the 7S RNA of eukaryotic SRP and encoded a
homologue of the SRP receptor (f#sY) in the ER membrane (summarized in (Bernstein and
Hyndman, 2001b)). Second, later studies revealed that a significant minority of £. coli
proteins did, in fact, depend on a bacterial SRP system for their export to the periplasm or
outer membrane (Huber et al., 2005). Similarly, studies in Saccharomyces cerevisiae
revealed that secretion by the signal sequence pathway in that organism involved both post-
and co-translational pathways (Ng et al., 1996). The choice of pathway was determined by
differences between the signal sequences of the two classes of proteins. The proteins
exported by a post-translational pathway generally had signal sequences that were less
hydrophobic that those that proceed through the SRP pathway.

Many of those working on the bacterial system, including myself, at first resisted the
suggestion of a bacterial SRP-based export proposed by Walter and colleagues, as it was
based largely on the finding of homologues of eukaryotic SRP components in bacteria
(Bassford et al., 1991). Despite this contretemps, the parallel histories of the studies on the
secretory pathway in eukaryotes and those on bacteria were mutually reinforcing efforts
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with much interaction and intermingling of researchers from both areas who often attended
meetings together. Ultimately, it became clear that a major role of the SRP pathway is to co-
translationally initiate the membrane incorporation of cytoplasmic membrane proteins. This
process occurs by interaction of an SRP carrying a nascent chain with the SRP receptor in
the membrane and subsequent transfer to the SecYEG complex for proper membrane
localization of the proteins. For a subset of these membrane proteins, an additional
membrane component essential for their localization is the YidC protein, a cytoplasmic
membrane protein itself (Gray et al., 2012;Samuelson et al., 2000).

5. The roles of gene products constituting the Sec pathway

5.1. SecB

5.2.SecA

5.3.SecYEG

There is considerable evidence on the structure of most of the components of the Sec
pathway. | will not describe those studies in detail, but rather refer to them in connection
with certain functions of these proteins.

Preventing the folding of a protein in the cytoplasm is important to the successful initiation
of protein export for most Sec-dependent proteins. If the protein folds, it can no longer pass
through or even reach the SecYEG complex. Prevention of folding can occur in several
ways: 1) The chaperone SecB interacts with nascent chains of certain proteins, preventing
their folding (Weiss et al., 1988). The SecB-nascent chain complex interacts with the next
protein in the pathway, SecA. There is considerable information on the portions of SecB that
interact with nascent chains and those of the nascent chains themselves that interact with
SecB (Bechtluft et al., 2010;Randall and Hardy, 2002). 2) Many proteins exported to the cell
envelope are dependent on protein disulfide bonds for their proper folding. This class of
proteins may require no chaperone such as SecB, since disulfide bonds can only form once
these proteins have reached the periplasm. However, such proteins may become SecB-
dependent when the bacteria are grown at temperatures lower than the usual temperature
(e.g. lower than 37° in the case of E. coli)(Kusukawa et al., 1989). This may be because the
higher temperatures can destabilize interactions within the protein that result in more stable
structures at the lower temperature. 3)Signal sequences themselves can interact with
portions of the nascent chain to prevent its folding (Park et al., 1988).

Trigger factor, another chaperone that was thought initially to facilitate protein export in the
Sec pathway, is now considered to be a more general chaperone which may also influence
folding properties of exportable proteins (Crooke and Wickner, 1987;Hoffmann et al.,
2012).

The SecA protein is an ATPase that interacts with SecB as well as with the SecYEG
complex. If a protein does not require SecB to prevent its folding, then the protein will be
recognized by SecA and transferred during its synthesis to the SecYEG complex. Evidence
suggests that those nascent chains that bind SecB will be eventually transferred to SecA.
SecA is not only designed to move the nascent chains to the SecYEG complex, it is also
essential for the translocation through that complex, using ATP as a source of energy. SecA
remains bound to SecYEG during the translocation process and is released when export is
complete. Thus, the protein can be found in both membrane and soluble fractions in cell
extracts (Sardis and Economou, 2010).

These three proteins form a stable complex in the cytoplasmic membrane. However, this
translocon is still partly functional in vivo in the complete absence of SecG (a protein with

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckwith

Page 8

two transmembrane segments), although export defects are seen at low temperature in a
secG null mutant. Much of the work on structure and function has been done in vitro with
just the SecYE complex (or SecA-SecYE). SecE is an essential gene with three
transmembrane segments which is suggested to be responsible for helping maintain the
structure of the complex. The component of the complex that actually forms the gated pore
in the membrane is SecY, a 10-transmembrane segment protein with inverted symmetry.
Interactions of the SecYEG complex with a nascent chain bound to SecA, for instance,
triggers the opening of the gate and the ATP-dependent translocation of a protein (Erlandson
et al., 2008;0sborne et al., 2005;Zimmer et al., 2008).

5.4.Mysterious SecDF

Studies in vivo on the Sec export pathway indicate that it is highly dependent on the SecDF
cytoplasmic membrane proteins, although secDF null mutants of £. coli grow, albeit very
slowly, at 37° and essentially not at all at low temperatures (Pogliano and Beckwith, 1994).
SecD and SecF each contain 6 transmembrane segments and substantial hydrophilic
periplasmic domains. Several explanations for SecDF function have been proposed (Duong
and Wickner, 1997), including a recent suggestion that SecDF functions as a chaperone
which uses the proton motive force to power, from the periplasmic side, the movement of a
translocating polypeptide through the membrane (Tsukazaki et al., 2011).

Early studies showed that there is a third gene (ya/C) encoding a membrane protein in the
SecDF operon and that the YajC protein co-purifies with SecDF. It is not clear what role, if
any, YajC plays. Further, YajC also forms a complex with the £. coli AcrB protein. AcrB is
a membrane protein with similarities to the SecDF complex, but itself pumps small
molecules such as acridines out of the cytoplasm (Fang and Wei, 2011).

5.5.The SRP pathway

Initial experiments to distinguish those E. coli proteins that utilize the co-translational SRP
export pathway from those that use a post-translational pathway suggested that roughly 25%
of exported proteins may contain signal sequences that are recognized by SRP (Huber et al.,
2005). The SRP-dependent proteins presumably do not require the SecB protein, as they do
not have the opportunity to fold because translocation through the membrane occurs co-
translationally. They do, however, still pass through the SecYEG translocon, presumably
utilizing the energy of protein synthesis rather than SecA’s ATPase activity. The E. coli SRP
is composed of two components, a 54 kilodalton homologue of a subunit of eukaryotic SRP
and a 4.5S RNA. Early in the translation process, a complex is formed between SRP and a
nascent polypeptide. The complex then interacts with the FtsY SRP-receptor protein in the
cytoplasmic protein. This membrane localization of the nascent chain allows delivery to
SecYEG (Bernstein and Hyndman, 2001a).

6. Summary and future research

The beginnings of studies on protein export in bacteria were in progress when the catalytic
presentation of the signal sequence hypothesis by Blobel and Dobberstein appeared. The
overlap in interests of those cell biologists studying the secretory pathway of eukaryotes and
those exploring the export of proteins to the bacterial cell envelope led to an unusual, at that
time, joining of forces. As the fields evolved, the finding that the pathways shared both
SRPs and SecYEG (Sec61) complexes drew the two groups closer together. In particular, a
number of researchers went back and forth in their research between the bacterial and
eukaryotic systems.

While a picture of the pathways that utilize Sec components for protein export in bacteria
can be drawn in broad outlines, there are a host of interesting questions that are being
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explored. Continued investigation of these questions by standard approaches, and
particularly by advances in biophysical techniques, are rapidly revealing fascinating details.
In particular, studies on the structure of the SecYE complex, its interaction with SecA and
the actual movement of exportable proteins through the membrane pore are consistently
yielding novel insights. To fully understand both the post-translational and co-translational
pathways will still require many more years of work.

There are also new questions arising as the studies proceed. Just to mention a few: Since we
now know a lot about the Sec protein export pathways in bacteria and in eukaryotes, how do
archaea export proteins? Genes encoding homologues of some, but not all Sec proteins have
been found in some archaea (Pohlschroder et al., 2005). Recently, discoveries of more than
one Sec pathway in certain bacteria has suggested that distinct Sec pathways (these bacteria
may have two SecAs or two SecYs or both) may be necessary for organisms to export
proteins with unusual structures for bacteria, e.g. glycosylated proteins (Feltcher and
Braunstein, 2012). A recent finding of a complex between SecA and a specific ribosomal
protein goes against the current view of the role of SecA and the timing of its interaction
with nascent polypeptides (Huber et al., 2011). Finally, recent studies on the function of the
SecDF complex and the role of YajC in protein export require further exploration (Fang and
Wei, 2011;Tsukazaki et al., 2011).

References

Adler J. Chemotaxis in Escherichia coli. Cold Spring Harb. Symp. Quant. Biol. 1965; 30:289-292.
[PubMed: 5326961]

Bassford P, Beckwith J. Escherichia coli mutants accumulating the precursor of a secreted protein in
the cytoplasm. Nature. 1979; 277:538-541. [PubMed: 368649]

Bassford P, Beckwith J, I1to K, Kumamoto C, Mizushima S, Oliver D, Randall L, Silhavy T, Tai PC,
Wickner B. The primary pathway of protein export in E. coli. Cell. 1991; 65:367-368. [PubMed:
1850320]

Bechtluft P, Nouwen N, Tans SJ, Driessen AJ. SecB--a chaperone dedicated to protein translocation.
Mol. Biosyst. 2010; 6:620-627. [PubMed: 20237639]

Bedouelle H, Bassford PJ Jr. Fowler AV, Zabin |, Beckwith J, Hofnung M. The nature of mutational
alterations in the signal sequence of the maltose binding protein of Escherichia coli. Nature. 1980;
285:78-81. [PubMed: 6990274]

Bernstein HD, Hyndman JB. Physiological basis for conservation of the signal recognition particle
targeting pathway in Escherichia coli. J. Bacteriol. 2001a; 183:2187-2197. [PubMed: 11244056]

Bernstein KD, Hyndman JB. Physiological basis for conservation of the signal recognition particle
targeting pathway in Escherichia coli. J. Bacteriol. 2001b; 183:2187-2197. [PubMed: 11244056]

Bissell MJ, Tosi R, Gorini L. Mechanism of excretion of a bacterial proteinase: factors controlling
accumulation of the extracellular proteinase of a Sarcina strain (Coccus P). J. Bacteriol. 1971,
105:1099-1109. [PubMed: 5107857]

Blobel G, Dobberstein B. Transfer of proteins across membranes. I. Presence of proteolytically
processed and unprocessed nascent immunoglobulin light chains on membrane-bound ribosomes of
murine myeloma. J. Cell Biol. 1975; 67:835-851. [PubMed: 811671]

Bost S, Belin D. prl mutations in the Escherichia coli secG gene. J. Biol. Chem. 1997; 272:4087-4093.

[PubMed: 9020118]

Chang CN, Blobel G, Model P. Detection of prokaryotic signal peptidase in an Escherichia coli
membrane fraction: endoproteolytic cleavage of nascent f1 pre-coat protein. Proc. Natl. Acad. Sci.
U.S.A. 1978; 75:361-365. [PubMed: 343108]

Crooke E, Wickner W. Trigger factor: a soluble protein that folds proOmpA into a membrane-
assembly-competent form. Proc. Natl. Acad. Sci. U.S.A. 1987; 84:5216-5220. [PubMed:
3299381]

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckwith

Page 10

Date T, Goodman JM, Wickner WT. Procoat, the precursor of M13 coat protein, requires an
electrochemical potential for membrane insertion. Proc. Natl. Acad. Sci. U. S. A. 1980; 77:4669-
4673. [PubMed: 7001463]

Date T, Wickner W. Isolation of the Escherichia coli leader peptidase gene and effects of leader
peptidase overproduction in vivo. Proc. Natl. Acad. Sci. U. S. A. 1981; 78:6106-6110. [PubMed:
6273848]

Duong F, Wickner W. Distinct catalytic roles of the SecYE, SecG and SecDFyajC subunits of
preprotein translocase holoenzyme. EMBO J. 1997; 16:2756-2768. [PubMed: 9184221]

Emr SD, Hanley-Way S, Silhavy TJ. Suppressor mutations that restore export of a protein with a
defective signal sequence. Cell. 1981; 23:79-88. [PubMed: 7011570]

Emr SD, Hedgpeth J, Clement JM, Silhavy TJ, Hofnung M. Sequence analysis of mutations that
prevent export of lambda receptor, an Escherichia coli outer membrane protein. Nature. 1980;
285:82-85. [PubMed: 6445509]

Emr SD, Schwartz M, Silhavy TJ. Mutations altering the cellular localization of the phage lambda
receptor, an Escherichia coli outer membrane protein. Proc. Natl. Acad. Sci. U. S. A. 1978;
75:5802-5806. [PubMed: 104291]

Erlandson KJ, Miller SB, Nam Y, Osborne AR, Zimmer J, Rapoport TA. A role for the two-helix
finger of the SecA ATPase in protein translocation. Nature. 2008; 455:984-987. [PubMed:
18923526]

Fang J, Wei Y. Expression, purification and characterization of the Escherichia coli integral membrane
protein YajC. Protein Pept. Lett. 2011; 18:601-608. [PubMed: 21235483]

Feltcher ME, Braunstein M. Emerging themes in SecA2-mediated protein export. Nat. Rev. Microbiol.
2012; 10:779-789. [PubMed: 23000954]

Gardel C, Benson SA, Hunt J, Michaelis S, Beckwith J. secD, a new gene involved in protein export in
Escherichia coli. J. Bacteriol. 1987; 169:1286-1290. [PubMed: 3029032]

Gardel C, Johnson K, Jacq A, Beckwith J. The secD locus of E.coli codes for two membrane proteins
required for protein export. EMBO J. 1990; 9:3209-3216. [PubMed: 2170107]

Gray AN, Henderson-Frost JM, Boyd D, Sharafi S, Niki H, Goldberg MB. Unbalanced Charge
Distribution as a Determinant for Dependence of a Subset of Escherichia coli Membrane Proteins
on the Membrane Insertase YidC. MBio. 2012:3.

Hirota Y, Ryter A, Jacob F. Thermosensitive mutants of E. coli affected in the processes of DNA
synthesis and cellular division. Cold Spring Harb. Symp. Quant. Biol. 1968; 33:677-693.
[PubMed: 4892005]

Hoffmann A, Becker AH, Zachmann-Brand B, Deuerling E, Bukau B, Kramer G. Concerted action of
the ribosome and the associated chaperone trigger factor confines nascent polypeptide folding.
Mol. Cell. 2012; 48:63-74. [PubMed: 22921937]

Huber D, Boyd D, Xia Y, Olma MH, Gerstein M, Beckwith J. Use of thioredoxin as a reporter to
identify a subset of Escherichia coli signal sequences that promote signal recognition particle-
dependent translocation. J. Bacteriol. 2005; 187:2983-2991. [PubMed: 15838024]

Huber D, Rajagopalan N, Preissler S, Rocco MA, Merz F, Kramer G, Bukau B. SecA interacts with
ribosomes in order to facilitate posttranslational translocation in bacteria. Mol. Cell. 2011; 41:343—
353. [PubMed: 21292166]

Inouye H, Beckwith J. Synthesis and processing of an E. coli alkaline phosphatase precursor in vitro.
1977; 74:1440-1444.

Inouye S, Wang S, Sekizawa J, Halegoua S, Inouye M. Amino acid sequence for the peptide extension
on the prolipoprotein of the Escherichia coli outer membrane. Proc. Natl. Acad. Sci. U. S. A. 1977;
74:1004-1008. [PubMed: 322142]

Ito K, Wittekind M, Nomura M, Shiba K, Yura T, Miura A, Nashimoto H. A temperature-sensitive
mutant of E. coli exhibiting slow processing of exported proteins. Cell. 1983; 32:789-797.
[PubMed: 6339072]

Jackson RC, Blobel G. Post-translational cleavage of presecretory proteins with an extract of rough
microsomes from dog pancreas containing signal peptidase activity. Proc. Natl. Acad. Sci. U. S. A.
1977; 74:5598-5602. [PubMed: 271987]

Jacob, F. Of Flies, Mice and Men. Harvard University Press; Cambridge: 1998.

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckwith

Page 11

Josefsson L-G, Randall LL. Different exported proteins in E. coli show differences in the temporal
mode of processing in vivo. Cell. 1981; 25:151-157. [PubMed: 7023693]

Kadokura H, Beckwith J. Detecting folding intermediates of a protein as it passes through the bacterial
translocation channel. Cell. 2009; 138:1164-1173. [PubMed: 19766568]

Kumamoto CA, Beckwith J. Mutations in a new gene, secB, cause defective protein localization in
Escherichia coli. J. Bacteriol. 1983; 154:253-260. [PubMed: 6403503]

Kusukawa N, Yura T, Ueguchi C, Akiyama Y, Ito K. Effects of mutations in heat-shock genes groES
and groEL on protein export in Escherichia coli. EMBO J. 1989; 8:3517-3521. [PubMed:
2573517]

Losick R, Sonenshein AL. Change in the template specificity of RNA polymerase during sporulation
of Bacillus subtilis. Nature. 1969; 224:35-37. [PubMed: 4980824]

Mandel G, Wickner W. Translational and post-translational cleavage of M13 procoat protein: extracts
of both the cytoplasmic and outer membranes of Escherichia coli contain leader peptidase activity.
Proc. Natl. Acad. Sci. U. S. A. 1979; 76:236-240. [PubMed: 370824]

Michaelis S, Hunt JF, Beckwith J. Effects of signal sequence mutations on the kinetics of alkaline
phosphatase export to the periplasm in Escherichia coli. J. Bacteriol. 1986; 167:160-167.
[PubMed: 3522543]

Milstein C, Brownlee G, Harrison T, Matthews MB. A possible precursor of immunoglobulin light
chains. Nature New Biol. 1972; 239:117-120. [PubMed: 4507519]

Ng DTW, Brown JD, Walter P. Signal sequences specify the targeting route to the endoplasmic
reticulum membrane. J. Cell Biol. 1996; 134:269-278. [PubMed: 8707814]

Nishiyama K, Hanada M, Tokuda J. Disruption of the gene encoding p12 (SecG) reveals the direct
involvement and important function of SecG in the protein translocation of Escherichia coli at low
temperature. EMBO J. 1994; 13:3272-3277. [PubMed: 8045257]

Nishiyama K, Mizushima S, Tokuda H. A novel membrane protein involved in protein translocation
across the cytoplasmic membrane of Escherichia coli. EMBO J. 1993; 12:3409-3415. [PubMed:
8253068]

Oliver DB, Beckwith J. E. coli mutant pleiotropically defective in the export of secreted proteins. Cell.
1981; 25:2765-2772.

Oshorne AR, Rapoport TA, van den BB. Protein translocation by the Sec61/SecY channel. Annu. Rev.
Cell Dev. Biol. 2005; 21:529-550. [PubMed: 16212506]

Park S, Liu G, Topping TB, Cover WH, Randall LL. Modulation of folding pathways of exported
proteins by the leader sequence. Science. 1988; 239:1033-1035. [PubMed: 3278378]

Pogliano JA, Beckwith J. SecD and SecF facilitate protein export in Escherichia coli. EMBO J. 1994;
13:554-561. [PubMed: 8313900]

Pohlschroder M, Gimenez M, Jarrell KF. Protein transport in Archaea: Sec and twin arginine
translocation pathways. Curr. Opin. Microbiol. 2005; 8:713-719. [PubMed: 16257258]

Pohlschroder M, Prinz WA, Hartmann E, Beckwith J. Protein translocation in the three domains of
life: variations on a theme. Cell. 1997; 91:563-566. [PubMed: 9393849]

Randall LL, Hardy SJ. SecB, one small chaperone in the complex milieu of the cell. Cell Mol. Life
Sci. 2002; 59:1617-1623. [PubMed: 12475171]

Randall LL, Hardy SJ, Josefsson LG. Precursors of three exported proteins in Escherichia coli. Proc.
Natl. Acad. Sci. U. S. A. 1978; 75:1209-1212. [PubMed: 349560]

Riggs PD, Derman Al, Beckwith J. A mutation affecting the regulation of a secA-lacZ fusion defines a
new sec gene. Genetics. 1988; 118:571-579. [PubMed: 3284784]

Samuelson JC, Chen M, Jlang F, Méller I, Wiedmann M, Kuhn A, Phillips GJ, Dalbey RE. YidC
mediates membrane protein insertion in bacteria. Nature. 2000; 406:637-641. [PubMed:
10949305]

Sardis MF, Economou A. SecA: a tale of two protomers. Mol. Microbiol. 2010; 76:1070-1081.
[PubMed: 20444093]

Schierle CF, Berkmen M, Huber D, Kumamoto C, Boyd D, Beckwith J. The DsbA signal sequence
directs efficient, cotranslational export of passenger proteins to the Escherichia coli periplasm via
the signal recognition particle pathway. J. Bacteriol. 2003; 185:5706-5713. [PubMed: 13129941]

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckwith

Page 12

Sekizawa J, Inouye S, Halegoua S, Inouye M. Precursors of major outer membrane proteins of
Escherichia coli. Biochem. Biophys. Res. Commun. 1977; 77:1126-1133. [PubMed: 332169]

Siekevitz P, Palade GE. A cyto-chemical study on the pancreas of the guinea pig. I1l. In vivo
incorporation of leucine-1-C14 into the proteins of cell fractions. J. Biophys. Biochem. Cytol.
1958; 4:557-566. [PubMed: 13587549]

Stader J, Gansheroff LJ, Silhavy TJ. New suppressors of signal-sequence mutations, prlG, are linked
tightly to the secE gene of Escherichia coli. Genes Dev. 1989; 3:1045-1052. [PubMed: 2673921]

Sugimoto K, Sugisaki H, Okamoto T, Takanami M. Studies on bacteriophage fd DNA. IV. The
sequence of messenger RNA for the major coat protein gene. J. Mol. Biol. 1977; 111:487-507.
[PubMed: 864706]

Tsukazaki T, Mori H, Echizen Y, Ishitani R, Fukai S, Tanaka T, Perederina A, Vassylyev DG, Kohno
T, Maturana AD, Ito K, Nureki O. Structure and function of a membrane component SecDF that
enhances protein export. Nature. 2011; 474:235-238. [PubMed: 21562494]

Walter P, Blobel G. Translocation of proteins across the endoplasmic reticulum. I11. Signal recognition
protein (SRP) causes signal sequence-dependent and site-specific arrest of chain elongation that is
released by microsomal membranes. J. Cell Biol. 1981; 91:557-561. [PubMed: 7309797]

Walter P, Ibrahimi I, Blobel G. Translocation of proteins across the endoplasmic reticulum. 1. Signal
recognition protein (SRP) binds to in-vitro-assembled polysomes synthesizing secretory protein. J.
Cell Biol. 1981; 91:545-550. [PubMed: 7309795]

Walter P, Jackson RC, Marcus MM, Lingappa VR, Blobel G. Tryptic dissection and reconstitution of
translocation activity for nascent presecretory proteins across microsomal membranes. Proc. Natl.
Acad. Sci. U. S. A. 1979; 76:1795-1799. [PubMed: 109833]

Weiss JB, Ray PH, Bassford PJ Jr. Purified secB protein of Escherichia coli retards folding and
promotes membrane translocation of the maltose-binding protein in vitro. Proc. Natl. Acad. Sci. U.
S. A. 1988; 85:8978-8982. [PubMed: 2848249]

Wickner W, Leonard MR. Escherichia coli preprotein translocase. J.Biol. Chem. 1996; 271:29514—
29516. [PubMed: 8939874]

Wickner W, Mandel G, Zwizinski C, Bates M, Killick T. Synthesis of phage M13 coat protein and its
assembly into membranes in vitro. Proc. Natl. Acad. Sci. U. S. A. 1978; 75:1754-1758. [PubMed:
273906]

Wood WB, Edgar RS. Building a bacterial virus. Sci. Am. 1967; 217:61-66. [PubMed: 6046327]

Zimmer J, Nam Y, Rapoport TA. Structure of a complex of the ATPase SecA and the protein-
translocation channel. Nature. 2008; 455:936-943. [PubMed: 18923516]

Res Microbiol. Author manuscript; available in PMC 2014 July 01.



