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Summary. Secretory proteins are synthesized on
membrane-bound ribosomes and translocated from the
cytoplasmic to the luminal side of the rough endoplasmic reticulum membrane. A number of membrane proteins are essential for this protein translocation. In the
present article, the molecular properties and functional
roles of these membrane proteins are reviewed. On the
basis of the results, an updated version of the scheme
describing the translocating process is presented. The
process consists of four steps: 1) elongation arrest; 2)
targeting; 3) landing; and 4) translocation and processing.

(SRP) and the SRP receptor, have been shown to
function in the targeting events preceding the actual
translocation event. SRP receptor is an integral
membrane protein, while SRP is a cytosolic ribonucleoprotein complex which is about equally distributed between membrane-associated (38%) and free
(15%) or ribosome-associated (47%) states. 7)

Signal recognition particles
The process of targeting is initiated in the cytosol
when SRP binds to a signal sequence in the emerging
nascent polypeptide. 8 ,9) SRP was first recognized by
its ability to restore the translocation activity of
salt-extracted microsomes in the wheat germ cellfree translation system. 10 ) It was purified to homogeneity from a salt extract of canine pancreas microsomes using this activity as an assay.ll) SRP is composed of six distinct polypeptides (72, 68, 54, 19, 14
and 9 kDa, respectively) and one 7S RNA molecule
(about 300 nucleotides), and has a sedimentation
coefficient of 11S. 12) The six polypeptides are organized into four proteins,13,14) two of which are
monomeric (referred to as p54 and p19) and two of
which are heterodimeric (referred to as p68j72 and
p9jI4). When SRP is disassembled under nondenaturing conditions, the RNA and the protein fractions are
inactive by themselves, but together they can readily
be reconstituted into an active particle. 13 ,14) One function of the RNA is to form a structural lattice. 14 )
SRP interacts with the signal sequence after
emerging from the ribosome, and arrests their further elongation. IS) The interaction of SRP with its
receptor on the ER membrane then causes SRP
displacement and a concomitant release of the elongation arrest. 9 ,16,17) These functions of SRP can be
assigned to specific structural domains of the particle. The p9jI4 is essential for elongation arrest l3 ) and

Introduction
Proteins destined to be secreted from a cell are
synthesized on membrane-bound ribosomes and are
vectorially translocated across the endoplasmic
reticulum (ER) membrane. 1,2) This fact raises the
question as to how the cell can distinguish mRN As
for such proteins from those for intracellular proteins
such as cytoplasmic or mitochondrial proteins, and
then selectively translate the former on membranebound ribosomes. The signal hypothesis 3) was proposed to account for this phenomenon. Over the last
20 years much evidence in favor of this model has
been accumulated from numerous experimental systems. The essential doctrines of an updated version
of this hypothesis (Fig. 1) include signal sequencemediated targeting, cotranslational translocation and
the processing of nascent polypeptide chains. 4- 6) This
review deals with the membrane proteins that play
important roles in these processes.

Targeting process
Two components, the signal recongnition particle
101
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Fig 1. A modified version of the signal hypothesis by Walter et a1. 5 ) on the translation-translocation of
secretory proteins. SRP binds with relatively low affinity to inactive ribosomes (Fig. B). Upon the emergence of
a signal sequence as part of the nascent polypeptide chain, SRP recognizes the signal sequence and arrests
elongation within a certain range of the chain length (Fig. C). The SRP-ribosome-nascent chain complex is then
targeted to the membrane of the ER via the direct interaction of SRP with the SRP receptor. SRP and its
receptor detach from the ribosome and can reenter the cycle, and the elongation arrest is released (Fig. D). The
ribosome-nascent chain complex attaches to the putative ribosome receptors, leading to the formation of a
functional ribosome-membrane junction (Fig. D-E). The protein translocation occurs via the formation of a
"pore-like" structure (Fig. E). The signal sequence is removed from the elongating chain by signal peptidase
localized on the luminal side of the ER membrane. Upon termination of protein synthesis, the completed
polypeptide is released into lumen of the ER (Fig. F).
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Fig 2. Model of the relative geometry of the protein domains in signal recognition particle (SRP) with respect
to the RNA secondary structure. 24 ) The relative positions of p68/72 and pI9 on the SRP secondary structure as
determined by footprinting analysis are indicated. Binding of p54 is shown to occur through p19. The precise
binding site of p9/I4 has not been determined; however, it is clear from nucleolytic dissection studies of SRP
that p9/I4 binds to and largely protects the Alu end of SRP RNA. Activities assigned to the protein domains
are indicated.
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the p68j72 is required for docking to the ER
membrane. IS) The association of p54 with SRP
requires the presence of p19 that binds to 7S RNA
directly. IS) The p19 exposes a binding site for p54 on
the RNA. The p54 is also shown to bind to the signal
sequence of nascent polypeptide chains by crosslinking experiments. 19 -21) The methionine-rich carboxyl
terminus (M-domain) of p54 contains an RN A binding
site and can be crosslinked to a signal sequence. 22 ,23)
These protein domains in SRP are schematically
indicated in Fig. 2, as superimposed on the secondary
structure of SRP RNA.24) This model places the
elongation arrest domain and the signal recognition
domain at opposite ends of the particle. Since SRP is
shown to be 24 nm long,25) it is possible to block
elongation by the entrance of p9j14 into the
aminoacyl tRNA site 16 nm away from the nascent
chain exit site. 24 ,26)

SRP receptor (docking protein)
Targeting occurs through the docking of the SRPtranslation complex to a rough ER-specific SRP
receptor-the docking protein. I6 ,27) The discovery and
purification of the SRP receptor are based on observations that the protein translocation activity of
microsomal membranes completely disappears by
their limited proteolysis, but that the activity can be
restored by the addition of an extract prepared by
limited proteolysis of the original microsomal
membrane. 2s ,29) This proteolytic dissection and functional reconstitution provided the assay for the
purification of the protease-solubilized SRP receptor.
The activity was purified as a basic 52-kDa protein
(apparent mobility on SDS-PAGE is 60 kDa).30) When
assayed in the absence of microsomal membranes,
SRP caused an elongation arrest in the synthesis of
presecretory protein. The elongation arrest was released by the addition of microsomal membranes to
the system. The SRP receptor was functionally defined as an activity residing in a microsomal membrane protein that would release the elongation arrest. I5)
This activity was purified by SRP-Sepharose affinity
chromatography and attributed to a 69-kDa ER
membrane protein (apparent mobility is 72 kDa).16)
The SRP receptor is composed of two subunits,
termed SRa and SR,6'. The primary structure of the
SRa was determined from its cognate cloned
cDNA.31,32) SRa has a large cytoplasmic disposed
fragment (52 kDa) that can be cleaved from the
membrane by low concentrations of either trypsin or
elastase. 16,30) This fragment was shown to begin with
residue 152 of the intact protein. 31 ) The aminoterminal 151 amino acids (17.5 kDa) comprise the
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membrane-anchoring fragment of the SRa and the
remaining 487 amino acids (52 kDa) comprise the
cytoplasmic fragment of the SRa. 3ll At the amino
terminus of the molecule are two hydrophobic
sequences, amino acids 1-22 and 64-79, believed to
anchor the SRa in the lipid bilayer of the ER membrane. SR,6' is a 30-kDa ER membrane protein that
is copurified with SRa or isolated by affinity techniques, and forms a tight complex with SRa in
detergent solution that is stable to high salt and can
be immunoprecipitated with antibodies to either SRa
or SR,6'.33) Both subunits are present in the ER
membrane in equimolar amounts. 33 ) Thus the SRP
receptor appears to be a heterodimeric protein that
contains a second 30-kDa subunit (SR,6') in addition to
the 69-kDa subunit (SRa). SRa does not assemble
into the ER membrane via either a SRP-dependent
process or hydrophobic insertion sequence. Instead,
membrane assembly of SRa is receptor-mediated:
requiring the presence in the membrane of another
integral protein (probably SR,6') that mediates its
targeting and insertion. 34 ,35)
Immunochemical studies have shown that the SRP
receptor is restricted in its subcellular localization to
the rough membrane of ER, and that there is one
molecule of SRP receptor for roughly 10 to 20 bound
ribosomes. 36,37) Thus it is suggested that the SRP
receptor functions catalytically and is recycled once
correct targeting of the ribosome has been
achieved. I?) Another 30-kDa ER membrane protein
(mp30) was copurified with SRa. 33 ) mp30 is present in
the ER membrane in a several-fold molar excess of
SRa. The affinity of mp30 to SRP-Sepharose suggests that it serves a yet unknown function in protein
translocation.

Targeting
SRP is thought to bind in a signal-sequenceindependent manner with relatively low affinity to
biosynthetically inactive ribosomes. 9) Upon the emergence of a signal sequence as part of the nascent
polypeptide chain, the affinity of SRP for the
ribosome increases. I5 ) The p54 subunit of SRP binds
to the signal sequence,19,20) and elongation of the
nascent chain is arrested by the binding of a SRP
domain consisting of the p9j14 heterodimer and the
Alu-like portion of the 7S RNA to the aminoacyl
tRNA site on the ribosome. 6,25) The SRP-ribosomenascent chain complex is then targeted to the membrane of the ER via the direct interaction of the p68j
72 of SRP with the SRP receptor on the membrane. IS)
The SRP lacking the elongation-arrest domain is still
active in signal recognition and targeting. 3S ) There-
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fore, elongation arrest cannot be a prerequisite for
protein translocation across the membrane. 13) In the
absence of elongation arrest, however, most signalbearing nascent proteins lose their ability to be translocated if elongation proceeds beyond a critical point
in the absence of membranes. Thus elongation arrest
seems to maintain the nascent chain in a translocation-competent state by preventing (or delaying)
its further elongation into the cytoplasmic space. 6)
On interaction with the SRP receptor, SRP is
released from both the ribosome l7 ) and the signal
sequence. 2l) The SRP receptor-mediated displacement of SRP from the ribosome-bound nascent chain
was shown to be GTP-dependent both with intact
membrane and with the purified SRP receptor. 39 ) The
SRa was shown to contain a version of the tripartite
GTP-binding consensus sequence found in other
GTP-binding proteins such as Tu, Gs and ras p21, and
to be able to bind GTP by photoaffinity labelling and
a GTP-binding assay to membrane-blotted SRa. 39 )
Cloning and sequencing of the p54 subunit of SRP
revealed that SRP itself also contains a GTP-binding
domain closely homologous to that in the SRa, suggesting that the GTP molecule is involved in signal
recognition and decoding. 4o ,41) It is possible that the
signal sequence, upon interaction of SRP with the
SRP receptor, is translocated from the GTP-binding
domain of the p54 subunit of SRP to the homologous
domain of the SRa .41) Experimental evidence argues
against this hypothesis because no crosslinking of the
signal sequence to SRa was observed. 21 ) This negative result, however, could still be explained by the
transient nature of the interaction. 40 )

sequence of nascent preprolactin and crosslinking to
SSR was induced by irradiation. 20 .42 ) The SSR was
shown to be identical with a 34-kDa protein purified
from canine pancreatic microsomes. 43 ) The SSR
appears to be essential for protein translocation
across the ER membrane as shown by the inhibitory
action of antibodies directed against it and of
monovalent Fab-fragments produced from them. 43 )
The ER membrane contains at least as many molecules of the 34-kDa membrane protein as bound
ribosomes. The protein can be detected immunologically in tissues of various organisms, indicating a
universal function. 43 )
The primary structure of the SSR was deduced
from eDNA clones and from direct protein
sequencing. 44 ) The SSR is synthesized with a cleavable amino-terminal signal sequence and contains only
one classiclal membrane-spanning segment (between
residues 207 and 230). Its insertion into the ER
membrane during biosynthesis depends on the function of the SRP. The amino terminus faces the lumen
of the ER and the carboxyl terminus the cytosol. SSR
can be phosphorylated in its cytoplasmic tail both in
intact cells and in a cell-free system, suggesting a
regulation of its function. 44 ) Further evidence revealed that the crosslinking to the SSR is induced not
only to the signal sequence but also to the longer
fragments of nascent preprolactin. 45 ) Thus it is possible that SSR is a constituent of a protein environment of the nascent chain as it is transferred through
the membrane. Other workers 46 ) identified a signal
sequence binding protein (45 kDa) that has 30-kDa
domain integrated into the rough ER membrane and
is capable of binding a signal sequence.

Landing process

Ribosome receptor
Ribosomes are bound to the ER membrane via the
nascent polypeptide chain as well as by a salt-labile
interaction. 47l Such binding is saturable, sensitive to
proteases, and specific for the large (60S) ribosomal
subunit. 48,49) Using a recombination system consisting
of labelled ribosomes and stripped rough ER membrane, several pieces of evidence have suggested the
presence of a specific proteinaceous receptor for
ribosomes in the membrane of rough ER. 4) Two integral membrane glycoproteins, ribophorins I (65 kDa)
and II (63 kDa) in rat liver rough microsomes, were
proposed as ribosome receptors on the basis of several indirect lines of evidence. 50 ,5l) However, ribophorins are not directly involved in ribosome binding
since the capacity of ribosome-stripped microsomal
membrane to rebind ribosomes in vitro can be abolished by a mild treatment of the microsomes with

Two integral membrane proteins, the signal sequence
receptor (SSR) and the ribosome receptor (RR), are
involved in the landing event which includes interaction of a signal sequence with SSR and attachment of
the ribosome to RR in the ER membrane.
Signal sequence receptor
Attachment of the arrested translation complex to
the ER membrane is mediated by the SRP receptor
and is accompanied by displacement of SRP from
both the ribosome 7) and the signal sequence.2l) The
signal sequence is then transferred into the close
proximity of an integral, glycosylated 35-kDa membrane protein, called the signal sequence receptor
(SSR).42) Identification of the SSR was based on a
photocrosslinking approach whereby a photoreactive
lysine derivative was introduced into the signal
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proteases, a treatment which does not degrade the
ribophorins. 52 ) Moreover, liposomes containing lecithin and only the nonglycoprotein components of
rough microsomes were shown to be capable of
binding ribosomes under the same conditions. 53 )
Recently an integral 34-kDa membrane nonglycoprotein (p34) was identified as a ribosome receptor
in the rough ER of rat liver from the following
evidence.54) On mild proteolysis of the liposomes 55 )
containing a membrane nonglycoprotein fraction, the
p34 underwent selective digestion in parallel with the
loss of ribosome-binding activity of the liposomes.
The direct interaction between the p34 and the 60S
ribosomal subunits was indicated by thiol-cleavable
photocrosslinking. 55 ) Furthermore, the liposomes containing only purified p34 were shown to have the
ribosome-binding activity. The p34 was restricted to
the rough ER and nuclear membranes in the liver
cells. The rough ER membrane contained at least as
many molecules of the p34 as the bound ribosomes. 56)
The p34 can be detected by immunological means in
various tissues of different animals, indicating its
universal function. 56 ) The anti p34 antiserum inhibited reassociation of ribosomes to stripped rough
microsomes (the author et al., unpublished).
An integral membrane protein of relative molecular mass (180 kDa) has been identified as a ribosome
receptor in the rough ER of the canine pancreas.57)
The protein presents itself only in the rough ER
membrane, having a large (at least 160 kDa) cytosolic
domain that mediates the binding of ribosomes. The
liposomes containing the purified 180-kDa protein
indicate the capacity of binding ribosomes and have
a dissociation constant that is close to those obtained
for ribosome binding to microsomal membranes.

Landing
On interaction with the SRP receptor, SRP is released from both the ribosome1 7)and the signal sequence. 21 )
Subsequently, the signal sequence transferres via
SRa or directly to SSR. At the same time, the 60S
subunit of the ribosome carrying the nascent polypeptide chain attaches to the ribosome receptor on ER
membrane. The elongation of the nascent polypeptide
chain resumes. 16,27) The interaction between the
ribosome and its receptor on the ER membrane is
specific and of a salt-labile nature, and it represents
the affinity constant of the order of 1-3 X 10 8M-I.48,53,57)
The SSR is reported to be phosphorylated in its
cytosolic tai1. 44 ) The significance of the phosphorylation in landing process remains to be determined.
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Translocation and processing

Very little is known about the mechanism and components involved in the translocating process of the
nascent polypeptide chain across the membrane of
ER. The signal hypothesis 58 ) supposes translocation
through complex protein pores in the ER membrane,
in combination with the processing of the precursor
into its nature form. Other models 59 ,60) assume protein
translocation to be a spontaneous process without the
requirement of specific membrane receptors or transport proteins. In these models the structure of the
protein (as modulated by the interaction with lipids)
plays an important role in the insertion and translocating process. There are some recent data on precursor-lipid interaction which suggest that the lipid
component of the membrane plays an essential role in
protein translocation. 61) Recent data demonstrate a
requirement for energy (derived from hydrolysis of
nucleotide triphosphates or from an electrochemical
gradient) to drive posttranslational protein translocation across mitochondrial membranes 62 ,63) and also
canine and yeast ER membranes. 64 ,65) These findings
may rule out spontaneous protein translocation
across the membrane, although it remains to be
established how the energy of hydrolysis is used by
the translocating machinery.
On the other hand, alkylating reagent N-ethylmaleimide is shown to be capable of inhibiting translocation (beyond the SRP-docking protein-mediated
recognition step), but has no affect on the ability of
ribosomes to bind to the ER membrane.52) Since the
signal sequence receptor comprises no cysteinyl
residue,44) it appears that N -ethylmaleimide-sensitive
proteins, as yet unidentified, are involved in protein
translocation. Moreover, evidence has been reported
that the partially translocated nascent chain can be
extracted by 4M urea, suggesting that the initial
interaction of the signal sequence with the membrane
as well as subsequent chain conductance occurs in a
microenvironment that is accessible to aqueous
reagents. 66 )
The molecular environment of a nascent polypeptide chain during translocation across the ER membrane was also examined by photocrosslinking. 67 )
Nascent preprolactin chains of various lengths,
synthesized by in vitro translation of truncated
messenger RNAs in the presence of ANB-Lys-tRNA,
were used to position photoreactive probes at various
locations within the membrane. Upon photolysis,
each nascent chain species was crosslinked to a
39-kDa integral membrane glycoprotein (mp39).67)
Thus, different portions of the nascent preprolactin
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chain are in close proximity to the same membrane
protein during the course of translocation. Therefore,
the mp39 appears to be part of a putative translocation tunnel. Furthermore, the similarity of the molecular and crosslinking properties of mp39 and the
34-kDa glycoprotein that was previously identified as
a signal sequence receptor 43 ) suggests that these two
proteins may be identical. 57)
Recently, bifunctional crosslinking reagents were
used to prove the protein environment in the ER
membrane of the 34-kDa SSR. A 22-kDa glycoprotein was identified as a second subunit tightly
bound to the 34-kDa SSR even after membrane
solubilization. 58 ) The 34-kDa polypeptide, termed
a SSR, and the 22-kDa polypeptide, the j3SSR, represent a heterodimer. 58) Nascent chains of preprolactin
and a-Iactamase at different stages of their translocation through the membrane produced crosslinked
products with the aSSR in high yields, indicating that
it is a major membrane protein in the neighborhood
of translocating nascent chains of secretory
proteins. 58)
Signal peptidase catalyzes the endoproteolytic

cleavage of a signal sequence from a nascent polypeptide chain during the process of translocation. 3 ,59) The
purified enzyme consists of a complex of six polypeptides with an apparent molecular mass of 25, 23, 22,
21, 18, and 12 kDa and, in contrast to SSR, is lumenally oriented. 70 - 72 ) The 22- and 23-kDa subunits are
shown to be glycoproteins. It appears likely that only
one subunit of this complex carries out signal peptide
cleavage. The structural association of the other
subunits in stoichiometric amounts may reflect requirements besides signal cleavage in their chain
translocation across the ER membrane.7l)

Final discussion
Membrane protein components related to the translocation of a nascent polypeptide chain across the ER
membrane are listed in Table 1. On the basis of the
results reviewed here, the total process of the translocation of nascent polypeptide chain across the ER
membrane is schematically indicated in Fig. 3. A
signal sequence after emerging from the ribosome is
recognized by SRP through its p54 subunit and when

Table 1. Membrane protein components related to the translocation of newly synthesized proteins across the ER
membrane

Component

Molecular size

Function

Reference

Signal recognition particle
(SRP)

p68/72(dimer)
p54
p19
p9/14(dimer)
7SL RNA

Targeting to SRP receptor
Signal sequence recognition
Assisting p54 in RNA binding
Elongation arrest (ribosome binding)
Structural lattice

(18)
(19, 23)

(14)

69 kDa
30 kDa

Receptor for p68/72 of SRP
Receptor for SRa

(15, 27)
(33, 35)

30 kDa

Unknown (showing affinity to SRP)

(33)

(43, 45)

45 kDa

Signal sequence binding & translocation tunnel
Signal sequence binding

SRP receptor (docking protein)

SRa
SR,B

Mp30
Signal sequence receptor
(SSR)
Mp39 (probably identical to 34-kDa SSR)

(18)
(13)

(46)

Signal sequence binding & translocation tunnel

(67)

Ribosome receptor (RR)

34 kDa
180 kDa

Ribosome binding (rat liver)
Ribosome binding (canine pancreas)

(54)
(57)

Signal peptidase

25, 23 g , 22 g , 21,
18, 12 kDa
(comlex)

Cleavage of signal sequence & translocation tunnel (?)

(71)

Unknown
Unknown

(50,73)

Ribophorins

I
II

a: non-membranous component

g: glycoprotein
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elongation of the nascent polypeptide chain is arrested (Fig. 3-1). On interaction of SRP with its receptor
SRa (Fig. 3-2), the SRP is released both from the
ribosome and from the signal sequence (Fig. 3-3). The
signal sequence is then transferred to the SSR (Fig.
3-3). It seems that GTP plays an essential role in this
process. The ribosome attaches to the membrane via
a direct interaction of the ribosome with the RR (Fig.
3-3). Elongation of the nascent polypeptide chain
resumes, and the elongating polypeptide chain traverses the membrane (Fig. 3-4). The signal sequence
is removed from the elongating chain by signal peptidase, and the elongating chain is extruded into the
lumen of the ER to form a competent conformation

(Fig. 3-4). Since it is likely that SSR and RR are
present in stoichiometric amounts with bound
ribosomes, they may be assured to playa role during
the actural translocating process. It is possible that
aSSR, pSSR, RR and signal peptidase complex are
constituents of the translocating machinery,
"translocon".6)
Concluding remarks

The major conclusion which can be drawn from this
review is that a significant lack exists in our understanding of those proteins which play essential roles
in the translocation of newly synthesized proteins

M ----+-,.,..--.........~--

1 ELONGATION
ARREST

2 TARGETING
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3 LANDING

4 TRANSLOCATION
k PROCESSING

Fig 3. Scheme of translocating process of a nascent polypeptide across the ER membrane. This process,
consisting of four steps, is described in detail in the text. A, signal recognition particle (SRP); B, signal sequence
emerging from ribosome; C, a-subunit of SRP receptor (SRa); D, ,B-subunit of SRP receptor (SR,B); E, signal
sequence receptor (SSR); F, ribosome receptor (RR); G, signal peptidase complex; H, 60S ribosomal subunit; ],
40S ribosomal subunit; K, membrane of the ER; M, messenger RNA; N, elongating polypeptide chain after
cleavage of the signal sequence.
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across the ER membrane. There are two fundamental problems to resolve regarding translocation
across the ER membrane: 1) How can a ribosomenascent chain complex recognize the ER membrane?
2) How is a polypeptide chain translocated across
lipid bilayer into the lumen of ER membrane? A novel
approach for the problem described in (1) has been
advanced recently by the concept of signal sequencemediated process. Our understanding of problem (2)
is now very deficient. The most challenging problems
include further fractionation and purification of all
the essential components involved in the targeting
and translocating processes. Our goal must be to
reconstitute the essential components into proteoliposomes that have the function of targeting and
translocating a newly synthesized protein.

10)

11)

12)

13)

14)
15)
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