
Embracing the void—how much do we really know about
targeting and translocation to the endoplasmic reticulum?
Naama Aviram and Maya Schuldiner

Available online at www.sciencedirect.com

ScienceDirect
In order for a protein to enter the secretory pathway, two crucial

steps must occur: it first needs to be targeted to the cytosolic

surface of the endoplasmic reticulum (ER), and then be

translocated across the ER membrane. Although for many

years studies of targeting focused on the signal recognition

particle, recent findings reveal that several alternative targeting

pathways exist, some still undescribed, and some only recently

elucidated. In addition, many genes implicated in the

translocation step have not been assigned a specific function.

Here, we will focus on the open questions regarding ER

targeting and translocation, and discuss how combining

classical biochemistry with systematic approaches can

promote our understanding of these essential cellular steps.
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The gaps between genomic overflow and
shortage in functional characterization
In recent years, developments in the field of genomics

have generated incomprehensible amounts of data. We

now have the technical means to sequence every genome,

to annotate the potential genes encoded in those

sequences, and to predict functional motifs within the

encoded proteins.

While complex organisms’ genomes may be more challen-

ging to decipher due to greater amounts of information, one

would expect that the genome of a simple, unicellular,

intensely studied model organism, such as the baker’s yeast

Saccharomyces cerevisiae, would be completely character-

ized. Despite that, here we are today, almost two decades

after the sequencing of the entire yeast genome [1], still

oblivious in regards to the biological functions of many of

the 5853 yeast genes (www.yeastgenome.org). Though

researchers continuously attribute functions to a growing
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number of genes, almost 25% of yeast genes are of

unknown function. Of course, even for proteins for which

a function has been assigned, much is left to uncover. Many

of the unstudied proteins are localized to the various

organelles (Figure 1), highlighting how little we know of

the workings of even a simple eukaryotic cell.

Modern-day’s gap between the genomic overflow and

functional characterization is a general issue in nearly every

studied cell-biology question. In this review we will focus

on one prime example, the entry of proteins into the

secretory pathway. We will discuss the open questions in

the field, and examine potential approaches to tackle them.

Entry into the secretory pathway—an example
of an unresolved cellular process
Over 20% of any eukaryotic proteome is composed of

secreted, membranal, and endomembrane organellar

proteins. The correct distribution of these proteins relies

on entry into the first station in the secretory pathway, the

endoplasmic reticulum (ER), from which proteins are

trafficked to their final destinations. Two things must occur

in order for a protein to enter the ER: First, it has to be

targeted in a regulated manner to a specific position on the

ER membrane. Next, it needs to physically translocate

through the ER membrane using dedicated machinery.

In 1971 Günter Blobel formulated the hypothesis that

secretory proteins have intrinsic signals that govern their

transport and localization in the cell (the signal hypothesis)

and later received the Nobel Prize in medicine for proving

it right. Soon after, in the 1980s, groundbreaking work in

his lab discovered the existence of the signal recognition

particle (SRP) and its receptor (SR), as the main pathway

for ER targeting [2–6]. Not long after, the Sec61 translocon

was shown to be the complex that enables translocation of

proteins across the membrane [7,8]. Since their discovery,

both the SRP-pathway and the Sec61 translocon have been

extensively studied and their function and structure have

been characterized to an atomic level [9,10��,11��,12–17].

Nevertheless, in spite of over thirty years of study, the field

of ER targeting and translocation is far from being fully

mapped. It is now clear that there are protein-groups that

do not utilize the SRP-targeting pathway nor rely on the

Sec61 translocon to insert into the membrane (Figure 2).

Furthermore, along the years additional proteins were

shown to modulate the translocation process, though the

detailed function of many of them is still not fully under-

stood. Thus, it appears that the full scope of mechanisms

that enable efficient ER targeting and translocation has yet

to be elucidated.
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The function of many organellar proteins is yet unknown. Schematic

representation of a yeast cell, showing the percentage of organellar

proteins with unknown function. Localization data is based on C-

terminally fluorescently tagged putative open reading frames, hence

does not include proteins whose localization has not been demonstrated

by this approach. Cyto, cytoplasm; ER, endoplasmic reticulum; LDs,

lipid droplets; PM, plasma membrane.
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Several options exist for proteins to be targeted and translocated into the ER

and translocation machineries, demonstrated to be used by secretory prote
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ER-targeting pathways: recent discoveries
and open questions
SRP mediated targeting is a very efficient process, though

for both physical and regulatory reasons, it cannot support

all ER-bound substrates. Consequently, all living cells

have additional, SRP-independent, pathways for target-

ing a wide variety of substrates. It was shown that about a

third of the S. cerevisiae secretome [18�] as well as a

growing number of substrates in higher organisms [19�]
are targeted to the ER in an SRP-independent manner.

One group of obligatory SRP-independent substrates are

the tail-anchored (TA) proteins, which have a single

transmembrane domain at their C-terminus, anchoring

them to the cytosolic surface of organellar membranes

and constituting their ER targeting sequence. Since the

C-terminal tail leaves the ribosome exit tunnel only after

translation termination, the SRP machinery cannot bind

and target TA proteins cotranslationally. Markedly, TA

proteins are not only SRP-independent, but are also

translocon-independent [20��], since they do not fully

translocate into the organellar lumen, but are anchored to

the membrane. Only in the last few years have elegant

biochemical approaches alongside new methods for func-

tional genomics, uncovered the components of the target-

ing pathway: the TRC40 (Transmembrane Recognition
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. Schematic representation of the major combinations between targeting

ins in eukaryotic cells.
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10 Cell organelles
Complex of 40 kDa) pathway in mammals [21,22] and the

homologous yeast GET (Guided Entry of Tail-anchored

proteins) pathway [23,24].

While the TRC40/GET pathway was originally discovered

for targeting TA-proteins, recent studies have revealed a

much larger substrate pool. The GET pathway was

recently shown to facilitate the targeting of some, but

not all, glycosylphosphatidylinositol (GPI)-anchored

proteins in yeast [18�] by binding the hydrophobic GPI-

anchoring domain in their C-terminus (pheno-mimicking

the TA transmembrane domain). Additionally, the TRC40

targeting pathway was implicated in the targeting of very

short secreted proteins [25��]. Because of their shortness,

the translation of these proteins is completed while they

are still accommodated in the ribosome’s exit tunnel. As

SRP binds the signal sequence (SS) of its substrate in a

cotranslational manner, this group of proteins is not recog-

nized by the SRP, and must rely on alternative targeting

pathways [19�]. Since the targeting sequences of short

secretory proteins are N-terminal and not highly hydro-

phobic, it is surprising that TRC40 recognizes them for ER

targeting. Interestingly, in contrast to TA-proteins, both

GPI-anchored and short secretory proteins are fully trans-

located through the translocon. Hence, this demonstrates

that the TRC40/GET pathway is far more complex than

previously appreciated and that regulation must exist to

divert its substrates into a translocon dependent or inde-

pendent insertion pathway.

Notably, many of the substrates that are targeted by the

GET pathway are essential for viability, yet yeast deleted

for the GET pathway, though sick, are still viable

[18�,23]. Moreover, TRC40 inhibition doesn’t seem to

completely disrupt translocation of short secreted

proteins [25��]. Taken together this suggests the presence

of compensatory pathways. One possible compensation

for TRC40 loss might be the newly described calmodulin-

dependent pathway [26]. Calmodulin is a ubiquitous

eukaryotic protein, which is involved in [Ca2+]-depend-

ent intracellular signaling [27]. It was shown to bind the

SSs of short secreted proteins, keeping them in a trans-

location competent conformation and preventing their

aggregation and degradation [26], as was suggested for

other cytosolic chaperones [18�,28]. Interestingly, Sec61

has a calmodulin-binding motif in its cytosolic N-termi-

nus [29], which suggests a possible role in ER-targeting.

Calmodulin was also implicated as a negative regulator for

TA-proteins insertion to the ER membrane [30], and as a

chaperone for mitochondrial proteins [31]. It will be

interesting to see if it acts as a general protein-binding

factor for various organellar proteins, or if it has specific

multiple functions depending on its substrate or the

cellular Ca2+ concentration.

Despite the abovementioned recent discoveries, there is

still uncertainty regarding the targeting of a large fraction
Current Opinion in Cell Biology 2014, 29:8–17 
of the secretome, composed of proteins with mildly

hydrophobic SSs. Since the SRP binds its targeting sub-

strate’s SS with it’s hydrophobic cleft [32], it is the extent

of hydrophobicity of the substrate (amino acid compo-

sition and length) that determines binding to SRP

[18�,33]. Many protein’s SSs do not pass the binding

threshold for SRP and thus would require an alternate,

yet undiscovered, mechanism for targeting.

Markedly, even models of cellular processes that are

thought to be well characterized, like the SRP targeting

pathway, are continuously modified and expanded by

new discoveries. Studies in bacteria suggest that despite

the common belief, it is not SRP that targets the ribo-

somes to the membrane, but rather the SRP-receptor,

which does so during its own translation [34�]. If also true

in eukaryotes, then ribosomes with SRP would be waiting

on the ER membrane and RNA molecules would have to

be the ones targeted to the membrane rather than

proteins. Hence, it is not surprising that mRNAs of

subclasses of yeast secretory proteins seem to be targeted

to the ER independently of the SRP via cis-acting

sequences within their transcript [35]. Moreover, mam-

malian p180 has been shown to target the mRNA of a

GPI-anchored protein to the ER membrane [36]. Hence,

we have yet to unravel the regulatory network mediating

efficient mRNA targeting to the ER membrane.

Unresolved issues in the ER-translocation
process
While many of the ER targeting components are still

unknown, most of the proteins which take part in trans-

location into the ER have been identified, yet their

function is still little understood. One example of this

is the basic unit of translocation, the Sec61 translocon.

The translocon includes three proteins: Sec61a, the pore

forming subunit, and two additional TA-proteins—

Sec61b and Sec61g [8]. Detailed experimentation has

been performed on the structure and function of the

conserved pore-forming a-subunit, both in prokaryotes

and eukaryotes. This is not the case with the nonessential

b-subunits and the essential g-subunit. The two auxiliary

subunits were suggested to act as stabilizers of the a-

subunit [37,38], as the translocon gate [13,39,40], and as

mediators between the translocon and the ribosome

[41,42]. However, there is still no deep understanding

regarding the functional connection between all three

subunits, and how they act together to accomplish the

translocation process.

Even Sec61a is proving to be more complex than a simple

translocation  channel. For example, luminal loop 7 of

Sec61a was recently shown to effect only posttransla-

tional translocation to the ER, with no effect on the SRP-

dependent cotranslational translocation  [43]. This find-

ing is not surprising, since loop 7 of Sec61a was pre-

viously shown to bind the ER-luminal chaperone BiP
www.sciencedirect.com
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[44], which is an essential component of the SRP-inde-

pendent translocon (see below). Furthermore, the Sec61

complex was shown to function as a monomer [12,45��],
but is also observed as an oligomer [13,46]. There is a

possibility that the translocon is dynamically regulated,

and that several arrangement exist, each accounting for a

different group of substrates.

In mammals, a few additional proteins were shown to

effect translocation. One of them is TRAM (Translocat-

ing Chain Associated Membrane protein) which, along

with the Sec61 complex, constitutes the minimal appar-

atus required for reconstitution of in vitro translocation

[8]. In addition, other proteins such as TRAP, PAT-10,

RAMP4 and p180 have been implicated in the transloca-

tion process (see Table 1 for a comprehensive list of

targeting/translocation proteins and their suggested

roles). Though some interesting pieces of evidence give

clues to their potential roles, we are still far from un-

derstanding each of their specific functions, and how they

interact together to accomplish well-coordinated translo-

cation of various substrates.

The plot thickens when moving on to SRP-independent

translocation. SRP-independent substrates utilize a

specialized Sec61 translocon aided by the auxiliary

SEC complex. The SEC complex is composed of the

essential Sec62 and Sec63 proteins, both are conserved

from yeast to humans [47–51]. In yeast, the complex also

includes the nonessential Sec66 (also termed Sec71) and

Sec72 proteins [52–55]. One of the crucial roles of the

SEC complex is the recruitment of the essential ER-

luminal chaperone Kar2/BiP (yeast/mammalian homol-

ogues), through a J-domain on the luminal loop of Sec63.

Kar2/BiP provides the necessary driving force for energy-

mediated posttranslational translocation of substrates

through the translocon [51,56]. Notably, the division

between SRP-dependent or independent translocon is

not straightforward, as Sec63 and Kar2/BiP seem to take

part in the early steps of SRP-dependent translocation as

well [57,58]. Though intense studies were performed in

the hope of elucidating the function of the SEC complex,

the evidence we have today merely hints at the potential

tasks of most of its components. Moreover, suggestions

for additional proteins that might function in this complex

still arise (Table 1). It is of great importance to define the

role of each of these accessory proteins, in order to

understand the biological solutions that are employed

in the translocation of SRP-independent substrates as

well as how specificity and regulation are achieved.

Another level of complexity arises from the fact that two

types of ER translocons exist. In yeast the canonical

translocon is built around the pore forming protein

Sec61, and an alternate translocon is built around the

non-essential Sec61 homologue, Ssh1 [59]. There is some

debate as to whether the Ssh1 translocon takes part
www.sciencedirect.com 
exclusively in co-translational translocation [41], or both

in co and posttranslational translocation [60], and there is

only one documented case in which a protein showed

preferential targeting to the Ssh1 translocon [61]. In mam-

mals the situation is rather similar with a canonical trans-

locon built around Sec61a1 and an alternative translocon

built around its homologue, Sec61a2 [20��], regarding

which nothing is yet known. Many potential regulatory

layers can arise from having two translocation systems in a

cell: perhaps each is dedicated to a different substrate

range, or directs clients to differing posttranslocational

modifications? Maybe they are differentially regulated

under various cellular conditions, or serve as backup

machinery to help the cells under stress conditions when

the flux of protein translocation is jamming the secretory

pathway? The answers to these questions will expose basic

biological principles that are of great importance.

Many bridges to cross
The biological processes that we chose to focus on in this

review, targeting and translocation into the ER, exemplify

how a process, studied for many years, can still remain

obscure. Partly, this is an inherent feature of biology—as

Einstein once said, ‘As the circle of light increases, so does

the circumference of darkness around it’. Nevertheless, an

additional aspect that adds uncertainty may be that the

first, classical works in the field, used model proteins to

study translocation. Per definition—model proteins are the

ones best behaved in systems aimed at studying the basal

machinery. However, as research progresses it is now time

to move beyond model proteins to study a large variety of

substrates that will enable us to uncover the true complex-

ity and beauty of biological pathways.

One way to move beyond the realm of model proteins is

by defining the full substrate range of each pathway. This

can be done by high content microscopic screens on

fluorescently tagged substrates or mass spectrometric

measurements of translocation efficiency in various

genetic backgrounds. In addition to providing answers

in the context of pathway specificity, such studies are also

essential for revealing the relative prevalence of each

pathway under different physiological conditions. More-

over, once an entire substrate range has been uncovered,

bioinformatic analyses can bring out common features

responsible for the interaction.

An additional challenge in revealing the alternative tar-

geting pathways for the SRP-independent substrates is

functional redundancy. It seems that proteins that are

involved in targeting of SRP-independent substrates do

not act exclusively, and upon the loss of one targeting

pathway the cell has backup networks. A graceful way to

tackle this problem, using the immense genomic data that

we have today, is the systematic analysis of genetic

interactions [105]. This approach can use any quantitative

phenotype to measure the difference between the effect
Current Opinion in Cell Biology 2014, 29:8–17
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Table 1

Overview of the genes known to take part in chaperoning, targeting and translocation to the ER Suggested functions of mammalian and

yeast genes in the chaperoning, targeting and translocation to the endoplasmic reticulum (ER). Additional functions that are not related to

targeting or translocation are not listed. The involvement of each gene in SRP-dependent targeting or the translocon-dependent

translocation is indicated on the left column. *In cases where cellular-roles are conserved, functions based on studies in bacteria/archaea

are also mentioned. SRP, signal recognition particle; SR, SRP-receptor; SS, signal sequence; RNC, ribosome nascent chain complex; TA,

tail-anchored; TM, trans membrane; GEF, GTP exchange factor; GPI, glycosylphosphatidylinositol; ER, endoplasmic reticulum

Mammals Yeast Suggested function

Targeting/chaperoning

Signal recognition particle (SRP) pathway

^ SRP SRP Binding translating ribosomes from which hydrophobic SSs are emerging (mammals [2,3,9];

yeast [14])

Arresting translation elongation (mammals [4]; yeast [15])

Targeting RNCs to the SR (mammals [9]; yeast [16])

^ SRa & SRb Srp101 & Srp102 Functioning as the SRP receptor for targeting SRP-RNCs; releasing translation arrest

(mammals [5,6]; yeast [16])

Transferring SRP-RNCs to the translocon for cotranslational translocation (mammals [17];

yeast [41])

Proofreading substrate specificity via kinetics of SRP-SR complex assembly and GTP

hydrolysis (bacteria [62])

Targeting ribosomes to the ER membrane during SR mRNA translation (bacteria [34�])

Cytosolic chaperones

Hsc70s Ssa1 Maintaining posttranslational precursors in a translocation-competent conformation

(mammals [63]; yeast [28])

Facilitating membrane integration of a subset of TA proteins (mammals [64])

Hsp40s Ydj1; Apj1; Jjj3 Recruiting Hsp70s for substrate-specific chaperoning of SRP-independent proteins

(yeast [18�])

Facilitating membrane integration of a subset of TA proteins (mammals [64])

CaM Cmd1 SS-dependent chaperoning for small secretory proteins (mammals [26])

Limiting calcium leakage from the ER through interaction with Sec61 (mammals [29])

Chaperoning of mitochondrial proteins (kinetoplastids [31])

TRC40/GET pathway

SGTA Sgt2 Capturing newly synthesized TA proteins (yeast [65�])

Bag6 Capturing newly synthesized TA proteins (mammals [66,67])

TRC35 & Ubl4a Get4 & Get5 Transfering TA proteins from Bag6/Sgt2 to TRC40/Get3 (mammals [66,67]; yeast [24,65�,68])

TRC40 Get3 Posttranslational ER-targeting of TA proteins (mammals [21,22]; yeast [23])

Posttranslational ER-targeting of short secreted proteins (mammals [25��])

ER-targeting of GPI-anchored proteins (yeast [18�])

Preventing substrate aggregation when ER targeting is blocked (yeast [69])

WRB & CAML Get1 & Get2 Functioning as the Trc40/GET3 receptor, mediating insertion of TA protein (mammals [70,71];

yeast [23,65�,72,73])

Translocons

Canonical translocon

^ Sec61a1 Sec61 Pore forming (mammals [12,74]; yeast [12,75]; archaea [13]; bacteria [10��])

Ribosome docking (mammals [12,76]; yeast [12,77])

Mediating both cotranslational and posttranslational translocation (mammals [20��]; yeast [55,78])

Recognizing SSs (mammals [39]; yeast [79])

^ Sec61b Sbh1 Recruiting the signal peptidase complex (mammals [38])

Binding ribosomes via its cytoplasmic domain (mammals [42])

Signaling translocon vacancy to the SRP–SR–RNC complex via its TM domain (yeast [41])

Acting as a GEF for SRb (yeast [80])

^ Sec61g Sss1 Translocon-gating through replacement of the SS in unoccupied translocons (yeast [39])

Coordinating translocon opening as a clamp (yeast [40]; archaea [13])

Supporting translocon architectural integrity and dynamic function (yeast [37])

Current Opinion in Cell Biology 2014, 29:8–17 www.sciencedirect.com



Targeting and translocation to the ER Aviram and Schuldiner 13

Table 1 (Continued )

Mammals Yeast Suggested function

Alternative translocon

^ Sec61a2 Ssh1 Pore forming for cotranslational translocation (yeast [41,59])

Pore forming for both cotranslational and posttranslational translocation (yeast [60])

Translocating Sec71 (yeast [61])

^ Sec61b Sbh2 Signaling translocon vacancy to the SRP–SR–RNC complex via its TM domain (yeast [41])

Mediating preferential targeting of Sec71 to the Ssh1 translocation pore (yeast [61])

^ Sec61g Sss1 Shared subunit with canonical translocon (as above)

Auxiliary translocation factors

^ TRAM Inserting SSs to the translocon pore (mammals [81])

Integrating TM domains into the membrane (mammals [82])

Regulating translocational-pausing and nascent chain exposure to the cytosol (mammals [83])

Regulating membrane protein biogenesis at the translocon (mammals [84,85])

^ TRAP complex Initiating substrate-specific translocation via the SS (mammals [86])

Controlling topogenesis of membrane proteins (mammals [87])

^ RAMP4 Ysy6 Regulating protein modification by translocational-pausing (mammals [88])

Stabilizing newly synthesized membrane proteins under ER stress (mammals [89])

Maintaining ER-homeostasis and translocation efficiency (mammals [90])

^ PAT-10 Coordinating membrane integration of polytopic membrane proteins (mammals [82,91])

^ p180 Tethering ribosomes on the ER membrane (mammals [92])

Facilitating ER translocation of large extracellular matrix proteins (mammals [93])

Ribosome-independent anchoring of mRNA to the ER (mammals [36])

No stimulatory role in translocation (mammals [76])

ERj1 Coordinating BiP-mediated translocation by signaling between ribosomes and BiP

(mammals [94,95])

SEC complex

Sec62 Sec62 Docking SSs during substrate targeting to the translocation channel (yeast [39,79])

Mediating SS-dependent posttranslational translocation of short secreted proteins

(mammals [96�])

Mediating SS-independent translocation of short secreted proteins (mammals [97])

Regulating orientation of moderately hydrophobic signal-anchors during posttranslational

translocation (yeast [98])

Binding the ribosome exit tunnel (mammals [99])

Sec63 binding and SEC complex stabilization (mammals [99]; yeast [100])

^ Sec63 Sec63 Inserting specific substrates of both cotranslational and posttranslational translocation into

the translocon (mammals [20��]; yeast [57])

Initiating cotranslational translocation (yeast [58])

Mediating SS-independent translocation of short secreted proteins (mammals [97])

Mediating Kar2/ATP-dependent release and pore-insertion of posttranslational substrates

via its luminal J-domain (yeast [51,56])

Assembling and stabilizing SEC complexes (yeast [58,100])

Regulating Sec62 recruitment to the SEC complex (mammals [99]; yeast [100,101])

Sec66/71 Docking SSs during targeting of nascent chains to the translocation channel (yeast [39,52,79])

Transporting a subset of posttranslational precursors to the translocon (yeast [101])

Facilitating SEC complex assembly/stability (yeast [52])

Sec72 Docking SSs during targeting of nascent chains to the translocation channel (yeast [102])

Transporting a subset of posttranslational precursors to the translocon (yeast [101,102])

Recognizing cytosolic Hsp70s (yeast [103])

Retaining the interaction between Sec63 and Sec71 (yeast [102])

Hph1 & Hph2 Promoting posttranslational translocation of V-ATPase biogenesis factors (yeast [104])

^, SRP-dependent; , SRP-independent; , translocon-dependent; , translocon-independent.

www.sciencedirect.com Current Opinion in Cell Biology 2014, 29:8–17
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of a single mutation and that of a double mutation. Large-

scale genome-wide genetic analysis provides an unbiased

approach for revealing new unknown interactions.

Furthermore, based on each gene’s interaction map, they

can be clustered into groups with similar profiles—which

indicate a common function. In the context of ER target-

ing, these systematic approaches in yeast have already

given rise to the discovery of the GET pathway [24,105]

and the network of proteins that are involved in the

chaperoning of SRP-independent substrates [18�].

The lack of detailed functional information regarding the

proteins in the translocation apparatus highlights the need

for complementary biochemical methodologies alongside

the abovementioned functional-genomics approaches.

New cutting edge in situ structural analyses are starting

to reveal the spatial organization of the native mammalian

translocon and its auxiliary components [106�], and it will

be very appealing to apply these methods for more hypoth-

esis-driven functional studies.

In modern days, it is easy to find yourself standing in front

of the paralyzing genomic pool, overwhelmed by data and

options, not knowing how or where to start answering

questions. Combining systematic approaches and data with

in depth biochemical reconstitution should enable us to

uncover the remaining pathways, shed light on some of the

mysteries of targeting and translocation and gain a fuller

understanding of the cellular processes that enable life.
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