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The protein import into the organelle termed the endoplasmic reticulum (ER) is the first step in the biogenesis of
about one-third of the different soluble and membrane proteins (MPs) of human cells and, therefore, represents a

central cell biological research topic.

gene expression protein biogenesis membrane proteins endoplasmic reticulum

| 1. Introduction

Nucleated human cells are separated from the environment by the so-called plasma membrane and contain
different subcellular compartments, called cell organelles (Figure 1). These organelles are surrounded and,
thereby, separated from the aqueous, albeit gel-like, cytosol by at least one biological membrane and have to be
distributed to daughter cells from the mother cell during cell division (with the exception of lipid droplets and
peroxisomes). In the cytosol, the vast majority of the approximately 24,000 different polypeptides of human cells
are synthesized by 80S ribosomes. Therefore, the distinct proteins of the various organelles and the plasma
membrane have to, first, be targeted to the specific organelles and, subsequently, inserted into or translocated
across the membrane(s) of the relevant organelles. The protein import into the organelle termed the endoplasmic
reticulum (ER) is the first step in the biogenesis of about one-third of the different soluble and membrane proteins
(MPs) of human cells and, therefore, represents a central cell biological research topic of the past fifty years as well
as several years to come. In a second step, the non-ER proteins reach their functional location in either the
extracellular space; one of the endocytotic or exocytotic organelles (ERGIC, Golgi apparatus, endosome,
lysosome, or trafficking vesicles); the plasma, peroxisomal, and mitochondrial membrane or in lipid droplets by
vesicular transport; direct budding of new organelles (peroxisomal precursors or lipid droplets); or the ER-SURF
pathway (mitochondria) IIEBIABIEIIEIRIIL The first insights into ER protein import were gained about seventy
years ago. From electron microscopic images, Palade and Potter concluded that the ER represents a ‘continuous,
tridimensional reticulum’ and that ‘the surface appears to be dotted with small, dense granules that cover them in

part or in entirety’, i.e., cytosolic 80S ribosomes [1I12],
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3D-reconstruction of a mammalian cell after fluorescence microscopy
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Figure 1. 3D reconstructions of a typical nucleated human cell and a ribosome-bound Sec61 translocon. The figure
and its legend were adapted from Lang et al. and Sicking et al. B8, The upper part shows an artist’s view of a 3D
reconstruction after live cell fluorescence imaging with ER-resident GFP and mitochondrial RFP and the central
part a 3D reconstruction of the native ribosome-translocon complex in the human ER membrane after cryoelectron
tomography. In human cells, the heterotrimeric Sec61 complex together with the ribosome form various large
multicomponent complexes, e.g., the most abundant one comprising the multimeric membrane proteins translocon-
associated protein (TRAP) and oligosaccharyltransferase (OSTA), which catalyzes N-linked glycosylation. This
super-complex, now termed OSTA translocon, can insert into the membrane or translocate into the lumen a whole
variety of topologically very different precursor polypeptides, i.e., type I-, type ll-, glycosylphosphatidylinositol-, or
GPl-anchored and type | multispanning membrane proteins, as well as soluble proteins, respectively (Figure 2).
Membrane insertion and translocation are facilitated by either a cleavable amino-terminal SP or the TMH of the
nascent precursor polypeptide, which acts as a non-cleavable SP substitute (Figure 2). The lowest part represents
a modeling of reversible gating of the heterotrimeric Sec61 channel by SPs or TMHs. The fully open state of the
Sec61 channel allows the translocation of hydrophilic domains of MPs or entire precursor polypeptides from the
cytosol into the ER lumen (via the aqueous channel pore) and the insertion of transmembrane domains into the ER

membrane (via the lateral gate), respectively.
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The latter observation paved the way for the ‘signal hypothesis’ by G. Blobel and colleagues LI2IL3I14] - \which
suggested that topogenic sequences in nascent precursor polypeptides guide the translating ribosomes to the ER
membrane and that the subsequent membrane insertion or translocation occurs coupled to translation, i.e.,
cotranslationally (Figure 1). For membrane proteins, the beauty of this concept of cotranslational ER protein import
is that their eventual hydrophobic transmembrane domain or domains do not face the problem of aggregation in the
cytosol. Subsequent work in human cell-free systems and in the yeast Saccharomyces cerevisiae uncovered that
the topogenic sequence, termed the amino-terminal signal peptide (SP) or SP-equivalent transmembrane helix
(TMH), of a nascent precursor polypeptide is recognized and bound by the cytosolic signal recognition particle
(SRP), which facilitates the association of the complex between the ribosome, nascent chain, and SRP with the
heterodimeric SRP receptor in the ER membrane, termed the SR (Figure 2 and Figure 3) [ZI[15]16][17][18][19][20][21][22]
(23][241[25][26](271[28] Thys, the combined action of SRP plus SR represents an ER targeting pathway for nascent
precursors of soluble and membrane proteins, as well as the corresponding mRNAs. Recently, proximity-based
ribosome-profiling experiments confirmed the preference of SRP and SR for SPs and relatively amino-terminal
TMHSs of the nascent precursor polypeptide chains 2229, Typically, the interaction of SRP with SR leads to the
cotranslational transfer of the ribosome-nascent chain complex (RNC) to the central component for both protein
translocation and membrane insertion in the ER membrane, the translocon, or the heterotrimeric Sec61 complex
(Figure 1) [31I[321[33][34][35][36][37](38][391140)[41] SPs and TMHs of nascent precursors may spontaneously interact with

and trigger the opening of the Sec61 channel; i.e., both the central agueous channel, as well as the lateral gate

(Figure 1), or the productive Sec61 interaction may be facilitated by one of the auxiliary components of the ER

membrane, i.e., the heterotetrameric translocon-associated protein (TRAP) [42143][44][45][46][47][48] the heterodimeric
Sec62/Sec63 complex with or without the help of the ER lumenal chaperone BiP [4250I511[52]53][54](55][56](57][58](59][60]
(61621 and the translocating chain-associated membrane protein 1 (TRAM1) (Figure 1 and Figure 3) [631641(65](66]
(671 Notably, however, there is a human paralog of the a-subunit of the Sec61 complex, termed Sec61a2, i.e., a
putative alternative Sec61 complex that is more or less uncharacterized but recently addressed with respect to its

substrates or client spectrum in yeast (68 and there exist alternative components for the targeting (SND, TRC/GET,
and PEX3) [69701[71][72)[73[74)75](76][77][78][79][80][81][82][83][84][85][86][87][88][89][90][91][92][93][94][95][96](97][98][99][100][101][102][103]

(104][105][106](107][108](109][110][111][112][113][114][115][116][117][118][119][120] 55 well as membrane insertion of precursors
(EMC and the GEL-BOS-PAT complex) 121I[122][1231[124]{125][126][127][128][129)[130][131][132]
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Topogenic sequences in precursor polypeptides for ER protein import
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Figure 2. Topogenic sequences in precursors of soluble and membrane proteins for import into the human
endoplasmic reticulum (ER). The cartoons depict signal peptides (SPs, shown in red) and seven classes of ER
membrane proteins (MPs), plus their membrane protein types (in bold face) and potential topogenic sequences.
Cleavable SPs have a tripartite structure (including a hydrophobic or H-region with 7-9 amino acid residues, or aas
for short) and facilitate ER import of soluble proteins, GPl-anchored MPs, and single-spanning type | MPs (all
shown in green). In addition, they mediate ER import of some multispanning MPs, but not of hairpin, single-
spanning type Il or lll, TA, and other multispanning MPs (which can also be of type Il or Ill; by definition, the shown
multispanning MP is of type IIl). All the latter MPs depend on more or less amino-terminal transmembrane helices
(TMHs, with a length of 15-25 amino acid residues) that serve as SP equivalents and facilitate membrane
targeting, as well as membrane insertion. Notably, precursors of soluble proteins with SP and of type Il or Ill and TA
MPs contain only one topogenic sequence, whereas, in all other precursors, other TMDs than the TMHs may serve
as alternative or additional topogenic sequences. Positively charged amino acid residues (+) play an important role
in the orientation of SPs and MPs in the ER membrane, where the orientation follows the positive inside rule.
Cleavable SPs are removed from the precursor polypeptides in transit by one of the two signal peptidase
complexes (SPCs), which have their catalytic sites in the ER lumen. Following ER import and simultaneous
cleavage of the SP, as well as the C-terminal GPl-attachment sequence, GPI-MPs become membrane-anchored
via carboxy-terminal GPI attachment. Notably, HP proteins are also termed monotopic MPs, and type Il and type IlI
MPs are also referred to as MPs with Nj, or Ngy and Noy and Neyo, respectively, signal anchors WEIZ. The figure
and its legend were adapted from Lang et al. and Sicking et al. BB, C, carboxy-terminus; GPI,

glycosylphosphatidylinositol; N, amino-terminus.

https://encyclopedia.pub/entry/49722 4/21



Insertion of Precursor Polypeptides into the ER Membrane | Encyclopedia.pub

TIGER

domain

,ﬁmmb v o J

targetin aspholipld
mplmE AEG-1 bilayer

lnm:n

mEMA

Topogenic
SEqUEnces in Signal pq:ll:idc (5P} Transmembrane helix (TMH) Hairpin (HF) Tail anchor (TA)
precursor

polypeptices N (D ) J ) —

Targeting
b i SRP SND PEX3

w
\ J

Targeting
recopiors SRa/SRP Snd2/Snd3

ER
miembrane

Membrane
insertion EMC GEL-BOS- Sechl Wrb/Caml
components FAT complex TRAMI TRAP dunue] Seob2/Sechd

(auxiliary)

Figure 3. Components that are involved in protein import into the endoplasmic reticulum (ER) of human cells. ER
protein import comprises a targeting step, plus a translocation or membrane insertion step, and may involve
targeting of receptors for mRNAs or ribosomes with or without short nascent polypeptide chains to the ER
(LRRC59, RRBP1, AEG-1, or KTNL1). Alternatively, nascent or fully synthesized precursor polypeptides are
targeted to the ER, depending on their topogenic sequences and targeting pathways, which involve cytosolic
components, as well as their corresponding heterodimeric receptors in the ER membrane, such as SRa/SR[,
Snd2/Snd3, PEX3/PEX16, and Wrb/Caml. The membrane translocation is mediated by the heterotrimeric and
polypeptide-conducting Sec61 channel, which may be supported by either the TRAP complex or the Sec62/Sec63
complex. Membrane insertion is mediated by several membrane protein insertases, i.e., (i) the Sec61 channel; (ii)
the Sec6l channel with its partner complexes GEL, BOS, and PAT; (iii) the multimeric EMC; or (iv) the
heterodimeric Wrb/Caml complex. The long arrow (in magenta) points to the open aqueous channel and open
lateral gate, respectively, of the fully open Sec61 channel; the short arrows (in magenta) point to the characteristic
hydrophilic vestibules of the MP insertases. Notably, (i) according to structural prediction tools, the yeast and
human Snd2 may also be able to form a hydrophilic vestibule near the cytosolic surface of the ER membrane and,
therefore, may also be able to facilitate membrane insertion 4198l (ji) the TIGER domain represents a cytosolic
micro-domain, enriched in MP-encoding mRNAs with multiple AU-rich elements or AREs in their 3'UTRs in the
vicinity of the ER [20L10: gand (iii) PEX3 is present in an ER subdomain which may be identical to the pre-
peroxisomal ER ZUIZ2AZ3] The figure was adapted from Tirincsi et al. (1961,
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| 2. Proteins of the ER Membrane

The SPs, mentioned above, have a tripartite structure (including an amino-terminal or N-region, a hydrophobic or
H-region, and a carboxy-terminal or C-region) and facilitate the ER targeting of soluble proteins, GPIl-anchored
MPs, and single- as well as multispanning type | MPs (Figure 2) 121811716970 |n contrast, all the other MPs of
the ER membrane (hairpin or HP proteins, and single- and multispanning type Il or type Ill MPs, as well as TA
proteins) depend on more or less amino-terminal or even carboxy-terminal TMHs (with a typical length of 15-25
amino acid residues) that serve as SP equivalents and facilitate membrane targeting as well as membrane
insertion 8167 HP- and GPl-anchored proteins are special ZHZ2ISI7ATS]: Following ER import and the
simultaneous cleavage of the SP, as well as the carboxy-terminal GPIl-attachment sequence, GPIl-anchored MPs
become membrane-anchored via carboxy-terminal GPl attachment. HP proteins do not contain a real
transmembrane domain (TMD); instead, they comprise one or more hydrophobic stretches of amino acid residues,
which are typically defined by databases as TMDs and, therefore, discussed here as such. By definition,
precursors of soluble proteins with SP and of single-spanning type Il or Ill and TA MPs contain only one topogenic
sequence, whereas, in all other precursors, other TMDs (i.e., other than the most amino-terminal TMHs) may serve
as alternative or additional topogenic sequences. Typically, SPs are removed from the precursor polypeptides in
transit by signal peptidases with ER lumenal catalytic sites L8778 Fyrthermore, many of the polypeptides of the
secretory pathway become N-glycosylated by one of the two oligosaccharyltransferases (OST), which also have
their catalytic sites in the ER lumen but act either on precursors in transit (i.e., cotranslationally, OSTA, Figure 1) or
posttranslationally (OSTB) [Z21[E0[1]

| 3. Targeting of Precursor Polypeptides to the ER Membrane

The characterization of precursors capable of SRP-independent ER targeting, such as small presecretory proteins
and TA proteins, first suggested the existence of SRP-independent ER targeting pathways to the ER [B2I[E3][84][85](86]
7 In contrast to the SRP/SR pathway, these alternative targeting pathways can direct precursor polypeptides to

the Sec6l complex co- as well as posttranslationally, and are named the TRC or GET, PEX19/PEX3, and
Snd2/Snd3 pathway (Figure 3) [B8IZLI73[74][75][87](88][89][90][91][92][93][94][95][96][97][98][99][100][101][102][103][104][105][106]

Notably, there is also SRP-independent targeting of all sorts of mMRNAs to the ER surface (Figure 3) [221[107][108][109]
(1101 Typically, this mMRNA targeting to the ER depends on receptors for mRNAs (such as KTN1), or RNCs with
nascent polypeptide chains that are not yet long enough to allow the interaction of the topogenic sequence with
SRP (such as RRBP1, LRRC59, and AEG-1) (Figure 3) [2A11L[112][113] | the case of the ER targeting of mMRNAs
that code for cytosolic proteins, the nascent polypeptide-associated complex (NAC) can bind to the amino-terminus

of the nascent polypeptides and trigger their release from the Sec61 complex [23][114][115](116]

| 4. Insertion of Precursor Polypeptides into the ER Membrane

As stated above, the insertion of precursors with SP or TMH into the Sec61 channel and the concomitant gating of

the Sec61 channel to the open conformation occur spontaneously or involve client-specific auxiliary components of
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the Sec61 channel (TRAP, Sec62/Sec63 complex) (Figure 1 and Figure 3). Typically, the orientation of SP- and
TMH in the Sec61 channel follows the positive inside rule; i.e., positively charged amino acid residues in the N-
region support loop insertion (Nj;-Co,t) and positively charged residues downstream of the SP or TMH interfere
with loop insertion and, therefore, favor head-on insertion (N,-Cin) into the Sec61 channel (Figure 2) [L17][118][119]
(1201 Next, TMDs can enter the phospholipid bilayer via the lateral gate of the fully open Sec61 channel by lateral
movement and large hydrophilic domains (i.e., with more than 50 amino acid residues), or entire soluble proteins
can be translocated into the ER lumen by vectorial movement through the channel (Figure 1 and Figure 2).
Alternatively, membrane insertion of some precursors of MPs can be facilitated co- or posttranslationally by
evolutionarily conserved MP insertases that comprise a hydrophilic vestibule near the cytosolic surface of the ER
membrane, but cannot form an aqueous channel through the ER membrane, and, therefore, cannot translocate
hydrophilic domains with more than 50 amino acid residues across the ER membrane. These Oxal-related
insertases are the Wrb/Caml complex (in co-operation with cytosolic GET3 of the abovementioned TRC pathway),
or the multimeric ER membrane protein complex (EMC, which may occasionally co-operate with the Sec61
complex), or the GEL-BOS-PAT complex, which depends on the interaction with but not the channel activity of the
Sec61 complex (Figure 3) [1211[122][123][124][125][126][127][128][129][130][131][132] 'Notably, the first has its exclusive role in
the membrane insertion of TA membrane proteins [B23I98] | the case of the EMC, a proteomic approach
identified TA proteins, as well as multispanning MPs, as the predominant clients, the latter of which were also
characterized as the main clients of the GEL-BOS-PAT-Sec61 supercomplex but proposed to have a preference for
multispanning MPs with four or more TMDs, including those with marginal hydrophobicity 1311321 There are two

excellent reviews, plus several very recent original articles, on the structural and mechanistic details of the various
MP insertases in the ER membrane [621[701[81][121][122][123][124][125][126][127][128][129][130][131][132]

5. A Single Proteomic Approach to Address the Client
Spectra of Various Components for Targeting of Precursor
Polypeptides to and Insertion into the Human ER Membrane

Following the pioneering work by G. Blobel and B. Dobberstein 214 protein import into the human ER was
usually studied with the focus on single precursor polypeptides that were analyzed one-by-one in cell-free assays
or intact cells. These classical studies led to the conclusions of whether and how the targeting and membrane
insertion or translocation of a certain precursor is facilitated by a certain component. Recently, more global
approaches were developed, such as the already mentioned proximity-specific ribosome-profiling [221[1111[126](133]
(134] and quantitative proteomics approaches [2I[106]1112][126][135][136][137][138][139] 'Typjcally, the proteomic approach

employed siRNA-mediated knock-down or CRISPR/Cas9-mediated knock-out of components one-by-one in
human cells, label-free quantitative proteomic analysis, and differential protein abundance analysis to characterize
client specificities of components (Figure 4, left part). In contrast to the classical analyses, the quantitative

proteomics approach addresses the question of which precursors use a certain pathway or component in intact
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cells, ie., under in-vivo-like conditions (Figure 4, right part).
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Figure 4. Components for protein targeting to and insertion into the human ER membrane with their client spectra
and possible regulatory mechanisms. The first two percentages in each client spectrum refer to the percentage of
precursors with SP and TMH (including HP and TA proteins), respectively, among the total number of clients, while
the following two numbers refer to the percentage of precursors with HP or TA among the precursors with TMH.
The red arrows highlight top scoring numbers > 10, light grey arrows represent the number 0 and are shown to

indicate that fact.

6. Insertion of Precursor Polypeptides into the ER
Membrane: An Update

In the original entry, based on the review by Jung and Zimmermann, the focus was on global lessons from the
guantitative proteomics approach that addressed the question of which precursors use a certain targeting pathway
or membrane insertion or translocation component in intact cells. In the last update of the original review!*4%, the
focus was on the limitations of the proteomic approach in answering this cell biological question as well as on

additional aspects, such as N-terminal methionine excision and N-terminal acetylation of membrane proteins.
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6.1. N-terminal methionine excision and acetylation of membrane proteins

Recent work has shown that the nascent chain-associated complex (NAC) coordinates N-terminal methionine
excision and N-terminal acetylation of the majority of nascent polypeptides in the cytosoll141:142.143] Based on
protein data bases, an estimated 80% of all cellular proteins are enzymatically modified in this way, including MPs.
In short, the heterodimeric chaperone NAC, which is equimolar to ribosomes in the cytosol and is typically bound to
them, binds first to the nascent chains during polypeptide synthesis as they emerge from the ribosomal tunnel exit.
It then recruits one of the two methionine aminopeptidases (METAPs) and subsequently one of several N-
acetyltransferases (NATS). In both cases, substrate specificity is determined by the amino acid residue following
the initiating methionine. Alternatively, the initiating methionine is retained and becomes N-acetylated. Apparently,
SRP can antagonize NAC binding in the case of SP-containing precursor polypeptides of secretory and membrane
proteins, thus inhibiting cotranslational N-terminal methionine excision and N-terminal acetylation. Hydrophobic
SPs trigger NAC release through direct interaction. Notably, in yeast, the artificial enzymatic modification of an SP
was observed to inhibit ER import of the polypeptide. However, many TMHs of MPs are not N-terminal, raising the

guestion of whether or not these MPs can undergo these particular enzymatic modifications.

Therefore, clients of components involved in the biogenesis of MPs at the human ER were screened for N-terminal
methionine excision and N-acetylation in the NCBI protein database. The results clearly demonstrated that the two
cotranslational N-terminal modifications are compatible with ER targeting and membrane insertion of MP clients for
almost all analyzed components in human cells, with the exception of TRAM1 with a comparatively low number of
putative MP clients!149]. Starting from a modified EMC client with a TMH in the range from amino acid residues 29
to 49, the critical starting point of the TMH enabling the two modifcations is on average 52 amino acid residues, i.e.
just downstream of the average SP with a typical length of 15 to 50 amino acid residues. Considering that at any
given time of protein synthesis, approximatley 40 amino acid residues of a nascent polypeptide chain are buried in
the ribosomal polypeptide tunnel, it appears that cotranslational N-terminal methionine excision and N-acetylation

of MPs with TMH is possible in human cells, as long as the TMH is not located at the immediate N-terminus.

6.2. Limitations of the proteomic approach for the analysis of components and
pathways that are involved in biogenesis of membrane proteins at the ER

The results from the in vivo-like approach confirmed and further consolidated many of the lessons from the
classical in vitro experiments, but also added new ones, such as that not only the polarity or hydrophobicity of the
SP or TMH matters, and that not only what is up-front, i.e., at the N-terminus, that counts. In addition, the glycine
and proline content, i.e., the helix propensity of SP or TMH, as well as clusters of charged amino acid residues

downstream of SP, play a role in substrate specificity and affinity.

An undisputable limitation of the present global analyses of MP biogenesis at the ER concerns the Sec61 complex.
Since this complex contributes to MP biogenesis in two ways: it functions as an MP insertase and provides a

ribosome binding site to the MP insertase that is termed PAT-GEL-BOS supercomplex, Sec61 clients cannot be
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distinguished between true clients of the Sec61 channel and clients of the heterotrimeric supercomplex within the

MPT, i.e., the ribosome binding site of Sec61. This puzzle will have to be resolved in future research.

The interpretation of the proteomic data was weakest where the total number of putative MP clients was lowest,
such as in the above-mentioned case of TRAML1. Typically, 30% of the proteome of a human cell comprises clients
of ER protein import. However, even in the case of Sec61 depletion, only 197 proteins with SP plus 98 with TMH,
i.e., about 300 of the 6000 quantified proteins or 5%, were negatively affected by the depletion. This raises the
guestion of why we observed only such an abysmal effect. We envision several responsible factors under
conditions of siRNA-mediated knockdown: The depletion efficiency and its duration, which were optimized for
minimal effects on cell growth and viability, were not high enough to cause significant accumulation and
degradation of the respective clients. The MS data suggested a depletion efficiency of approximately 90% for the
respective component. The residual amount of the component may have been sufficient to sustain the
physiological functions of depleted proteins over the duration of the experiment. A certain function in ER protein
import in human cells is compensated for by other components or pathways. Except for the Sec61 complex, we
expected that to be the case. Some client proteins may have remained largely unaffected due to either longer half-
lives than the respective component or higher than average affinities for the component. Furthermore, some
accumulating precursors may have stayed soluble in the cytosol, aggregated, or ended up in mitochondria, where
they were out of reach for degradation by the ubiquitin/proteasome system. We propose that all these factors

together may have contributed, possibly to a different extent for different precursors.

Therefore, the question arises whether CRISPR/Cas9-mediated knock-out cells would not have been the better
choice to begin with. Indeed, the EMC clients were identified in this kind of cells, where the half-lives of clients
should not matter. To address this question, the positively affected proteins after transient knock-down of Sec62 or
Sec63 and after knock-out were re-interrogated(*4%. Although the number of negatively affected proteins were
higher in the Sec62 knock-out versus knock-down cells, as had to be expected, both the total numbers of positively
affected proteins as well as the number of proteins that are related to the ubiquitin/proteasome system were lower
in the Sec62 knock-out (13 and 5, respectively) versus knock-down cells (25 and 14, respectively). The impression
from this comparison is that in the knock-out cells different adaptation processes must have occurred as compared
to the knock-down cells. It appears that adaptation in the latter occurred at the level of the clients via increased
chaperone and ubiquitin/proteasome activity and/or capacity. In contrast, knock-out cells may have adapted by
globally lowering the expression of genes or mRNAs that code for clients. Notably, we originally refrained from

using knock-out cells because we wanted to compare all depleted components with the essential Sec61al protein.
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