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Summary

Cell surface multi-protein complexes are synthesized in the endoplasmic reticulum (ER) where
they undergo co-translational membrane integration and assembly. The quality control
mechanisms that oversee these processes remain poorly understood. We show that less
hydrophobic transmembrane (TM) regions derived from several single-pass TM proteins can enter
the ER lumen completely. Once mislocalized, they are recognized by the Hsp70 chaperone BiP. In
a detailed analysis for one of these proteins, the apT cell receptor (aBTCR), we show that
unassembled ER-lumenal subunits are rapidly degraded, whereas specific subunit interactions en
routeto the native receptor promote membrane integration of the less hydrophobic TM segments,
thereby stabilizing the protein. For the TCR a-chain, both complete ER import and subunit
assembly depend on the same pivotal residue in its TM region. Thus, membrane integration linked
to protein assembly allows cellular quality control of membrane proteins and connects the lumenal
ER chaperone machinery to membrane protein biogenesis.

Introduction

In eukaryotic cells, nascent proteins of the secretory pathway enter the endoplasmic
reticulum (ER) co-translationally as unfolded polypeptide chains, where they are often
glycosylated, form disulfide bonds and oligomerize to ultimately reach their native structure.
These events must pass scrutiny by the ER quality control machinery before the protein is
allowed to continue along the secretory pathway (Braakman and Bulleid, 2011). Proteins
that fail ER quality control standards are retro-translocated to the cytosol and degraded by
the proteasome in a process called ER-associated degradation (ERAD) (Vembar and
Brodsky, 2008). Lumenal portions of proteins undergo quality control by the chaperone
machinery of the ER lumen that is composed of two major branches. The first is centered on
the ER-resident Hsp70 chaperone BiP and its co-chaperones (Otero et al., 2010). BiP
recognizes exposed hydrophobic peptide stretches as a hallmark of incompletely folded
proteins (Blond-Elguindi et al., 1993; Flynn et al., 1991). The second branch relies on the
ER-lumenal lectin chaperone system that uses oligosaccharides attached to nascent
polypeptide chains as a sensor of their folding status (Hebert and Molinari, 2012).
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However, in the case of integral membrane proteins, which comprise roughly one third of
the human proteome, we currently do not understand major aspects of their quality control
mechanisms. Like their soluble counterparts, they fold, are post-translationally modified and
scrutinized before being transported to the cell surface or other intracellular organelles
(Houck and Cyr, 2012). Membrane integration generally occurs co-translationally viathe
Sec61 translocon where hydrophobic sequences stop further transfer into the ER lumen and
allow the protein to be integrated into the ER-membrane (Shao and Hegde, 2011). Multipass
transmembrane (TM) proteins, however, often possess some TM segments of marginal
hydrophobicity (Hessa et al., 2007). In fact, more than 25% of the TM helices in multi-
spanning TM proteins of known structure have a predicted unfavorable free energy of
membrane integration (Elofsson and von Heijne, 2007; White and von Heijne, 2008).
Accordingly, these segments by themselves are not expected to stably integrate into the
membrane, and indeed, in some cases they can temporarily enter the ER lumen and must be
retrieved and inserted into the membrane post-translocationally (Kanki et al., 2002; Lu et al.,
2000; Skach et al., 1994). Of note, TM sequences of low hydrophobicity are often
functionally relevant (lllergard et al., 2011) and involved in intra- or intermolecular
assembly steps in the lipid bilayer. Thus, the very sequences that are more difficult to be
integrated into the ER membrane often determine the function of a TM protein and guide its
assembly processes. Accordingly, it is likely that the cell has developed mechanisms of
quality control to ensure proper interaction and integration of TM sequences during
membrane protein biogenesis. With only a few exceptions (Houck and Cyr, 2012; Lemberg,
2013) little is known if or how intra-membrane assembly steps are linked to mechanisms of
cellular quality control in membrane protein biogenesis or if membrane integration itself is
scrutinized.

To address this poorly understood and apparently prevalent issue, we chose to examine a
number of oligomeric single-pass TM proteins whose subunit interactions are focused on
membrane-embedded polar residues. We find that several less hydrophobic TM regions of
single-pass integral membrane proteins can enter the ER-lumen completely and engage the
ER-chaperone machinery, thus providing a link to the ER quality control system. Building
on this finding, we performed a detailed analysis on one of these proteins with less
hydrophobic TM sequences, the affT cell receptor (afTCR). Rigorous quality control
mechanisms act on the afTCR, as only properly assembled receptors are able to traverse the
secretory pathway to the cell surface (Klausner et al., 1990), whereas unassembled receptor
chains undergo ERAD (Bonifacino et al., 1989; Huppa and Ploegh, 1997; Lippincott-
Schwartz et al., 1988; Yu et al., 1997). Of particular relevance for our study, the ionizable
amino acids located in the TM regions of each receptor chain that affect their overall
hydrophobicity are critical for both aTCR assembly as well as degradation if assembly fails
(Bonifacino et al., 1990; Cosson et al., 1991; Manolios et al., 1990). Thus, the afTCR is a
well-suited model substrate to delineate the mechanism of how less hydrophobic TM
sequences impact on the quality control of integral membrane proteins.

Transmembrane sequences of low hydrophobicity can completely enter the ER lumen

To investigate the role of less hydrophobic TM sequences in protein quality control we
examined various immune receptor subunits that possess polar residues in the TM regions
that are known to be crucial for correct subunit assembly but also compromise their
hydrophobicity (Call and Wucherpfennig, 2007; Feng et al., 2006). Importantly, the selected
proteins are all single pass membrane proteins allowing us to dissect membrane integration
from subunit assembly for individual TM sequences. We hypothesized that membrane
integration itself might be connected to quality control, and thus used a published algorithm
(Hessa et al., 2007) to predict the free energy of membrane integration for 24 different
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receptor-derived TM sequences (Figure 1A). For 8 out of 24 TM sequences, a positive free
energy of membrane integration was computed arguing they can not stably integrate into the
membrane by themselves. To assess this prediction experimentally, we designed a
glycosylation-based reporter system in which the TM sequences of interest were connected
to the well-folded, non-glycosylated constant domain of the antibody A light chain, C
(Hellman et al., 1999). C-terminal of the TM sequence, we engineered an Asn-Val-Thr
glycosylation site (Figure 1B). Co-translational membrane integration would localize the
reporter sequence to the cytosol, whereas complete transport into the ER lumen would
expose the glycosylation site to the ER oligosaccharide transferase machinery allowing its
modification (Figure 1B). We detected glycosylation at the C-terminal reporter site for four
of the eight TM sequences with a predicted unfavorable free energy of membrane
integration (Figures 1C and S1), whereas none of the constructs examined that contained
TM sequences with a calculated negative free energy for membrane insertion were
glycosylated (Figure 1A). Thus, similar to individual TM segments of multi-pass TM
proteins (Kanki et al., 2002; Lu et al., 2000; Ojemalm et al., 2012; Sadlish et al., 2005;
Skach et al., 1994), less hydrophobic TM segments of single pass TM proteins can enter the
ER lumen completely.

Unassembled authentic TCR a-chains can fully enter the ER lumen

This finding provides a possible hint towards mechanisms of quality control for integral
membrane proteins that act on the TM segment itself. Therefore, to investigate this in more
detail and deduce a molecular mechanism for a possible TM segment-focused quality
control of integral membrane proteins, we chose the afTCR (Figure 2A) whose assembly
and degradation have been linked to the very residues that limit the hydrophobicity of its
TM regions (Bonifacino et al., 1990; Call et al., 2002; Cosson et al., 1991; Fayadat and
Kopito, 2003; Manolios et al., 1990; Shin et al., 1993). First, we determined if full-length
unassembled o TCR chains, all of which are single pass TM proteins with hydrophilic
residues in their TM regions (Figures 1A and 2A), could also enter the ER-lumen. We
engineered C-terminal tags that possessed either NVT (glycosylation consensus sites) or
QVT (control sites that can not be glycosylated) motifs to the a- and p-chain (designated as
aN or aQ and BN or R, respectively, Figure 2B) and each of the CD3 co-receptor chains
(designated as yN or yQ, 8N or 52 and €N or €@, respectively, Figure 2C) of the human A6
OafTCR (Utz et al., 1996). To dissect early steps in the TCR biosynthesis process we
performed metabolic labeling experiments in COS-1 cells (Hall et al., 1991). We observed
two species for aN, separated by the size of a single glycan moiety (Figure 2B). Enzymatic
deglycosylation by EndoH revealed that the two species originate from different extents of
glycosylation of the a-chain (Figure 2B). Inspection of the a-chain construct with the QVT
motif at the C-terminus (aQ) revealed a single band that migrated with the faster mobility
band observed for aN (Figure 2B). Thus, the additional band corresponds to glycosylation of
the C-terminal reporter site and indicates that an isolated full-length TCR a-chain can enter
the ER lumen completely, including its designate TM region.

If the two TM basic residues (Arg and Lys, Figure 2B) of the a-chain TM region were
replaced by Leu (aNgk_>. ), only a single band was observed, which migrated identically to
aQ (Figure 2B). Thus, full entry of the TCR a-chain TM region into the ER lumen is
dependent on the presence of these basic residues. In contrast to the a-chain, neither the
glycosylation site-tagged B-chain (Figure 2B) nor any of the CD3 chains (Figure 2C) were
further modified at C-terminal reporter sites and thus appear to be properly integrated into
the ER membrane in agreement with their predicted negative free energy of membrane
integration (Figure 1A).

As glycosylation of sites near the C-terminus can be inefficient, we used subcellular
fractionation and sodium carbonate extraction experiments to confirm that our glycosylation
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reporter system adequately monitored membrane integration. Indeed, we found that
constructs that did not become C-terminally glycosylated could only be extracted with
detergent in keeping with stable membrane integration (Figure S2A). Conversely, a-chain
constructs for which we had observed C-terminal glycosylation could be partially extracted
with sodium bicarbonate or urea, indicative of improper membrane integration (Figure
S2A). Importantly, the wild-type a-chain behaved like the a-chain with the reporter
glycosylation site (Figure S2A). We obtained identical results for another human anti-
hemagglutin TCR (HA TCR) a-chain with a different ER-import sequence and Vo domain
(Hewitt et al., 1992), revealing that these regions do not influence mislocalization of the a-
chain into the ER lumen (Figures S2B and S2C).

To assess if TCR a-chains can also completely enter the ER-lumen in the context of
authentic T cells, we used the Jurkat cell line J.RT-T3.1. It is deficient in the expression of
the a-chain (Saito et al., 1987), allowing analysis of our reporter constructs. In this cell line
aN restored surface expression of the afTCR to the same extent as the wild type a-chain
(data not shown), arguing that the reporter site does not interfere with receptor assembly and
transport. Importantly, similar to COS-1 cells, we observed glycosylation of both the A6
(Figure 2D) and HA TCR (Figure S2C) a-chains at the C-terminal reporter site, but not for
the aNgk->1 L or a® constructs (Figures 2D and S2C). Thus, even though TCRp and all co-
receptor chains are present in the J.RT-T3.1 line (Saito et al., 1987) and expression levels of
the transfected TCR a-chain and the co-receptor chains were comparable (Figure S2D), the
TCR a-chain can also fully enter the ER in the authentic environment of T cells.

The ER-resident Hsp70 chaperone BiP binds to ER-lumenal TM regions

ER-localized TM sequences provide a possible point of action for the lumenal ER quality
control system that has not been investigated yet. Exposed hydrophobic peptide stretches are
the typical signature of Hsp70 binding sites, so we asked if the ER-resident Hsp70
chaperone BiP could recognize lumenally disposed TM regions. We co-expressed the
various a-chain constructs with hamster BiP (Lee et al., 1999) and analyzed their
interactions. In agreement with previous work, the full-length a-chain co-
immunoprecipitated with BiP (Figure 3A), which had been presumed to occur via
interactions with either the Va or Ca domains that are in the ER lumen during TCR
biosynthesis (Suzuki et al., 1991) (Figure 2A). However, when an a-chain construct without
its TM region was similarly analyzed, we could no longer co-immunoprecipitate the a-chain
with BiP (Figure 3A). Thus, the presence of the TM region appeared necessary to allow co-
immunoprecipitation of the a-chain with BiP by our antibody. Reciprocally, BiP was co-
immunoprecipitated with the a-chain even in the absence of its TM region arguing that
additional binding sites for BiP exist in the lumenal domains (Figure 3A). Our finding led us
to speculate that BiP might directly recognize the TCR a-chain TM region. In agreement
with this idea, when we used the membrane-integrated ark_> . (Figure 2B), we no longer
co-immunoprecipitated the a-chain with BiP and the amount of BiP co-immunoprecipitating
with ark_>1 L was decreased (Figure 3B). Conversely, the B-chain co-immunoprecipitated
with BiP independent of the presence of its TM region (Figure S3A) or of its single TM Lys
residue (Figure S3B) viathe domains that are normally exposed to the ER lumen.

To further test if BiP was binding to the TCR a-chain TM region when it was mislocalized
to the ER lumen, we generated fusion proteins of the C;_ domain, which is not a BiP
substrate (Hellman et al., 1999), tagged to different a-chain TM region variants and tested
for their interaction with BiP. We found that if the C domain was fused to the TM region of
the TCR a-chain (Ca), BiP co-immunoprecipitated with the chimeric protein (Figure 3C),
but not vice versa arguing that regions N-terminal of the TM region influence the ability of
our antibody to co-immunoprecipitate substrates with BiP. Interaction with BiP was
abolished if the basic residues in the a-chain TM region were replaced with Leu
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(CLaRrk->LL, Figure 3C), corroborating the notion that BiP directly binds to an ER-lumenal
a-chain TM region. C aN with the C-terminal glycosylation reporter site (Figure 2B)
recapitulated the behavior of the authentic a-chain, as it populated two glycoforms if the TM
basic residues were present and only a single glycoform if the basic amino acids in the TM
region were replaced with Leu (CaN grk-s ). Only CpoN but not CiaN gk.s1 | co-
immunoprecipitated BiP (Figure 3C). Thus, independent of the protein context, the a-chain
TM region defines localization and is directly bound by BiP once ER-lumenal. In agreement
with this idea, no interaction of BiP with fusion protein containing any of the TCR B-chain
TM region variants was observed (Figure 3C).

To further verify our assumption that BiP directly binds to the a-chain TM region we
examined which glycoform of oN BiP bound. If indeed the a-chain can only be co-
immunoprecipitated with BiP viaits TM region, we would expect only the completely ER-
lumenal species of aN (/.e., only the species glycosylated at its reporter site) to co-
immunoprecipitate with BiP, which is exactly what we observed (Figure 3D). As we
obtained this result after a 30 min labeling pulse either without any subsequent chase period
or after a short 15 min chase (Figure 3D), entry of at least a portion of the a-chain TM
region into the ER is a reasonably fast process. Furthermore, these data suggest that the less
glycosylated species has not fully entered the ER as opposed to glycosylation at the reporter
site being inefficient, since BiP does not co-immunoprecipitate this species. Taken together
our data demonstrate that the ER-lumenal chaperone BiP directly binds to the putative TM
region of the TCR a-chain once it enters the ER lumen. To establish if the binding of BiP to
lumenally exposed TM segments was a more general phenomenon, we examined BiP
interactions with the reporter constructs that we had tested for their ability to enter the ER
lumen (Figure 1). BiP co-immunoprecipitated with all the chimeric proteins that were C-
terminally glycosylated, indicative of their entry into the ER-lumen (Figures 1A and S3C),
providing a more general link between unstable membrane integration of TM segments and
the lumenal ER quality control machinery.

Mislocalization underlies rapid degradation of the a-chain

In order for quality control to rely on ER-import of the TM segments of unassembled a-
chains, all unassembled a-chains would need to ultimately pass entirely into the ER lumen,
a behavior that has not been previously described. To examine this possibility, pulse-chase
experiments were performed. As oN became additionally glycosylated at a cryptic
glycosylation site over time, complicating quantifications, we used a construct devoid of this
cryptic glycosylation site, denoted as aN™ (for details see Figure S4A). Immediately after
pulse-labeling, a little over half the a-chain was glycosylated at the engineered C-terminal
site (Figure 4A). Over time, the less glycosylated species disappeared while glycosylation at
the reporter site increased until almost the entire pool of the a-chain ultimately became
modified (Figure 4A). The increase in the amount of C-terminally glycosylated a-chain was
paralleled by more a-chain co-immunoprecipitating with BiP over time (Figure S4B). These
data argue that some unassembled a-chains enter the ER initially while the rest continue to
do so post-translationally.

To further verify continued post-translational entry of the a-chain TM region as opposed to
the less glycosylated species being rapidly degraded, we blocked degradation of the a-chain
with the proteasome inhibitor MG132 (Huppa and Ploegh, 1997; Yu et al., 1997) or a
dominant negative mutant of the E3 ubiquitin ligase Hrd1 (Hrd1cog1s) (Kikkert et al., 2004;
Nadav et al., 2003). Both, MG132 and Hrd1cog15 expression stabilized the wild type a-
chain against degradation (Figure 4B). When our glycosylation reporter construct was
similarly examined, we continued to observe the disappearance of the a-chain species that
was not glycosylated at its C-terminal reporter site (Figure 4C). These data support the idea
that a precursor:product relationship exists between the C-terminally unglycosylated and
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glycosylated forms of this a-chain construct. The fact that the additional C-terminal
glycosylation of the a-chain increased its stability (Figures S4A and C) allowed us to
perform this type of analysis without interfering with the ERAD machinery. When we
performed similar experiments on the chimeric proteins examined in Figure 1 we also
observed further post-translational ER import for several of the TM sequences that entered
the ER lumen initially, which was most striking for the construct comprising the NKP30 TM
region (Figure S4D).

To more fully define the relationship between assembly and full egress into the ER-coupled
quality control, we generated mutants of the a-chain with each of the basic residues in the
TM region singly exchanged against Leu, as their respective roles in assembly have been
previously determined (Call et al., 2002). Constructs were made in the presence of the
glycosylation reporter site (to monitor import) or in its absence (to monitor degradation
kinetics). The TM Arg single mutant of the reporter construct (aN*g_s( ) still entered the ER
lumen (Figure 4D), arguing that the central lysine alone was sufficient to prevent stable ER
membrane integration. Of note, it did so primarily post-translationally and thus was initially
apparently recognized as a stop-transfer sequence. In agreement with it being able to enter
the ER lumen, the ar_>_ construct was degraded only slightly slower than the wild-type a-
chain (Figures 4D an E). In contrast, when the TM Lys was mutated to Leu (aN"k_s1), the
resulting protein did not detectably enter the ER lumen and the ak_»|_ construct was
significantly stabilized (Figures 4D and E). In agreement with this connection between
mislocalization and rapid turnover, changing the single TM Lys residue in the B-chain to
Leu had no effect on either localization (Figure 2B) or degradation (Figure S4E). Taken
together, we observed a strong correlation between the ability of the a-chain to completely
enter the ER lumen and its rapid degradation. These findings thus provide a link between
localization of the a-chain TM region and degradation of the protein, explaining the
destabilizing role of unpaired basic residues in the a-chain TM region.

Interaction with CD38 and ¢ retains the TCR a-chain in the membrane, stabilizing it against

degradation

For quality control of unassembled a-chains to rely on mislocalization to the ER lumen,
correct assembly must prevent this from occurring. Elements of the CD3 co-receptor are the
best candidates for retention of the a-chain in the ER membrane, as they possess acidic
residues in their TM regions (Figure 2A) and assemble with the TCR o chain prior to the -
and ¢-chains during TCR biosynthesis (Kearse et al., 1995). Therefore, we assessed the
impact of different CD3 chains on the localization of the a chain. In agreement with
previous studies (Call et al., 2002; Manalios et al., 1990), no significant co-
immunoprecipitation between CD3y and the TCR a-chain was observed (Figure S5A).
CD3d and €, however, strongly interacted with the a-chain (Figures 5A and S5B). These
interactions are dependent on the acidic residues in the TM regions of the two CD3 chains
and the lysine residue in the a-chain TM segment (Call et al., 2002). As expected, the
interactions between these proteins were abolished by replacing the a-chain TM basic
residues (Figures 5A and S5B). Most importantly, only the oN species that was not
glycosylated at its C-terminal reporter site could be co-immunoprecipitated with CD36 and €
(Figures 5A and S5B). Accordingly, we next asked if this interaction could inhibit TCR a-
chain mislocalization and thus influence the amount of a-chain that fully enters the ER.
Indeed, less of the C-terminal reporter site was glycosylated on the a-chain if either CD306 or
€ were co-expressed individually or together to allow formation of the naturally occurring
CD3d¢ dimer (Manolios et al., 1991) (Figure 5B). In keeping with the absence of association
of CD3y with the a-chain, there was no reduction of C-terminal glycosylation of aN™ upon
CD3y co-expression (Figure 5B) nor did BiP over-expression change the amount of
reporter-site glycosylation (Figure 5B). Thus, BiP does not seem to play an active role in a-
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chain localization but rather binds its TM region once it becomes ER-localized. In
agreement with the low efficiency of afTCR complex assembly (Minami et al., 1987), we
only found a modest reduction of TCR a-chain entering the ER lumen upon CD35 or € co-
expression. By increasing the amounts of CD35 and € DNA co-transfected to a six-fold
excess over that of the a-chain DNA, we further increased a-chain integration to ~60%
(Figure 5C). Importantly, even though CD34 and € could not prevent the entire a-chain pool
from entering the ER, together they completely inhibited further import of the TCR a-chain
into the ER lumen over time (Figures 5D and E) and stabilized the TCR a-chain against
degradation (Figures 5F and G). The fact that both CD36 and € were needed for efficient
retention and stabilization (Figures S5C—F) might be partially attributable to the intrinsic
instability of CD36 when expressed alone (Wileman et al., 1993) which is stabilized upon
co-expression of CD3¢ (data not shown). However, CD3¢ is stable by itself, it could not
retain the a-chain in the membrane or stabilize it against degradation as efficiently as CD35
and € together (Figures 5D-G and S5C—-F). Taken together, we observed a very good
correlation between the retention of the a-chain reporter construct in the membrane and
stabilization of the wt a-chain against degradation when the CD3 co-receptor subunits were
co-expressed in the various combinations.

Discussion

A new mechanism underlying quality control of integral membrane protein complexes

Assembly within the membrane is a crucial step in the biosynthesis of many multimeric
integral membrane protein complexes. However, it has been unclear how the cell scrutinizes
the outcome of this process. We find that the cell can infer the assembly status from the
localization of the TM segment as several less hydrophobic TM sequences derived from
multimeric TM protein complexes can enter the ER lumen completely, where they are
recognized as substrates of the chaperone BiP, which in turn can initiate degradation of the
unassembled subunit. Indeed, most TM segments are likely to contain Hsp70 binding
sequences (Blond-Elguindi et al., 1993; Flynn et al., 1991), and BiP is readily available at
the translocon (Brodsky and Schekman, 1993; Hamman et al., 1998), suggesting a general
link between proper integration of TM segments and the ER lumenal chaperone machinery.
When applied to the afTCR, these concepts solve the longstanding puzzle of how ionizable
residues in the TCR a-chain TM region can both direct subunit assembly, and if this does
not occur, promote degradation. A possible role for membrane integration in this process has
long been debated, but due to conflicting results obtained with chimeric constructs
(Bonifacino et al., 1991; Fayadat and Kopito, 2003; Ishikura et al., 2010; Shin et al., 1993;
Soetandyo et al., 2010) has remained controversial. We find the TM region of an authentic
a-chain indeed fully enters the ER and contains the signal for degradation by exposing
unresolvable chaperone binding sites in its TM region (Figure 6). Our finding that
membrane integration initially fails for ~50% of the TCR a-chain with the remaining pool
entering the ER lumen over time may provide an explanation for the different results
obtained with the various aTM:chimeric proteins that have been observed. Based on our
finding of BiP binding to the a-chain TM region, the reported ubiquitination of both the C-
terminus (Ishikura et al., 2010) and TM region (Anania et al., 2013) of the a-chain suggests
retrotranslocation is initiated from the C-terminus of the a-chain. This might further
reconcile conflicting results on the impact of failure to integrate into the membrane on
degradation, as the constructs used varied in the inclusion of the more recently identified
ubigitination sites (Anania et al., 2013; Bonifacino et al., 1991; Ishikura et al., 2010; Shin et
al., 1993).

We find that membrane integration of the TCR a-chain is promoted if a complex is formed

with the CD3d¢ dimer, a process occurring early in afTCR biogenesis (Kearse et al., 1995).
Increasing levels of CD3d¢ can further reduce the amount of a-chain entering the ER-lumen
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(Figure 5C), however at an elevated biosynthetic cost and a certain percentage of the a-
chain is initially missed as a stop-transfer sequence and will be lost for further assembly
steps. Even in T cells most TCR a-chains are ultimately degraded (Minami et al., 1987).
Evolution has likely tolerated this trade-off to increase fidelity of TCR assembly. Indeed,
only small quantities of the afTCR are needed at the cell surface for proper functioning in
the immune system, but quality control of this protein complex must be very reliable to
ensure adequate immune responses (Guy et al., 2013). The correlation between CD3
subunits being able to retain the a-chain in the membrane and to stabilize it against
degradation argues that membrane-integration underlies the previously described stabilizing
effect of CD35 and € on the TCR a-chain (Bonifacino et al., 1990; Bonifacino et al., 1989;
Lippincott-Schwartz et al., 1988; Manolios et al., 1991) (Figure 6). We find that within the
TM region of the a-chain the central Lys residue is much more destabilizing for membrane
integration than the more N-terminal Arg residue. Of note, the same central Lys residue in
the a-chain is responsible for the interaction with the acidic TM residues in CD3d and €
(Call et al., 2002). Thus, the very residue that defines localization of the a-chain is the one
that interacts with CD30 and ¢ to stably integrate the a-chain in the membrane. Ideally,
CD3-mediated membrane-retention of the TCR a-chain should report on the completeness
of the assembly status. Indeed, we find that both, CD30 and € together, are needed to retain
the a-chain for more prolonged times in the membrane and stabilize it against degradation,
further explaining previous data that a three-helical interaction motif between TCRa and
CD3d¢ is the most stable (Call et al., 2002). Interaction with the ¢ chain occurs via
interaction with the a-chain TM Arg residue (Call et al., 2002), which we found had no
significant effect on localization.

The translocon in the assembly process of integral membrane proteins

A significant part of the a-chain TM region is localized to the ER lumen in both COS-1 and
Jurkat cells almost immediately after biosynthesis, arguing that its TM region is rather
poorly recognized by the translocon as a stop-transfer sequence. The completely ER-
lumenal pool continues to increase post-translationally, a characteristic that we also
observed for a variety of other TM segments of low hydrophaobicity. Thus, while less
hydrophobic TM regions can be initially missed as a stop-transfer sequence, a pool exists in
a state that allows them to more slowly enter into the ER lumen in the absence of subunit
assembly. The slow ER entry of the TCR a-chain TM region, as judged by its kinetics of
post-translational glycosylation, suggests there might be a kinetic window to allow TM
segments to assemble correctly, and perhaps more lumenal regions to fold, before
mislocalization of their TM segments occur. Of note, post-translational ER entry seemed to
be faster for constructs that contained the well-folded C, domain instead of the authentic Va
and Ca domain (Figures 4A and S4D), suggesting that the domains that have already
entered the ER lumen might influence the rate of post-translational ER entry. We cannot
completely rule out that our C-terminal glycosylation reporter underestimates the amount of
TCR a-chain that initially enters the ER lumen or the kinetics of ER entry as C-terminal
glycosylation can be inefficient and slow (Ruiz-Canada et al., 2009). However, C-terminal
glycosylation of NXT sites (our reporter comprises an NVT site) can be efficient and fast
(Shrimal et al., 2013). Furthermore, the inability of the underglycosylated form of our
reporter construct to co-immunoprecipitate with BiP (Figures 3D and S4B) and the fact that
CD30d¢e completely inhibit any further C-terminal glycosylation of the a-chain (Figure 5D)
together argue for our C-terminal glycosylation site being a benign reporter for ER-import.

Our finding that the central Lys residue is more detrimental to membrane integration of the
a-chain than the less-centrally localized Arg is in agreement with data on model TM helices
(Hessa et al., 2007), but we also observed some interesting deviations between the predicted
free energy of membrane integration and our model proteins being able to become C-
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terminally glycosylated (Figure 1A). In particular co- and post-translational entry of the ER
lumen might rely on somewhat different rules for TM sequence hydrophobicity as
exemplified by our construct with its TM region Arg residue replaced by Leu that apparently
entered the ER-lumen exclusively post-translationally.

It is noteworthy that the TM regions of our model proteins continued to enter the ER-lumen
post-translationally, suggesting their membrane passage might be gated, if so, likely via
Sec61. Indeed, the translocon has been shown to remain associated with more hydrophilic
TM sequences for prolonged times due to either specific interactions with components of the
translocon (Cross and High, 2009; Do et al., 1996; Heinrich et al., 2000) or to its inherent
ability to provide retention space for more than one TM segment in the process of
biosynthesis and assembly (Beckmann et al., 2001; Hanein et al., 1996). In agreement with
this idea, we find that a significant part of the a-chain can be extracted from the membrane
by the chemical denaturant urea that unfolds proteins and disrupts protein-protein
interactions (Figure S2A). We were unable, however, to detect any direct interactions
between the TCR a-chain and either Sec61a, Sec61f or TRAM (data not shown). This point
thus warrants further study, in particular since a TM segment that remained translocon-
associated would impose certain requirements on the assembly process with other TM
sequences when they are dispersed over a number of different polypeptide chains. If subunit
assembly required the various chains to enter through the same translocon, it would raise
very interesting questions about how translation and assembly could possibly be coordinated
(Gilmore and Mandon, 2012) and which role the translocon plays in this process (Skach,
2009). It is noteworthy is this context that we found CD3 and € together being able to
completely inhibit any further ER entry of the a-chain TM region arguing that assembly
between CD3d¢ and the a-chain is rapid and thus would not lead to prolonged occupation of
translocons by unassembled a-chains.

Implications for the quality control and evolution of integral membrane proteins

Diverting polar residues in TM segments over different polypeptide chains within a complex
can reduce the efficiency of membrane integration of unassembled subunits, while at the
same time allowing more rigorous quality control and providing greater evolutionary
flexibility in reshuffling different subunits in comparison to multipass TM proteins.
However, unlike the group of single pass proteins examined in this study the TM segments
of single pass TM proteins are generally close to ideal TM helices (Hessa et al., 2007). In
contrast, this is often not the case for multipass TM proteins where a significant amount of
TM helices are predicted to be unable to insert into the membrane by themselves (Elofsson
and von Heijne, 2007; Hessa et al., 2007; White and von Heijne, 2008), and in some cases
have either been directly shown or predicted to enter the ER lumen transiently (Hessa et al.,
2007; Kanki et al., 2002; Kauko et al., 2010; Lu et al., 2000; MeindI-Beinker et al., 2006;
Ojemalm et al., 2012; Ota et al., 1998; Sadlish et al., 2005; Skach et al., 1994). Thus, based
on our findings it is reasonable to suggest that one way of monitoring their failure to
integrate would be their exposure to the chaperone machinery, which could initiate their
degradation (Buck and Skach, 2005). Conversely, correct intrachain assembly would
promote membrane integration of these TM segments and thus shield them from chaperones.
Conceptually, this is very similar to the transient exposure of hydrophobic residues to the
solvent in the folding process of soluble proteins.

In addition to the principles we have uncovered in this study, a complimentary mechanism
has been identified for the quality control of integral membrane proteins that also relies on
the recognition of unpaired hydrophilic residues but in this case they are detected in the
membrane environment itself (Lemberg, 2013). Recognition of these residues in the
membrane leads to the unassembled protein’s ubiquitination, rendering it an ERAD
substrate, which can include cleavage of the hydrophilic TM segment (Erez and Bibi, 2009;
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Fleig et al., 2012; Loureiro et al., 2006; Reggiori and Pelham, 2002; Sato et al., 2009). Of
note, efficient detection and cleavage of the pre-TCRa, which is predicted to be membrane
integrated (Figure 1A), occurs by this mechanism, while cleavage of the TCR a-chain TM
region, which we show relies on a localization-coupled quality control mechanism is very
inefficient (Fleig et al., 2012).

Finally it should be noted that the mechanism we have unveiled in this study might explain
the molecular basis for certain diseases where polar residues in TM regions arise due to
genetic mutations (Partridge et al., 2004) but also has the potential to significantly extend
the known repertoire of TM protein functions (Illergard et al., 2011). It allows the cell to
utilize TM segments of largely different composition and hydrophobicity, even those that
would be unlikely to serve as membrane anchors by themselves, without sacrificing fidelity
in TM protein folding and assembly.

Experimental Procedures

Construct design

Individual constructs were amplified from synthetic TCR genes. Chimeric constructs were
generated using a previously described A light chain C; domain construct (Hellman et al.,
1999) fused to the different TM regions. Mutants were generated by site directed
mutagenesis. A hamster BiP construct was used (Lee et al., 1999). Details can be found in
the Supplemental Experimental Procedures.

Cell transfections

COS-1 cells were transfected using GeneCellin (BioCellChallenge, Toulon, France)
according to the manufacturer’s protocol.

Jurkat J.RT-T3.1 cells (Saito et al., 1987) were transfected via electroporation according to
the manufacturer’s protocol. Details can be found in the Supplemental Experimental
Procedures.

Metabolic labeling, pulse-chase experiments and immunoprecipitations

For metabolic labeling, cells were starved for 30 min in media without Met and Cys and
subsequently labeled for 30 min with EasyTag™ EXPRESS35S Protein Labeling Mix
(Perkin Elmer, Waltham, MA). For pulse-chase experiments cells were chased in complete
medium supplemented with additional 2 mM of cold Met and Cys after the labeling pulse. If
present, MG132 (Sigma-Aldrich, St. Louis, MO) was added 2.5 h before the pulse, during
the starving period and during the subsequent pulse and chase. Cells were lysed in
appropriate buffers for each experiment. Details can be found in the Supplemental
Experimental Procedures. Immunoprecipitations were performed with commercially
available antibodies or the previously described antiserum against BiP (Hendershot et al.,
1995). EndoH deglycosylation experiments were performed according to the manufacturer’s
protocol. Samples were run on 10% or 14% SDS-PAGE gels, gels were dried and either
used in autoradiography or phosphorimager analysis. Further details can be found in the
Supplemental Experimental Procedures.

Subcellular fractionation and western blot

Subcellular fractionation was essentially performed as published (Lai et al., 2012). Details
can be found in the Supplemental Experimental Procedures.
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Statistical analysis

Results are shown as means *one standard deviation. P values associated with all
comparisons were derived from paired two-tailed Student’s t-tests.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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predicted TM sequence

T cell receptors
TCRa (P01848)
TCRB (P01850)
CD3y (P09693)
CD35 (P04234)
CD3e (P07766)
TCRZ (P20963)
TCRy (POCF51)
TCRB (B728K6)

Pre-TCRa (Q6ISU1)

DAP12-associated

human type |

DAP12 (043914)
NKpa4 (095944)
TREM1 (QINP99)
TREM2 (QINZC2)
IREM2 (Q496F6)
SIRPB1 (000241)
PILRB (QOUKJO)
CD200R (Q6Q8B3)
other cell surface
receptors
DAP10 (QOUBKS)
NKG2D (P26718)
ILT1 (Q8N149)
NKp30 (014931)
FcaRl (P24071)
GPVI (QIHCNE)
CD79A (P11912)
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Figure 1. TM sequences of low hydrophobicity can enter the ER lumen

(A) Analysis of TM sequences of human single pass cell surface receptor subunits whose
assembly is focused on intramembrane polar residues. TM sequence assignments were taken
from the uniprot database (www.uniprot.org). AG values were calculated according to
(Hessa et al., 2007) (http://dgpred.cbr.su.se/). Positive AG values predict an unfavorable free
energy of membrane integration (bold). Basic residues are highlighted in blue, acidic
residues in red. TM regions that were tested experimentally for lumenal localization are
indicated as yes/no, and those not examined are described as not determined (n.d.). The
bracketed no for TREM1 indicates a very weak band detected for the C-terminally
glycosylated species. Data for TCRP and CD3y, & and € are derived from Figure 2.

(B) Top: schematic outline of the reporter construct used to monitor ER-import of TM
sequences. It is composed of the non-glycosylated immunoglobulin A light chain C; domain
connected by flexible linkers and short amino acid stretches derived form the TCR a-chain
to the TM sequence of interest followed by a C-terminal glycosylation site (NVT, marked in
red). Bottom: A cartoon showing that membrane integration of the reporter construct would
not allow its C-terminal NVT site to become glycosylated, whereas complete ER import
would expose it to the ER glycosylation machinery allowing it to become glycosylated
(shown as grey hexagon).
(C) COS-1 cells transfected with the indicated constructs were metabolically labeled and

cell lysates were immunoprecipitated with anti-mouse A antiserum. Precipitated material was
split and treated with or without EndoH prior to SDS-PAGE analysis. See also Figure S1.
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Figure2. The TCR a-chain TM region is mislocalized into the ER lumen

(A) The apTCR consists of the clonotypic a- and -chains, made up of one variable (Va and
VB, respectively) and one constant domain (Ca and Cp, respectively) each and the co-
receptor chains, CD3y, d and €, as well as {. The receptor has three topological layers whose
final disposition in the cell as well as their localization during the initial biosynthesis steps
(shown in brackets) are indicated. Transmembrane basic (+) and acidic (=) residues and
interchain disulfide bonds are shown. Immunoreceptor tyrosine-based activation motifs
(ITAMs) initiate downstream signaling events upon TCR-MHC binding.

(B) Top: Outline and nomenclature of glycosylation reporter constructs to monitor ER-
membrane integration of the TCR a- and B-chain. The engineered C-terminal glycosylation
sites (NVT) and respective control sites (QVT) are marked in red. Predicted endogenous
glycosylation sites are shown as grey hexagons. Bottom: Glycosylation analysis of
radiolabeled TCR a- and B-chain reporter constructs in COS-1 cells. Mutations of the TM
basic residues against Leu are indicated (RK->LL for the a-chain or K->L for the 3-chain,
respectively). Lysates from metabolically labeled cells were immunoprecipitated with
antibodies specific for the human Ca or C domains and treated with or without EndoH
prior to SDS-PAGE analysis. The red asterisk marks the a-chain glycosylated at its C-
terminal reporter site.

(C) Top: Schematics and nomenclature of analogous reporter constructs to monitor ER-
membrane integration of the CD3y, 6 and € chain. Bottom: Glycosylation analysis of
radiolabeled CD3y, 6 and € chain reporter constructs in COS-1 cells were performed as in
(B) using the indicated chain-specific antibodies.

(D) Glycosylation analysis of radiolabeled TCR a-chain constructs in Jurkat J.RT-T3.1
cells. Nomenclature of the constructs is as in (B). The red asterisk marks the a-chain
glycosylated at its C-terminal reporter site. Where indicated, radiolabeled proteins were
deglycosylated with Endo H after immunoprecipitation with anti-Ca antibodies (m: mock
transfection). See also Figure S2.
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Figure 3. BiP bindsthe TM region of ER-lumenal a-chains

(A) Metabolically labeled lysates from COS-1 cells transfected with the full-length a-chain
construct (o) or one devoid of its TM region (a%/° ™) and BiP were split and
immunoprecipitated with either an anti-Ca antibody or anti-BiP antiserum and analyzed by
SDS-PAGE.

(B) COS cells co-transfected with BiP and either the wild type a-chain construct (a) or one
in which the TM basic residues were mutated to leucine (0rk-> ) Were analyzed as in (A).
(C) Interaction of radiolabeled BiP with C| -based reporter constructs (see Figure 1).
Metabolically labeled lysates of cells co-transfected with BiP and one of the indicated
constructs were divided and immunoprecipitated with either anti-mouse A antiserum or anti-
BiP antiserum. The construct glycosylated at its C-terminal reporter site is marked with a red
asterisk. Co-immunoprecipitating BiP is indicated with a black arrow.
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(D) Analysis of the interaction of aN and aNgk_s | with BiP. Cells co-transfected with the
indicated constructs and BiP were subjected only to a 30 min pulse (0 min chase) or chased
for an additional 15 min prior to cell lysis and immunoprecipitation with the indicated
antibodies (m: mock transfection). See also Figure S3.
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Figure 4. Degradation of the TCR a-chain correlateswith localization of its TM region into the
ER lumen

(A) Quantification of the two glycospecies for aN*. Cells expressing the oN" construct were
pulse-labeled and chased for the indicated times before immunoprecipitation and SDS-
PAGE analyses (Bottom). Signal averages for the ER-lumenal, C-terminally glycosylated
species are shown as closed circles, data for the species not C-terminally glycosylated are
indicated with open circles (n=4£SD) (Top). Note that in this and most subsequent
experiments a construct designated as oN" was used instead of aN (for details see Figure
S4A).

(B) Inhibition of a-chain degradation was carried out by addition of MG132 (orange) or co-
expression of Hrd1cpg91g (red) as indicated and compared to the degradation of the a-chain
in the absence of any treatment (blue). Quantifications are shown on the right.

(C) Disappearance of the lower, not C-terminally glycosylated band for aN* was measured
and quantified under the same conditions as in (B). Quantifications are shown on the right.
(D) Pulse-chase experiments were performed for different a-chain constructs containing
either a single, none, or both TM basic residues replaced by Leu as indicated. For mutants
with single TM basic residue replaced, ER-lumenal localization was additionally assessed
by the aN* reporter construct. Species glycosylated at their C-terminal reporter site are
indicated with “ER-lumenal” on the side.

(E) Quantifications (n=3+SD) of the degradation kinetics for the wt a-chain (blue), Ork->LL
(orange), ar.>_ (green) and ak_>| (red). See also Figure S4.
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Figure5. CD33 and € retain the a-chain in the ER membrane and stabilize it against degradation
(A) The indicated a-chain constructs were co-expressed with the CD3¢ chain and
radiolabeled lysates were immunoprecipitated with antibodies to Ca or CD3e. Mutations of
the TM basic residues in the a-chain to Leu are indicated (RK->LL) (m: mock transfection).
(B) Quantification of the reporter site glycosylation species for aN” as a percent of the total
amount of protein immunoprecipitated was performed by phosphorimager analysis. Data
that were statistically significantly different from the aN* construct in the presence of empty
pSVL vector are marked with an asterisk (n=7+SD, Student’s t test, p<0.005).

(C) The amount of C-terminal glycosylation for aN” in the presence of increasing amounts
of CD33 and € was assessed. Two microgram of aN”™ were co-transfected with the indicated
amounts of 6+& DNA (equal amounts of both CD3 constructs were used). Closed circles
denote the relative amount of aN™ chains that are C-terminally glycosylated and completely
ER-lumenal, and open circles the relative amount of aN™ that is not C-terminally
glycosylated (n=3+SD).

(D) Pulse-chase experiments were conducted over an interval of 2 h on cells co-expressing
either aN™ together with empty pSVL vector or with both CD3 and €. The upper
autoradiograph shows data for aN™ in the presence of empty pSVL vector, the lower
autoradiograph in the presence of CDd and €. Quantifications of the upper band,
corresponding to the ER-lumenal species, are shown below the autoradiographs. Open
circles are derived from aN"+pSVL and closed circles from aN"+CD& and € (n=6+SD). The
signal present at t=0" is arbitrarily set to 100 in both cases.

(E) Pulse-chase experiments to follow the ER import of aN” over time in the presence of
either empty pSVL vector or a combination of CD30 and €. C-terminally glycosylated, ER-
lumenal species are indicated.

(F) Pulse-chase experiments conducted on the wt a-chain expressed alone or in the presence
of either empty pSVL vector or CD30 and € to assess its stability.

(G) Quantifications of the data shown in (F) (n=3£SD). Open circles show the degradation
of a+pSVL, and closed circles indicate that of a when co-expressed with CDd and €. See
also Figure S5.
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Figure 6. Quality control of the afTCR by assembly-dependent membraneintegration

Model for the assembly-dependent quality control mechanism in afTCR biosynthesis. All
chains except for the a-chain are properly integrated in the ER membrane co-translationally.
Heterodimers between CD3y and € or CD3d and € form soon after their biosynthesis. Two
pathways can be taken by the TCR a-chain. Either, the CD36¢ heterodimer interacts with
the a-chain and allows it to stably integrate into the ER membrane. Subsequently, the
CD30d¢-a and the CD3ye-f hetero-trimers can move in the membrane, assemble covalently,
pair with the { dimer and be transported to the cell surface. Alternatively, newly synthesized
o-chains that fail to assemble with the CD3d¢ heterodimer completely enter the ER lumen
over time and their TM domains are recognized by the ER chaperone BiP allowing them to
be targeted for ERAD. Some of the TCR a-chain its TM region is initially missed as a stop-
transfer sequence and it directly enters the ER lumen to be degraded.
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