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In recent years, it has become clear that many homo- and heterodimeric cytoplasmic
proteins in both prokaryotic and eukaryotic cells start to dimerize cotranslationally (i.e.,
while at least one of the two chains is still attached to the ribosome). Whether this is
also possible for integral membrane proteins is, however, unknown. Here, we apply force
profile analysis (FPA)—a method where a translational arrest peptide (AP) engineered
into the polypeptide chain is used to detect force generated on the nascent chain during
membrane insertion—to demonstrate cotranslational interactions between a fully
membrane-inserted monomer and a nascent, ribosome-tethered monomer of the Escheri-
chia coli inner membrane protein EmrE. Similar cotranslational interactions are also
seen when the two monomers are fused into a single polypeptide. Further, we uncover
an apparent intrachain interaction between E'* in transmembrane helix 1 (TMH1) and
§% in TMH3 that forms at a precise nascent chain length during cotranslational mem-
brane insertion of an EmrE monomer. Like soluble proteins, inner membrane proteins
thus appear to be able to both start to fold and start to dimerize during the cotransla-
tional membrane insertion process.
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It is becoming increasingly clear that many, if not most, cytoplasmic proteins start to
fold cotranslationally (i.e., while the growing nascent polypeptide chain is still attached
to the ribosome). Such early folding events range from the formation of elements of
secondary structure and small protein domains already within the ribosome exit tunnel
to folding of larger domains just outside the exit tunnel, with or without the help of
chaperones (1, 2). Ribosome profiling experiments in both prokaryotic and eukaryotic
cells have further shown that many homo- and heterodimeric cytoplasmic proteins can
start to dimerize cotranslationally while one or even both monomers are still attached
to the ribosome (3). Cotranslational folding and assembly of soluble proteins thus seem
to be common phenomena; however, whether this is also true for integral membrane
proteins remains unclear. Individual domains in multidomain membrane proteins,
such as the cystic fibrosis transmembrane conductance regulator or the Escherichia coli
inner membrane protein GlpG, fold mainly cotranslationally (4-7), but to what extent
individual transmembrane helices (TMHs) can interact during translocon-mediated
membrane insertion and whether ribosome-attached, nascent integral membrane pro-
teins can start to dimerize with already folded partner proteins are still open questions.

To address these issues, we decided to perform an in-depth force profile analysis
(FPA) of the cotranslational membrane insertion process of the small multidrug-
resistance protein EmrE from E. coli. EmrE has four TMHs and is a dual-topology
protein (i.e., the monomers integrate into the inner membrane in a 50:50 mixture of
Niyi—Cin and N, —C,,; topologies); oppositely oriented monomers then assemble into
antiparallel dimers (8, 9). A recent FPA analysis of EmrE suggested that there may be
long-range cotranslational interactions between a conserved Glu residue (E'*) in the
middle of TMH1 and unidentified residues in TMH2 and TMH3 during membrane
insertion (7) and hence, that the monomer might start to fold cotranslationally.
Further, given the extensive intersubunit packing interactions between the two mono-
mers in the EmrE dimer (10), we speculated that cotranslational dimerization of EmrE
might be possible to observe by FPA.

FPA takes advantage of so-called translational arrest peptides (APs)—short stretches
of polypeptide that bind with high affinity in the upper reaches of the ribosome exit
tunnel and thereby, arrest translation at a specific codon in the messenger RNA
(mRNA) (11). The translational arrest can be overcome if a strong-enough pulling
force is exerted on the AP, essentially pulling it out of its binding site in the exit tunnel
(12-16). APs can be employed as sensitive “molecular force sensors” to report on vari-
ous cotranslational events, such as protein folding (17, 18), protein translocation (19,
20), and membrane protein integration (7, 13).
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Significance

Many water-soluble proteins are
known to fold and even dimerize
cotranslationally (i.e., when still
attached to the ribosome).
However, it has proven difficult
to ascertain whether
transmembrane a-helices in an
integral membrane protein can
interact cotranslationally and
whether membrane proteins can
start to dimerize while still being
synthesized. Here, we show that a
model Escherichia coli inner
membrane protein appears to be
able to start to fold and dimerize
cotranslationally in vivo,
suggesting the generality of these
cotranslational maturation
processes.
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Using FPA, we have now identified a residue in EmrE
TMH3 (S*%) that appears to form a specific interaction with E'*
in TMHI at a precise point during the cotranslational mem-
brane insertion process. We also show that TMH4 in one EmrE
monomer can interact cotranslationally with TMH4 in a second
already fully membrane-inserted monomer and similarly, that
the TMH4 TMHs in a construct where two EmrE monomers
have been fused into one polypeptide can interact cotranslation-
ally. Cotranslational folding and dimerization events are thus
not restricted to soluble proteins but can also be observed in
integral membrane proteins.

Results

FPA. FPA is based on the ability of APs to bind in the upper parts
of the ribosome exit tunnel and thereby, pause translation when
their last codon is in the ribosomal A site (11). The duration of
an AP-induced pause is reduced in proportion to pulling forces
exerted on the nascent chain (14, 21) (i.e., APs can act as force
sensors) and can be tuned by mutation to react to different force
levels (22). In an FPA experiment, a series of constructs is made
in which a force-generating sequence element (e.g., a TMH) is
placed an increasing number of residues away from an AP [here,
we use the AP from E. coli SecM (23)], which in turn, is followed
by a C-terminal il (in Fig. 14, construct lengths are denoted by
N, the number of residues from the N-terminal end of the

protein to the C-terminal end of the AP). In constructs where a
TMH engages in an interaction that generates a strong-enough
pulling force F on the nascent chain at the point when the ribo-
some reaches the last codon of the AP, pausing will be prevented,
and mostly full-length (FL) protein will be produced during
a short pulse with [>°S]-Met (Fig. 1 B, Lef). In contrast, in
constructs where little force is exerted on the AP, pausing will be
efficient, and more of the shorter, arrested form of the protein
will be produced (Fig. 1 B, Right). The fraction of FL protein
produced frz = Ir/(Igr + L), where Iy and I are the intensities
of the bands representing the FL (FL) and arrested (A) species on
an SDS-PAGE gel (Fig. 1G SI Appendix, Fig. S1 shows SDS-
PAGE gels of all constructs analyzed in this study), can, therefore,
be used as a proxy for Fin a given construct (21, 24, 25). A plot
of frz vs. N—a force profile (FP)—thus can provide a detailed
picture of the cotranslational process in question, as reflected in
the variation in the force exerted on the nascent chain during
translation (Fig. 1D; SI Appendix, Table S1 shows numerical fz;
values for all constructs). FPs can be recorded with up to single-
residue resolution by increasing V in steps of one residue (corre-
sponding to a lengthening of the nascent chain by ~3 A).

Cotranslational Interactions between TMH1 and TMH3 in the
EmrE Monomer. In our recent study of the cotranslational mem-
brane insertion of EmrE(C,,,) (7)—a mutant version of EmrE
that inserts only with N, ~C,,. orientation (9)—we found that
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Fig. 1. The FPA. (A) Basic EmrE(Coyt) construct. To obtain an FP, EmrE(Co,) is shortened stepwise from the C-terminal end of the LepB-derived linker (dotted),
as indicated by the arrow. Cytoplasmic (red) and periplasmic (blue) loops and lengths of FL EmrE(Co.), linker, hemagglutinin tag and arrest peptide (HA + AP),
and C-terminal tail are indicated. Construct lengths are denoted by N, the number of residues between the N-terminal end of EmrE(Co.t) and the C-terminal
end of the AP. Since the 30-residue HA + AP segment is constant in all constructs, the FP reflects nascent chain interactions occurring mainly outside the ribo-
some exit tunnel. (B) At construct length N = 130 residues, TMH4 is starting to integrate into the membrane, generating a high pulling force on the nascent
chain. At N = 160 residues, TMH4 has finished integrating into the membrane and generates little pulling force. () SDS-PAGE gel showing [>°S]-Met-labeled
and immunoprecipitated EmrE(Coy) (N = 145; lane 1), EmrE(Coye) (N = 145) produced in the presence of coexpressed EmrE(C;y) (lane 2), and EmrE(Coy) (N =
145) produced in the presence of coexpressed EmMrE(Cin;G*°P + G°’P) (lane 3). Control construct Ac has a stop codon replacing the last Pro codon in the AP in
EmrE(Coud) (N = 145; lane 4). The positions of molecular weight (Mw) markers and of FL (FL) and arrested (A) products on the gel are shown, and average frac-
tion FL (fr) values are indicated below the lanes. (D) FP for EmrE(Coot) (0range). The peaks corresponding to the membrane insertion of TMH1 to TMH4 are
indicated (7). Error bars indicate SEM values. The f, value for construct EmrE(CouE'L) (N = 130; the blue data point) is significantly different from the corre-
sponding value for EmrE(Coy) (N = 130; P = 0.002, two-sided Student's ¢ test). Sequences for all constructs used in this study are listed in S/ Appendix, SI Text,
and all fg values are in S/ Appendix, Table S1. Panel D is adapted from ref. 7, which is licensed under CC BY 4.0.
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mutation of the key functional residue E'* in TMHI to Leu
gave rise to significant changes in the FP at three specific nascent
chain lengths: V = 85, 115, and 130 residues. We decided to
focus on the V= 130 construct (Fig. 1D) as mutation of E" to
a hydrophobic (Leu, Ala) but not a polar or charged (Gln, Asp)
residue led to a significant reduction in the fz value at N = 130
(7), suggesting the formation of a polar interaction between E"
and some other residue in the protein when the nascent chain
reaches an overall length of V = 130 residues. At this chain
length, TMH4 (residues 88 to 103) is about to begin inserting
into the membrane, and TMH3 (residues 56 to 78) should just
have reached its membrane-spanning disposition with its
C-terminal end located ~50 residues away from the peptidyl
transferase center (PTC) (Fig. 1 B, Lefd). In the EmrE dimer,
TMHI1 is sandwiched between TMH2 and TMH3 in each
monomer (Fig. 2A4). We, therefore, considered potentially
hydrogen-bonding residues in TMH3 (Y®°, W, $*4, W’°) (Fig.
2A4) as the best candidates for making a specific interaction with
E" at N = 130 residues. These four residues were individually
mutated to Ala both in EmrE(C,,,) and in EmrE(C,;E"L).

In general, in the absence of specific interactions between
TMH3 and upstream TMHs, polar-to-hydrophobic mutations
in TMH3 are expected to increase the pulling force generated
during its membrane insertion (13), leading to increases in fz;.
As seen in Fig. 2B, when made in the EmrE(C,,sE'“L) back-
ground (blue bars), the Y®°A mutation significantly increases frr
at N = 130 residues (P = 0.04), and none of the other muta-
tions reduce fz. In contrast, three of the four mutations tend to
decrease fz; when made in the EmrE(C,,,) background (orange
bars). The strongest reduction is seen for S*A (P = 0.02), which
reduces fz; at N = 130 residues to approximately the same
extent as does the E'“L mutation in TMHI1 (indicated by the
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Fig. 2. Identification of cotranslationally interacting residues in EmrE(Coye).
(A) The EmrE dimer (Left) and one monomer (Right; Protein Data Bank ID code
7MH6) (10). E', Y80, W63, 554 W7, G*°, and G°” are shown in space-fill repre-
sentation. (B) fr values for TMH3 mutations in EmrE(Ceyy) (orange bars) and
EMrE(CougE'L) (blue bars) at N = 130 residues. The orange and blue lines indi-
cate the fr values for EmrE(Coy) and EmrE(CougE'L) , respectively, at N = 130
residues (c.f., Fig. 1D). Error bars indicate SEM values (n > 3) (S/ Appendix, Table
S1). The P values for EmrE(Co,sE"L,Y®°A) compared with EmrE(Co,sE" L) and for
EMrE(CougS**A) compared with EmrE(C,,), are shown. P values were calculated
by a two-sided Student's ¢ test.
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blue line). The double mutation E'L + S**A (blue bar at S**A)
has no further effect on fz;. These results suggest that a stabiliz-
ing interaction is formed between E'" in TMH1 and $* in
TMH3 at N = 130 residues. Indeed, assuming that TMHI to
TMH3 in the monomer can adopt a structure similar to that
seen in the dimer, $° is well placed to interact with E', as seen

in Fig. 2A.

Cotranslational Assembly of the EmrE Dimer. Many soluble
cytoplasmic proteins can form both homo- and heterodimers
while one of the partner proteins is still being translated (3).
Here, we wanted to ascertain whether this is also possible for
EmrE that assembles into an antiparallel 4 + 4 TMH homo-
dimer in the inner membrane (10, 26, 27) (Fig. 24).

It has been shown that efficient dimerization of EmrE depends
critically on a tight interaction between the TMH4 helices in the
two monomers (28), and we, therefore, focused our attention on
the part of the FP that reports on the membrane insertion of
TMH4 (i.e., N ~ 130 to 170 residues) (c.f, Fig. 1D). In a first
set of experiments, we recorded an FP for EmrE(C,,,) while
coexpressing an oppositely oriented EmrE(C;,) version that is
known to dimerize efficiently with EmrE(C,,,) (9, 29, 30) (Fig.
3A). Indeed, as shown in Fig. 3B, the presence of EmrE(C;,)
causes a shoulder in the EmrE(C,,,) FP in the region N ~ 140
to 150 residues (magenta data points) where fz is significantly
increased compared with the EmrE(C,,) FP (orange data
points), suggesting a cotranslational interaction between TMH4
in the nascent EmrE(C,,,) subunit and the already synthesized
EmrE(C;,). We further recorded an FP for EmrE(C,,,) with
coexpression of a version of EmrE(C;,) carrying Gly — Pro
mutations in positions 90 and 97 in TMH4 (Fig. 24) that are
known to strongly but not completely destabilize the hetero-
dimer (28, 31). Indeed, the EmrE(C,,,) FP obtained while coex-
pressing EmrE(C;;G”°P + G”'P) (light blue data points) was
closer to the original EmrE(C,,,) FP obtained in the absence of
coexpressed EmrE(C;,). Whether the residual dimerization seen
previously for the GP and G”’P mutants (28, 31) can fully
explain the remaining differences between the EmrE(C,,) FPs
obtained with and without coexpression of EmrE(C,;G”°P +
G”'P) is unclear; we note, however, that in the experiments in
Fig. 3, the G”°P + G”’P mutation is present only in the EmrE(C;,)
subunit, possibly leading to a slightly more stable heterodimer than
when the mutation is present in both subunits.

To ascertain whether the cotranslational interaction requires
that EmrE(C,,,) is expressed from the same mRNA as EmrE(C,,,)
(i.e., in ¢is), we modified the pET-Duet-1 plasmid used to coex-
press EmrE(C;,)) with EmrE(C,,,)). pET-Duet-1 has two T7 pro-
moters but no intervening transcriptional terminator, and we,
therefore, recorded two additional FPs, one in which the second
T7 promoter, located upstream of the EmrE(C,,,) open reading-
frame (ORF), was deleted (AT7-2) and one in which the strong
tripartite tZ terminator (32) was inserted between the EmrE(C;,)
ORF and the second T7 promoter (87 Appendix, Fig. S2). The
two FPs were essentially identical to each other and to the original
EmrE(C;,) + EmrE(C,,,) FP. Hence, the cotranslational interac-
tion between EmrE(C,,) and EmrE(C,,) is seen regardless of
whether the two subunits are expressed in cis or in #rans.

Finally, we recorded an FP for a fusion construct between
EmrE(C;,) and EmrE(C,,) with an extra TMH inserted
between EmrE(C;,) and EmrE(C,,,) (in order to maintain their
antiparallel orientations in the membrane) (Fig. 3C). This fusion
construct is known to be able to form an active intramolecular
Cin + Cou. “dimer” (29). The presence of EmrE(C;,,), now cova-
lently fused to the N terminus of EmrE(C,,,), caused an even

https://doi.org/10.1073/pnas.2205810119 3 of 6
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Fig. 3. Cotranslational assembly of the EmrE dimer. (A) Setup to obtain an FP for EmrE(Cout) While coexpressing EmrE(Cip). (B) FPs for EmrE(Coyt) (orange),
EmrE(Coy) With coexpressed EmrE(C;) (magenta), and EmrE(Coy) With coexpressed EmrE(CinG°P + G*'P) (light blue). P values were calculated by a two-
sided Student's t test comparing the EmrE(Co.) data points with those for EmrE(Co.:) with coexpressed EmrE(C;,) (magenta stars) and by comparing the data
points for EmrE(Co,) With coexpressed EmrE(C;,) with those for EmrE(Co,t) With coexpressed EmrE(Cin;G*°P + G°7P) (light blue stars). *P < 0.05; ** < 0.01;
**%P < 0.001. (C) Setup to obtain an FP for an EmrE(C;,)-TMH-EmrE(C,,) fusion construct in which a TMH of composition 7L/12A (black) was included to
maintain the opposite orientations of the EmrE(Ci,) and EmrE(Coyt) moieties. N values were counted from the N-terminal residue of EmrE(Coy). (D) FPs for
fused EmrE(Cin)-TMH-EmrE(Coyy) (black), EmrE(Coye) (orange), and fused EMrE(Cin;G™°P + G7P)-TMH-EMrE(Cour) (green). P values were calculated comparing
the two latter sets of data points with those of EmrE(C;,)-TMH-EmrE(Couy). In all cases, the FPs are for the EmrE(C,,t) subunit. Error bars indicate SEM values

(n > 3). *P < 0.05; **P < 0.01; ***P < 0.001.

more conspicuous shoulder in the EmrE(C,,) FP (Fig. 3D,
black data points; S/ Appendix;, Fig. S3 shows the full FP, including
the TMH1 to TMH2 region). Again, introduction of the G°P +
G”P double mutation in the fused EmrE(C,,) part partially
reverted this effect (Fig. 3D, green data points).

We conclude that the presence of EmrE(C;,,) during expres-
sion of EmrE(C,,,) gives rise to a clear increase in the fz; values
in the V ~ 140- to 150-residues region of the FP (and in an
even longer region when the two subunits are fused together).
The G’°P + G”’P mutation in EmrE(C;,) TMH4 reduces this
effect. According to our earlier work, EmrE(C,,) TMH4 starts
to insert into the membrane at NV ~ 132 residues and stops gen-
erating a pulling force on the nascent chain at V~ 150 residues
when the C-terminal end of TMH4 is ~45 residues away from
the PTC (7), i.e., the cotranslational interaction seen between
EmrE(C;,) and EmrE(C,,,) corresponds to the final steps in the
membrane insertion of TMH4. The cotranslational interaction
seen in the FP recorded for the fused subunits extends beyond
this point, suggesting that other presumably weaker interactions
between the two subunits also come into play in this case.

Discussion

Thanks to the high resolution and sensitivity of FPA, we have
been able to identify the cotranslational formation of what appears
to be a specific interaction between two EmrE residues—E'

in TMH1 and $** in TMH3—at the point when TMH3 is just
completing its insertion into the inner membrane. The interac-
tion is seen as a small increase in fz; at V= 130 residues, which
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disappears when either E'* or $°* is mutated to a nonpolar resi-

due. Thus, TMH1 and TMH3 appear to interact cotranslation-
ally within the context of the SecYEG translocon. We have also
found that the EmrE antiparallel dimer can start to assemble in
the inner membrane while one of the two monomers is still
attached to the ribosome (albeit by an artificial C-terminal
tether). The first clear signal of dimerization is seen at NV ~ 145
residues (at which point the C-terminal end of TMH4 is ~40
residues from the PTC), corresponding to a situation where
TMH4 in the EmrE(C,,) monomer is not yet fully inserted
into the membrane and must still be in or in the immediate
vicinity of the SecYEG translocon. Thus, EmrE(C;,) monomers
must have access to the SecYEG translocon at this point, which
may not be so surprising in the case of the EmrE(C;,)-TMH-
EmrE(C,,,) fusion construct but is more remarkable in the case
of coexpressed EmrE(C;,,) and EmrE(C,,).

More generally, our results show that, just like cytoplasmic
proteins (3), inner membrane proteins appear to be able to
undergo cotranslational folding and dimerization, adding
another level of complexity to the basic two-stage model for

membrane protein folding (33, 34).

Materials and Methods

Key resources are shown in Table 1.

Enzymes and Chemicals. Enzymes and other reagents were purchased from

Thermo Fisher Scientific, New England Biolabs, and Sigma-Aldrich. Oligonucleo-
tides were ordered from Eurofins Genomics. 1[>>S}-methionine was provided

pnas.org
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Table 1. Key resources

Reagent type (species)

or resource Designation Source Identifiers Additional information

Strain, strain BL21(DE3) Sigma-Aldrich CMCO0016 Electrocompetent cells

background (E. coli)
Other Rifampicin Sigma-Aldrich R3501 Used for inhibition of
bacterial RNA polymerase
during expression
Other Protein G-agarose Roche 11243233001 Resin used for
immunoprecipitation
Antibody Anti-HA.11 epitope tag BioLegend Catalog no. 901533 Used for
antibody (mouse immunoprecipitation (1 pL
monoclonal) of 1 mg/mL, diluted 1:820)
immunoglobulin G

Recombinant DNA pET-Duet-1 (plasmid) Novagen Catalog no. 71146 Expression plasmid

reagent
Commercial assay, kit GeneJET Plasmid

miniprep kit

Thermo Fisher
Scientific (Research

Catalog no. 0502 Used to purify plasmids

Resource Identifier
RRID: SCR_008452)

Chemical compound, 3°S-methionine Perkin-Elmer

drug

Software, algorithm EasyQuant

Developed in house (13)

[3°S]-Met is incorporated into
the protein during in vitro
and in vivo translation and
aids detection by
phosphorimaging

Used to quantify relative
fraction FL of translated
protein from SDS-PAGE

Catalog no.
NEGO009T001MC

by PerkinElmer. Anti-HA tag antibody (mouse monoclonal) was obtained
from BioLegend.

Cloning and Mutagenesis. The previously described pET-Duet-1 plasmid with
Nout-Couroriented EmrE(C,,) followed by a variable LepB-derived linker sequence
(between 4 and 34 residues), the 9-residue-long hemagglutinin (HA) tag, the
17-residue-long E. coli SecM AP, and a 23-residue-long C-terminal tail in multiple
cloning site 2 (MCS2) were used to make all constructs in this study (7, 9).
To generate the fused dimer construct, the previously described 9TMH-EmrE
(Cin-TMH-Coyt) construct was cloned in place of EmrE(Cyyy) in MCS2 of pET-Duet-1
using Gibson assembly (29, 35). For coexpression of EmrE(C;,,) with EmrE(Cyyy),
the gene encoding the N;,-Ci,-oriented EmrE(C;,) version was engineered
into MCS1 of pET-Duet-1 harboring EmrE(Coy) in MCS2 (9). Ordered gene
fragments were used to introduce the double mutation G*°P + G°’P into
EmrE(Ciy). Point mutations in EmrE(Co,r) and deletion of the T7 promoter-2
(32) were done by performing site-specific DNA mutagenesis. The tZ termina-
tor (32) was inserted 25 bp downstream of the EmrE(C;,) stop codon by
Gibson assembly. All cloning and mutagenesis products were confirmed by
DNA sequencing. EmrE sequences and the pET-Duet-1 versions used in this
study are summarized in S/ Appendix, SI Text. The plasmid map in SI Appendix,
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