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Abstract: The topology of helical membrane proteins is generally defined during insertion of the
transmembrane helices, yet it is now clear that it is possible for topology to change under unusual
circumstances. It remains unclear, however, if topology reorientation is part of normal biogenesis.
For dual topology dimer proteins such as the multidrug transporter EmrE, there may be evolution-
ary pressure to allow topology flipping so that the populations of both orientations can be equal-
ized. We previously demonstrated that when EmrE is forced to insert in a distorted topology,
topology flipping of the first transmembrane helix can occur during translation. Here, we show that
topological malleability also extends to the C-terminal helix and that even complete topology inver-
sion of the entire EmrE protein can occur after the full protein is translated and inserted. Thus,
topology rearrangements are possible during normal biogenesis. Wholesale topology flipping is
remarkable given the physical constraints of the membrane and expands the range of possible
membrane protein folding pathways, both productive and detrimental.

Keywords: membrane topology; topology flipping; membrane protein folding; topology inversion;

topology change; transmembrane helix

Summary

Once transmembrane segments are inserted in a
particular topology, the bilayer would appear to pre-
sent a severe challenge for subsequent topology
changes. Nevertheless, topology changes have been
documented when the protein or membrane is dis-
torted. Here, we find that full topological inversion
of a membrane protein consisting of four transmem-
brane helices can occur under normal physiological
conditions.

The lipid bilayer presents an apolar barrier to
the transport of polar molecules. Even the simple
process of lipid flip-flop, moving the lipid headgroup
from one bilayer leaflet to another, is associated

Additional Supporting Information may be found in the online
version of this article.
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with a high energetic barrier. For example, the half-
life for flip-flop of phosphatidylcholine lipids can
range from hours to days.! Thus, models of mem-
brane protein biogenesis generally assume that
transmembrane helix topology is fixed upon initial
insertion by the translocon, largely defined by the
positive inside rule.?® Nevertheless, it is now clear
that topology changes are possible.

To our knowledge the first evidence for post-
insertion topology changes came from the Skach
group, who employed an in vitro transcription/trans-
lation system to study the topology of aquaporin-1
during  biogenesis.* When
expressed in truncated forms as a proxy for early
insertion intermediates, the protein was found
inserted in a non-native topology that would need to
be subsequently resolved upon insertion of the full
protein. In these experiments, however, it remains
unclear whether the incorrect topology of these trun-
cated forms reflect true kinetic intermediates along

aquaporin-1  was

Published by Wiley-Blackwell. © 2017 The Protein Society
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Figure 1. EmrE Constructs and Topology Models. (A) Wild-Type EmrE is composed of opposite topology monomers with four
transmembrane helices that form a dual-topology dimer. (B) The construct EmrE-C+ consists of a wild-type N-terminus and a
C-terminal positive-charge tag behind a TEV protease cleavage site. The topology of this construct has been previously shown
to be Nin/Cin.'° (C) HA-EmrE-C+ adds an HA-epitope tag to the N-terminus of EmrE-C+. The addition of the N-terminal HA epi-
tope traps the N-terminus of EmrE in its initially inserted topology.'® The C-terminal positive charges enforce a cytoplasmic C-
terminus. The distorted No/Ci,, topology model shown is one of many possible ways to generate an N,,/C;, topology. (D) N;,-
HA-EmrE-C+ adds three arginine residues to the N-terminus of HA-EmrE-C+ driving the formation of a homogenous N;/Ci,
topology.™® (E) Now-HA-EmrE-C+ adds two arginine mutations in the first loop of HA-EmrE-C+ driving the formation of a

homogenous distorted No./Cin topology of Now-HA-EmrE-C+.1°

the natural folding pathway or the accumulation of
an off-pathway form when translation is halted
prematurely.

The Dowhan group has shown that the topology
of lactose permease undergoes truly remarkable
changes upon variation of phosphatidylethanolamine
in the membrane, involving complete topology changes
of six transmembrane helices in the N-terminal
domain.’® Moreover, these dramatic topology changes
are reversible, depending on the lipid composition.

EmrE is a multi-drug resistance transporter
that also exhibits topological malleability. EmrE con-
sists of four transmembrane helices, and the active
form of EmrE is a dual topology dimer in which the
subunits have opposite topologies [Fig. 1(A)], with
one subunit in an N-terminal inside/C-terminal
inside (N;,/C;,) orientation and the other in an N,/
Cout orientation.'™'? A parallel dimer can also form,
however.1%71°

The wild-type sequence of EmrE exhibits a
weak positive-charge bias across its transmembrane
helices that allows biogenesis in both topologies in
accordance with the positive-inside that
positive-charges are preferred in the cytoplasm.Z
The von Heijne group showed that when positively-

rule

charged residues were placed at the C-terminus of

Woodall et al.

EmrE, only an N;,/C;, topology remained active,
suggesting that distant topology signals at the C-
terminus could influence the topology of the N-
terminal helices after co-translational insertion.?!
Following on this work, we showed that the first
transmembrane helix of EmrE normally inserts in
both N;, and N, orientations,'® so that C-terminal
positive charges direct both an N;,/C;, orientation
and a distorted N,,+/C;, orientation. The distorted
Nouw/Cin  orientation subsequently flips the N-
terminus to a normal N;,/C;, topology.'® Thus, there
is some topological malleability.

While amazing topology changes are clearly pos-
sible, it remains unclear whether they could be part
of a normal membrane protein biogenesis process or
if topology rearrangements only happen when mem-
brane proteins are forced into unusual membrane
environments or distorted topologies. To test wheth-
er topology flipping can occur after EmrE synthesis
in a natural membrane environment, we added a set
of positive charges at the C-terminus of EmrE that
could be subsequently removed by TEV protease.
The C-terminal charges provide a strong topological
signal that directs the C-terminus into the cyto-
plasm (N;,/Cin or N,,/Cin topology).'® The ability to
remove the positive charges after the protein is

PROTEIN SCIENCE ‘ VOL 26:824-833 825
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Figure 2. Topology Changes Assessed by Ethidium Bromide Resistance. The ability of various combinations of EmrE con-
structs to grow on plates containing ethidium bromide, in the presence or absence of TEV protease co-expression. Resistance
to ethidium bromide is assessed by growth of the indicated dilution of a stationary phase culture. Cartoons at the right present
topological models consistent with the results. (A) Analysis of HA-EmrE-C+ (B) Analysis of N;,-HA-EmrE-C+ (C) Analysis of

Nout-HA-EmrEC'ess-C +.

made allows us to observe whether the initially set
topology can change after cleavage. We find that
after subsequent cleavage of the C-terminal positive
charges, the entire subunit is indeed free to invert
in the membrane.

Results and Discussion

Protein constructs employed in this work

To probe the topological malleability of EmrE, we
employed a set of protein constructs shown in Figure
1. The central experimental construct, EmrE-C+,
adds a TEV cleavage site, followed by a C-terminal
positive-charge tag, KKKHHHHHH [Fig. 1(B)]. The
charges provide a strong topology signal that directs
both the N and C-termini into the cytoplasm (N;./C;,
topology).l® The TEV site provides a method to cut
the tag off, thereby removing the topology signal
and allowing us to test whether topology flipping
can occur after charge removal. HA-EmrE-C+ adds
an HA epitope tag at the N-terminus [Fig. 1(C)]. As
shown previously, this construct inserts into the
membrane in both a normal N;,/C;, topology and a
distorted N,./C;, topology, and the HA tag blocks
subsequent topology flipping at the N-terminus.!®
Nip-HA-EmrE-C+ adds a few N-terminal positive
charges to generate a pure N;,/C;, topology [Fig.
1(D)] while N, -HA-EmrE-C+ adds positive charges

826  PROTEINSCIENCE.ORG

to the first extra-membrane loop to generate a pure
Nout/Cin distorted topology [Fig. 1(E)].1°

Topological malleability at the C-terminus

We had previously shown that an N,,/C;, topology
can be resolved to an N;.,/C;, topology indicating
that the N-terminal helix of EmrE can flip. To fur-
ther explore the topological malleability of EmrE, we
examined whether the C-terminus can flip from a
distorted N,./C;, topology to a regular Ng./Cout
topology. We employed the HA-EmrE-C+ construct
that contains an HA epitope which blocks N-
terminal topology rearrangements so that it inserts
in two locked topologies: N;,/C;, and distorted N,/
Cin [Fig. 1(C)].

The presence of functional EmrE can easily be
assessed in vivo by resistance of E. coli cells to ethi-
dium bromide (EtBr), which is pumped out of the cell
by an active EmrE. Since EmrE requires both topologi-
cal forms to be functional, the topology of a particular
construct can be assessed by co-expression with var-
iants that are locked in a single topology by the strate-
gic placement of positively charged residues (N, ./Couy:
HA-EmrE®YT and N,,/C;,: HA-EmrE™).1%20 EtBr
resistance occurs when both topologies are present,
creating an active dimer.

As shown in Figure 2(A), HA-EmrE-C+ by itself
shows low EtBr resistance which is not complemented

Complete Topology Inversion



by the HA-EmrE™ construct, but is complemented by
the HA-EmrE°YT construct, indicating that HA-
EmrE-C+ cannot generate a proper N,,i/Coyu: topolo-
gy. When HA-EmrE-C+ is co-expressed with TEV
protease, however, EtBr resistance is dramatically
enhanced as would be expected if the C-terminus of
the N,u/C;n topological form flipped to an Ng./Cout
topology and dimerizes with the N;,/C;, topology of
HA-EmrE-C+ [Fig. 2(A)].

To assess which topological form of HA-EmrE-
C+ was undergoing a topology change, we examined
the ability of TEV protease cleavage to activate the
topology locked variants N;,-HA-EmrE-C+ and N -
HA-EmrE®**-C+. In Ny -HA-EmrE“**-C+ we
changed the native cysteine residues to alanine
because, for unknown reasons, the native cysteine
residues were toxic in this construct alone (Support-
ing Information Fig. S1). As shown in Figure 2, TEV
protease co-expression failed to activate these con-
structs when expressed alone as the mutated posi-
tive charges direct each protein to a single
topological form.!° The N;,/C;. topology of N;,-HA-
EmrE-C+ only restores EtBr resistance when co-
expressed with HA-EmrECYT regardless of TEV pro-
tease expression suggesting that the N;,/C;, of HA-
EmrE-C+ does not change topology [Fig. 2(B)]. How-
ever, after TEV protease co-expression and removal
of the C-terminal positive charges, the N,,/C;, dis-
torted topology of Nyu-HA-EmrEC'®*-C+ appears to
regain a viable Ng,,/C,u: topology since it can be
complemented with HA-EmrE™ [Fig. 2(C)]. These
results suggest that the C-terminus can be driven to
move from the cytoplasm to the periplasm.

Direct observation of topology changes after
cleavage

To validate the indirect topology measurements from
the ethidium bromide resistance phenotypic assay,
we used the substituted cysteine accessibility meth-
od (SCAM) to directly measure topology.?2 SCAM
ascertains whether a single introduced cysteine
resides in either the cytoplasm or the periplasm by
assessing its reaction with a membrane-
impermeable reagent, in this case, 4-acetamido-4’-
maleimidylstilbene-2,2'-disulfonic acid (AMS). AMS
is first incubated with whole cells, allowing it to
react with periplasmic cysteine residues. After AMS
is washed away, membranes are solubilized in deter-
gent and a biotinylation reagent, 3-(N-maleimido-
propionyl)-biocytin (MPB) is added to react with any
free cysteine residues that have not been blocked by
AMS. In this way, cysteine residues in the periplasm
will be modified by AMS and cysteine residues in
the cytoplasm will be biotinylated with MPB. We
can then differentiate the two cases, by observing
whether the EmrE construct gel-shifts with the
addition of avidin. Since the biotinylation reaction is
somewhat variable, we run a biotinylation only

Woodall et al.

control with every sample to assess the percent
change in biotinylation due to the AMS pre-reaction,
which we term AMS response (see Methods). Control
experiments indicate that a cytoplasmic cysteine can
be fully protected from AMS (0% AMS response), fully
periplasmic cysteines are highly, but not completely
reactive with AMS (~75% response), and mixed topolo-
gies generate an intermediate response (Supporting
Information Fig. $2).1°

The HA epitope cannot cross the membrane,
trapping the N-terminus of EmrE in these experi-
ments in its initially inserted topology.!® As such, we
can monitor the movement of the C-terminal half of
EmrE after TEV protease cleavage. As described
previously, we changed all the native cysteine residues
in EmrE to alanine (C39A, C41A, C95A) creating
EmrE®"®s, which eliminates background reactions
with the maleimide reagents (Supporting Information
Fig. S3). The T108C mutation allows us to monitor
the movement of the C-terminus of EmrE in the con-
structs HA-EmrE®***.C+, N;,,-HA-EmrE“"***-C+ and
Nouw-HA-EmrEC'*.C+. In our previous work,
we established that when T108C is adjacent to
the C-terminal positive charges, it is always
cytoplasmic.®

When the EmrE constructs are co-expressed
with TEV protease, the cleaved form of EmrE is
resolved on the gel from the full length form of
EmrE allowing both the cut and full length topolo-
gies to be assessed at the same time. In line with
the previous results T108C is cytoplasmic in the full
length constructs as indicated by the low AMS
response in the constructs HA-EmrE®'*-C+ T108C
(—3% *+ 8%), Nj-HA-EmrE®***-C+ T108C (3% * 2%)
and N,u-HA-EmrE'®-C+ T108C (9 +7%) (Fig. 3).
Once cleaved the distorted topology of Ng.-HA-
EmrE®®.C+ T108C re-orients to move T108C into
the periplasm as shown by the increase in the AMS
response for Ny, -HA-EmrEC'**-C+ T108C after
cleavage (47% *=17%) |[Fig. 3(A)]. With the N-
terminus cytoplasmic in the construct N;,-HA-
EmrE®'.C+ T108C, T108C is already in line with
a proper topology for EmrE and we observe no
movement across the membrane after cleavage, indi-
cated by an indistinguishable AMS response (—1% =
4%) compared to the full length protein (3% = 2%)
[Fig. 3(B)]. HA-EmrE®'***-C+ T108C which is com-
posed of equal portions N;, and N, shows move-
ment into periplasm as well with an increased AMS
response upon cleavage (increase from —3% + 8% to
38% + 12%), most likely originating from the Ng./
C;, topology monomers [Fig. 3(C)].

Full topology inversion

The results so far and our prior work'® indicate that
the N- and C-terminal ends of EmrE can change
topologies in response to a distorted topology at the
other end of the protein. But if the protein is

PROTEIN SCIENCE ‘ VOL 26:824-833 827
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Figure 3. Analysis of C-terminal Topology Changes. SCAM analysis of the C-terminal topology of EmrE constructs before and
after cleavage by TEV protease. The representative western blots show the ability of avidin to gel-shift biotinylated EmrE with
or without prior reaction with AMS as indicated. Only the non-avidin shifted bands are shown. Protection from biotinylation is
quantified as the AMS response (see Methods). The mean AMS response and standard deviation of three separate experiments
are shown below each representative blot. Proposed topology models consistent with the cysteine SCAM data are shown on
the right. (A) Analysis of the Nout-HA-EmrECeS-C+ construct. In the full length distorted topology construct Nou-HA-EmrES
Less_C+, T108C is completely cytoplasmic as indicated by the negligible AMS response. After TEV protease cleavage, No-HA-
EmrEC-*ss undergoes a topology change with some of the T108C residues moving into periplasm as indicated by the increased
AMS response of the cut form. (B) Analysis of the Ni,-HA-EmrEC-®sS-C+ construct. In the full length and cut versions of Ni,-
HA-EmrEC-ess-C+, T108C is completely cytoplasmic as indicated by the negligible AMS response. Topology changes upon
cleavage are not observed. (C) Analysis of the HA-EmrEC-®sS-C+, T108C construct. HA-EmrEC-°*s-C+ adopts a mixed topolo-
gy, composed equally of Ni, and Ngy forms.™® In the full length construct, T108C is cytoplasmic as measured by the low AMS
response for both topological forms. After TEV protease cleavage, however, a fraction of the T108C moves into the periplasm

as indicated by the increase in AMS response.

inserted in a normal topology with no topology dis-
tortions to drive changes, would it still flip? To test
this possibility we removed the HA epitope which
blocks topology flipping at the N-terminus,'® creat-
ing the construct EmrE-C+ (Fig. 1). EmrE-C+
adopts a uniform N;,/C;, topology.!® Removing the
C-terminal positive charges by TEV protease cleav-
age would thereby eliminate any topological deter-
minants and free the protein to flip in the
membrane, if possible.

828  PROTEINSCIENCE.ORG

As seen in Figure 4(A), cells expressing EmrE-
C+ grow poorly on EtBr, consistent with insertion
in a single N;./C;, topology without an Ng./Cyut
partner to form an active dimer.'® Co-expressing
EmrE-C+ with an N;,/C;, single topology EmrE
mutant, HA-EmrE™, does not restore growth on
EtBr, further indicating that EmrE-C+ and HA-
EmrE™ are in the same topology [Fig. 4(A)]. Howev-
er, when EmrE-C+ was co-expressed with the single
topology HA-EmrECUT variant, EtBr resistance is

Complete Topology Inversion
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triplicates).

restored as observed previously.!®2° Taken together,
these results indicate that without removal of the C-
terminal positive charges, EmrE-C+ adopts an N;,/
C;, topology only.

As shown in Figure 4(A), when the TEV prote-
ase is co-expressed with EmrE-C+ alone, the EtBr
resistance increases dramatically, suggesting that
both topologies are present. If so, it would require
that cut EmrE-C+ can flip in the membrane after
the protein is made in the N;,/C;, topology. Co-
expression with HA-EmrE™ or HA-EmrE®YT, does
not change the EtBr resistance as EmrE-cut is
active alone [Fig. 4(A)].

To further evaluate whether the gain of function
occurs simply by removal of the C-terminal positive
charges, we employed the active site mutation
E14D. The E14D mutation is inactive by itself, but
can form an active dimer when paired with a wild-
type subunit.?®?® Thus, we reasoned that if activa-
tion occurs upon TEV protease cleavage of a subunit
containing an E14D mutation, it must be due to
proper pairing with another subunit and not activa-
tion of the cleaved subunit itself. As shown in Figure
4(B), both EmrE-C+ E14D and EmrE-cut E14D are
inactive since only E14D monomers are present.
When EmrE-C+ E14D is co-expressed with HA-
EmrE®YT however, a functional dimer of N;./Ci,
EmrE-C+ E14D and HA-EmrECY7T is formed [Fig.
4(B)]. The combination of EmrE-C+ E14D and HA-

Woodall et al.

EmrEW, fails to yield a productive interaction, as
expected, since both subunits are in an N;,,/C;, orien-
tation. When EmrE-C+ E14D is cleaved by the TEV
protease to EmrE-cut E14D, however, activity is
restored in the presence of HA-EmrE™, consistent
with the ability of EmrE-cut E14D to flip topologies
and form an active dimer with HA-EmrE™ [Fig.
4(B)].

While the biological phenotypes strongly suggest
the EmrE possesses the ability to completely flip
topology, we wanted to test the ability at the protein
level. The absence of an antibody tag in the EmrE-
C+ construct after TEV cleavage, however, preclud-
ed the SCAM analysis employed above. We therefore
employed an indirect assay that detects anti-parallel
dimer formation by protection from intracellular pro-
teolysis. As shown in Figure 4(C), HA-EmrE™ con-
struct is degraded at a much higher rate than our
HA-EmrE®YT mutant despite a difference of only a
few topology defining mutations, because the cyto-
plasmically located FtsH protease can grasp the ter-
mini of HA-EmrE™, but not HA-EmrE°VT. The half-
life of the HA-EmrE™ construct is less than 30 min
while the EmrE®YT construct shows no obvious deg-
radation after 120 min. When HA-EmrEW is
expressed in FtsH null cells, its degradation is
essentially eliminated, indicating that FtsH is the
primary protease responsible for degrading HA-
EmrE™ [Fig. 4(C)].
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We previously showed that HA-EmrE-C+ was
protected from FtsH proteolysis if it could form an
active anti-parallel dimer, presumably because the
N;/C;in topological form is stabilized in the dimer,
making it immune to FtsH proteolysis.2* Thus, if
EmrE-C+ can change topologies to an N,,/C,.; state
after TEV cleavage, then it should stabilize the N;,/
Cin construct, HA-EmrE™, which we can monitor
using the HA epitope. Indeed, as seen in Figure
4(D), HA-EmrE™ has increased stability when co-
expressed with EmrE-C+ and the TEV protease
(17% = 6% remaining after 2 hours of degradation
compared to 1% * 1% without the TEV protease).

Conclusion

Our results indicate that EmrE exhibits a high
degree of topological malleability. Both the N- and
C-termini can change topology independently and
the entire protein subunit can flip completely in the
membrane. While it is possible that the entire pro-
tein flips as a monomer or dimer in a concerted
manner, we suggest that the flipping is more likely
to occur from the relatively unstable monomeric
form in a more piecemeal process. In particular,
mechanisms that require the passage of only a sin-
gle hydrophilic loop at a time should be favored. Our
results are largely consistent with the kinetic
annealing model of Van Lehn et al., in which EmrE
can insert initially in a variety of topologies which
can be subsequently resolved into either an N;,/C;,
or Nyut/Cout topology.??> What was not anticipated in
the model, however, was that the energy barrier for
the kinetic annealing process may be low enough for
EmrE to continue in reverse. In particular, if the
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distorted topologies such as N,./C;, are not too
unfavorable energetically, it is possible that they
could be explored with reasonable probability even
after correct topologies are achieved, ultimately
resolving in an inverted orientation.

The largest energetic barrier for topology flip-
ping would likely be the crossing of the most hydro-
philic loop or termini in the protein. Thus we might
expect that proteins like EmrE that can flip topolo-
gies would experience evolutionary pressure to
maintain relatively hydrophobic extra-membrane
loops. To test whether EmrE’s extra-membrane loops
are unusually hydrophobic, we examined the hydro-
phobicity distribution of the extra-membrane seg-
ments. We determined the Maximum Extra-
Membrane Hydrophilicity for each protein in the
UniprotKB/Swiss Prot database, which we define as
the least hydrophobic segment of all the extra-
membrane segments in each protein using the bio-
logical hydrophobicity scale.?® The distribution is
shown in Figure 5. The hydrophobicity of the most
hydrophilic loop of EmrE was 9.23 kcal/mol, which
is among the 0.4% least hydrophilic proteins in the
database. Thus, the extra-membrane segments of
EmrE are indeed unusually hydrophobic. We then
searched for other dual topology proteins previously
discovered by the von Heijne group (SugE, CrcB,
YdgC, YnfA) and found that they also contain
unusually hydrophobic extra-membrane segments
(Fig. 5).2" Thus, other dual topology proteins may
well be capable of topology flipping.

Evolutionary pressure for topological malleabili-
ty makes sense for dual topology proteins like EmrE
that need both topologies in equal amounts. Thus,
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EmrE maintains relatively short loops and is rela-
tively hydrophobic overall. Whether such folding
flexibility occurs in other proteins as part of the nat-
ural folding process is an open question. Neverthe-
less, our results indicate that topology flipping not
only occurs under aberrant conditions, but also as
part of a normal biogenesis of EmrE, so it is reason-
able to suppose that topological changes are part of
the natural folding process of other membrane pro-
teins as well. We would expect that other proteins
identified with unusually hydrophobic loops might
be a fertile place to look for topological malleability.
Finally, we must consider the possibility that
disease-causing mutations could act by blocking
topological malleability required during the folding
process. Topological changes after insertion seem
particularly likely to occur in proteins with re-
entrant loops like CIC channels®® and Aquaporins*
as suggested originally by the Skach group.

Methods

Strains and plasmids

The primary EmrE variant constructs were pre-
pared and expressed in pPBAD/His A plasmids (Invi-
trogen) using Ncol/Xhol cut sites as described
previously.'® HA-EmrE™ and HA-EmrE°YT were co-
expressed in a separate pBAD based vector that
bears chloramphenicol resistance and a ClodF13-
derived CDF replicon (pBADcpr) described previous-
ly.® The pRK603 plasmid containing the TEV prote-
ase for in vivo expression and cleavage of substrates
was a gift from David Waugh (Addgene plasmid #
8831) as well as the BL21Pro cells that constitutive-
ly express the Tet repressor to control TEV cleav-
age.? AR3291 (FtsH null) cells were a gift from the
Ogura lab.%°

Ethidium bromide resistance assay

E. coli BL21Pro cells containing the desired EmrE
construct (pBad HisA plasmid), the complementing
EmrE construct (Empty vector, HA-EmrE™, HA-
EmrEOUT) in pBadcpr, and TEV protease on the
pRK603 plasmid were grown to saturation over
~8 hours at 37°C in LB media containing 100 pg-
mL ™! ampicillin, 50 pg-mL~! kanamycin, and 34 pg-
mL ! chloramphenicol. The saturated cultures were
diluted as indicated into LB broth and 5 pL of each
dilution was spotted onto an LB agar plate contain-
ing 0.2% (w/v) arabinose, 100 pg-mL~ ! ampicillin, 50
pg-mL ™! kanamycin, 34 pg-mL™' chloramphenicol,
100 ng-mL ™! anhydrotetracycline (if the TEV prote-
ase was induced), and 225 pg-mL ! of ethidium bro-
mide. For E14D mutant complementation assays,
the ethidium bromide concentration was reduced to
150 pg-mL . The plates were grown at 37°C for 18
hours before they were imaged on a Gel Doc XR+
(Bio-Rad) using the UV light illumination.
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Cysteine-accessibility topology assay

AR3291 (FtsH null) cells bearing the desired plas-
mids were grown at 25°C in LB media containing
100 pg-mL~! ampicillin, 50 pg-mL~! kanamycin,
and 34 pg-mL ™' chloramphenicol to an ODggo of
~0.8, then induced by the addition of arabinose to
0.2% and incubated at 30°C to express the desired
EmrE construct and/or TEV protease. EmrE con-
structs alone were induced for 2 hours and when
both the EmrE construct and the TEV protease were
present, induction proceeded for 3 hours. 50 mL of
the cell culture was collected by centrifugation and
the resuspended in 500 pL of 50 mM phosphate buff-
er [pH 8.0] with 17 mM NaCL. 200 pl of the resus-
pension was incubated for 10 minutes with or
without 2 mM 4-acetamido-4’-maleimidylstilbene-
2,2'-disulfonic acid (AMS) (Thermo Fisher Scientific)
with gentle mixing the dark. The cells were pelleted
by centrifugation and washed twice with ~ 1 mL of
50 mM phosphate [pH 7.5]. The final pellet was
resuspended in ~ 475 pli in 50 mM phosphate [pH
7.5]. The cells were then lysed by sonication and
then centrifuged at 16,000 g for 10 minutes. Mem-
branes were isolated from the supernatant by centri-
fugation at 160,000 g in a Beckman Coulter Airfuge
for 30 minutes. The membranes were solubilized in
1% SDS, 50 mM phosphate [pH 7.0]. The total pro-
tein concentration for each sample was determined
by the DC protein assay (Bio-Rad) using bovine
serum albumin as a standard. An aliquot of the
membranes was biotinylated in 200 ul of 150 pM 3-
(N-maleimido-propionyl)-biocytin (MPB) (Thermo
Fisher Scientific) in 50 mM phosphate [pH 7.0], 1%
SDS and 0.5% dimethyl sulfoxide and a final protein
concentration of 0.5 mg-mL~!, with gentle mixing
for 1 hour at 25°C. The protein was then precipitat-
ed with ~1.2 mL of acetone and then centrifuged at
16,000 g to remove unreacted MPB. The pellet was
then air-dried and resuspended in 200 uL of 1% SDS
in 50 mM phosphate [pH 7.0].

To visualize the AMS and MPB labeling by an
avidin gel shift, 30 pL of the labeled sample was
mixed with 10 puL of 4X loading dye (250 mM tris
[pH 6.75], 40% glycerol, 170 mM B-mercaptoetha-
nol). The sample was then split into two 20 pL ali-
quots and 2 pL of either 20 mM tris [pH 7.5] or
10 mg/mL avidin (Sigma BioUltra) in 20 mM tris
[pH 7.5] was added. 12 pL of each sample was then
loaded onto a NuPAGE™ 12% Bis-Tris gel (Thermo
Fisher Scientific) using Accuruler prestained protein
ladder (Lambda Biotech). The gel was resolved for
25 minutes at 40 volts followed by 145 minutes at
100 volts. The gel was then washed twice for 15
minutes in distilled water and then transferred to a
PVDF membrane using a Pierce Power Blot Cassette
(Thermo Scientiifc) with Pierce 1-Step Transfer Buff-
er (Thermo Scientific) for 5 minutes at 1.3 Amps.
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The blot was rinsed in water and placed into the
iBind (Life Technologies) using the associated iBind
Solution Kit (Life Technologies) according the iBind
instructions. A 1 mg-ml ! stock of monoclonal HA
antibody (Sigma #H3663) and a 1 mg-ml ! stock of
anti-mouse IgG peroxidase conjugate (Sigma #4416)
was diluted 1:1250 in iBind solution. After the iBind
step (~2.5 hours), the blot was rinsed with water
and was visualized on a FluorChem FC2 (Alpha
Innotech) CCD imager using the Amersham ECL
Prime detection reagent (GE Healthcare) according
to the recommended protocol. The intensity of each
band was integrated using Imaged software with
general background subtraction taken from a blank
area of the blot. The amount of biotinylation for a
given sample was determined from the percent dif-
ference in integrated intensity from the lane with
avidin compared to the lane without avidin. The per-
cent change in biotinylation of the sample with AMS
as compared to the sample without is quantified as
AMS Response:

AMS Response = ([%biotinylated no AMS]
—[%biotinylated AMS])/[%biotinylated no AMS)
* 100

Each topology assay was run in triplicate and the
error quantified as the standard deviation between
the three measured AMS responses.

EmrE stability assay

E. coli BL21Pro cells containing HA-EmrE™ in the
pBADCPY plasmid, EmrE-C+ in the pBAD His A
plasmid and the TEV protease on the pRK603 vector
were grown in LB media to ~0.6 OD%’° and induced
at 30°C for 2 hours. To stop protein synthesis, 350
pg-mL ! of erythromycin was then added, denoting
time zero in the degradation assay. Aliquots of each
culture were taken at the respective time points.
The cells were then lysed by sonication in 50 mM
phosphate buffer [pH 7.5] and then centrifuged at
16,000 g for 10 minutes. Membranes were isolated
by the centrifuging the supernatant at 160,000 g in
the Beckman Coulter Airfuge for 30 minutes. The
membranes were solubilized in 1% SDS, 50 mM
phosphate [pH 7.0]. The total protein concentration
for each sample was determined by the DC protein
assay (Bio-Rad) using bovine serum albumin as the
standard. The total protein concentration was
adjusted to 1 mg-mL_; and a 15 pL aliquot was
mixed with 5 pL 4X SDS loading dye (250 mM tris
[pH 6.75], 40% glycerol, 170 mM B-mercaptoethanol)
and then 15 pL of the mixture was loaded into each
well. The gel separation and western blot were per-
formed as described above. The HA-EmrE™N/EmrE-
C+ combinations with or without the TEV protease
were performed in triplicate. The error for the
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percent of HA-EmrE™ remaining after 120 minutes
is expressed as the standard deviation.

Maximum extra-membrane hydrophilicity
analysis

The UniprotKB/SwissProt database was downloaded
on 11/15/2016. Membrane proteins were identified as
marked TRANSMEM in the FT line. Only proteins
with three or more transmembrane helices were
used in the analysis. All amino acids in the sequence
not marked TRANSMEM were considered extra-
membrane. To determine the hydrophilicity of each
extra-membrane segment, the hydrophobicity of
each amino acid in the segment was summed using
the biological hydrophobicity scale.?® The most
hydrophilic (least hydrophobic) extra-membrane seg-
ment was then defined as the maximum extra-
membrane hydrophilicity of the protein.
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