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The bacterial antiporter GadC plays a central role in the glutamate
(Glu)-dependent acid resistance system, which protects enteric
bacteria against the extreme acidity of the human stomach. Upon
acid shock, GadC imports Glu into the cytoplasm, where Glu decar-
boxylases consume a cytoplasmic proton, which ends up as a “vir-
tual” proton in the decarboxylated product y-aminobutyric acid
(GABA) and is then exported via GadC. It was therefore proposed
that GadC counters intracellular acidification by continually pump-
ing out virtual protons. This scenario, however, is oversimplified.
In gastric environments, GadC encounters substrates in multiple
carboxyl protonation forms (outside: Glu~, Glu®, Glu*; inside:
GABA®, GABA™). Of the six possible combinations of antiport part-
ners, Glu*/GABA?® results in proton influx, GIu’/GABA® and Glu*/
GABA™ are proton neutral, and Glu=/GABA?, Glu=/GABA*, or Glu®/
GABA™ lead to proton extrusion. Which of these exchanges does
GadC catalyze? To attack this problem, we developed an oriented
GadC liposome system holding a three-unit inward pH gradient to
mimic the conditions facing bacteria in the stomach. By assessing
the electrogenicity of substrate transport, we demonstrate that
GadC selectively exchanges Glu™ or Glu® with GABA*, resulting in
effective proton extrusion of >0.9 H* per turnover to counter pro-
ton invasion into acid-challenged bacteria. We further show that
GadC selects among protonated substrates using a charge-based
mechanism, rather than directly recognizing the protonation status
of the carboxyl groups. This result paves the way for future work
to identify the molecular basis of GadC's substrate selectivity.

transporter | reconstitution | proton pump

he companion article to this paper (1) showed that AdiC, the

antiporter central to arginine-dependent extreme acid re-
sistance in Escherichia coli and other enteric bacteria, acts as a
decarboxylation-driven, outwardly directed virtual proton pump
to counter intracellular acidification of bacteria in the stomach.
The present work addresses the analogous issue for GadC, the
key antiporter of the alternative Glu-dependent system (2, 3).
We ask how the action of GadC produces acid resistance. It is
known that upon acid shock, the antiporter delivers extracellular
Glu to the acid-activated intracellular decarboxylases GadA
and GadB (4) and expels the decarboxylated product GABA in
a strict one-to-one exchange (5, 6). The decarboxylation reaction
consumes a proton, which, as a “virtual proton,” ends up in a
C-H bond of GABA and is exported from the cytoplasm (Fig. 1).
It is widely accepted that removal of intracellular protons by this
mechanism prevents cytoplasmic pH from falling to a dangerously
low level below pH 5.

This simple picture, however, requires additional experimental
scrutiny. As with AdiC and arginine (1), GadC encounters its
substrates in multiple protonation states under gastric acid-shock
conditions (extracellular pH 1.5-3.5, intracellular pH 5). Spe-
cifically, Glu exists in three carboxyl-group forms (a,y-doubly
deprotonated Glu~, a-deprotonated, y-protonated Glu’, and
a,y-doubly protonated Glu™); the last two represent the majority
of extracellular Glu, and if imported would bring protons into
the cell, exacerbating rather than resisting acid shock. Likewise,
GABA presents two Possible carboxyl-group forms for export
(deprotonated GABA® and protonated GABA™). Thus, GadC
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is faced with six possible combinations of antiport partners (Fig. 1).
Among them, Glu*/GABA” would produce proton influx, Glu’/
GABA" and Glu*/GABA" would result in futile, proton-neu-
tral antiport cycles, whereas virtual proton extrusion could be
achieved by Glu/GABA", Glu”/GABA™*, or Glu”/GABA™*. It
is not known which substrate forms are actually exchanged by
GadC, and therefore the net proton flux coupled to GadC trans-
port activity remains unclear. A simple calculation shows that if
all substrate forms were transported equally well, at a typical gastric
pH 2.2, GadC would import ~0.4 H* into the pH 5 cytoplasm of
acid-resisting bacteria in each turnover.

Using a strategy as in the companion article (1), we attempt
here to differentiate the six exchange options above by testing
how substrate transport responds to an imposed negative-inside
membrane potential set by adding the K* ionophore valinomycin
(VIn) to liposomes sustaining a 1,000-fold K* gradient (1). This
hyperpolarized potential would suppress electrogenic exchanges
that generate outward positive current (Glu”/GABA®, Glu’/
GABA™, or Glu"/GABA™), stimulate exchange moving net pos-
itive charge inward (Glu™/GABA®), and exert no effect on elec-
troneutral exchanges (Glu’’GABA" and Glu*/GABA™). Exploiting
proteoliposomes reconstituted with functionally oriented anti-
porters facing a pH gradient mimicking acid-resistance conditions,
we show that GadC catalyzes efficient virtual proton pumping by
selecting against extracellular Glu* for import while exclusively
exporting GABA™*. Further experiments suggest that GadC dis-
criminates among the multiple protonation forms by recognizing
net electric charge of substrates, rather than by close-up chemical
scrutiny of carboxyl-group protonation.

Results

As in the companion article (1), examination of substrate trans-
port under conditions resembling extreme acid shock requires
two essential features of the reconstituted proteoliposome sys-
tem. First, the liposomes must hold a three-unit inward pH gra-
dient (outside pH 2.2; inside pH 5.0) to mimic pH conditions in
acid-resisting bacteria. Second, all functional proteins must adopt
the “outside-out” orientation, so that the extracellular side of the
protein, as in the biological system, projects to the more acidic
outside of the membrane (Fig. 24). The first issue has been re-
solved (1), leaving us the task of establishing an oriented GadC
system. To attack this problem, we introduced an innocuous cysteine
mutation (I121C) in the cytoplasmic mouth of a cysteine-free GadC
construct. Addition of a membrane-impermeant thiol reagent
2-(trimethylammonium)ethyl methanethiosulfonate (MTSET) (7)
to the extraliposomal solution completely inhibits the inside-out
population while leaving the oppositely oriented, outside-out proteins
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Fig. 1. GadC in the gastric environment. GadC switches between outward-
and inward-open conformations to import extracellular Glu while expelling
cytoplasmic GABA, which carries the virtual proton in a C-H bond (black
circle). The protonable carboxyl groups of Glu and GABA are highlighted.

functionally intact, thus establishing the sidedness of the recon-
stituted liposomes. Experimental documentation of the system’s
full orientation, including the choice of the 121C cysteine sub-
stitution, is discussed in SI Methods and Figs. S1-S3.

In the AdiC reconstituted system (1), the inside-out protein is
strongly inhibited by the pH conditions (outside pH 2.2/inside
pH 5.0) used to mimic acid shock of bacteria in the stomach.
Under the same pH setup, we found that I121C-containing lip-
osomes pretreated with external MTSET to silence inside-out
proteins, exhibit only a slight (<5%) reduction of external Glu/
internal GABA (Glu.,/GABA,,) exchange compared with those
receiving no treatment (Fig. 24). In contrast, liposomes with the
reagent on both sides show no substrate transport whatsoever
(Fig. 24). Thus, as in the AdiC system, the inside-out population
of GadC contributes negligibly to overall transport in the presence
of the acid-shock pH gradient. To understand this observation in
more detail, we examine the separate effects of extracellular and
cytoplasmic pH on GadC activity by using 121C-GadC oriented

outside out. Glu.,/GABA;, exchange is greatly suppressed by
extracellular-side pH above 4 (Fig. 2B) and slightly inhibited
by intracellular-side pH lower than 4.0-5.0 (Fig. 2C). Therefore, the
suppressed transport activity of inside-out proteins is due mainly
to the exposure of GadC’s extracellular face to pH 5.0 inside the
liposome, which can be considered in the context of acid shock
to be “nonphysiologically basic.” The inhibitory effect of extralipo-
somal pH 2.2 on the transporter’s cytoplasmic face also con-
tributes to silencing the inside-out population, but to a lesser
extent. In the following experiments we will simply apply the
three-unit inward pH gradient to orient the system using wild-
type (WT) GadC, eliminating the need for chemical modification
of the 121C mutant.

With these tools in hand, the stage is set to examine the elec-
trogenicity of substrate antiport by GadC, a clue to the protonation
states being transported (1). GadC catalyzes robust exchange of
extraliposomal Glu (pH 2.2, 1% Glu~, 50% Glu’, 50% Glu*)
and internal GABA (pH 5.0, 85% GABA", 15% GABA™), as il-
lustrated in Fig. 34. Moreover, this transport activity is almost
completely (>95%) inhibited by a large negative-inside mem-
brane potential (Fig. 34), a result indicating that nearly every
turnover of GadC produces outward current at zero voltage. This
observation limits the antiport partners to only three possibilities:
Glu;, /GABA! | Glu;, /GABA}, or Glu! /GABA},. Thus, we
conclude that the outward-open conformation selectively excludes
Glu*, whose a- and y-carboxyls are both protonated.

To test if it is GABA” or GABA™ that serves as the internal
exchange partner for Glu, we used glutamine (pH 2.2, 50% GInZ,,
50% GInY,), a robust substrate for GadC (6, 8), as a surrogate for
external Glu. Again, a large negative voltage almost completely
(>95%) abolishes transport (Fig. 3B), a result that cannot be
explained unless GadC exclusively catalyzes GIn), /GABA; ex-
change, which moves net positive charge outward. Therefore,
the inward-open conformation of GadC must selectively export
GABA™ over the alternative GABA® form.

Taken together, the results above show that GadC mainly
imports Glu~ or Glu® while exporting GABA™. However, it is
difficult to quantify the selectivity from these experiments (Fig. 3
A and B), as the Vin-insensitive part of the transport is too small
(~5%) to be measured accurately. We can nevertheless obtain
a conservative lower limit of substrate selectivity by setting the
rare exchange cycles involving Glu?, import or GABA!, export at
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Fig. 2. Sidedness of GadC established by asymmetric pH. Icons represent the two orientations of GadC incorporated into liposomes, with the N- and C termini,
which mark the transporter’s intracellular side, represented as wiggly lines. (A) The *H-Glu/GABA;, exchange using 121C-GadC liposomes, with no treatments
(filled square), MTSET in outside to silence inside-out GadC (open circle), or MTSET in both sides to react with all proteins (open square), in the presence of
a three-unit inward pH gradient. (B) Effect of extracellular pH on >H-Glu.,/GABA;, exchange. The extraliposomal pH of 121C-containing liposomes was varied
from 2.2-7, with internal pH fixed at 5.0. Uptake of *H-Glug, was recorded 4 min after initiation of transport. (C) Effect of cytoplasmic pH on 3H-Gluc,/GABA,
exchange. 121C liposomes, oriented outside-out (with external pH 2.2), were allowed to uptake Glu for 4 min in various inside pH ranging from 2.2 to 5.
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Fig. 3. Substrate selectivity of GadC. WT GadC proteoliposomes (inside pH
5.0, outside pH 2.2) and a 1,000-fold outward K* gradient, were used to
quantify (A) 3H-Glu.,/GABA;, and (B) 3H-GIn./GABA,, exchanges, in the
presence (open squares) or absence (filled squares) of Vin.

an overestimated 10% of total transport. This leads to the con-
clusion that the outward-open conformation of GadC must be at
least 10-fold selective for Glu™ and Glu® over Glu™, and that the
inward-open conformation is >100-fold selective for GABA™
over GABA" (calculation described in Methods).

Before proceeding, three possible artifacts that would un-
dermine the conclusions above must be eliminated. First, any
nonspecific inhibitory effect of VIn on substrate exchange, irrel-
evant to the negative membrane potential, is negligible because
the ionophore does not affect transport in the absence of a K*
gradient (Fig. S4). Second, the hyperpolarized membrane po-
tential does not drive GadC into nonfunctional states, because
it has a minimal effect on GABA« (pH 2.2, 1% GABA®, 99%
GABA™)/GABA;, (pH 5.0, 85% GABA", 15% GABA™) ex-
change (Fig. S5), which would be primarily electroneutral
(GABAY,/GABA}"). Third, to confirm that the asymmetric pH
sufficiently suppresses contaminating signals from inside-out
WT proteins as argued above, we repeated the voltage-inhibition
experiments using the 121C-based strategy to fully orient the system
outside out and obtained essentially identical results (Fig. S6).

To gain insight into the mechanism by which GadC dis-
tinguishes among protonation forms, we ask if the protein rec-
ognizes differences in carboxyl protonation status or merely the
substrate net charge. For instance, the inward-open conformation
of GadC selects GABA*, which differs from GABA® in both the
protonated y-carboxyl and the overall charge. Which difference
does the protein perceive in choosing the minor GABA* over the
predominant GABA® form? If the protein recognizes the
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protonation status of the y-carboxyl directly by close chemical
interaction, we expect that it would not differentiate GIn* and
GIn®, which have the same neutral, unprotonatable side chain.
This expectation, however, is contrary to fact. Exchange between
Gln,, (pH 2.2, 50% GIn%,, 50% GlInZ,) and Gln;, (pH 5.0, 0.2%
Gln?,) is almost completely inhibited by hyperpolarization (Fig. 44),
indicating that GadC selectively recruits Gln* and rejects GIn® from
the intracellular side. This result strongly suggests that the inward-
open conformation recognizes GABA™ by virtue of its +1 charge
rather than by the protonation of its y-carboxyl group.

Our analysis proceeds to the outward-facing conformation,
which selects against extracellular Glu*. Glu™ differs from Glu’
and Glu™ in three respects: the protonated a-carboxyl, the pro-
tonated y-carboxyl, and the +1 valence. Which of these differences
makes Glu™ a poor ligand for GadC? Two lines of evidence pro-
vide hints regarding this question. First, as shown above, GadC
rarely imports Gln, in exchange for GABA;, (Fig. 3B) or Gln},
(Fig. 4A4). Second, we performed GABA./GABA;, exchange
experiments using a less steep pH gradient (outside pH 3.0, 5%
GABA", 95% GABA; inside pH 5.0, 85% GABA’, 15% GABA"),
which is still sufficient to maintain the sidedness of the system
(Fig. S7). Under this condition, transport is suppressed ~30% by
negative voltage (Fig. 4B), indicating that GABAY, is ~10-fold
less preferred than GABAgX for import. Thus, the outward-open
conformation of GadC appears to reject substrates with +1 va-
lence, regardless of whether the charge is from the protonation of
a-carboxyl (GIn"), y-carboxyl (GABA™), or both (Glu*).
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Fig. 4. Substrate selectivity of GadC. (A) 3H-GlNey, pH 2.2/GIn;,, pH 5.0 and
(B) 3H-GABA,,, pH 3.0/GABA;,, pH 5.0 exchanges were examined in WT GadC

liposomes holding a 1,000-fold outward K* gradient, in the presence (open
squares) or absence (filled squares) of Vin.
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Discussion

AdiC and GadC, the two antiporters central to the extreme acid
resistance response of enteric bacteria, are widely thought to
counter intracellular acidification using a virtual proton pumping
mechanism. In this picture, the extracellular substrate is impor-
ted and the decarboxylated product stoichiometrically expelled
along with a virtual proton in the C-H bond formed in replacing
the carboxyl group. In the extremely acidic gastric environment,
however, a predominant fraction of extracellular substrates—
arginine for AdiC and Glu for GadC—are protonated on car-
boxyl groups and could potentially carry protons into the cytosol,
leading to futile exchange cycles or disastrous net proton influx.
This issue, previously recognized as a serious threat to undermine
the validity of the virtual proton pumping mechanism (2, 9), is
addressed in these two studies.

The compamon article (1) demonstrated that AdiC rejects
extracellular Arg?", greatly diminishing the possibility of proton
entry via the protonated o- carboxyl Here we show that GadC
selectively imports Glu™ or Glu’ while exporting GABA™. As
a result, any dissociable proton smuggled into the cytosol by
Glu" is captured and returned to the extracellular side on the
y-carboxyl of GABA™. This ability of AdiC and GadC to dis-
criminate substrate protonation forms ensures effective virtual
proton pumping to defend bacteria against acid shock; we esti-
mate that AdiC and GadC, with typical gastric pH 2.2 and cyto-
plasmic pH 5, remove at least 0.8 and 0.9 H*, respectively, from
the cytosol in each antiport cycle. Our results contradict a re-
cently proposed “proton influx” model (3, 10), which posits that
these antiporters contribute to a positive membrane potential to
produce an energy barrier for proton invasion. The substrate
selectivity properties documented here show that AdiC and GadC
should instead polarize the membrane in the negative direction.

In the studies of the present and the companion articles (1), we
have sought to examine if AdiC and GadC discriminate among
variously protonated substrates by recognizing carboxyl protonation
states locally or by sensing the net charge of the substrate. These
alternative scenarios have distinct mechanistic implications and
would suggest different experimental approaches for future work.
The former implies intimate chemical involvement of a few residues
at the substrate binding site, whereas the latter invokes electrostatic
effects, wherein charged residues, perhaps sitting on the wall of the
translocation pathway, interact with substrates at a distance. Our
results suggest that both of these antiporters use a charge-based
mechanism, which, as also discussed in the companion article (1),
makes biological sense. For instance, the outward-open confor-
mation of GadC, in addition to selecting against Glu* from the
extracellular side, must also efficiently unload GABA* recruited
from the cytoplasm. The simplest way to achieve such a dual
physiological role is for this conformation to be hostile to the +1
valence, rather than by recognizing the protonated a-carboxyl,
which GABA+ lacks, to differentiate Glu™ from Glu® and Glu™.
The inward- -open conformation, which needs to reject GABA” and
discharge Glu” or Glu™, also adhere to this electrostatic picture.

We acknowledge, however, that a selectivity mechanism based
on net charge is not as strongly supported with GadC as it is with
AdiC. A “logic-gate” mechanism is possible wherein a single
residue, or localized region of the outward-open conformation,
monitors both a- and y-carboxyls of Glu through H bonding and
acts as a gatekeeper that prevents doubly protonated extracel-
lular Glu™ from being transported. This alternative mechanism is
far more complicated in molecular detail, however, as it requires
intricate molecular logic in which a single gatekeeper rejects

a-protonated Gln* while selecting a-protonated Glu’, and rejects
- protonated GABA™ while selecting y-protonated Glu

A final issue is also worthy of note. We have no direct evidence
that the outward-open conformatlon which excludes Glu™, also
selects between Glu™ and Glu’. We suggest, however, that Glu
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might be the preferred substrate for import, because both GIn”
and GABA" are robustly 1mp0rted (Figs. 3 and 4). It follows that
in the gastric environment, Glu’, which is ~50-fold more abun-
dant than Glu™, is likely to be the main species imported.

In light of the reports in the present and the companion
articles (1), and many previous studies, we can now be confident
that AdiC and GadC act as virtual proton pumps protecting
enteric bacteria against extreme acid. However, many important
questions remain unanswered. At the molecular level, a particu-
lar challenge is to identify the molecular basis of the charge-
based substrate selectivity mechanism uncovered here. These
antiporters are dormant at neutral pH and come into action only
upon extreme acid shock; how do they sense the sudden pH
drop? How does the cell dissipate the electrical imbalance
arising from virtual proton pumping? The reconstituted systems
developed here can serve as useful tools with which to attack
these questions, as they permit analysis of the purified trans-
porters in reduced, defined conditions reflecting acid shock in
the stomach. Crystal structures of AdiC and GadC in multiple
conformations are a great enhancement to experimental de-
sign, but caution must be taken in reading these structures, which,
as we have shown for AdiC, can be mechanistically misleading in
the absence of close functional analysis carried out in parallel.

Methods

Biochemical Procedures. The gadC gene was cloned from E. coli BL21(DE3) and
inserted into the pASK-IBA2 vector (9) between the Xbal and Hindlll restriction
sites. A thrombin-cleavable hexahistidine tag (HHHHHHSGGLVPRGSGT) was
placed between the initiator methionine and the GadC sequence. The 121C
mutant in a cysteine-less background (C605/C2475/C380S) was constructed us-
ing standard two-step PCR and was confirmed with sequencing. To express
Gad(, transformed E. coli BL21(DE3) cells were grown in terrific broth at 37 °C
to Agoo Of 1.0 and induced with 0.2 mg/L anhydrotetracycline for 1 h. Protein
purification and reconstitution were exactly as in the companion article (1).

Functional Orientation of GadC in Reconsituted Liposomes. The procedure
for producing liposomes harboring fully oriented outside-out GadC is de-
scribed in detail in S/ Methods. In brief, a mutant containing a single cysteine
(121C) exposed near the substrate’s intracellular entryway was used for re-
constitution. The liposomes were loaded with the desired substrate by
freeze—thaw soniscation and treated with the membrane impermeant thiol
reagent MTSET to inhibit all proteins in the inside-out orientation. The lip-
osomes were then spun through G-50 columns to remove external substrates
and MTSET. The resulting sample could then be adjusted to the desired
extraliposomal composition for transport experiments.

Functional Analysis. Flux assays were carried out similarly to those previously
described (1). Proteoliposomes suspended in 100 mM K;SO,4, 50 mM citric acid,
KOH pH 5.0 were loaded with 5 mM substrate by freeze-thaw cycles and spun
through Sephadex G-50 columns equilibrated with 100 mM Na,SO,, 1 mM citric
acid, NaOH pH 5.0. The flow through was diluted into two-volume flux buffer
[FB, 100 Na,SOy4, 0.1 MM K,S0O,, adjusted to pH 2.2-3 with 25 mM glycine, pH 4-
5 with 25 mM citric acid, pH 6 with 25 mM 2-(N-morpholino)ethanesulfonic acid
(MES), or pH 7 with 25 mM 3-(N-morpholino)propanesulfonic acid (MOPS)] in
the presence or absence of 1 pg/mL Vin, immediately before the flux experi-
ment. For experiments requiring various cytoplasmic pH values, liposomes
collected from the G-50 column were first dialyzed against 1,000 volumes pH
buffer (100 Na,SO4, 0.1 mM K,SOy4, pH 2.2, 1 mM glycine or pH 4-5, 1 mM citric
acid) for 1 h to adjust internal pH, and then diluted into two-volume pH 2.2 FB
to change external pH shortly before beginning the experiment. A total of 50
uM 3H-labeled Glu, GABA, or GIn (Perkin-Elmer, ~2.5 pCi/mL) was added to li-
posome samples to initiate substrate exchange. At desired time points, the
transport reaction was stopped by passing through G-50 columns. In all figures,
each point represents the mean + SE of three to five independent experiments.

The selectivity, Sa, for substrate protonation form A preferred over form B is
calculated as Sp = Ta/Tg * [BI/[A], where TA/Tg is the relative steady state up-
take for the two protonation forms, obtained by comparing the Vin-sensitive
and -insensitive parts of the transport, and [B], [A] is the concentration ratio
of the protonation forms, given by the appropriate pK, values and pH.
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