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Site-directed tryptophan fluorescence reveals
two essential conformational changes
in the Na*™/H™ antiporter NhaA
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NhaA, a Na“/H" antiporter critical for pH and Na* homeostasis in
Escherichia coli, as well as other enterobacteria and possibly Homo
sapiens, was modified for fluorescence spectroscopy by construct-
ing a functional Trp-less NhaA mutant. Purified Trp-less NhaA lacks
the Trp fluorescence emission characteristic of the wild type, there-
by providing a background for studying structure—function rela-
tionships in NhaA by site-directed Trp fluorescence. Two single-
Trp variants in the Trp-less background (F136W and F339W) were
constructed. The mutants grow on selective media, have antiport
activities that are similar to Trp-less NhaA, and exhibit Trp fluores-
cence with three different reversible responses to Li*, Na*, and/or
pH. With single Trp/F136W, a pH shift from pH 6.0 to 8.5 induces a
red shift and dramatically increases fluorescence in a reversible
fashion; no effect is observed when either Na* or Li* is added.
In marked contrast, with single Trp/F339W, changes in pH do
not alter fluorescence, but addition of either Na™ or Li* drastically
quenches fluorescence at alkaline pH. Therefore, a Trp at position
136 specifically monitors a pH-induced conformational change that
activates NhaA, whereas a Trp at position 339 senses a ligand-
induced conformational change that does not occur until NhaA
is activated at alkaline pH.

membrane proteins | secondary transporters | transporter functional
dynamics

Living cells are critically dependent on processes that regulate
intracellular pH, Na™ content, and volume. Na* /H* antipor-
ters play a primary role in these homeostatic mechanisms
(reviewed in refs. 1-3), and such antiporters are found in the cy-
toplasmic and organelle membranes of most cells (4). Moreover,
they have long been human drug targets (5).

NhaA, the principle Na* /H* antiporter in Escherichia coli, is
indispensable for adaptation to high salinity, for challenging Li*
toxicity, and for growth at alkaline pH in the presence of Na* (1).
Several biochemical characteristics of NhaA underpin its physio-
logical roles: very high turnover (6), electrogenicity with a stoi-
chiometry of 2H*/Na* (1, 7), and a dramatic pH dependence
(with maximum activity at alkaline pH), a property it shares with
other prokaryotic (1, 6), as well as eukaryotic Na* /H" antipor-
ters (reviewed in ref. 8).

The recently determined X-ray structure of down-regulated
NhaA crystallized at acidic pH (9) provides structural insight into
the mechanism of antiport and pH regulation (2). NhaA consists
of 12 transmembrane helices (TMs) with the N and C termini on
the cytoplasmic side of the membrane. A cytoplasmic funnel
opens to the cytoplasm and ends in the middle of the membrane
at the putative ion-binding site(s) (9) (Fig. 14); there is also a
periplasmic funnel open to the periplasm and separated from
the cytoplasmic funnel by a group of densely packed hydrophobic
residues. In addition, the structure reveals a fold in which TMs
IIL, IV, and V are topologically inverted with respect to TMs X,
XI, and XII, and in each repeat, one TM (IVand XI, respectively)
is interrupted by an extended chain in the middle of the mem-
brane. This noncanonical TM assembly creates a delicately
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balanced electrostatic environment in the middle of the mem-
brane at the ion-binding site(s), which likely plays a critical role
in the cation exchange activity of the antiporter (9). Remarkably,
similar structural folds have since been observed in the newly de-
termined structures of other ion-coupled secondary transporters
that share little or no sequence homology with NhaA (reviewed in
ref. 10). Finally, the structure reveals that NhaA is organized into
two functional regions: (i) a cluster of aminoacyl side chains that
are involved in pH regulation, which is termed the “pH sensor,”
and (if) a catalytic region containing the ion-binding sites that is
9 A removed from the pH sensor. Because the structure was de-
termined at pH 4 and NhaA is down-regulated at this pH (9),
many questions regarding the active conformation(s) remain.
Changes in fluorescence of native or engineered Trp residues
in response to ligand binding or other perturbations have been
applied relatively recently to monitor conformational changes
in membrane transport proteins (11, 12). Guided by the NhaA
crystal structure, we have now applied the approach to examine
pH and/or ligand-induced conformational changes in NhaA. The
results reveal two conformational changes: one observed at alka-
line pH only and independent of ligand, and another that is li-
gand-induced and observed at alkaline pH only. The former is
required for NhaA activation and the latter for antiport activity.

Results

Construction of Trp-Less NhaA. NhaA has eight native Trp residues,
seven of which are located near the phospholipid bilayer and one
(Trp258) is in the middle of helix IX (Fig 14). Although specific
and reproducible, the Lit-induced change in Trp fluorescence is
very small with purified WT NhaA in dodecyl-p-D-maltopyrano-
side (DDM) at pH 8.5 (Fig. 24). This small change is ascribed to a
high fluorescence background from most of the native Trp resi-
dues, which do not respond to conformational changes, a pro-
blem that can be overcome by constructing Trp-less proteins
(13). In this regard, replacement of native Trp residues with
Tyr rather than Phe was shown to increase expression of Trp-less
variants in LacY (14). However, because the Tyr excitation/emis-
sion spectra overlap slightly with those of Trp, we chose to engi-
neer a Trp-less NhaA by replacing six Trp (W37, W126, W216,
W309, W360, W379) with Phe and two (W62, W258) with Cys
(Table S1, plasmid 17). The Cys replacements were shown pre-
viously to have WT phenotype (refs. 15 and 16, respectively).
To characterize the NhaA variants with respect to expression,
growth phenotype, and antiporter activity, the mutated plasmids
were transformed into EP432, an E. coli strain that lacks the two
Na' /H™ antiporters (NhaA and NhaB). This strain neither grows
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Fig. 1. NhaA mutations, localization on the crystal structure and Li*/H"
antiporter activity in everted membrane vesicles. (A) The figure (generated
using PyMOL) shows the NhaA a-chain and the native Trp (green), the Trp
replacements of Phe (orange), and the essential D163 and D164 in the active
site (blue), all in ball representation. (B) The Li* /H™ antiporter activity of WT
NhaA and the Trp-less variants was determined as in Fig. S1, at the indicated
pH values in the presence of 10 mM LiCl. The results are expressed as end level
of dequenching (%). All experiments were repeated at least three times with
practically identical results.

on selective media (0.6 M NaCl at pH 7.0 or 8.2, or 0.1 M LiCl at
pH 7.0), nor exhibits any Na®/H" antiport activity in everted
membrane vesicles, unless the parent cells were transformed with
a plasmid encoding an active NhaA (reviewed in ref. 1). EP432
transformed with Trp-less NhaA or each of the mutated plasmids
grows on both Na*- and Li*-selective agar plates at pH 7, and
several including Trp-less NhaA, even grow on Nat'-selective
plates at pH 8.2 (full stress conditions; ref. 17) similar to the
WT control plasmid (S Table 1). Hence, none of the native
Trp residues is essential for growth under the respective selective
conditions.

Trp-Less NhaA Variants and Growth Phenotype. Guided by the NhaA
structure and in order to minimize structural disturbances, two
native Phe residues were replaced with Trp in Trp-less NhaA
(F136W or F339W) at sites strategically located with respect
to NhaA function (Fig. 14). Phe136 is located on TM IVc, which
lines the cytoplasmic funnel and is in close proximity to helix I,
which contributes to the pH sensor (9); Phe339 is located on TM
XI in the region of the active site (Fig. 14). The mutations were
also constructed on the WT background (pAXH3/F136W and
PAXH3/F339W, Table S1), and native W258 in a Trp-less NhaA
background was also constructed (Table S1). W258 is located on
TM IX in proximity to the putative pH sensor (2) and faces the
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Fig. 2. Steady-state fluorescence emission spectra of purified WT, Trp-less
NhaA, and its variants in DDM micelles and the effect of pH or Li*. Proteins
of WT NhaA, Trp-less NhaA, and the indicated single-Trp variants were affi-
nity purified and incubated at protein concentration of 0.3-1 pM in a reaction
mixture containing 20 mM 1,3-bis[tris(hydroxymethyl)methylaminolpropane
at the indicated pH values, 150 mM choline chloride, 5 mM MgCl,, 10% su-
crose, and 0.015% DDM at pH 8.5 in the presence (red) or absence (black) of
10 mM LiCl or at pH 6.0 (green) without LiCl. The fluorescence emission spec-
tra were measured with an excitation at 295 nm (A, B, D, F) or at 290 nm (C).
All experiments were repeated at least three times using different protein
preparations and the results were practically identical.

NhaA dimer interface (16). Whereas E. coli EP432 expressing
either single-Trp/F136W NhaA or single-Trp/F339W NhaA grow
only on the selective media at pH 7, the respective strains con-
structed on the wild-type background grow similar to the WT on
all selective media (Table S1). Which of the native Trp residues is
important for growth of the single-Trp/F136W or single-Trp/
F339W mutants under extreme stress conditions is unknown at
present.

Protein Expression and Antiport Activity in Membrane Vesicles. Pro-
tein expression and the Na*/H" or Li* /H" antiport activity of
Trp-less NhaA and its variants were measured in everted mem-
brane vesicles isolated from EP432 cells transformed with plas-
mids encoding given variants. As compared to the control,
expression of Trp-less NhaA was 15% and that of the variants
23%, 24%, and 18% for single Trp/F136W, single Trp/W258,
and single Trp/F339W, respectively (Table S2). Because all var-
iants are expressed from multicopy plasmids, the low level of ex-
pression is above the level expressed from a single chromosomal
gene, which confers a Na*-resistant phenotype (15). Further-
more, the amount of protein expressed with each variant is suffi-
cient for measuring Na't/H™ antiporter activity in everted
membrane vesicles, as well as metal-affinity purification.
Nat/H*' antiporter activity of the NhaA variants was esti-
mated from the change in ApH induced by either Na* or Li*
as measured by acridine orange fluorescence, a qualitative probe
of ApH (Fig. S1). Membrane vesicles isolated from EP432 cells
transformed with plasmid pAXH3 (encoding WT NhaA) or the
empty vector pBR322 served as positive or negative controls,
respectively (Fig. S1 and Table S2). The apparent K, values
for Na* and Li* at pH 8.5 and the extent of activity (maximal
dequenching) at pH 8.5 were determined for each mutant
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(Table S2). Both Trp-less NhaA and its variant single Trp/F339W
exhibit similar maximum dequenching (50-70%) and an apparent
K, for both Na* and Li* about 10-fold higher than that of the
WT (Fig. 1B and Table S2). In contrast, maximum dequenching of
single Trp/F136W is 23-31%, and the apparent K, for Na*™ and
Li* is very similar to WT. Variant single Trp/W258 has kinetic
parameters that are very similar to WT (Fig. 1B and Table S2).

As shown previously (18), NhaA mutations that alter activa-
tion of NhaA at alkaline pH exhibit abnormal pH dependence
even at saturating cation concentrations. The pH profile of the
Trp-less and variants was not affected by changing Na* concen-
tration (10 or 100 mM; Fig. 1B). The profile for single Trp/W258
is identical to that of the WT, whereas those of the three other
variants is slightly shifted to more alkaline pH.

Because all of the Trp-less variants grow on selective media at
pH 7 at least, exhibit substantial antiport activity with both Na*
and Li*, and manifest a pH dependence only slightly different
from WT, it is concluded that the structures are hardly impaired,
if at all.

Trp Fluorescence of WT and Trp-Less NhaA. Steady-state Trp fluores-
cence emission spectra were measured with given purified NhaA
variants solubilized in DDM at pH 6.0 or 8.5 in the presence or
absence of Li*™ (or Na™). In most cases, excitation was at 295 nm
to avoid excitation of the native Tyr residues in NhaA (19)
(Fig. 2). Excitation at 290 nm gave higher emission intensities
than expected, but very similar overall behavior.

The steady-state emission spectrum of WT NhaA at pH 8.5
exhibits a broad maximum centered at 335 nm (Fig. 24), which
is characteristic of Trp (19). In marked contrast, emission be-
tween 320 and 400 nm is essentially absent from the spectrum
of Trp-less NhaA (Fig. 24). The low residual emission can be
ascribed to the eight Tyr residues in NhaA. A pH shift from
6 to 8.5 or addition of Li* (Fig. 24) (or Na') has no effect
on emission of Trp-less NhaA.

Single Trp/F136W, Effect of pH. The steady-state emission spectrum
of single Trp/F136W at pH 8.5 exhibits a typical Trp fluorescence
spectrum with a broad maximum at around 343 nm (Fig. 2B).
Remarkably, changing pH from pH 6.0 to 8.5 causes a red shift
in the emission maximum and a marked increase in intensity
(Fig. 2B). The fluorescence changes are not affected by addition
of either 10-50 mM Li* (or Na™) at either pH (Fig. 2B).

Fluorescence of single Trp/F136W was also measured in a
time-dependent mode at 338 nm and compared to that of Trp-
less NhaA (Fig. 3 A and B). As shown in Fig. 24, neither a
pH shift from pH 6.0 to 8.5 nor addition of Li* (or Na't) has
any effect on the fluorescence of Trp-less NhaA (Fig. 34). In con-
trast, a shift in pH from 6.0 to 8.5 dramatically increases fluor-
escence of single Trp/F136W (Fig. 3B). A subsequent shift in
pH from pH 8.5 to 6.2 reverses the effect, and fluorescence re-
turns to a low level (Fig. 3B). Again, the presence of 10-50 mM
LiCl had no effect (Fig. 3B).

The pH profile for fluorescence of single Trp/F136W is shown
in Fig. S24. An increase in pH from 6.0 to 6.5 has no effect, but
above pH 6.5, progressive increases in fluorescence are observed
up to pH 8.0 with no further increase at pH 8.5. Taken together,
the findings with single Trp/F136W reveal a reversible pH-in-
duced conformational change of NhaA over the physiological
pH range, which is independent of the presence of Li* (or Na').

Single-Trp/F339W, Effect of Li* (or Na*). The steady-state emission
spectrum of single Trp/F339W exhibits a maximum at around
334 nm (Fig. 2C). In contrast to single-Trp/F136W fluorescence,
a pH change between pH 6.0 and 8.5 in either direction with
single Trp/339 has no effect on the emission spectrum (Figs. 2C
and 3C). However, addition of either Lit (or Na') quenches
fluorescence with little or no effect on A, at pH 8.5 (Figs. 2C
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Fig. 3. Two different conformational changes, a pH induced and a Li* in-
duced, are reflected by the fluorescence changes of single Trp/F136W and
Trp/F339W, respectively. The reaction mixtures were as in Fig. 2, and the fluor-
escence emission was measured with the time-dependent mode of the spec-
trofluorimeter. The excitation was at 295 nm and the emission was at the
peak of each variant; 344, 335, and 338 nm for Trp-less NhaA, single Trp/
F136W, and single Trp/F339W, respectively.

and 3C). Furthermore, no effect of Lit (or Na*) is observed at
pH 6.0 (Fig. 3C), indicating antiport activity is required for the
effect of these cations. Lit-induced fluorescence quenching is
fully reversed by shifting the pH back from pH 8.5 to 6.0 (Fig. 3C).
In addition, between pH 6.0 and 7.0, Li* has no effect on single-
Trp/F339W fluorescence (Fig. S2B). But above pH 7, Lit (or
Nat)-induced quenching increases progressively up to pH 8.5.
Hence, a pH change by itself does not affect the fluorescence
of single Trp/F339W, but Li* (or Na*) does so markedly in a
pH-dependent manner.

Single-Trp/W258 NhaA. The fluorescence emission spectrum of
single Trp/W258 at pH 8.5 exhibits a maximum at around 337 nm
(Fig. 2D) with a significantly increased A, and a sharper
maximum than those of single Trp/F136W or single Trp/F339W
(compare Fig. 2D with Fig. 2 B and C). A shift from pH 6.0 to
8.5 leads to a small decrease in A,,, and addition of Li* at
pH 8.5 causes a decrease of similar magnitude (Fig. 2D). Further-
more, the pH profiles of the fluorescence changes at W258 are
very similar to those observed for single Trp/F136W or F339W,
and in addition (as shown below), when the lethal mutation
D164N is also incorporated into each variant, the fluorescence
changes are eliminated. Therefore, it is suggested that the fluor-
escence changes observed with single Trp/W258 reflect pH- and
ligand-induced changes similar to those monitored with single
Trp/F136W (Figs. 2B and 3B) and single Trp/F339W (Figs. 2C
and 3C), respectively, but are of much lower magnitude.
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Ligand-Induced Fluorescence Changes Require Functional Antiport
Activity. Importantly, the Na* /Li* fluorescence changes in single
Trp/F339W and probably single Trp/W258 are specific because
neither choline chloride (50 mM) nor KCI (50 mM) has any effect
on fluorescence emission (Fig. S3). The results strongly suggest
that the Li* (or Na™)-induced fluorescence changes reflect a con-
formational change induced by the binding of Li* /Na* to NhaA
or a conformational change following binding.

To test this idea further, the effect of Li* was examined quan-
titatively with single Trp/F339W (Fig. S4), which exhibits a single
exponential increase in fluorescence over a range of Li* concen-
tration from 0 to 100 mM. The K5 is 0.2 mM for Lit, which is
similar to the apparent K, of 0.12 mM for Li*/H* antiport
activity in membrane vesicles containing single Trp/F339W
(Table S2).

To determine whether the Trp fluorescence changes are
related to the function of NhaA, the inactivating mutation
D164N (20) was introduced into each single-Trp variant. Indeed,
EP432 expressing single Trp/F136W/D164N, single Trp/F339W/
D164N, or single Trp/W258/D164N grow on LBK (Luria broth
with KCl instead of NaCl), but cannot grow on the salt-selective
media (Table S1). The respective proteins (Fig. 2 E and F) ex-
hibit Trp emission spectra similar to those of the corresponding
proteins of the parent strains. However, 75% of the pH-induced
fluorescence signal of single Trp/F136W was absent in single
Trp/F136W/D164N (Fig. 2E), the large Li*-induced fluores-
cence signal was totally absent in single Trp/F339W/D164N
(Fig. 2F), and single Trp/W258/D164N lost completely the
Li*-induced signal and most of the pH-induced signal.

Discussion

Similar to other membrane proteins, NhaA contains multiple
(eight) Trp residues located predominately at the membrane/
water interface (Fig. 14). When replaced with Phe (W37E
W126F, W216E W309F, W360F) and Cys (W62C W268C), it
is demonstrated here that none of the Trp residues in NhaA is
essential for antiport activity (Table S1). Thus, EP432/Trp-less
NhaA grows on all selective media, shows substantial Li*
(orNat)/H" antiport activity and a slightly alkaline-shifted
pH dependence (Fig. 1B and Table S2). Hence, Trp-less NhaA
provides a basis for introducing single-Trp residues at strategic
sites as intrinsic fluorescence reporters (19) of NhaA conforma-
tional changes.

In contrast to Trp-less NhaA, which lacks a typical Trp fluor-
escence Ap,, at around 340 nm (19) (Fig. 24), the three Trp-less
NhaA variants, each with a single-Trp residue in the approximate
middle of the membrane (Fig. 14 and ref. 9), exhibit character-
istic Trp fluorescence spectra (Fig. 2).

Although the position of the A, for either single Trp/F339W
or single Trp/W258 is not significantly affected by pH or by the
presence of Lit or Na*, A, for single Trp/F136W (338 nm at
pH 6) is red shifted to 343 nm at pH 8.5 (Fig. 2B). Hence, the
effect of pH on the fluorescence emission spectrum of single
Trp/F136W is variant specific. Notably, over this pH range, the
fluorescence of Trp in solution is unaffected by pH but is highly
sensitive to solvent polarity. Thus, when embedded in a protein,
Trp can report on the local environment and thereby monitor
conformational changes and/or direct interaction with substrates
(19). The red shift in the spectrum observed with single Trp/
F136W at physiological pH most likely reflects a change in the
local environment from a lower to a higher dielectric. Indeed,
based on both experimental data (16) and computational analysis
(21, 22), the cytoplasmic funnel (where F136W is located) is filled
with water at physiological pH.

Strikingly, the fluorescence intensity of each single-Trp variant
changes in a different manner when Lit or Na* concentration
and/or pH are changed (Fig. 2 B-D). Possibly, the intensity
changes may be related to conformational changes of the Trp
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residues or in residues in the vicinity of the Trp residues that
cause quenching or energy transfer from the Trp to other amino
acids (12). Although a precise mechanism for the fluorescence
changes is unknown, the data presented show that they reflect
conformational changes induced by Li*/Na® and/or pH in
NhaA.

Regulation of NhaA Na* /H* antiport activity by pH is a most
interesting characteristic that is shared by other eukaryotic and
prokaryotic Na* /H* antiporters (reviewed in ref. 10). NhaA is
inactive below pH 6.5 and its rate increases by over three orders
of magnitude between pH 7.0 and 8.5 (1, 6). Two scenarios, which
are not mutually exclusive, have been advanced to explain activa-
tion at alkaline pH: (i) direct competition between H* and Na*
or Li* at a single cation-binding site that is alternatively exposed
on either side of the membrane. Such competition has been
documented recently for antiport (23) and is consistent with an
alternating access mechanism (23-25). Accordingly, the confor-
mational changes observed here with detergent solubilized NhaA
reflect either ligand binding or a reaction following it. (if) In
addition to being a substrate for NhaA, H" has a regulatory role
and changes NhaA from an inactive to an active conformation
that catalyzes antiport.

The pH-induced fluorescence changes observed with single
Trp/F136W (Figs. 2B and 3B, and Fig. S24) very likely reflect reg-
ulatory effects of pH on NhaA conformation that lead to activa-
tion at alkaline pH for the following reasons: (i) Increasing pH
from pH 6.0 to 8.5 induces a red shift in 4,,,, and a progressive,
reversible increase in fluorescence of single Trp/F136W with pH
(Figs. 2B and 3B). (ii) The profile for the pH-induced fluores-
cence changes is very similar to that of the pH activation of NhaA
antiport (Fig. S2 A and C). (iif) Neither Nat nor Li* (50 mM)
affects pH-induced fluorescence changes at any pH tested.
Hence, Na* or Li* do not compete with the H* for the pH-in-
duced fluorescence changes observed with single Trp/F136W. (iv)
pH-induced fluorescence changes are dependent on a functional
NhaA molecule because single Trp/F136W/D164N (20), which is
devoid of antiport activity, loses essentially all of the pH-induced
fluorescence change (Fig. 2E). (v) Trp258, which is located in
proximity to the pH sensor and remote from both Asp164 and
Phel36 (distances between the respective a-carbons are 20
and 15 A) appears to monitor the pH-induced conformational
change as observed with single Trp/F136W, albeit much less
dramatically. (vi) Importantly, as seen with single Trp/F136W,
the pH-induced fluorescence change with W258 is reversible,
requires functional NhaA, and shows pH dependence similar
to that of single Trp/F136W (Fig. 2D).

Previous results strongly support the contention that a con-
formational change induced solely by increased pH activates
NhaA (reviewed in ref. 3). Thus, pH-induced conformational
changes independent of the presence of Na* /Li™ were experi-
mentally identified at physiological pH. A Li*/Na*-indepen-
dent pH-induced conformational change, with a pH profile
very similar to that observed here with single Trp/F136W
(Fig. S2A4) has been identified recently in helix I by cryoelectron
microscopy (26). Remarkably, the crystal structure shows that
Phel36 is in close proximity to TM I, where the pH sensor is
located (21). The distance between the C* of Gly15 and Phe136
is approximately 5 A (9). Finally, computational analysis of the
NhaA structure suggests that Asp133 may be important for pH
regulation (27).

Although neither Na™ nor Li* are observed in the NhaA struc-
ture (9), the residues that most likely form the Na*t-binding
site are the most conserved [Aspl164, Aspl163 (TM V), Aspl33,
and Thr132 (TM IV)] and those shown to be essential
(Aspl64, Aspl63) (9) (Fig. 14). Mutations that affect cation
translocation cluster at this location (3, 10). Neither Phe339
nor Trp258 (16) are components of the cation-binding site nor
are they essential residues (Tables S1 and S2). Nevertheless, both
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exhibit Li* /Na*-induced fluorescence changes, yet the response
of single Trp/F339W is at least five times greater, which may be
due to the closer proximity of the Trp at position 339 to the bind-
ing site (Fig. 14). Although widely separated, computational ana-
lysis (20) suggest tight functional coupling between the pH sensor
and the binding site. The properties of the Li*/Na*-induced
fluorescence changes with single Trp/F339W and single Trp/
W258 indicate that both Trp residues reflect substrate binding
to NhaA indirectly: (¢) high specificity for Na* and Lit—addition
of either choline/Cl or KCI has no effect on fluorescence
(Fig. S3). (if) The effects on fluorescence are reversible (Fig. 3C).
(iif) NhaA must be functional, because lethal mutations in the
putative cation-binding site (single Trp/F339W/D164N and single
Trp/W258/D164N) eliminate Li*- or Na*-induced fluorescence
quenching (Fig. 2F). (iv) Dependence on cation concentration
is shown in Fig. S4. (v) A pH profile very similar to that shown
for pH activation of NhaA is observed with everted membrane
vesicles or proteoliposomes reconstituted with purified proteins
(Fig. S2 B and D). (vi) In strong support of this conclusion, cryoe-
lectron microscopy shows directly that there is a ligand-induced
conformational change in TM IVp between pH 7.0 and 8.5 (26), a
pH range very similar to that used here with single Trp/F339W
(Fig. S2 B) and single Trp/W258. Furthermore, the study also
shows that TM IVp moves toward the active site and therefore
toward F339W as well (Fig. 14). A pH-dependent Li*/Na*-
induced conformational change is also observed at the N-term-
inal portion of helix IX where W258 is located (23, 28).

Why is a pH-dependent, Li*/Nat-induced conformational
change observed with single Trp/F339W without a H*-induced
conformational change? The X-ray structure of NhaA obtained
from crystals prepared at pH 4.0 (2, 9) and results presented here
provide the following working hypothesis (Fig. 4). In the X-ray
structure, only Asp164, a major component of the cation-binding
site, is exposed to the cytoplasmic funnel, whereas Asp163, an-
other major component, is occluded (Fig. 44; ref. 9). Further-
more, structure-based computation shows that Asp163, Aspl164,
and Aspl33 in the binding site have a pK, above 11 (21) and
therefore remain protonated at physiological pH unless a confor-
mational change (most likely pH induced) exposes the binding
site and reduces the pK, so that Li* /Na* can now compete with
the H" and induce a conformational change directly related to
catalytic activity. Taken together, by using site-directed Trp fluor-
escence, we revealed two conformational changes in NhaA: Step
one revealed at F136W and W258— H™ binds to a site different
from the active site and elicits a conformational change to acti-
vate NhaA by exposing the two aspartates (D163 and D164) to
the cytoplasmic funnel and possibly also reducing their pK, so
that they now ionize at physiological pH (Fig. 4 4 and B). Step
two monitored at F339W and W258—Li" /Na* binds to the ac-
tive site and releases the H* from the active site (Fig. 4 C and D).
Notably, because the crystal structure shows that the active site is
within a delicately electrostatically balanced environment (9),
entrance of Na® or Lit can also drastically change the pK, of

Fig. 4. Schematic working model of NhaA in the inactive, pH-activated, and
active ion-translocating states. See text.
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the carboxyls. Following Na* /Li* binding, translocation of the
cation takes place according to the alternating access mechanism
as has recently been shown (23) (Fig. 4 B-E).

Notably, the identical pH dependence of the pH-induced and
the ligand-induced conformational changes (Fig. 2 4 and B)
ensures that a pH signal, of a similar magnitude, elicits both con-
formational changes. Finally, we suggest that the conformational
changes are likely sequential—the pH-induced conformational
change activates NhaA and therefore precedes the ligand-
induced conformational change which reflects the antiport activ-
ity of NhaA.

Materials and Methods

Bacterial Strains and Culture Conditions. EP432 (melBLid, AnhaA1::kan,
AnhaB1::cat, AlacZY, thr1) is an Escherichia coli K-12 derivative. TA16 is
nhaA*nhaB*/acI® (TA15/acl?) and otherwise isogenic to EP432 (6). Cells were
grown in modified L broth (LBK) (1). Antibiotics were 100 pg/mL ampicillin
and/or 50 pg/mL kanamycin. To test the resistance to Li™ and Na*, EP432 cells
transformed with the respective plasmids were grown on LBK to ODgq, of 0.5.
Samples (5 pL) of serial 10-fold dilutions of the cultures were spotted onto
agar plates containing the indicated concentrations of NaCl or LiCl at the
various pH values and incubated for 2 d.

Plasmids. Plasmid pAXH (previously called pYG10), a pET20b (Novagen) deri-
vative encodes His-tagged NhaA (29). A derivative of pAXH, pAXH2, lacks
Bglll site at position 3382 (30). A derivative of pAXH2, pAXH3, contains BstXI|
silent site at position 248 in nhaA. All plasmids carrying mutations are desig-
nated by the name of the plasmid followed by the mutation.

Mutagenesis. Site-directed mutagenesis was conducted following a polymer-
ase chain-reaction-based protocol (31). To construct Trp-less NhaA, Trp were
stepwise replaced by Phe (Table S1). The mutants, pAXH3-W62C and pAXH3-
W258C were constructed by insertion of EcoRI-Bglll fragment of pCL-AXH3-
W62C (15) and Bstxl-Xcml fragment of pCL-AXH3-W258C (16) into pAXH3.
The pAXH3-W62C-W258C was constructed by insertion of Bglll -Xcml frag-
ment of plasmid pAXH3-W258C into pAXH3-W62C. The plasmids p-single-
Trp/F136W/D 164N, p-single-Trp/W258/D 164N, and p-single-Trp/F339W/D 164N
were constructed by introduction of D164N mutation into p-single-Trp/
F136W, p-single-Trp/W258, and p-single-Trp/F339W. All mutations were ver-
ified by DNA sequencing of the entire gene, through the ligation junction
with the vector plasmid.

Isolation of Membrane Vesicles, Assay of Na* /H" Antiporter Activity. EP432
cells transformed with the respective plasmids were grown in LBK and
everted vesicles were prepared and used to determine the Na®/H™ or
Lit/HT antiporter activity using acridine orange (32).

Detection, Quantitation in the Membrane, and Purification of NhaA Variants.
Total membrane protein and the level of His-tagged NhaA variants in the
membrane were determined as described (29, 33). NhaA protein variants
were affinity purified (Ni?*-nitrilotriacetate-agarose, Qiagen) as previously
described (16), but the protein was eluted in a buffer containing 300 mM
imidazole (pH 7.9), 500 mM choline chloride, 20 mM Tris/Cl (pH 7.9),
0.015% n-DDM, and 10% sucrose, and dialyzed overnight at 4°C in acid
elution buffer (29) with 10% sucrose.

Fluorescence Measurements. The reaction mixture (800 pL) contained very low
Na™ (1-2 uM) as determined by atomic absorption, 20 mM 1,3-bis[tris(hydro-
xymethyl)methylamino]propane, 150 mM choline chloride, 5 mM MgCl,,
10% sucrose, and 0.015% DDM, and incubated at 25 °C with magnetic stir-
ring for 1 min. Then protein was added to yield 0.3-1.0 uM with or without
other additions, incubation continued for 1 min, and the emission spectra
were measured. For changing the pH in the reaction mixture, different
amounts of 3.8 M Tris or 3.7% HCl were added.

Steady-state fluorescence was monitored in a Perkin EImer LS45 Lumines-
cence Spectrometer. Tryptophan emission spectra were recorded with an
excitation wavelength of 290 or 295 nm as indicated. Time-dependent traces
were recorded with excitation at 295 nm and emission wavelengths at
338-342 nm.
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