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The Unwound Portion Dividing Helix IV of NhaA Undergoes a
Conformational Change at Physiological pH and Lines the Cation

Passage

Abraham Rimon, Lena Kozachkov-Magrisso, and Etana Padan*

Department of Biological Chemistry, Alexander Silberman Institute of Life Sciences, Hebrew University, 91904 Jerusalem, Israel

ABSTRACT: pH and Na* homeostasis in all cells requires Na*/H" antiporters. The crystal structure
of NhaA, the main antiporter of Escherichia coli, has provided general insights into antiporter
mechanisms and their pH regulation. Functional studies of NhaA in the membrane have yielded
valuable information regarding its functionality in situ at physiological pH. Here, we Cys-scanned the
discontinuous transmembrane segment (TM) IV (helices IVp and IVc connected by an extended
chain) of NhaA to explore its functionality at physiological pH. We then tested the accessibility of the
Cys replacements to the positively charged SH reagent [2-(trimethylammonium)ethyl]
methanethiosulfonate bromide (MTSET) and the negatively charged 2-sulfonatoethyl methanethio-
sulfonate (MTSES) in intact cells at pH 8.5 and 6.5 and in parallel tested their accessibility to
MTSET in high-pressure membranes at both pH values. We found that the outer membrane of E. coli
TA16 acts as a partially permeable barrier to MTSET. Overcoming this technical problem, we
revealed that (a) Cys replacement of the most conserved residues of TM IV strongly increases the
apparent K, of NhaA to both Na* and Li*, (b) the cationic passage of NhaA at physiological pH is
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lined by the most conserved and functionally important residues of TM IV, and (c) a pH shift from 6.5 to 8.5 induces
conformational changes in helix IVp and in the extended chain at physiological pH.

Living cells are critically dependent on processes that
regulate intracellular pH, Na* content, and volume. Na*/
H" antiporters play a primary role in these homeostatic
mechanisms (recently reviewed in refs 1—3). They are found in
the cytoplasmic and organellar membranes of cells of many
different origins, including plants, animals, and microorganisms.
Moreover, they have long been human drug targets.*

NhaA, the principal Na*/H" antiporter in Escherichia coli, is
indispensable for adapting to high salinity, challenging Li*
toxicity, and growing at alkaline pH (in the presence of
Na*).>* It is widely spread in enterobacteria’ and has orthologs
throughout the biological kingdoms, including humans.®

Several biochemical characteristics of NhaA underpin its
physiological roles: very high turnover,” electrogenicity with a
2:1 H":Na" stoichiometry’ and strong pH dependence,’ a
property it shares with other prokaryotic*” and eukaryotic Na*/
H* antiporters (reviewed in refs 4 and 9—13).

The recently determined crystal structure of downregulated
NhaA crystallized at acidic pH'* has provided the first structural
insights into the antiport mechanism and pH regulation of a
Na*/H* antiporter.’ NhaA consists of 12 transmembrane
helices with their N- and C-termini on the cytoplasmic side of
the membrane. A cytoplasmic funnel, lined by transmembrane
segments (TMs) II, IX, IVc, and V, opens to the cytoplasm and
ends in the middle of the membrane at the putative ion-binding
site, where D164 of helix V is located'* (Figure la); a
periplasmic funnel, lined by TMs 1II, VIII, and XIp, opens into
the periplasm and is separated from the cytoplasmic funnel by a
group of densely packed hydrophobic residues.
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The structure revealed a new fold in which TMs III, IV, and
V are topologically inverted with respect to TMs X, XI, and XII.
In each repeat, one TM (IV and X, respectively) is interrupted
by an extended chain in the middle of the membrane, leaving
two short helices (IVc with IVp and XIc with XIp, respectively)
oriented to the cytoplasm (c) or periplasm (p). This
noncanonical TM assembly creates a delicately balanced
electrostatic environment in the middle of the membrane at
the ion-binding site(s), which likely plays a critical role in the
cation exchange activity of the antiporter.”'*

Structures of other bacterial ion-coupled secondary trans-
porters, which share little or no sequence homology, have since
been determined. Remarkably, their structural fold also includes
inverted topological repeats containing interrupted helices with
functional implications similar to those for NhaA (reviewed in
refs 15—17). Recently, the structure of a bacterial homologue of
the bile acid sodium symporter, ASBT, was determined at 2.2 A
resolution. The overall architecture of this protein was very
similar to that of NhaA, despite their lack of detectable
sequence homology.'® These proteins present the only two
examples of interrupted helices crossing each other. The
sodium-binding site near this crossing was identified in the
ASBT homologue and predicted for NhaA,'® in line with
previous suggestions.14

Finally, the NhaA structure revealed its organization into two
functional regions: (a) a cluster of amino acyl side chains that
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Figure 1. Architecture of TM IV and the cation funnels (cytoplasmic and periplasmic) in the crystal structure of NhaA at pH 4. (a) Crystal structure
of helices comprising the cytoplasmic (TMs II, IVc, V, and IX) and periplasmic (TMs 11, VIII, and XIp) funnels (black dashed lines) of NhaA and
the TM assembly (TMs IV and IX) (colored as in panel b) shown in ribbon representation viewed parallel to the membrane (gray dashed lines). (b)
TM 1V is shown colored according to its evolutionary conservation using Consurf (http://consurf.tau.ac.il/). The color-coding bar indicates the
degree of residue variability (from 1 for most variable to 9 for most conserved). The residues on TM IV that replaced Cys are labeled in black and
shown in ball-and-stick configuration. Cys replacements affecting the apparent K, for Na" and Li" are denoted with red arrowheads. The figures were

generated using PyMOL (http://pymol.sourceforge.net/).

are involved in pH regulation, termed “pH sensor” (residues on
loops VIII and IX and TMs IX, IVc, and II), and (b) a catalytic
region containing the ion-binding sites (residues on TMs IV
and V) that is ~9 A from the pH sensor. A unique role has
been ascribed to D133 of TM IV in NhaA’s pH response.'”
The structure of the acid-locked downregulated conforma-
tion of NhaA has thus revealed that TM IV is part of a most
unique fold of NhaA that lines the cytoplasmic funnel and
contributes to the active site; residues on TM IV have been
predicted to participate in the functionality and pH regulation
of NhaA. However, the structure was determined at pH 4 when
NhaA was downregulated;'* NhaA is activated at pH 6.5 and
reaches maximal activity at pH 8.5.” As a result, the structure of
the active conformation(s), the process(es) leading to it, and
the residues participating in it have remained elusive. Hence, we
undertook a study of TM IV, which is both structural and
functional, in the membrane when NhaA is active, ie., at
physiological pH. Our results reveal amino acid residues in TM
IV participating in the cation passage and pH regulation of
NhaA, and a pH-induced conformational change in TM IV.

B MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. EP432 is an E.
coli K-12 derivative, which is melBLid, AnhaAl::kan,
AnhaBl::cat, AlacZY, thrl.> TA16 is nhaA*nhaB*lacl® and
otherwise isogenic to EP432.” Cells were grown in either L
broth (LB) or modified L broth (LBK*°). Where indicated, the
medium was buffered with 60 mM 1,3-bis{tris(hydroxymethyl)-
methylamino }propane (BTP). For plates, 1.5% agar was used.
For induction, the cells were also grown in minimal medium
A*" without sodium citrate and with 0.5% (w/v) glycerol,
0.01% (w/v) MgSO,7H,0, and 2.5 pg/mL thiamine. The
antibiotic used was 100 pg/mL ampicillin or S0 pg/mL
kanamycin. To test the resistance to Li* and Na*, EP432 cells
transformed with the respective plasmids were grown on LBK
to an ODgy, of 0.5. Samples (2 uL) of serial 10-fold dilutions of

the cultures were spotted onto agar plates containing the
indicated concentrations of NaCl or LiCl at the various pHs
and incubated for 48 h at 37 °C.

Plasmid. pCL-AXH3 is a derivative of pCL-AXH2>* and
contains a silent BstXI site at position 248 in nhaA.

Site-Directed Mutagenesis. Site-directed mutagenesis was
conducted following a polymerase chain reaction-based
protocol®® or mediated by Dpnl.>* The mutations were created
using plasmid pCL-AXH3 as the template. Mutants A118C and
S246C were constructed as described in ref 25 and mutant
H225C as described in ref 26. All mutations were verified by
DNA sequencing of the entire gene through the ligation
junction with the vector plasmid.

Isolation of Everted Membrane Vesicles and Assay of
Na*/H* Antiporter Activity. Everted vesicles from EP432
cells transformed with the respective plasmids were prepared as
previously described””?® and used to determine Na*/H* or
Li*/H" antiporter activity.””*® The antiporter activity assay was
based on the measurement of Na'- or Li*-induced changes in
the ApH as measured by acridine orange, a fluorescent probe of
ApH. The fluorescence assay was performed in a 2.5 mL
reaction mixture containing 50—100 yg of membrane protein,
0.5 uM acridine orange, 150 mM KCl, 50 mM BTP, and 5 mM
MgCl,, and the pH was titrated with HCIl. After energization
with D-lactate (2 mM), fluorescence was quenched to achieve a
steady state, and then 10 mM Na* or Li* was added. A reversal
of the fluorescence level (dequenching) indicates that protons
are exiting the vesicles during antiport with either Na* or Li".
As shown previously, the end level of dequenching is a good
estimate of antiporter activity,29 and the ion concentration that
gives half-maximal dequenching is a good estimate of the
apparent K, of the antiporter.”** The concentration range of
the tested cations was 0.01—100 mM at the indicated pHs, and
the apparent K, values were calculated by linear regression of a
Lineweaver—Burk plot.
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Table 1. Single-Cys Replacements in TM IV of NhaA®

activity (maximal

growth® dequenching %)< apparent K, (mM)*

mutation expression (% of WT)? Na* (7) Na* (8.3) Li* (7) Na* Li* Na* Li*
T122C 98 +++ +++ +++ 83 82 0.44 0.06
R123C 95 +++ - +++ ND ND ND ND
E124C 94 +++ +++ +++ ND ND ND ND
G125¢ 30 - - - 16 74 12 0.56
W126C 98 +++ +++ +++ 86 83 0.32 0.04
Al127CE 92 +++ +++ +++ 88 85 0.24 0.02
1128C 90 +++ ++ +++ 75 75 0.58 0.13
P129C# 99 +++ +++ +++ 98 94 0.40 0.03
A130C 95 +++ +++ +++ 97 94 0.50 0.03
Al131C 81 +++ +++ +++ 85 83 0.43 0.07
T132CE 95 +++ +++ +++ 62 82 12.40 0.70
D133C#® 40 +++ +++ +++ 62 68 3.60 1.24
1134C 100 +++ +++ +++ 78 80 0.80 0.07
A135C ND ND ND ND ND ND ND ND
F136C" 100 ++ - - 1 0 102 ND
A137¢ 100 - ot T 41 79 7.20 0.8
L138C 118 +++ +++ +++ 90 90 0.11 0.03
G139C 83 +++ + +++ 73 80 0.77 0.39
V140C S0 +++ +++ +++ 83 73 0.38 0.80
L141C ND ND ND ND ND ND ND ND
Al42C 76 +++ +++ +++ 90 90 0.17 0.04
pCL-AXH3 (control) 100 e+ +++ +++ 98 94 0.19 0.02

pBR322 (negative control)

“For characterization of the mutations, EP432 cells transformed with the plasmids carrying the indicated mutations were used. “Expression level
expressed as a percentage of that of control cells (EP432/pCL-AXH3) expressing CL-NhaA. “Growth experiments were conducted at 37 °C on LB-
modified agar plates containing 0.6 M NaCl at pH 7 or 8.3 or 0.1 M LiCl at pH 7: +++, number and size of the colonies after incubation of the
control for 48 h; ++, same number of colonies as the control but smaller in size; +, both size and number of colonies reduced compared to those of
controls; —, no growth. ¥Na*/H* and Li*/H" antiporter activity at pH 8.5 determined with 10 mM NaCl or LiCl. Activity expressed as the
percentage of dequenching. EP432/pBR322 served as a negative control. “The apparent K, for the ions was determined at pH 8.5, as described in
Materials and Methods. /Data taken from ref 34. $Data taken from ref 22.

Isolation of High-Pressure Membranes. TA16 cells
transformed with the NhaA Cys replacement variants were
grown and induced and their membranes isolated in a French
press as for isolation of the everted membrane vesicles,””*®
except that the pressure for cell breakage was higher (20000
psi).

Detection and Quantitation of NhaA and Its Mutated
Derivatives in the Membrane. The total membrane protein
was determined according to the method described by
Bradford.>* We determined the expression level of His-tagged
NhaA mutants by resolving the Ni-NTA-purified proteins by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS—PAGE), staining the gels with Coomassie blue, and
quantifying the band densities with Image Gauge (Fuji).”>

Accessibility to Membrane-Impermeant Sulfhydryl
Reagents MTSES and MTSET in Intact Cells. TA16 cells
transformed with the plasmids expressing the respective
variants were grown in minimal medium A to an ODgy, of
0.7 and induced by addition of 0.5 mM isopropyl thiogalacto-
side (IPTG) for 2 h (to an ODgy, of 1.1). Then the cells were
washed and concentrated 10 times in 1 mL of KP; buffer
containing 100 mM potassium phosphate and 5 mM MgSO, at
the indicated pHs and incubated for 30 min with 10 mM
sulthydryl (SH) reagent at 23 °C while being shaken slightly
(450 rpm). The reaction was stopped by rapid centrifugation
(10000g), and the mixture was diluted in 40 mL of KP; buffer at
the respective pHs and recentrifuged. The cells were washed
twice, resuspended in 1 mL of KP; buffer, and sonicated (three
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times for 10 s each at 4 °C, Vebra Cell model VCX 750).
Unbroken cells were removed by centrifugation (10000g) and
the membranes collected by centrifugation (Beckman, TLA
100.4, 265000g for 30 min at 4 °C); the membranes were then
resuspended in 0.5 mL of TSC buffer [10 mM Tris (pH 7.5),
250 mM sucrose, and 140 mM choline chloride]. The protein
was extracted and affinity-purified on Ni**-NTA (Qiagen) and
left bound on the beads. The beads were washed twice in
binding buffer’® at pH 7.4, washed in 500 L of SDS—urea
buffer [6 M urea, 20 mM Tris (pH 7.5), 2% (w/v) SDS, and
500 mM NaCl], resuspended in 100 yL of SDS—urea buffer
containing 0.5 mM fluorescein S-maleimide (Molecular
Probes), further incubated for 30 min at 23 °C, and washed
in SDS—urea buffer to determine the amount of free Cys
remaining after treatment with 2-sulfonatoethyl methanethio-
sulfonate (MTSES) or [2-(trimethylammonium)ethyl] meth-
anethiosulfonate bromide (MTSET). Then the beads were
washed with 1 mL of SDS—urea buffer, and the protein was
eluted in sample buffer containing 300 mM imidazole (without
reducing agent) and separated by SDS—PAGE. For the
evaluation of fluorescence intensity, the gels were photo-
graphed under UV light (260 nm) as described previously.*> To
quantify the amount of protein, the gels were stained with
Coomassie blue and the density of the bands was determined.
After normalization of the fluorescence intensity to the amount
of protein in the band, the accessibility to MTSES or MTSET
was determined from the difference in the fluorescence of the
reagent-treated versus untreated samples (100% fluorescence =
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0% accessibility”®). The standard deviation was between 5 and
10%.

MTSET Accessibility Test with High-Pressure Mem-
branes. The frozen stored membranes were washed in a
reaction mixture containing 150 mM choline chloride, S0 mM
BTP, and S mM MgCl, (pH 6.5 or 8.5) and resuspended,
yielding 1 mg of membrane protein in 0.5 mL of the reaction
mixture. Following addition of MTSET, the reaction mixture
was sonicated (Sonics Vibra Cell, 750 W from Sonic-
s&Materials) twice for 20 s each time, incubated, and processed
as described above for intact cells.

B RESULTS

The crystal structure of NhaA at pH 4'* shows the
noncanonical structure of TM 1V; it is divided by an extended
chain into two small helices: IVp and IVc (panels a and b of
Figure 1, respectively). The N-terminus of helix IVp (I121)
connects loops III and IV in the periplasm so that like the loop,
helix stretch 1121—E124 is located in the periplasm. The rest of
helix IVp (G125—A131) is packed inside the NhaA molecule
along the periplasmic funnel and is connected by its C-terminus
(A131) to an extended chain (T132 and D133). The extended
chain connects helix IVc (1134—L143) that lines the
cytoplasmic funnel. The cytoplasmic end of TM IV (L141—
L143) connects loops IV and V. We studied the structure—
function relationships in TM IV.

Construction of Cys-Replacement Mutations in TM IV.
To search for functionally important residues on TM IV, each
of its amino acids was replaced with Cys in Cys-less NhaA (CL-
NhaA in plasmid pCL-AXH3), a variant that is as strongly
expressed and active as native NhaA.>* NhaA mutations
G125C, F136C, A137C, P129C, T132C, and D133C, which
had been previously isolated on a different plasmid,”* were
transferred to pCL-AXH3 to avoid effects of different vector
plasmids.

Cys-Replacement Mutants of TM IV, Expression in the
Membrane, and Growth Phenotypes. To characterize the
NhaA variants with respect to expression, growth, and
antiporter activity (Table 1), the mutated plasmids were
transformed into EP432,° an E. coli strain that lacks the two
Na*-specific antiporters (NhaA and NhaB). This strain does
not grow on selective media (0.6 M NaCl at pH 7 or 8.3 or 0.1
M LiCl at pH 7.0), nor does it exhibit Na*/H"* antiporter
activity in isolated everted membrane vesicles, unless it is
transformed with a plasmid encoding an active antiporter
(reviewed in ref 2).

All variants were significantly (>30%) expressed as compared
to the expression level of the wild type [100% (Table 1)].
Notably, because all variants were expressed from multicopy
plasmids, even the low level of expression was far above the
level expressed from a single chromosomal gene that confers a
Na*-resistance phenotype. 3

Most variants grew like the wild type on the selective agar
plates (Table 1). Variants R123C, G125C, I128C, and G139C
grew like the wild type on the NaCl and LiCl selective media at
neutral pH, but on the NaCl selective medium at alkaline pH,
variant G139C grew slowly and R123C and G125C did not
grow (Table 1). Variant F136C grew slowly and then only on
the NaCl selective medium at neutral pH.

Effect of Cys-Replacement Mutations in TM IV on
Na*/H* and Li*/H" Antiporter Activity. Cys replacements
G125C, T132C, D133C, F136C, and A137C have previously
been found to be important for NhaA ion-exchange activity,
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and variant G125C showed an additional effect on pH
regulation (Table 1 and refs 22 and 34). These Cys
replacements were further studied here.

The variants’ Na*/H* and Li*/H" antiport activities were
measured in everted membrane vesicles isolated from EP432
transformed with plasmid pCL-AXH3 encoding the respective
variants. The activity was estimated from the change caused by
either Na* or Li* to the ApH maintained across the membrane,
as measured by acridine orange, a fluorescent probe of ApH.
EP432 transformed with plasmid pCL-AXH3 encoding CL-
NhaA or vector plasmid pBR322 served as a positive or
negative control, respectively (Figure 2 and Table 1). The
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-@-w126C
—A-1128C

- -A131C

-O-G139C
—/\-Vv140C

—— CL-NhaA

A 100-

o]
o
1

8

60

% of dequenching

8.0
pH

8.5 9.0

Figure 2. Na*/H" antiporter activity in everted membrane vesicles of
Cys replacements in NhaA TM IV. Everted membrane vesicles were
prepared from EP432 cells expressing the indicated NhaA variants and
grown in LBK (pH 7). The Na*/H" and Li*/H" antiporter activities
were determined in the presence of (A) 10 mM NaCl or (B) 10 mM
LiCl at the indicated pH values, using acridine orange fluorescence to
monitor ApH. Results are expressed as the percent dequenching of the
fluorescence due to cation addition. All experiments were repeated at
least three times with nearly identical results.

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 (Table 1 and data not shown). Many Cys
replacements showed several-fold increases in the apparent K,
for Na* and Li*: G125C, 63- and 28-fold; 1128C, 3- and 6.5-
fold; T132C, 65- and 35-fold; D133C, 18- and 62-fold; F136C,
536-fold (for Na*); A137C, 37- and 40-fold; G139C, 4- and 20-
fold; V140C, 2- and 40-fold. These results explain the slower
growth or the lack of growth of several variants under selective
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conditions with respect to Na* and Li* (G125C, 1128C, F136C,
and G139C in Table 1). However, the growth phenotype
cannot always be explained on the basis of the K, (variant
I132C is an example). The mutation might affect other
unknown parameters.

We have previously shown that when measured at
saturating concentrations of Na*, NhaA variants with mutations
that affect the apparent K, but not the pH dependence show a
pH dependence very similar to that of the wild type at a
saturating concentration of the substrate. In contrast, variants
with mutations that affect both the apparent K, and the pH
dependence of the antiporter retain the abnormal pH
dependence, even at saturating ion concentrations. We
therefore measured the effect of Na* concentration (10 mM
vs 100 mM) on the pH dependence of the variants’ activity.
Most variants (Figure 2A), including T132C and D133C,*>*
were of the first type. Two variants in helix IVc showed an
effect on pH regulation, G125C** in the presence of Na* and
A131C, which was tested here in the presence of 10 mM Li*
(Figure 2B) and 100 mM Li* (data not shown) with identical
results.

MTSET Accessibility Test with the Cys-Replacement
Variants in TM IV at pH 8.5 and 6.5 in Intact Cells (from
the periplasmic side of the membrane). To determine
whether TM IV residues line the cation passage at physiological
pH, we tested the accessibility of the Cys replacements to the
SH reagents MTSET and MTSES at pH 8.5, when NhaA is
fully active, or at pH 6.5, when NhaA is downregulated.” These
SH reagents are water-soluble, membrane-impermeant, and
positively and negatively charged, respectively,*>*® and have a
diameter quite similar to that of hydrated Na* (7.2 A); MTSET
is ~11.5 A long and 6 A wide. As a result, MTSET and MTSES
can reach the Cys replacements exposed directly to the reaction
medium or via water-filled funnels in the protein connected to
the reaction medium.

The accessibility of the TM IV Cys replacements to MTSET
(Figure 3) or MTSES (Figure 4) was first tested in intact cells
(from the periplasmic side of the membrane). The procedures
were identical with both reagents (see Materials and Methods)
and are reiterated briefly here for the MTSET treatment. Intact
cells were incubated with MTSET at pH 8.5 or 6.5. Then NhaA
was affinity-purified on Ni**-NTA beads, left bound to the
beads, denatured, and treated with fluorescein maleimide, a
fluorescent SH reagent. This reagent has previously been
shown to bind any free Cys in purified NhaA protein and not to
bind to CL-NhaA.*® The proteins of the MTSET-treated
samples at pH 8.5 or 6.5 were separated by SDS—PAGE. The
level of fluorescence (Figure 3A, top panel) and the amount of
protein on the gels (Figure 3A, bottom panel) were monitored
in the MTSET-treated samples at pH 8.5 (Figure 3A, lane c) or
pH 6.5 (Figure 3A, lane b). The fluorescence intensity was
normalized to the amount of the respective protein. For each
variant, an untreated control was processed in parallel (Figure
3, lane a), and its fluorescence level was set at 100% (0%
accessibility) to allow expression of MTSET accessibility in
percent (Figure 3B). We scored >10% accessibility as
positive.”> Variant H225C,*>*” located at the periplasmic end
of TM VIII (Figure 3A), and variant A118C,> located in the
III-1IV loop (data not shown), served as positive controls.

The crystal structure at pH 4'* shows that residues T122C—
E124C at the periplasmic end of helix IVp protrude into the
periplasm (Figures 1 and 3C). In line with the crystal structure,
the test of MTSET accessibility at pH 8.5 (Figure 34, lane c,

22,34
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Figure 3. Accessibility of Cys replacements in TM IV to MTSET in
intact cells at pH 6.5 and 8.5. Intact cells expressing the Cys-
replacement mutants in TM IV of Cys-less NhaA were incubated with
MTSET at pH 6.5 and 8.5. Proteins were purified by Ni**-NTA
affinity chromatography and labeled on the beads with fluorescein
maleimide to estimate the percentage of free Cys remaining. (A)
Eluted proteins were resolved by SDS—PAGE, and the fluorescence
level was monitored and photographed under UV light (top). The gel
was stained with Coomassie blue and photographed under ordinary
light to assess the protein concentration (bottom). Three samples
were run for each variant: (a) nontreated control, (b) MTSET-treated
sample at pH 6.5, and (c) MTSET-treated sample at pH 8.5. (B)
Fluorescence intensity normalized to the respective protein concen-
tration and expressed as percent fluorescence intensity of the untreated
control. Accessibility to MTSET = 100% — % fluorescence intensity of
the treated sample. The standard deviation was between S and 10%.
Triangles denote Cys replacements that were not studied. (C) Crystal
structure of TM IV shown as in Figure 1b. Arrows indicate the
residues with Cys replacements that are accessible to MTSET in both
intact cells and high-pressure membranes (Figure S).

and Figure 3B) showed that these Cys replacements are
accessible to MTSET from the periplasmic side of the
membrane in intact cells at pH 8.5. However, the closer the
residue to the membrane, the lower the MTSET accessibility;
i.e., T122C was 88% accessible and R123C 55% accessible,
whereas E124C at the membrane border was only slightly
(25%) accessible and G125C, located in the membrane
interface, barely (15%) accessible (Figure 3B). Surprisingly,
the results of the accessibility test of TM IV with MTSET in
intact cells at pH 6.5 were very different (Figure 3A, lane b, and
Figure 3B). An acidic pH dramatically increased the
accessibility of MTSET to residues T122C—G125C, and the
reduction in accessibility with a decreased distance from the
membrane seen at pH 8.5 disappeared at pH 6.5.

According to the crystal structure at pH 4,'* the remaining
stretch of a-helix IVp (W126C—A131C) is in the membrane
and comprises ~1.5 helical turns (Figures 1 and 3C). In line
with the crystal structure, the MTSET accessibility test at pH
8.5 showed two peaks of accessibility, ~1.5 helix turns apart
(Figure 3B); the MTSET accessibility increased at W126C
(48%), decreased at A127C (14%), and then increased again at
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Figure 4. Accessibility of Cys replacements in TM IV to MTSES in
intact cells at pH 6.5 and 8.5. Intact cells expressing the indicated
variant were incubated with MTSES at different pH values (6.5 and
8.5) and processed as described in the legend of Figure 3. Triangles
denote Cys replacements that were not studied. Three samples were
run for each variant: (a) nontreated control, (b) MTSET-treated
sample at pH 6.5, and (c) MTSET-treated sample at pH 8.5.

In summary, there was a major difference between the
accessibility of MTSET and MTSES to Cys replacements of
TM IV. MTSET penetrated deeper into the NhaA molecule in
intact cells than MTSES (compare Figures 3B and 4B).
Furthermore, an acidic pH increased the accessibility of
residues at helix IVp (Figures 3B and 4B), but an alkaline
pH dramatically increased the accessibility at the extended
chain.

MTSET Accessibility Test with the Cys-Replacement
Variants of TM IV in High-Pressure Membranes (from
both sides of the membrane). The results of the MTSET
versus MTSES accessibility test in intact cells were most
surprising, mainly the opposite effect of pH on the accessibility
of residues in helix IVp and in the extended chain (Figures 3B
and 4B). We therefore considered the possibility that the outer
membrane is a permeability barrier to MTSET and MTSES,
which is more pronounced at alkaline pH than at acidic pH in
intact cells. We tested the accessibility of Cys replacements in
TM IV to MTSET in membrane vesicles isolated at high
pressure and sonicated in the presence of MTSET before
incubation with MTSET (Figure S). This membrane fraction
(termed high-pressure membranes) is devoid of outer
membrane and periplasm and includes a mixture of right-
side-out and inside-out vesicles of the cytoplasmic membrane.
Hence, reagents that are soluble in the medium can access each
TM IV Cys replacement exposed to the reaction medium.

A

T122C R123C E124C G125C W126C A127C 1128C  P129C A130C
ab cabc ab cabcabc abcabc abcabc

1128C (60%), followed by insignificant accessibility (<5%) at
P129C—A131C, the C-terminus of helix IVp. The accessibility
test at acidic pH for residues W126C—A131C showed the same
pattern of accessibility as at alkaline pH, but the percentage of
accessibility of Cys replacements A127C—A131C was markedly
reduced (Figure 3B).

The extended chain connecting helix IVp to helix IVc lines
the bottom of the cytoplasmic funnel and is separated from the
periplasmic funnel by a hydrophobic barrier, according to the
pH 4 crystal structure'® (Figures 1 and 3C). A dramatic
increase in MTSET accessibility was observed at pH 8.5 at the
extended chain and the N-terminus of helix IVc (T132C—
1134C): T132C (30%), D133C (88%), and 1134C (35%). In
marked contrast, at pH 6.5, the accessibility of MTSET to
T132C—D133C almost totally disappeared (Figure 3B).

Finally, as predicted by the pH 4 crystal structure'* (Figure
3C), most residues of helix IVc (A135C—A142C), which line
the cytoplasmic funnel, were completely inaccessible to
MTSET in intact cells (from the periplasmic side of the
membrane) at both pH 8.5 and 6.5 (Figure 3B).

MTSES Accessibility Test with the Cys-Replacement
Variants in TM IV at pH 8.5 and 6.5 in Intact Cells. In
general, the pattern of accessibility of MTSES to Cys
replacements T122C—P129C in NhaA TM IVp in intact cells
was similar to that of MTSET, at pH 6.5 and 8.5 (panels A and
B of Figures 4 and 3, respectively), but the percentage of
MTSES accessibility was higher than that of MTSET. Beyond
P129C, none of the Cys replacements, including the extended
chain and helix IVc, showed MTSES accessibility at either pH,
except for D133C, which showed very low MTSES accessibility
(15%).
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Figure 5. Accessibility of Cys replacements in TM IV to MTSET in
high-pressure membranes at pH 6.5 and 8.5. High-pressure
membranes were isolated from cells expressing the Cys-replacement
variants and incubated with MTSET at pH 6.5 and 8.5 as described in
Materials and Methods. Then, the proteins were isolated and
processed as described in the legend of Figure 3. The standard
deviation was between S and 10%. Triangles denote Cys replacements
that were not studied. Three samples were run for each variant: (a)
nontreated control, (b) MTSET-treated sample at pH 6.5, and (c)
MTSET-treated sample at pH 8.5.

dx.doi.org/10.1021/bi301030x | Biochemistry 2012, 51, 9560—9569



Biochemistry

Indeed, once the outer membrane was removed, stretch
T122C—W126C of helix IVp, which is located in or near the
periplasm (Figure 1b), became fully accessible to MTSET
(100%) at pH 6.5 and 8.5 (Figure SA,B). These results imply
that the outer membrane serves as a permeability barrier to
MTSET, more so at alkaline pH than at acidic pH. Further
toward the cytoplasm (A127C—1134C), the pattern of
accessibility observed in the high-pressure membranes was
very similar to that observed in intact cells (compare Figures 3B
and SB), but MTSET accessibility was higher in the high-
pressure membranes because of the absence of an outer
membrane. Furthermore, both experimental systems showed
that the accessibility of MTSET to Cys replacements in this
NhaA stretch is higher at alkaline than at acidic pH (Figure S,
for example, D133C). These results strongly suggest that in
addition to the permeability of the outer membrane, MTSET
accessibility is controlled by pH. Finally, the Cys replacements
lining the cytoplasmic funnel, 1134C—V140C, which were not
at all accessible from the periplasm in intact cells at either pH,
became exposed in the high-pressure membranes and showed a
large peak at G139C, the magnitude of which was also slightly
increased at alkaline pH (Figure S). Taken together, the
MTSET accessibility test with high-pressure membranes
revealed Cys replacements in NhaA TM IV that are accessible
to the medium at physiological pH, and the strong pH
dependency of the accessibility of MTSET to several of the
residues, mainly in TM IVp and the extended chain.

B DISCUSSION

Cys scanning of the discontinuous NhaA TM IV (helices IVp
and IVc connected by an extended chain) and testing the
accessibility, in intact cells, of the Cys replacements to the
positively (MTSET) and negatively (MTSES) charged SH
reagents, at pH 8.5 and 6.5, as well as the accessibility to
MTSET in high-pressure membranes at both pHs, we learned
that the outer membrane of E. coli TA16 is a partial
permeability barrier to MTSET and revealed the following.
(a) Similar to the acidic pH crystal structure,'* the cation
passage of NhaA at physiological pH is the most evolutionarily
conserved segment of NhaA and involves cytoplasmic and
periplasmic funnels lined by helix IVc and helix IVp,
respectively. In marked contrast to the helices, the extended
chain is buried at acidic pH and exposed to the periplasm at
physiological pH. (b) Cys replacement of the most conserved
residues in the extended chain and in helices IVp and IVc
increases the apparent K, of NhaA to both Na* and Li*, and
two Cys replacements (in helix IVp) also affect NhaA’s pH
response. (c) There is a marked pH-induced conformational
change in the extended chain and helix IVp at physiological pH.

The Outer Membrane of E. coli TA16 Is a Partial
Permeability Barrier to MTSET in Intact Cells. As
exemplified by NhaA** and other transport proteins (reviewed
in ref 38), in situ functional studies of Cys replacements have
yielded important information about the expression, growth,
and membrane phenotypes of genetic variants. Furthermore,
the availability of a single Cys in CL proteins has allowed the
application of various SH reagents to probe the proteins, site-
specifically, for different properties. A test of the accessibility of
CL-NhaA Cys replacements to membrane-impermeant probes
identified locations on NhaA that are exposed to water-filled
areas. The accessibility tests conducted as a function of pH
revealed pH-induced conformational changes.** Here we
applied these approaches along with the critical controls to
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show that CL-NhaA is not affected by the reagents,”>*" the
effect of pH on the rate of chemical modification of the SH
groups is minimal,*' and all Cys replacements in the denatured
protein react with the reagents.*’ However, when using intact
cells and high-pressure membranes in parallel for the MTSET
accessibility test with Cys replacements in NhaA TM IV, we
came upon a previously unrecognized technical problem: the
outer membrane is a partial permeability barrier to MTSET,
resulting in biased accessibility information from intact cells. In
intact cells, a SH reagent that can freely permeate the outer
membrane accesses the cytoplasmic membrane only from the
periplasm and therefore identifies NhaA Cys replacements that
are located in or are facing the periplasm, or are connected to it
by water-filled funnels. In high-pressure membranes prepared in
the presence of the reagent, where the outer membrane is
removed, the orientation of the cytoplasmic membrane is a
mixture of right-side-out and inside-out membrane vesicles.
Hence, the reagent accesses and identifies NhaA Cys
replacements that are exposed either directly or indirectly to
both the cytoplasm and the periplasm. Therefore, the
accessibility of MTSET to residues located inside the periplasm
(away from the cytoplasmic membrane) should be equal in
both experimental systems.

According to the crystal structure at pH 4, such residues are
T122C—G125C of NhaA helix IVp (Figures 1 and 3B,C), and
assuming that their structure is unchanged at physiological pH,
they should show similar accessibility in both experimental
systems. However, a comparison of Figures 3B and 5B shows
that whereas the accessibility of MTSET to residues T122C—
GI125C in high-pressure membranes is equal and maximal
(100%) at both pH 6.5 and 8.5 (Figure S), the accessibility of
these residues in intact cells at pH 6.5 is slightly lower (~80%)
and at pH 8.5 only T122C is highly accessible; the accessibility
of the other Cys replacements decreases with their distance
from the membrane (Figure 3B). It is therefore highly likely
that the outer membrane of E. coli TA16 is a partial
permeability barrier to MTSET, more so at pH 8.5 than at
pH 6.5. In support of this, the level of accessibility of Cys
replacements in the rest of TM IV (G125C—A142C) in the
high-pressure membranes was higher than in intact cells
(Figure SB vs Figures 3B and 4B).

Beyond G125C on TM 1V, the results obtained with intact
cells were qualitatively equal to those obtained with high-
pressure membranes, suggesting that the permeability barrier of
the outer membrane does not limit accessibility at this TM
stretch. Therefore, the results obtained from both MTSET and
MTSES accessibility tests in intact cells complemented those
obtained with the high-pressure membranes by adding
directionality with respect to the orientation of the membrane
and the NhaA funnels as follows. (a) On the basis of the crystal
structure at pH 4, Cys replacements 1134C—A142C were
expected to be exposed to the cytoplasm but not to the
periplasm. Accordingly, no MTSET accessibility was observed
in intact cells at physiological pH, but high-pressure membranes
exposed the cytoplasmic face of NhaA, revealing the Cys
replacements that face the cytoplasm (compare Figures 3B and
SB). (b) Alkaline pH increased and acidic pH decreased the
MTSET accessibility at helix IVp and the extended chain
(compare Figures SB and 3B). As discussed above, an effect of
pH on the chemistry of the reaction was excluded by using Cys
replacements that do not change conformation with pH.*
Therefore, the pH effect likely reveals a pH-induced conforma-
tional change that alters the exposure of the Cys replacements
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to MTSET. In summary, when accessibility to a SH reagent is
tested in a membrane protein of Gram-negative bacteria, it is
important to use both high-pressure membranes and intact cells
to evaluate the data.

The Crystal Structure at pH 4 Shows That Highly
Conserved Residues of TM IV Line the Cytoplasmic
Funnel, Are Not Exposed to Any Funnel in the Extended
Chain, and Are Hardly Exposed to the Periplasmic
Funnel. Aligning the NhaA TM IV protein sequence with the
most recent available sequences of putative prokaryotic Na*/H*
antiporters (UniProt/ TrEMBL databases**) and projecting the
data (http://Consurftau.ac.il) on the pH 4 crystal structure'*
(Figures 1ab and 3C) showed that the most conserved amino
acid residues on helix IVc (L138, G139, and 1134) are located
on one face of the helix that lines the cytoplasmic funnel at pH
4 (Figure 3C). The most conserved residues of the extended
chain (T132 and D133) are located below the bottom of the
cytoplasmic funnel but are not exposed to any funnel'* (Figure
3C). Some of helix IVp’s residues that are embedded in the
hydrophobic barrier (A131, A130, and P129) were less
conserved and not exposed, but the next part of this helix
(G125 and 1128) was conserved and approached the periplasm
at pH 4" (Figure 3C). The residues at both ends of TM IV,
which approach the cytoplasm (L141-L143) or protrude into
the periplasm (I121—E124), were only slightly conserved, if at
all (Figure 3C).

Cation Passage of NhaA at Physiological pH. Because
MTSET and MTSES are water-soluble, membrane-imperme-
ant, and positively and negatively charged, respectively,>>°
they can reach the Cys replacements exposed directly to the
reaction medium or via water-filled funnels in the protein
connected to the reaction medium. Furthermore, as the
diameter of the positively charged MTSET is quite similar to
that of hydrated Na', its accessibility reflects the passage of Na*.
The accessibility of the negatively charged MTSES, which is
similar in size to MTSET, reflects the ability of a negative
charge to penetrate this route.

Projecting the MTSET accessibility values to TM IV Cys
replacements in high-pressure membranes at physiological pH
(6.5 and 8.5) (Figure S) on the pH 4 NhaA crystal structure
(Figure 3C) with the conserved residues revealed some spatial
differences in the Cys replacements compared to the crystal
structure at pH 4. As discussed above, the accessibility of
MTSET to Cys replacements in the nonconserved N-terminal
tail of helix IVp [T122C—E124C (Figures 1a and 3C)] implied
its localization in a periplasmic funnel at physiological pH
(Figure SA,B), like at pH 4. The accessibility of MTSET to Cys
replacements in the conserved part of helix IVp (G125C—
A131C) showed oscillations, as expected from the respective
helix turns in the crystal structure at pH 4'* (Figures 3C and
5). Furthermore, whereas the accessibility of MTSET to
G125C and W126C was equal at both pHs, the accessibility of
MTSET to the A127C—P129C stretch was ~2-fold higher at
alkaline pH than at acidic pH, implying a pH-induced
conformational change (Figure S and see below). Similar
results were obtained from the MTSET versus MTSES
accessibility tests of helix IVp Cys replacements in intact cells
at physiological pH, including oscillation of the accessibility and
pH-dependent accessibility peaks (Figures 3B and 4B). Taken
together, the results suggest that the periplasmic funnel is
enlarged at physiological pH in a pH-dependent fashion,
relative to its shallow depth and small size at acidic pH."*
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According to the pH 4 crystal structure, Cys replacements
A130C and A131C were expected to be embedded in the NhaA
barrier separating the cytoplasmic and periplasmic funnels (ref
14 and Figure 3C). Indeed, they were barely exposed to
MTSET at physiological pH in the high-pressure membranes
(Figure SB) or to either MTSET or MTSES in intact cells
(Figures 3B and 4B).

Remarkably, Cys replacements of the most conserved
extended chain, T132C—D133C, showed MTSET accessibility
at physiological pH in high-pressure membranes that was not
compatible with the crystal structure at pH 4: whereas the
extended chain was not exposed to any funnel in the latter
(Figure 3C), its Cys replacement D133C was 38% accessible at
pH 6.5 and 95% accessible at pH 8.5 (Figure SB), suggesting a
pH-induced conformational change (see below). Similarly, the
MTSET accessibility tests in intact cells revealed that D133C is
highly accessible to the SH reagents, in a pH-dependent
fashion, from the periplasmic funnel, with its accessibility
increasing further at alkaline pH (Figure 3B). Although MTSES
accessibility in intact cells was strongly reduced at the extended
chain, low accessibility was found for D133C at alkaline pH
(Figure 4B).

The accessibility of MTSET at physiological pH to Cys
replacements in helix IVc (1134C—L143C) (Figure 3C) in
high-pressure membranes reflected the crystal structure at pH
4. The Cys replacements of the most conserved residues
(1134C and G139C) were highly accessible to MTSET at
physiological pH (Figure SB), and the accessibility values
oscillated around these residues, reflecting the helix turns. The
residues facing the opposite side of helix IVc (A135C, F136C,
A137C, and V140C) were less conserved and less accessible
(Figure 3C). Notably, the observed pH effect on the
accessibility of MTSET to helix IVc was much smaller than
that on the extended chain and helix IVp. The MTSET versus
MTSES accessibility tests with helix IVc in intact cells at low
and high pH were in full agreement with the pH 4 crystal
structure and the results with the high-pressure membranes;
except for 1134C, which connects the extended chain to helix
IV, none of the Cys replacements were accessible from the
periplasm to either MTSET or MTSES. Therefore, the highly
conserved and MTSET-accessible residues in helix IVc are
exposed to a cytoplasmic funnel, as they are in the crystal
structure at pH 4.

Finally, a comparison of the MTSET and MTSES
accessibility results in intact cells clearly shows that the former
penetrates deeper into NhaA than the latter from the
periplasmic side of the membrane (compare Figures 3 and
4). Thus, although the outer membrane serves as a stronger
permeability barrier to MTSET than to MTSES at alkaline pH,
MTSET reacted strongly with Cys replacements T132C—
I134C at alkaline pH, whereas MTSES hardly reached D133C
at physiological pH. This difference between the negatively
charged MTSES and the positively charged MTSET might
reflect a highly negative czrtoplasrnic funnel, as observed in the
crystal structure at pH 4.

Taken together, the cation passage, at physiological pH and
pH 4, is comprised of cytoplasmic and periplasmic funnels that
are lined by mostly conserved residues. However, whereas only
small changes were observed in helix IVc of the cytoplasmic
funnel at physiological pH, large pH-induced changes were
observed at physiological pH in the extended chain and helix
IVp of the periplasmic funnel, resulting in broadening of this
funnel at physiological pH (see below). Accordingly, Cys
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replacements of the most conserved residues in helix IVp, the
extended chain, and helix IVc that line the putative cation
passage at physiological pH increased the apparent K, of the
antiporter activity to both Na* and Li* at physiological pH
(Figure 1b and Table 1).

The Extended Chain and Adjacent Helix IVp Are
Involved in a Strong pH-Induced Conformational
Change between pH 6.5 and 8.5. Our tests of the
accessibility of both MTSET and MTSES to TM IV in intact
cells (Figures 3 and 4) and of MTSET in high-pressure
membranes (Figure S) revealed that whereas helix IVc hardly
changes its conformation with pH, a large alkaline pH-induced
conformational change is observed in the extended chain and
the adjacent residues in helix IVp. In line with the pH-induced
conformational change at helix IVp, two Cys replacements
[G125C** and A131C (Figure 2B)] were found to affect the
pH response of NhaA.

Furthermore, cryo-electron microscopy of two-dimensional
crystals obtained at acidic pH and soaked at alkaline pH in the
presence and absence of Na® revealed a Na'-induced
conformational change of NhaA helix IVp.** We could not
determine the accessibility to MTSET in the absence of Na*
because most of the reagents were not Na'-free. However,
previous computational analysis of NhaA also showed that helix
IVp changes conformation with pH.**

The pronounced pH-induced conformational change re-
vealed here at the extended chain has never before been
observed. Cys replacements of the conserved residues in the
extended chain, T132C and D133C, and in its vicinity, 1134C,
become exposed to the periplasm in a pH-dependent manner.
In line with this result, we previously identified a pH-induced
conformational change at physiological pH in the N-terminal
part of helix VIc using Trp replacement F136W.*

Many results (reviewed in ref 45) have shown that Cys
replacements of residues in NhaA that change conformation
with pH also impair the pH response of the antiporter.
However, although an important role has been suggested for
D133 of the extended chain in NhaA’s pH response,” Cys
replacements of residues T132 and D133 have been shown to
strongly affect the apparent K, of NhaA without affecting its
pH response®* (Table 1). Moreover, as shown here, most other
Cys replacements in TM IV affect the apparent K, of NhaA but
not its pH response (Table 1 and Figures 1b and 2).
Interestingly, similar results were obtained with HpNhaA, a
close homologue of NhaA from Helicobacter pylori.*® Therefore,
we cannot exclude the possibility that the pH-induced change
in accessibility seen here at the extended chain is not due to its
movement but rather to a conformational change in a
neighboring helix or in another extended chain (TM XI)
nearby (Figure 1). Modeling of the open conformation of
NhaA at alkaline pH has shown alkaline pH-induced opening of
a pathway from the periplasm toward the extended chain.*’
Such an opening might account for the alkaline pH-induced
accessibility of MTSET to Cys replacement(s) in the extended
chain without being itself part of NhaA’s pH response.
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