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Much of the research on Na�/H� exchange has been done in
prokaryotic models, mainly on the NhaA Na�/H�-exchanger
from Escherichia coli (EcNhaA). Two conserved aspartate resi-
dues, Asp-163 and Asp-164, are essential for transport and are
candidates for possible binding sites for the two H� that are
exchanged for one Na� to make the overall transport process
electrogenic. More recently, a proposed mechanism of transport
for EcNhaA has suggested direct binding of one of the trans-
ported H� to the conserved Lys-300 residue, a salt bridge part-
ner of Asp-163. This contention is supported by a study report-
ing that substitution of the equivalent residue, Lys-305, of a
related Na�/H� antiporter, NapA from Thermus thermophilus,
renders the transporter electroneutral. In this work, we sought
to establish whether the Lys-300 residue and its partner Asp-163
are essential for the electrogenicity of EcNhaA. To that end, we
replaced Lys-300 with Gln, either alone or together with the
simultaneous substitution of Asp-163 with Asn, and character-
ized these transporter variants in electrophysiological experi-
ments combined with H� transport measurements and stability
analysis. We found that K300Q EcNhaA can still support elec-
trogenic Na�/H� antiport in EcNhaA, but has reduced thermal
stability. A parallel electrophysiological investigation of the
K305Q variant of TtNapA revealed that it is also electrogenic. Fur-
thermore, replacement of both salt bridge partners in the ion-bind-
ing site of EcNhaA produced an electrogenic variant (D163N/
K300Q). Our findings indicate that alternative mechanisms sustain
EcNhaA activity in the absence of canonical ion-binding residues
and that the conserved lysines confer structural stability.

Maintaining intracellular pH and sodium content are vital
processes for all the living cells. Consequently, organisms have
evolved mechanisms that strictly regulate Na� and H� concen-
trations across biological membranes. Na�/H� antiporters re-
present one of these mechanisms.

Na�/H� antiporters of the superfamily of monovalent cation
proton antiporters (CPA)6 are subdivided into two big families,
CPA1 and CPA2, and a small family of Na�-transporting car-
boxylic acid decarboxylases (1). The prototype CPA1 members
are the well-known mammalian NHEs that are mainly respon-
sible for the electroneutral extrusion of protons, in response to
intracellular acidification, by using the electrochemical Na�

gradient generated by the Na�/K�-ATPase (2). In contrast,
most representative members of the CPA2 family are bacterial
Na�/H�-exchangers that catalyze the electrogenic exchange
of intracellular Na� by H�. EcNhaA (Escherichia coli NhaA) is
the CPA2 family prototype and has been studied extensively.
EcNhaA is indispensable for pH and Na� homeostasis in E. coli
and, in contrast to NHE, utilizes the inwardly-directed electro-
chemical H� gradient generated by the inner membrane
H�-ATPases to export Na� (or Li�) (2) with a stoichiometry
1Na�:2H� (3, 4). Together with the Na�/H�-exchanger NhaB,
EcNhaA allows E. coli to grow under adverse conditions such as
high-saline and/or alkaline environments (5). Characteristic for
NhaA are its very high turnover (6) and its strongly pH-depen-
dent activity (6), a property it shares with many prokaryotic (7)
and eukaryotic Na�/H� antiporters (2, 8 –10).

Based on the crystal structure of the electrogenic Na�/H�

antiporter EcNhaA and biochemical studies, it has been sug-
gested that the lysine at position 300 plays a central role in the
function (11–13) and stability (14) of the antiporter. The latest
NhaA crystal structure (15) shows that at acidic pH Lys-300
forms a salt bridge with Asp-163, a residue that is most likely
involved in coordinating the transported Na� ion together with
Asp-164 (Fig. 1) (13, 15–17). Based on this structure, it has been
suggested that Na� binding to Asp-164 releases the first H� of
the two exchanged against Na�. The second proton was pro-
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posed to originate from the protonated Lys-300 in the Asp-163/
Lys-300 salt bridge in a “salt bridge mechanism” of transport
(14). However, replacement of Lys-300 by an arginine (13),
which is most likely not able to release its proton (18), or
replacement by an uncharged alanine residue showed still
appreciable albeit smaller transport currents (14), which is dif-
ficult to understand if a strict salt bridge mechanism is in func-
tion. In addition, the Lys-300 mutants investigated so far
showed significantly reduced structural stability (14), and it
is unclear to what extent this instability contributes to the
observed reduced functionality of the mutants.

Recent mechanistic and structural analysis of a related elec-
trogenic Na�/H� antiporter, NapA from Thermus thermophi-
lus (TtNapA), supports the critical functional role of the homo-
logous lysine residue Lys-305 that forms a salt bridge with one
of the Na�-binding aspartates, Asp-156, and possibly also
serves as a proton donor in the salt bridge mechanism. Replace-
ment of Lys-305 by a neutral alanine, polar glutamine, or by a
permanently positively charged arginine showed an apparently
electroneutral phenotype indicating that only a single H� of
Asp-157 is exchanged for one Na� (19). In addition, the muta-
tion K305Q rescued the nonfunctional D156N mutant imply-
ing that an unpaired positive charge in position 305 is lethal for
NapA function.

Because the electroneutrality of the TtNapA K305 variants is
a central point of the argument in favor of the salt bridge mech-
anism, we have performed an analysis of the analogous muta-
tions in EcNhaA, namely of K300Q EcNhaA and D163N/
K300Q EcNhaA by direct electrophysiological experiments.
This was combined with H� transport measurements and ther-
mal stability analysis. Finally, to rule out the possibility of a
significantly different transport mechanism in TtNapA com-
pared with EcNhaA, we performed a comparative electrophysi-
ological analysis of TtNapA and the corresponding K305Q and
D156N/K305Q variants.

Results

Effect of EcNhaA K300Q and D163N/K300Q mutations on the
salt resistance of E. coli

To evaluate the growth phenotype of EcNhaA K300Q under
conditions of high-salt concentrations, a salt-sensitive strain of
E. coli (EP432) that lacks the Na�/H� antiporters NhaA and
NhaB was employed (20). Only the cells transformed with a
functional antiporter able to export Na� grow in selective
media (0.6 M NaCl at pH 7/pH 8.2 or 0.1 M LiCl at pH 7.0). As
expected, the cells transformed with the WT variant grew well
under any of the three tested conditions (Fig. 2a). Bacteria
transformed with the mutant K300Q grew similarly to the WT
at pH 7, with a moderate reduction in growth when Na� was
replaced by Li�. However, growth was decreased by 3 orders of
magnitude under high-Na� conditions at pH 8.2 (Fig. 2a).

Besides replacement of Lys-300 by Gln, its partner in the salt
bridge, Asp-163, was exchanged by Asn. This additional muta-
tion did not further affect the salt-resistance phenotype ob-
served for the single mutant K300Q (Fig. 2a).

Fluorescence dequenching assay of EcNhaA in inside-out
membrane vesicles

A preliminary characterization of the transport activity medi-
ated by the EcNhaA K300Q and D163N/K300Q mutants was per-
formed using fluorescence-dequenching assays in inside-out (or
everted) membrane vesicles isolated from EP432 cells expressing
those variants. For comparison, protein expression was quantified
in the mutants relative to the WT: 40% in K300Q and 36% for
D163N/K300Q EcNhaA. Expression in D163N EcNhaA was 23%
(17).

The fluorescent dye acridine orange was used as a probe of
the transmembrane H� gradient. Energization of the E. coli
respiratory chain with Tris/D-lactate causing acidification of
the vesicles is observed as quenching of the fluorescence
(21). If the membrane contains a functional Na�/H�-ex-
changer, addition of Na� or Li� to the outside of the vesicles
triggers Na�(Li�)/H� antiport, which is observed as fluores-
cence dequenching (22).

Insertion of the single mutation K300Q reduced the Na�/H�

antiport activity to �40% of the WT at pH 8.5 (Fig. 2, c and d).
However, considering that expression of the mutant was only
�1/3 of WT, we have to conclude that in this assay the K300Q
EcNhaA variant was as active as the WT. The same effect was
observed for the double mutant D163N/K300Q. Once it was
established that both variants were active, their substrate
affinities were determined. It was found that both mutations
remarkably affected the Li� Km (Km

Li�). The Km values for
K300Q (1.1 � 0.3 mM) and D163N/K300Q (0.5 � 0.1 mM) (Fig.
2b) are 55- and 25-fold higher, respectively, than the value
reported for the WT (0.02 mM) (14).

Na�- and Li�-induced dequenching appeared to be rela-
tively pH-independent for all the tested variants, except EcNhaA
WT at Na� 10 mM, which evidenced a reduction of 50% at pH
7.0, while remaining constant over the rest of the tested pH
range (7.5–9.0) (Fig. 2, c and d).

Figure 1. EcNhaA and TtNapA ion-binding pocket. Four charged residues
are proposed to contribute to Na� and H� binding in EcNhaA (PDB code
4AU5 (15)) (a) and TtNapA (PDB 5BZ2 (31)) (b). c, salt bridge mechanism pro-
posed for EcNhaA and TtNapA. Only the relevant residues for EcNhaA are
shown. Also aspartate 133 is included, which is proposed to serve as an aux-
iliary H�-binding site when the canonical sites Asp-163 and Lys-300 are
deleted (see text).

K300Q NhaA is functional and electrogenic
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Functional analysis of EcNhaA variants in proteoliposomes

To characterize the protein transport function, the EcNhaA
variants K300Q and D163N/K300Q, were expressed in E. coli,
detergent-solubilized, purified, and reconstituted in liposomes.
Electrogenicity as well as the kinetic parameters for the protein
function were determined by SSM electrophysiology (23),
whereas the H� transport activity was evaluated by dequench-
ing of acridine orange fluorescence in proteoliposomes using
pH gradient generated by NH4

�.

Electrophysiological analysis of EcNhaA K300Q and
D163N/K300Q

SSM-based electrophysiological measurements on proteoli-
posomes of electrogenic CPA2 Na�/H� antiporters are char-
acterized by negative transient currents upon Na�(Li�) con-
centration jumps indicating that a net outward positive charge
transfer takes place during the transport cycle (24 –26) in agree-
ment with their 1Na�:2H� stoichiometry (3). In this study, all
recorded signals represented steady-state charge transfer
according to previously published criteria (14).

Replacing Lys-300 in EcNhaA by a polar Gln residue did not
abolish the negative currents obtained for the WT, but showed
robust electrogenic transport. However, the single mutation
reduced by 40-fold the magnitude of the peak current com-
pared with the values typically observed for the WT variant
under the same conditions (Fig. 3, a and b). An even more
drastic reduction was observed for the peak current of the
D163N/K300Q variant (120 fold) (Fig. 3b). Nevertheless, the

persistence of a negative current is a clear indication that even
when those two charged residues located in the ion-binding site
are replaced by a neutral amino acid the transport activity is still
electrogenic. In addition, it was observed that both mutants
invariably showed substantial rundown of the electrical signals
over a period of 1–2 h, a property that correlates with a tend-
ency to aggregate the solubilized enzymes (13).

A full characterization of the signal obtained for the EcNhaA
K300Q mutant with respect to its Na� concentration and pH
dependence (Table 1 and Fig. 3, c and d) confirmed that the
reduction in current magnitude is not associated with changes
in pH profile or Na� affinity. The currents of the double mutant
D163N/K300Q EcNhaA were too small, and the signals too
unstable for a detailed characterization.

Fluorescence dequenching measurements of EcNhaA K300Q
and D163N/K300Q

To test the correlation between the electrophysiological
results and the H� transport activity for both EcNhaA variants,
acridine orange fluorescence–dequenching measurements were
carried out in proteoliposomes. In contrast to the assay in
inside-out membrane vesicles, the H� gradient was generated
by loading the proteoliposomes with NH4Cl. Once the proteo-
liposomes were diluted in NH4

�-free solution, NH3 diffuses out,
leaving the intra-liposomal compartment acidified. This acidi-
fication is observed as a quenching in the fluorescence (Fig. 3e).
The instability of the established H� gradient is evidenced by a
subsequent slow increment in the fluorescence.

Figure 2. Growth phenotype and Na� (Li�)/H� antiport activity of EcNhaA variants in native membranes. a, growth phenotype. Unshaded regions of the
table indicate conditions of poor cell growth (less than 5 � 107 cells/ml). Growth experiments were conducted on agar plates with high Na� (0.6 M) or high Li�

(0.1 M) at the pH values indicated. Growth was calculated as cells/ml after 48 h of incubation at 37 °C as described previously (13). �, no growth. b– d,
dequenching in inside-out membrane vesicles. Dequenching experiments were performed by energizing the membrane vesicles from the E. coli strain EP432
expressing the EcNhaA variants with Tris/D-lactate. Dequenching was obtained upon addition of Na� or Li�. b, Li� dependence of the dequenching obtained
for EcNhaA K300Q (red) and D163N/K300Q (blue) variants at pH 8.5. Data points were fitted to a hyperbolic equation, and apparent Km (mM) values were
calculated. c and d, pH dependence of dequenching experiments carried out at Na� 10 mM (c) and Li� 10 mM (d), for EcNhaA K300Q (red) and D163N/K300Q
(blue). For comparison WT is included (black). Data correspond to the average of three individual experiments and are shown as mean � S.D.

K300Q NhaA is functional and electrogenic
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If an active Na�/H�-exchanger exists in the membrane,
dequenching can be induced by addition of Na� (or Li�) to the
outside of the liposomes, initiating the Na�(Li�)/H� antiport.
As observed in Fig. 3e, the WT EcNhaA variant showed robust
dequenching (�90%) following Li� addition. In contrast, a
remarkably reduced Li�/H� antiport activity was recorded
in EcNhaA K300Q proteoliposomes, which agrees with the
decreased peak current observed for the same mutant in SSM.
In contrast, no dequenching was observed for the D163N/
K300Q variant (Fig. 3e). This might be an indication of the

limitation of this assay on detecting such a small activity corre-
sponding to the dramatically reduced current recorded for the
double mutant.

The dequenching assay is difficult to quantify due to inherent
problems of the assay like the limited dynamic range (25) and
poorly controlled internal pH. But the overall low H� transport
activity of the K300Q and D163N/K300Q mutants, as deter-
mined in the dequenching assay, correlates with a correspond-
ing low electrogenic activity as assessed electrophysiologically.

Thermal stability of EcNhaA K300Q and D163N/K300Q

To establish whether the single and double mutations
affected the stability of EcNhaA, two different techniques were
employed: differential scanning fluorimetry (DSF) and circular
dichroism (CD). Both techniques detect thermal unfolding at
rising temperatures of the detergent-solubilized protein. DSF
follows the fluorescence emission intensity of the protein’s
tryptophan and tyrosine residues. If these residues are exposed
to a hydrophilic environment as a consequence of temperature-
induced structural destabilization, their quantum yield de-
creases leading to changes in fluorescence wavelength and
intensity (28). To account for these changes, the ratio between
the emission intensities at 350 and 330 nm (F350/330) is plotted
against the temperature (Fig. 4a). In CD, protein unfolding
events can be detected by monitoring ellipticity, which is cor-
related to the �-helical content of a protein. When a protein
unfolds as a result of heating, these highly-ordered secondary
structures are lost, which is observed by an intensity change in
the CD bands (Fig. 4b) (29). The resulting temperature-depen-
dent intensity traces in DSF and CD are known as melting
curves.

As reported previously, EcNhaA WT showed a DSF melting
curve characterized by a clearly pronounced inflection point at
65.9 °C (Fig. 4a) (14). In contrast, the presence of the relatively
flat curves obtained for the EcNhaA K300Q and D163N/K300Q
variants without a clear melting transition suggests that those
mutations impair the structural stability of EcNhaA (Fig. 4a)
(14). This was confirmed by CD (Fig. 4c) in which the protein
unfolding occurred at 62.0 � 0.1 and 63.0 � 0.1 °C for K300Q
and D163N/K300Q, respectively, almost 10 °C lower than the
transition temperature Tm obtained for the WT at pH 4 (74.7 �
0.1 °C) (Fig. 4c and Table 1). Thermal stability was also deter-
mined for the single mutant D163N using CD spectroscopy. As
observed in Fig. 4c, this mutation presented a melting curve
with an intermediate Tm (67 � 0.1 °C) indicating that mutation
of Lys-300 affects the stability of EcNhaA more profoundly
than that of Asp-163.

Analysis of homologous mutations in TtNapA: K305Q and
D156N/K305Q

Homologous residues to Lys-300 and Asp-163 in TtNapA are
Lys-305 and Asp-156. The functional relevance of their muta-
tion has been presented previously (19). For comparison with
our EcNhaA data, we have performed a parallel study of the
K305Q and D156N/K305Q TtNapA variants in proteolipo-
somes using identical assays and conditions. For this purpose,
K305Q and D156N/K305Q TtNapA were analyzed in proteoli-
posomes using SSM-based electrophysiology and fluorescence

Figure 3. Electrophysiology and H� transport activity of EcNhaA variants
in proteoliposomes. SSM-based electrophysiological measurements were
performed on proteoliposomes or empty liposomes using a single solution
exchange protocol as described under “Experimental procedures.” Upon a
NaCl 100 mM jump at pH 8.5, a transient current representing steady-state
charge transfer was obtained for EcNhaA WT (a) as well as for the K300Q (red)
and D163N/K300Q (blue) variants tested (b). For comparison, the signal
obtained for empty liposomes is shown (dashed line). c, pH dependence of the
transient current amplitude recorded after Na� 100 mM jumps at pH values
between 6.5 and 9.5 for EcNhaA K300Q. Data were normalized to the maxi-
mum determined amplitude. For comparison, pH dependence for EcNhaA
WT reported in Ref. 24 was included (dashed line). d, Na� dependence of the
transient current amplitude recorded for EcNhaA K300Q after Na� concen-
tration jumps at pH 8.5. Data were normalized to the maximum data value
and Km (mM) was calculated from the hyperbolic fit. Traces in a and b corre-
spond to representative results from at least three different recordings.
Curves in c represent Voigt fits of the experimental data. Data in c and d are
displayed as the average of three different recordings � S.D. e, H� transport
activity determined by fluorescence dequenching on EcNhaA WT, K300Q,
and D163N/K300Q proteoliposomes. Purified and detergent-solubilized vari-
ants of EcNhaA were reconstituted in liposomes at LPR 10 and loaded with
NH4Cl to generate a H� gradient, acidic inside. Acridine orange was used as a
fluorescent probe to detect �pH. Fluorescence quenching is obtained when
acidified liposomes are added to the medium at pH 8.5, indicated as *. Addi-
tion of LiCl to induce dequenching is indicated by an arrowhead. As a nega-
tive control, choline chloride was added instead of LiCl for the WT. Finally,
dissipation of the gradient by addition of (NH4)2SO4 25 mM is marked with �.
Fluorescence plots correspond to representative data from three different
experiments.

K300Q NhaA is functional and electrogenic
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dequenching, and thermal stability of the solubilized protein
was tested with DSF.

In SSM-based electrophysiology, Na� and Li� concentration
jumps generated negative currents for TtNapA WT and K305Q
(Fig. 5, a and b, and Fig. S1a) supporting their electrogenic
character and consistent with a transport stoichiometry like
that established for EcNhaA WT (1Na�:2H�) (3, 4). The mag-
nitude of the currents recorded for the single mutant K305Q
was decreased 12-fold for Na� (Fig. 5 and Table 2) and Li� (Fig.
S1 and Table 2) compared with WT. No currents were detected
for the double mutant D156N/K305Q TtNapA. The small pos-
itive peak current observed in this case (Fig. 5b) has the charac-
teristics of a solution exchange artifact recorded also with
empty liposomes (Fig. 3b). These results confirm electrogenic
transport in WT TtNapA but challenge the notion of electro-
neutral transport previously proposed for the K305Q variant
based on its insensitivity to valinomycin (19).

A complete kinetic analysis of the currents measured on SSM
was performed for WT TtNapA as well as for the K305Q variant
(Fig. 5, c and d, and Table 2). A bell-shaped pH dependence (Fig.
5c) and increment in Km

Na� values at acidic pH (Table 2) suggest a
competition-based transport mechanism of TtNapA similar to
that of other CPA2 Na�/H� antiporters (30). Optimal pH and
Na� affinity are similar to WT EcNhaA (Tables 1 and 2). As in the
case of NhaA, the kinetic parameters of TtNapA K305Q did not
differ significantly from those obtained for the WT, indicating that
the reductions in current magnitude observed for this specific
mutation are not due to a change in pH or Na� dependence.

As in EcNhaA, the reduction in the current magnitude for
the K305Q variant can be correlated with its decreased H�

transport activity, determined by acridine orange fluores-
cence dequenching in proteoliposomes. As shown in Fig. 5e,
addition of 50 mM Li� outside the NH4

�-acidified proteoli-
posomes generated a rapid and robust fluorescence de-
quenching for the WT but substantially less dequenching for
the K305Q variant and no dequenching at all for the double
mutant D156N/K305Q. Compared with the same mutation
in EcNhaA, the reduction seemed to be less drastic, which
agrees well with the electrophysiological data: 40-fold reduc-
tion in EcNhaA K300Q current magnitude compared with
only 12-fold for TtNapA K305Q.

As for EcNhaA, the detergent-solubilized protein was tested
for thermal unfolding using DSF (Fig. 5f). The melting curve of
TtNapA WT showed a clear inflection point at high temperature
(�87 °C) as expected for a protein from a thermophile organism.
Replacement of Lys-305 by Gln resulted in a flat melting curve
with a barely discernible melting transition between 60 and 80 °C,
indicating a compromised thermal stability as a consequence of a
single point mutation as in K300Q NhaA.

Discussion

NhaA from E. coli (EcNhaA) and NapA from T.thermophilus
(TtNapA) are two related Na�/H�-exchangers of the CPA
superfamily. They are the only members of the CPA2 family for
which structural information is available making them attrac-
tive candidates for functional analysis. Both EcNhaA and

Table 1
Comparison of Electrophysiology, H� transport activity, and thermal stability results for EcNhaA variants
Maximum peak currents (Imax) as well as kinetic parameters Km

Na�, Km
Li�, pHopt

Na� were obtained from SSM-based electrophysiology on proteoliposomes upon Na� or Li�
concentration jumps. Imax was determined from NaCl 100 mM jumps at pH 8.5. Data shown are the mean of three individual recordings � S.D. H� transport activity
was determined from fluorescence dequenching experiments in proteoliposomes using acridine orange as a probe. Results are expressed qualitatively (���, high
dequenching; �, low dequenching; and �, no dequenching). Thermal stability of EcNhaA variants was evaluated using purified and solubilized proteins in DDM 0.03% at
pH 4 through DSF and CD. Unfolding transition midpoints or melting temperatures (Tm, °C) were acquired from inflection points in the CD melting curve. Results from
DSF were expressed qualitatively as �, when the melting curve showed a well-behaved step function with a clear inflection point, or �, when the shallow progression in the
melting curve indicated a less stable variant. ND 	 not determined.

EcNhaA WT EcNhaA K300Q EcNhaA D163N/K300Q EcNhaA D163N

Imax 12 � 2 nA 0.30 � 0.06 nA 0.10 � 0.04 nA ND
Km

Na� 11 � 1 mM (pH 8.5)a 18.4 � 3.9 mM (pH 8.5) ND ND
Km

Li� 7.3 mM (pH 8.0)b ND ND ND
pHopt

Na� 8.8a 8.6 ND ND
Dequenching (liposomes) ��� (50 mM Li�) � (50 mM Li�) � (50 mM Li�) ND
Stability (DSF) � � � ND
Tm (CD) 74.7 � 0.1 °C 62.0 � 0.1 °C 63.0 � 0.1 °C 67.0 � 0.1 °C

a Data were taken from Ref. 24.
b Data were taken from Ref. 27.

Figure 4. Thermal stability of EcNhaA variants. a, melting curves generated by DSF measurements of detergent-solubilized EcNhaA WT, EcNhaA K300Q, and
EcNhaA D163N/K300Q at a protein concentration of 0.5 mg/ml and pH 4. The ratio in emission fluorescence intensities at 350 and 330 nm were plotted against
the temperature. b, comparison of CD spectra generated at 20 and 95 °C for solubilized EcNhaA WT at pH 4. Changes in ellipticity are associated to the loss in
secondary structure due to protein unfolding. By following the changes in ellipticity at 221 nm as a function of temperature for EcNhaA WT, K300Q, D163N/
K300Q, and D163N, melting curves were obtained. c, unfolding transition midpoint (Tm) values were determined from the corresponding inflection points.
Traces are representative from three different measurements.
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TtNapA carry lysine residues in immediate proximity of the
Na�-binding site (Lys-300 in EcNhaA and Lys-305 in TtNapA,
see Fig. 1), which have been proposed to play a central role in
the transport mechanism (11, 13, 14, 17, 19, 31).

As the two transporters, EcNhaA and TtNapA belong to the
same family, have highly similar structures and share highly
conserved amino acid residues (including Lys-300/Lys-305), it
might be expected that the same mutation of a conserved resi-
due would lead to similar effects across the two transporters.

Therefore, to reconcile the roles proposed for Lys-300 in
EcNhaA and Lys-305 in TtNapA, we investigated the function
and stability of the EcNhaA K300Q and D163N/K300Q vari-
ants, compared with that of the WT, and assessed whether the
consequences of these mutations are the same as they were
when mutating the corresponding residues in TtNapA.

Replacement of Lys-300 in EcNhaA by a glutamine impairs its
structural stability

Both thermofluorescence as well as the temperature depen-
dence of the CD spectrum (Fig. 4) clearly show a decreased
resistance of the K300Q and the D163N/K300Q mutants of
EcNhaA to thermal unfolding. This seems to be a general prop-
erty of Lys-300 variants, and the phenomenon was suggested to
rely on the absence of the stabilizing the Lys-300/Asp-163 salt
bridge (14). Indeed, mutating also the 2nd partner of the salt
bridge, like in the double mutant D163N/K300Q, did not
change its thermal stability compared with the single K300Q
mutation. Furthermore, the single D163N mutation also
showed a decreased melting temperature (Table 1 and Fig. 4).
The fact that a stable protein requires that both charged resi-
dues, Lys-300 and Asp-163, are in place suggests that the salt
bridge is the relevant stability-conferring element rather than
the positive charge of Lys-300 as put forward previously (11).

Although the observed melting temperatures are consistent-
ly above 60 °C, denaturation of Lys-300 mutants starts as low as
35 °C (Fig. 4c), and a tendency for aggregation (in the detergent-
solubilized enzyme) and signal rundown (in the SSM experi-
ments) is obvious even at room temperature (13). In conse-
quence, it cannot be ruled out that all or a part of the activity
reduction caused by the K300Q and D163N/K300Q mutations
is a secondary effect caused by a partially unfolded enzyme.
This has to be taken into account for the correct interpretation
of the reduced transport activities of the mutants.

Replacement of Lys-300 in EcNhaA by a glutamine yields an
active transporter capable of Na�/H� and Li�/H� exchange

Although Lys-300 is obviously essential for the Na�/H�-ex-
changer activity of EcNhaA, a number of replacements of this
residue can still perform functional exchange. The mutations
that were shown to be tolerated best were replacements of
Lys-300 with other amino acids having positively charged side
chains like arginine and histidine (13, 14). However, even the
uncharged residues cysteine and alanine supported a residual
transport function (12, 14). Here, we show that replacement of
Lys-300 with glutamine has a robust Na�/H� and Li�/H�

exchange activity (Fig. 2). In fact, taking into account the some-
what lower expression of the variants (40% K300Q and 36%
D163N/K300Q compared with WT), the K300Q mutant dis-
plays a transport activity close to WT in the assays based on
native membranes shown in Fig. 2, although the dequenching
assay in proteoliposomes shows a more differentiated picture
(Fig. 3e).

K300Q mutation rescues activity in inactive D163N EcNhaA

The double mutant D163N/K300Q confers salt resistance
and displays Na�/H� exchange activity in the membrane-de-
quenching assays (Fig. 2) demonstrating rescue of the inactive

Figure 5. Functional characterization and stability of TtNapA variants. a
and b, current traces obtained by SSM-based electrophysiology upon NaCl
100 mM jumps on LPR 10 proteoliposomes of TtNapA WT (a), K305Q (red), and
D156N/K305Q (blue) variants (b). c, pH dependence of the transient current
amplitude recorded after NaCl 100 mM jumps at different pH values for
TtNapA WT (black) and K305Q variant (red). Data from at least three different
experiments were normalized to the maximum determined amplitude aver-
aged and presented as mean � S.D. Curves represent Voigt fits of the exper-
imental data. d, Na� dependence of the transient current amplitude recorded
for TtNapA K305Q after Na� concentration jumps at pH 8.5 (black) and 7.5
(red). Data were normalized to the maximum value, averaged and presented
as mean � S.D. Km (mM) values were calculated from the hyperbolic fits. e, H�

transport activity determined through fluorescence dequenching on TtNapA
WT (black), K305Q (red), and D156N/K305Q (blue) proteoliposomes. Purified
and detergent-solubilized variants of TtNapA were reconstituted in lipo-
somes at LPR 10 and loaded with NH4Cl to generate a H� gradient, acidic
inside. Acridine orange was used as a fluorescent probe to detect �pH. Fluo-
rescence quenching is obtained when acidified liposomes are added to the
medium at pH 8.5, indicated as *. Addition of LiCl to induce dequenching is
indicated by an arrow. As a negative control, choline chloride was added
instead of LiCl for the WT (orange) and K305Q (green) variants. Finally, dissi-
pation of the gradient by addition of (NH4)2SO4 25 mM is marked with �.
Fluorescence plots correspond to representative data from three different
experiments. f, melting curves generated by DSF measurements of deter-
gent-solubilized TtNapA WT (black) and K305Q (red) at protein concentra-
tions of 0.5 mg/ml and at pH 7.0 to determine their thermal stability. The ratio
in emission fluorescence intensities at 350 and 330 nm were plotted against
the temperature.
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single mutant D163N EcNhaA (17). A similar phenotype has
been observed in the TtNapA Na�/H�-exchanger (19), where
the corresponding D156N/K305Q double variant was shown to
have a significant activity. As discussed above, stability is not
restored in the double mutant D163N/K300Q (Fig. 4) ruling out
the possibility that the rescuing effect is due to an increased
structural stability of the double mutant. The double mutant is
of particular interest because in D163N/K300Q EcNhaA two
potential H� donors/acceptors are deleted in the Na�/H�-ex-
changer binding site while still maintaining transport function.

K300Q EcNhaA is electrogenic

In the electrophysiological SSM experiments, a Na� (or Li�)
gradient is applied to the proteoliposomes (Fig. 3). In WT
EcNhaA, a negative current is generated under these conditions
implying that net positive charge is transported out of the pro-
teoliposomes (Fig. 3a). This has been interpreted as a 2H�/
1Na� exchange process (24), as determined previously for
EcNhaA (3). Also in K300Q EcNhaA, the transport process is
obviously electrogenic, and a negative current is observed
implying a H�/Na� stoichiometry of 
1.

Stoichiometry is an important determinant for the transport
mechanism. In view of the small currents observed in K300Q
EcNhaA, we have in parallel assessed its H� transport capacity
using a dequenching assay in the same proteoliposomes. Al-
though the liposomal dequenching assays are difficult to quan-
tify, it seems clear that H� transport in the K300Q mutant is
much lower than WT as is the case for the transporter currents.
Hence, there is no obvious discrepancy between H� transport
and charge displacement in proteoliposomes, which is consis-
tent with the assumption that the 2H�/1Na� stoichiometry is
maintained in the mutant. However, a reduced electrogenicity
of the K300Q variant represented by a stoichiometry ratio
H�/Na� �2 (but 
1) cannot be ruled out.

Quantitative differences in the activity of K300Q variants
determined in native membranes or proteoliposomes

A comparison of K300Q EcNhaA Na�/H�-exchanger activ-
ity points to a discrepancy between antiporter activity in pro-
teoliposomes, cells, and native isolated inverted membrane
vesicles. The H� transport activity of K300Q EcNhaA in mem-
brane vesicles is lower, if at all, by about 2-fold, as compared
with the WT (Fig. 2), whereas in proteoliposomes Li�/H�-ex-

change of the variant is much slower (Fig. 3d), and transport
currents are �40 times lower than WT (Fig. 3, a and b). It
therefore seems that H� transport (dequenching) and currents,
both measured in proteoliposomes, are compatible, although
the assays involving native membranes, salt resistance, and
dequenching in membrane vesicles show a much higher activity
of the mutant compared with WT. A similar argument applies
to the D163N/K300Q double variant.

What is the reason for the apparently different transport
activity of the mutant protein in proteoliposomes and mem-
branes or membrane vesicles? The discrepancy may indicate
that the activity of the purified and reconstituted mutant
exchangers is reduced compared with that in native mem-
branes, due to the reduced structural stability of the Lys-300
variants in detergent micelles (Fig. 4) (14). Alternatively, the
difference in assay protocols may add to the quantitative differ-
ence, which needs more experiments to confirm, one explana-
tion being the previously shown limited dynamic range of the
fluorescence-dequenching assay in membrane vesicles (25).

EcNhaA is still active and electrogenic when two putative H�

donors are deleted

Replacement of one of the two aspartates in positions 163
and 164 by nonprotonable side chains has been shown to be
lethal for transport function in EcNhaA (13), as is the case also
for D156N TtNapA (19). However, in TtNapA, the double
mutation K305Q/D156N rescued activity and showed trans-
port albeit with an electroneutral phenotype (19). Our data
partly confirm the results obtained in TtNapA, namely that the
K300Q replacement (K305Q in TtNapA) rescues activity in the
inactive D163N variant (D156N in TtNapA), but in contrast to
TtNapA (Fig. 5b) (19) the resulting double mutant in EcNhaA
D163N/K300Q is clearly electrogenic (Fig. 3b).

What are the implications of these results? Based on struc-
tural and functional analysis, it was concluded that the binding
site of EcNhaA consists only of three potential H�-binding sites
(Asp-163, Asp-164, and Lys-300 (13)), two of which are deleted
in the D163N/K300Q mutant (see Fig. 5). However, the
observed negative current requires that more than one H� is
transported for one Na�. An additional acidic residue, which
could contribute to H� translocation, is Asp-133 (13, 32).
Therefore, we suggest that the mechanism of Na�/H�-ex-
changers may contain a certain amount of redundancy (14)

Table 2
Comparison of electrophysiological activity and thermal stability of TtNapA variants
Maximum peak currents (Imax) as well as kinetic parameters Km

Na�, Km
Li�, pHopt

Na�, and pHopt
Li� were obtained from SSM-based electrophysiology on proteoliposomes using Na�

or Li� concentration jumps. Imax was determined from NaCl 100 mM jumps at pH 8.5. Data represent the mean of three individual recordings � S.D. H� transport activity
was determined from fluorescence dequenching experiments in proteoliposomes using acridine orange as a probe. Results are expressed qualitatively (���, high
dequenching; �, low dequenching; and �, no dequenching). Thermal stability of TtNapA WT and K305Q variants was evaluated using purified and solubilized proteins in
DDM 0.03% at pH 7 by DSF. Results are expressed qualitatively as �, when the melting curve showed a well-behaved step function with a clear inflection point, or �, when
a shallow progression in the melting curve or inflection points at lower temperatures indicated a less stable variant. ND 	 not determined.

TtNapA WT TtNapA K305Q TtNapA D156N/K305Q

Imax 5.2 � 2.0 nA 0.43 � 0.07 nA 0 nA
Km

Na� 18 � 3 mM (pH 8.5) 30 � 10 mM (pH 8.5) ND
219 � 9 mM (pH 6.5)

Km
Li� 4.3 � 2.5 (pH 8.5) 2.9 � 1.4 mM (pH 8.5) ND

45 � 17 mM (pH 6.5)
pHopt

Na� 8.5 8.3 ND
pHopt

Li� 8.4 8.0 ND
Dequenching (liposomes) ��� (50 mM Li�) � (50 mM Li�) � (50 mM Li�)
Stability (DSF) � � ND
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allowing the exchanger to switch to a different mechanism if an
essential structural part is not available. To this effect, the two
H� may bind to Asp-164 and Asp-133 in the D163N/K300Q
EcNhaA variant (Fig. 1) providing electrogenic Na�/H� ex-
change with a H�/Na� stoichiometry of 
1.

Electrophysiological phenotypes of TtNapA WT and its K305Q
variants

To obtain a more general picture of the effect of the Lys-300
mutation on the Na�/H�-exchanger function, a comparison
with a related Na�/H�-exchanger is of interest. The transport
activity of the T. thermophilus Na�/H�-exchanger NapA and
many of its variants is well characterized using biochemical
assays (19, 33, 34), although an electrophysiological charac-
terization was still lacking. Indeed, the electrophysiological
comparison of the two companion WT exchangers shows a
remarkably consistent picture (Figs. 3 and 5). Both rely on a
competition-based transport mechanism (30) with compa-
rable kinetic parameters (Table 2). This makes TtNapA a
well suited system for the assessment of the impact of the
Lys-300 mutation in EcNhaA.

An analysis of the corresponding K305Q and D156N/K305Q
variants of TtNapA shows overall a similar picture as in EcNhaA
but also subtle differences. Like its K300Q EcNhaA counter-
part, the K305Q variant of TtNapA has a reduced thermal
stability (Fig. 5f), is clearly electrogenic (Fig. 5, a and d), and
its currents are significantly reduced compared with WT.
Therefore, as for K300Q EcNhaA, we have to conclude that
transport in K305Q TtNapA proceeds with a H�/Na� stoi-
chiometry of 
1.

In contrast to EcNhaA, rescue of the D156N-inactive
TtNapA variant by the K305Q mutation was not observed
(Table 2 and Fig. 5). This could be a consequence of insufficient
sensitivity because in EcNhaA the signals of the D163N/K300Q
variant were close to the detection limit of the electrophysi-
ological assay. In fact, based on a somewhat different assay pro-
tocol, activity has been previously detected for D156N/K305Q
TtNapA (19).

Electrogenicity of K305Q TtNapA is in disagreement with
the previous qualification of TtNapA K305Q as electroneutral
based on its valinomycin insensitivity (19). However, valinomy-
cin insensitivity is not always a reliable criterion for electroneu-
tral transport especially when the involved charge displace-
ments are small (10� smaller currents than WT, see Table 2)
and/or the rate-limiting step is electroneutral (35). In compar-
ison, a current measurement is direct proof for the electroge-
nicity, which can hardly be disregarded.

Mechanistic implications

Interpretation of data from Lys-300 EcNhaA mutants is
complicated by the fact that Lys-300 is not only mechanistically
important but also relevant for the structural stability of the
protein (Fig. 4) (14). Therefore, it is not always clear whether
the reduced activity of a particular Lys-300 variant is a conse-
quence of an impaired transport mechanism or of a partially
unfolded protein. A similar conclusion can now be drawn for
the Lys-305 mutants of TtNapA (Fig. 5). An additional problem
is given by the different H� transport assays performed in cells,

membrane vesicles, or proteoliposomes using active H� trans-
port systems like ATPases and the respiratory chain or NH4

�

gradients to generate the driving protonmotive force. These
assays, although qualitatively in agreement, yield significantly
different transport activities. Under these circumstances quan-
titative determination of, for instance, transport stoichiometry
is difficult.

Nevertheless, electrophysiological data with the K300Q
EcNhaA and the K305Q TtNapA variants show that the lysine
residue is not indispensable for electrogenicity and that also in
its absence, and hence in the absence of the salt bridge, more
than 1 H� is exchanged for 1 Na�. This rules out the Asp-163/
Lys-300 (Asp-156/Lys-305 for TtNapA) salt bridge as an exclu-
sive H�-binding site. More precisely, the data are compatible
with a 2H�/1Na� exchange stoichiometry of the variants.
However, a reduced electrogenicity resulting from a partially
uncoupled mechanism with a stoichiometry ranging between 1
and 2 cannot be ruled out. In such a partially uncoupled mech-
anism, H� translocation takes place with either 1 or 2 H� in
parallel. We have previously suggested that in the WT the func-
tion of the Asp-163/Lys-300 salt bridge may be to prevent
transport with only 1 H� (14). It is therefore conceivable that in
the K300Q (K305Q for TtNapA) variant, where salt bridge for-
mation is not possible, an intermediate stoichiometry between
1 and 2 is obtained by allowing transport with 1 or 2 H�

alternatively.
The presence of an isolated positive charge, Lys-300� (Lys-

305�), as is the case in the D163N (D156N) variant, completely
abrogates transport, whereas neutralization of both partners of
the Asp-163/Lys-300 (Asp-156/Lys-305) salt bridge in the dou-
ble mutant restores function (this study and Ref. 19). Obviously
the presence of an uncompensated positive charge in the bind-
ing site is detrimental for substrate binding and transport as
suggested previously for TtNapA and now confirmed for
EcNhaA (19). This is an alternative argument why the Asp-163/
Lys-300 (Asp-156/Lys-305) salt bridge is essential for proper
function of the Na�/H� antiporters.

Interestingly, D163N/K300Q EcNhaA is still electrogenic,
although two putative H�-binding sites are missing. Electroge-
nicity requires at least two H�-binding sites, and we suggest
that Asp-133 plays the role of an auxiliary H�-binding site in case
one of the canonical H�-binding sites Asp-163 or Asp-164 are not
available (13, 32). In the amino acid sequence of TtNapA, there is
no conserved Asp residue equivalent to Asp-133 of EcNhaA,
although, in the crystal structure, the side chain of Glu-333 in
TtNapA occupies a similar position to that of the Asp-133 chain of
EcNhaA (Fig. 1) (34). It is possible, however, that Glu-333 of
TtNapA cannot serve as an auxiliary H�-binding site, which
would explain why D156N/K305Q TtNapA is electroneutral,
whereas D163N/K300Q EcNhaA is electrogenic.

Overall, our findings, along with those of a previous study
investigating a number of Lys-300 mutants in EcNhaA (14),
show that the conserved lysines in the binding sites of EcNhaA
and also TtNapA confer structural stability to the exchangers.
Furthermore, electrogenicity of transport does not depend on
the presence of Lys-300 (in EcNhaA) or Lys-305 (in TtNapA),
which implies that a recently postulated (salt bridge) mecha-
nism for H� translocation in EcNhaA (15) and TtNapA (19) is
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either incorrect or only one of several different possible mech-
anisms. Such mechanistic redundancy is also supported by the
detection of electrogenic transport in an EcNhaA variant
(D163N/K300Q) where two putative H�-binding sites are
deleted. It is not unlikely that these principles also apply to
other Na�/H�-exchangers of the CPA2 family.

Experimental procedures

Genetic constructs

Variants of EcNhaA in which Lys-300 was replaced were
obtained in plasmid pAXH3, a pET20b derivative (36). PCR-
based, site-directed mutagenesis was used with pAXH3 as a
template. The DNA of each construct was sequenced to verify
the mutation.

Salt resistance assays

Survival of E. coli EP432 (20) expressing EcNhaA variants
K300Q and D163N/K300Q under conditions of high concen-
trations of Na� or Li� at pH 7 or 8.2 was assessed as described
previously (13).

Determination of Na�, Li�/H� antiporter activity in isolated
inside-out membrane vesicles and apparent Km determination

Inside-out membrane vesicles from EP432 transformed with
the respective plasmids were prepared as described previously
(37). Inside-out membrane vesicles were used to determine
Na�/H� or Li�/H� antiporter activity with an assay based on
the measurement of Na�- or Li�-induced changes in the �pH
as measured by acridine orange, a fluorescent probe of �pH
(21). The fluorescence assay was performed in a 2.5-ml reaction
mixture containing 100–150 �g of membrane protein, 0.1 �M

acridine orange, 150 mM choline chloride, 50 mM Bistris propane,
and 5 mM MgCl2, and pH was titrated with HCl. Membrane vesi-
cles were energized by addition of 2 mM Tris/D-lactate, inducing
proton pumping into the vesicles and fluorescence quenching of
the acridine orange dye. Dequenching of fluorescence upon addi-
tion of either Na� or Li� indicates that protons are exiting the
vesicles in antiport with either cation. As shown previously (22),
the end level of dequenching can be used as an estimate of anti-
porter activity, and the ion concentration that gives half-maximal
dequenching can estimate the apparent Km value of the antiporter
activity. For determination of the apparent Km values, the end level
of dequenching for different concentrations of the tested cations
(0.2–20 mM) at the indicated pH levels was used, and the apparent
Km values were calculated by linear regression of a Lineweaver-
Burk plot.

Overexpression, purification, and reconstitution

EcNhaA K300Q and D163N/K300Q variants were overex-
pressed as C-terminally His-tagged proteins in E. coli BL21
(DE3) cells and purified in n-dodecyl-�-D-maltoside (DDM)
detergent using immobilized metal-affinity chromatography as
described previously (38). TtNapA WT, K305Q, and D156N/
K305Q proteins were produced and purified as described in
Ref. 19 and kindly provided by Dr. David Drew’s lab (Depart-
ment of Biochemistry and Biophysics, Stockholm University).
Reconstitution of the purified proteins into proteoliposomes

was performed using E. coli polar lipid extract (Avanti Polar
Lipids, Alabaster, AL) at a lipid-to-protein ratio (LPR) of 10,
essentially as described previously (24). Reconstitution was
tested by SDS-PAGE and Western blotting (Fig. S2).

Detection of Na�, Li�/H� antiporter activity in
proteoliposomes

Proteoliposomes containing any of the EcNhaA or TtNapA
variants were loaded with NH4Cl to generate a H� gradient
across the membrane. 100 �l of LPR 10 proteoliposomes at a
lipid concentration of 10 mg/ml were collected by ultracentrif-
ugation at 100,000 � g during 30 min at 4 °C, washed, and
resuspended in 30 �l of loading buffer containing MES 10 mM,
K2SO4 2.5 mM, MgSO4 5 mM, (NH4)2SO4 100 mM titrated to pH
7 with Tris. The exchange of intra-liposomal conditions was
achieved by three freeze-thawing cycles and a final step of a 30-s
sonication. 5 �l of the loaded proteoliposomes were diluted in 1
ml of reaction buffer containing MES 10 mM, pH 8.5, sucrose
300 mM, K2SO4 2.5 mM, MgSO4 5 mM, and acridine orange 2
�M. To detect electrogenic transport activity, valinomycin was
added to a final concentration of 0.2 �M.

Acridine orange senses the �pH (acidic in the proteolipo-
somes) that was observed by quenching of the fluorescence.
Then, the Li�/H� exchange activity was induced by addition of
Li� 50 mM (as Li2SO4) and was observed as dequenching of the
fluorescence if an active transporter is present in the proteoli-
posomes. As a control, choline chloride was added instead of
LiCl to a final concentration of 50 mM. Finally, the pH gradient
was dissipated by addition of (NH4)2SO4 to a final concentra-
tion of 25 mM. Empty liposomes were also tested as a control.
Fluorescence was followed at an emission wavelength of 530
nm upon excitation at 495 nm using a Hitachi F4500 spectro-
fluorometer (Hitachi High-Technologies Corp., Tokyo, Japan).

SSM-based electrophysiology

Electrophysiological measurements were performed as de-
scribed previously (24). Briefly, an octadecanethiol/phospholipid
hybrid bilayer was formed on an SSM sensor by adding 2 �l of a
mixture of diphytanoyl-sn-glycerophosphatidylcholine and octa-
decylamine (60:1) in decane. On top of the preformed bilayer, 30 �l
of proteoliposomes at LPR 10 were added and allowed to absorb
for at least 1 h. Empty liposomes were used as a control.

A rapid single-solution exchange protocol (23) was employed
on the SSM sensor in the order nonactivating – activating – non-
activating. All solutions contained 25 mM MES, 25 mM MOPS, 25
mM Tris, 100 mM KCl, 5 mM MgCl2, and 1 mM DTT and were
titrated to the desired pH with HCl or KOH. In addition, nonacti-
vating solutions contained 200 mM extra KCl, whereas activating
solutions contained x mM NaCl (or LiCl) and (200 � x) mM KCl
instead. The amplitude of the recorded transient currents was
used as a measure of steady-state transport activity.

Differential scanning fluorometry

Protein stability of the purified EcNhaA and TtNapA vari-
ants was analyzed essentially as described previously (14). In
brief, glass capillaries were loaded with �10 �l of protein at a
concentration of 0.5 mg/ml in buffer containing KCl 100 mM,
MgCl2 5 mM, DDM 0.03%, potassium acetate 25 mM (pH 4) or
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KCl 100 mM, MgCl2 5 mM, 25 mM Tris 25 mM, HEPES 25 mM

(pH 7.0) and placed in the thermal plate of a Prometheus NT.48
instrument (NanoTemper Technologies, Munich, Germany).
Temperature was increased in a range from 20 to 95 °C at a
heating rate of 1 °C/min. Thermal protein unfolding was fol-
lowed by monitoring the tryptophan fluorescence at emission
wavelengths of 350 and 330 nm upon excitation at 280 nm with
an excitation power setting of 10%.

Melting curves were obtained by plotting the ratio of the two
emission intensities (F350/330) versus the temperature. The ther-
mal unfolding transition midpoint or melting temperature (Tm,
°C) corresponded to the inflection point of the melting curves
and was estimated via first derivative analysis.

Circular dichroism

CD measurements were made on a JASCO J-810 CD spectro-
polarimeter (JASCO, Inc., Japan), using the supplied Spectra Man-
ager software. The respective proteins (3–4 �M) were prepared in
a solution containing 100 mM choline chloride, 5 mM MgCl2, 25
mM citric acid, 10% sucrose, and 0.015% DDM. The corresponding
pH values were obtained by titration with KOH or HCl. Spectral
data were collected at 0.1-nm intervals at 4 °C, using a Peltier-
controlled sample compartment, and variable temperature mea-
surements were made between 4 and 95 °C at a wavelength of
observed higher peak (near 221 nm) with 0.2 °C data interval. Tm
was determined by plotting data in a sigmoidal curve.
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