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We studied the effect of pH on ligand binding in wild-type lactose
permease or mutants in the four residues—Glu-269, Arg-302,
His-322, and Glu-325—that are the key participants in H* translo-
cation and coupling between sugar and H* translocation. Al-
though wild-type permease or mutants in Glu-325 and Arg-302
exhibit marked decreases in affinity at alkaline pH, mutants in
either His-322 or Glu-269 do not titrate. The results offer a mech-
anistic model for lactose/H* symport. In the ground state, the
permease is protonated, the H* is shared between His-322 and
Glu-269, Glu-325 is charge-paired with Arg-302, and substrate is
bound with high affinity at the outside surface. Substrate binding
induces a conformational change that leads to transfer of the H*
from His-322/Glu-269 to Glu-325 and reorientation of the binding
site to the inner surface with a decrease in affinity. Glu-325 then is
deprotonated on the inside because of rejuxtaposition with Arg-
302. The His-322/Glu-269 complex then is reprotonated from the
outside surface to reinitiate the cycle.

Lactose permease (lac permease), the product of the lac Y
gene (1), transduces free energy stored in an electrochemical
H™* gradient into a sugar concentration gradient by catalyzing the
coupled stoichiometric translocation of galactosides and H*
(lactose/H™ symport) (reviewed in refs. 2 and 3). As such, the
permease is a paradigm for energy-transducing transmembrane
proteins, which are a highly significant fraction of the genomes
sequenced thus far and represent targets for some of the most
widely prescribed drugs in the world.

Site-directed mutagenesis of wild-type permease and Cys—
scanning mutagenesis of all of the residues in a functional mutant
devoid of Cys residues has allowed delineation of functionally
important amino acids (reviewed in ref. 4). Furthermore, appli-
cation of a battery of site-directed methods to an extensive
library of mutants has led to a structure at a level of helix
packing, as well as dynamic information to help unravel the
transport mechanism (reviewed in ref. 5). Of the 417 residues in
lac permease, only six side chains are irreplaceable for active
transport. Glu-126 (helix IV) and Arg-144 (helix V) are directly
involved in substrate binding and specificity (6-9). Furthermore,
the two residues form a salt bridge (7, 10, 11). In contrast,
Glu-325 (helix X) is directly involved in H* translocation,
whereas Glu-269 (helix VIII), Arg-302 (helix IX), and His-322
(helix X) participate in coupling H* and substrate translocation
(reviewed in ref. 12). In addition, Glu-269, Glu-325, Arg-302,
and His-322 are in close proximity (Fig. 1) and at about the same
depth in the membrane as Glu-126/Arg-144 (5).

Structural information in addition to differences in the func-
tional properties of mutants in the six irreplaceable residues led
to the notions that the protonation state of Glu-325 indirectly
controls binding affinity and that this could form the basis for
coupling between substrate and H* translocation (see ref. 5). To
test the latter notion, the pH dependence of ligand binding by
mutants in Glu-325, Arg-302, His-322, or Glu-269 were com-
pared. These studies involve a unique binding assay in which
substrate protection of Cys—148 against alkylation by N-
ethylmaleimide is quantified (8, 9, 13). Cys—148 is a component
of the substrate binding site, interacting hydrophobically with the

Fig. 1. Model for proposed ground-state conformation of lac permease,
which binds substrate with high affinity. For clarity, 6 of the 12 helices in the
permease are shown. Glu-126 (helix IV) and Arg-144 (helix V) are charge-
paired and with Cys-148 (helix V) comprise the major components of the
substrate binding site. Arg-302 (helix IX) is charge-paired with Glu-325 (helix
X), while protonated His-322 (helix X) interacts with Glu-269 (helix VIIl). Thus,
the relevant H is shared by His-322 and Glu-269. Also shown are the charge
pair between Asp-240 (helix VII) and Lys-319 (helix X), which are not essen-
tial for the mechanism. See text for further details regarding the transport
mechanism.

B face of the galactosyl moiety (9, 14, 15). By this means,
affinities ranging from submicromolar to high millimolar can be
measured accurately. This binding assay is crucial for our study
because some of the mutants tested have such sufficiently low
affinities for substrate that it would not be possible to measure
binding affinities by traditional methods. The observations in-
dicate that the permease must be protonated to bind ligand with
high affinity on the outside surface and that the site of proto-
nation is formed by His-322 and Glu-269. The results provide
insight into the mechanism of lactose/H* symport.

Experimental Procedures
Materials. N-[ethyl-1-"*C]maleimide (40 mCi/mmol) was pur-
chased from DuPont NEN.

Abbreviations: lac permease, lactose permease; TDG, B,p-galactopyranosyl 1-thio-g,b-
galactopyranoside; NEM, N-ethylmaleimide.
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Construction of Mutants. Site-specific labeling of Cys-148 with
['*C]NEM (N-ethylmaleimide) is carried out with a permease
mutant in which Cys-148 is the only Cys residue (single-Cys-148
permease), and all other native Cys residues are replaced with
Ser or Val (16). Single-Cys-148 permease binds ligand with the
same affinity as wild-type permease. Construction of mutants
E325D, R302A, R302K, H322A, and E269D in single-Cys-148
permease with a biotin-acceptor domain in the middle cytoplas-
mic loop has been described (17). Mutants E325Q, H322N, and
H322Q were constructed by overlap-extension PCR-mutagene-
sis (18) and cloned into single-Cys-148 lacY carrying a C-
terminal biotin-acceptor domain by using Kpnl and Spel restric-
tion sites (19).

Growth of Cells and Preparation of Right-Side-Out (RSO) Membrane
Vesicles. E. coli T184 (20) were grown in Luria-Bertani broth, and
RSO membrane vesicles were prepared as described (21, 22)
with the following modification (8): to prevent Cys oxidation
during vesicle preparation, 5.0 mM DTT was included in all
buffers. At the end of the preparation, the vesicles were washed
with 100 mM potassium phosphate (pH 7.5) to remove DTT,
resuspended in the same buffer at a protein concentration of
13-18 mg/ml, frozen in liquid N, and stored at —80°C until use.

NEM Labeling. Reactivity of Cys-148 with ['*C]NEM was deter-
mined in situ in the absence or presence of given concentrations
of B-galactopyranosyl 1-thio-p-D-galactopyranoside (TDG) as
described (8, 13). Permease mutants used for these assays
contain a biotin-acceptor domain in the middle cytoplasmic loop
or at the C terminus and are biotinylated in vivo. Labeling at pH
5.5 or 7.5 was initiated by addition of 12 ul of ['*C]NEM to a final
concentration of 0.5 mM (40 mCi/mmol), and the vesicles were
incubated for 15 or 5 min, respectively, at 25°C, as indicated.
Labeling at pH 9.5 was carried out by adding 5 ul of ['*CINEM
to a final concentration of 0.22 mM for 2 min. Reactions were
quenched by addition of 10 mM DTT. The vesicles then were
solubilized by 2% dodecyl maltoside (DDM; final concentra-
tion), and the samples were mixed with immobilized monomeric
avidin (avidin-Sepharose) equilibrated with 50 mM NaP;, pH
7.5/0.1 M NaCl/0.02% DDM (wt/vol). The resin was washed
with 5 ml of equilibration buffer, and biotinylated permease then
was eluted with equilibration buffer containing 5 mM D-biotin.
Eluates were analyzed electrophoretically on a SDS/12% poly-
acrylamide gel. The gel was dried and exposed to a Phosphor-
Imager screen for 2-5 days. Incorporation of [“C]NEM was
visualized and quantitated by a Storm 860 PhosphorImager
(Molecular Dynamics).

Data Analysis. The calculation of the apparent equilibrium dis-
sociation constant, Kp, of substrate was based on the equation

r=(ro — ring)/(1 + a/Kp) + ring, [1]

where r is the extent of reaction at protecting ligand concentra-
tion a, ry is the extent of reaction at ligand concentration 0, and
rine 1S the extent of reaction extrapolated to infinite ligand
concentration. r, rog, and a are known, and the nonlinear least-
squares fit of the equation yields Kp and ring.

To analyze the pH dependence of ligand binding, we assumed
that there is one protonation site in the permease with an acid
dissociation constant, K, controlling ligand binding, that the
ligand dissociation constant of the deprotonated permease is K,
and that the ligand dissociation constant of the protonated
permease is K'. The apparent equilibrium dissociation constant,
Kp, determined above, is the concentration of ligand at which the
permease is half-saturated and the degree of reaction is midway
between ry and rinp. Simple algebraic manipulation of the
equilibrium binding equations gives
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Kp = K'(1 + Ka/h)/[1 + (K'KL)/K°h)], [2]

where h = [H*].

When the protonated permease binds ligand with much higher
affinity (i.e., lower dissociation constant) than the deprotonated
permease, as is the case here (i.e., when K!' << K% and when
K'/K® << h/K4), then Eq. 2 can be approximated by

Kp = K'(1 + Ka/h). [3]

The nonlinear least-squares fit of Eq. 3 to Kp versus / yields the
parameters K and K'. We thus estimated K and hence pKa for
wild-type permease and each mutant.

Results

NEM Reactivity of Single-Cys-148 Permease at pH 5.5, 7.5, and 9.5.
Ligand-dependent protection of single-Cys-148 permease
against alkylation by ['*C]NEM is useful for measuring substrate
binding to lac permease, particularly when affinity is low (7-9,
13, 23). At 25°C and pH 7.5, labeling with 0.5 mM NEM is linear
for up to 10 min, and when ligand protection is tested within this
time frame, quantitative determination of Kp can be obtained
(8,9, 13). At pH 5.5, reactivity is significantly decreased, and
linearity is observed for up to 20 min. When labeling is per-
formed at pH 9.5 at a lower NEM concentration (0.22 mM), the
reaction is linear for ca. 2 min and reaches completion by 3 min
(data not shown). Moreover, Cys-less permease does not label to
any extent whatsoever. Therefore, NEM labeling for 15, 5, or 2
min, respectively, was used to determine Kp at pH 5.5, 7.5, or 9.5.

Effect of pH on Ligand Binding by Single-Cys-148 Permease with
Replacements for Glu-325. NEM labeling was studied at increasing
TDG concentrations in single-Cys-148 permease without or with
mutations E325Q or E325D (Fig. 2). Protection against alkyla-
tion at each TDG concentration was quantified, and the Kp, (i.e.,
the ligand concentration at which 50% protection is observed)
was determined (Table 1). The Kp, for single-Cys-148 or E325Q/
Cys-148 permease is similar and does not change significantly
between pH 5.5 and 7.5, exhibiting values of 27 and 16 uM,
respectively, for single-Cys-148, or 20 and 50 uM, for E325Q/
Cys-148 permease. However, Kp increases (i.e., affinity de-
creases) by about 30-fold at pH 9.5 with both single-Cys-148 (523
uM) or E325Q/Cys-148 permease (632 uM). Remarkably,
conservative replacement of Glu-325 with Asp (Fig. 2; Table 1)
causes a marked increase in Kp at pH 5.5 and 7.5 (139 and 512
uM, respectively) relative to single-Cys-148 permease, and at pH
9.5, a marked relative increase in Kp also is observed (6,234 uM;
ca. a 45-fold decrease in affinity). Notwithstanding the changes
in Kp, in each case, the apparent pKa with respect to TDG
binding is estimated to be 8.1-8.2.

Replacements for Arg-302. Relative to single-Cys-148 permease,
R302A/Cys-148 permease exhibits a small increase in Kp from
pH 5.5 to 7.5 (47 and 76 uM, respectively), whereas at pH 9.5,
about a 15-fold increase (707 uM) is observed relative to pH 5.5
(Fig. 2; Table 1). A less pronounced, but marked pH dependence
is observed with the conservative Lys replacement, and Kp
increases from 125 uM at pH 5.5 to 436 uM at pH 7.5 to 1 mM
at pH 9.5 (Fig. 2; Table 1). It is also noteworthy that the apparent
pKa for ligand binding is shifted to ca. 8.5 and 9.1 in R302A/
Cys-148 and R320K/Cys-148 permease, respectively.

Replacements for His-322. Replacement of His-322 with Ala, Asn,
or Gln causes an increase in Kp to 1.2-2.2 mM (Fig. 2; Table 1),
but surprisingly, no significant change is observed from pH 5.5
t09.5. Thus, Kp at pH 9.5 with each mutant is only 1.3 to 1.5 times
higher than at pH 5.5 or 7.5, which stands in stark contrast to the
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Effect of TDG on NEM labeling of Cys-148 in single-Cys-148 permease or mutants E325Q/Cys-148, E325D/Cys-148, R302A/Cys-148, R302K/Cys-148,

H322A/Cys-148, H322N/Cys-148, H322Q/Cys-148, and E269D/Cys-148 at pH 5.5, pH 7.5, and pH 9.5. (Left) Right-side-out membrane vesicles were incubated with
0.5 mM (at pH 5.5 and 7.5) or 0.22 mM (at pH 9.5) ['"*CINEM at 25°C, for 15 min (pH 5.5), 5 min (pH 7.5), or 2 min (pH 9.5) in the absence or presence of given
concentrations of TDG. Reactions were quenched with DTT, and biotinylated permease was solubilized and purified by affinity chromatography on monomeric
avidin. Aliquots of protein were separated on a SDS/12% polyacrylamide gel, and ['*C]-labeled permease was visualized by autoradiography. Although not
shown, a fraction of the protein was analyzed by Western blotting to determine the amount of permease in each sample; no significant differences were
observed. (Right) Incorporation of ["*CINEM was quantitated by a Storm 860 Phosphorimager, and labeling in the presence of various concentrations of TDG
is expressed as % labeling observed in the absence of TDG. O, pH 5.5; m, pH 7.5; @, pH 9.5.

changes observed with single-Cys-148 or the Glu-325 and Arg-
302 mutants.

Asp Replacement for Glu-269. The only replacement for Glu-269
that exhibits any transport activity (24, 25) or ligand binding (17)
(P. Venkatesan and H.R.K., data not shown) whatsoever is Asp.
With respect to the effect of pH on binding affinity, mutant
E269D/Cys-148 behaves in a manner similar to that observed for
the His-322 mutants. Thus, the Kp is increased, and there is no
significant effect of pH from 7.5 to 9.5 (Fig. 2). The relatively
high Kp observed at pH 5.5 may be caused by partial neutral-
ization of the negative charge at position 269, as single-Cys-148
permease with neutral replacements for Glu-269 exhibit no
significant protection against alkylation at very high ligand
concentrations (17) (P. Venkatesan and H.R.K., unpublished
observations).

Discussion

Because lac permease in the absence of substrate does not
translocate H*, and a substrate concentration gradient in and of
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itself generates a proton electrochemical gradient, it seems clear
that the primary trigger for turnover must be binding and
dissociation of substrate on opposite sides of the membrane.
Therefore, to understand the mechanism, it is essential to
determine the relationship between substrate affinity and the
protonation state of the residues directly involved in H* trans-
location and coupling. In the present paper, the effect of pH on
TDG binding was examined in single-Cys-148 permease without
or with conservative or neutral replacements of Glu-325, Arg-
302, His-322, or Glu-269, four residues that are irreplaceable for
H* translocation and/or coupling between sugar and H™ trans-
location (see ref. 12). Although affinity per se is compromised in
certain mutants, it remains relatively constant from pH 5.5 to 7.5.
However, at alkaline pH, distinct patterns emerge. (i) Glu-325
replacements (Asp or Gln) exhibit a 30- to 40-fold decrease in
affinity at pH 9.5 with a pKa of about 8, as observed with
single-Cys-148 permease. (ii) Arg-302 replacements (Lys or Ala)
exhibit a 10- to 15-fold decrease in affinity with a pKa of 8.5-9.0.
(iii) Surprisingly, His-322 replacements (Ala, Asn, or Gln) or
Glu-269 replacement with Asp show essentially no change in
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Table 1. Effect of pH on the apparent binding affinity constants
(Kp) of single-Cys-148 permease and replacements for Glu-325,
Arg-302, His-322, and Glu-269

KD, p,M

pH 5.5 pH7.5 pH 9.5 pKa
Cys-148 27 16 523 8.1
E325Q/Cys-148 20 50 632 8.1
E325D/Cys-148 139 512 6,234 8.2
R302A/Cys-148 a7 76 707 8.5
R302K/Cys-148 125 436 1,001 9.1
H322A/Cys-148 1,678 1,410 2,151
H322N/Cys-148 945 861 1,195
H322Q/Cys-148 1,189 1,109 1,475
E269D/Cys-148 14,483 4,550 7,575

NEM-labeling experiments were carried out at pH 5.5, 7.5, and 9.5 (see Fig.
2), and Kp and pKa values were determined as described in Experimental
Procedures. The values shown represent the average of two or three deter-
minations, with standard errors of 20% or less.

affinity as a function of pH. The results argue strongly that the
permease must be protonated to bind ligand with high affinity
and that His-322 and Glu-269 mediate the effects of pH on ligand
affinity. Furthermore, because the apparent pKa of His-322, as
judged from titrations with the Glu-325 and Arg-302 mutants, is
perturbed (i.e., >8.0), it seems reasonable to conclude that the
H™ is shared between His-322 and Glu-269 (Fig. 1). In conjunc-
tion with the notion that Glu-269 also might be involved in sugar
binding (9) and evidence that the face of helix VIII with Glu-269
undergoes a ligand-induced conformational change (26), the
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important corollary of this conclusion is that His-322/Glu-269
might couple H* translocation to substrate binding and disso-
ciation during the transport cycle.

Previous observations (reviewed in ref. 27) demonstrate that
lac permease mutants with neutral replacements for Glu-325 are
specifically defective in all translocation modes that involve net
H* movement, but bind ligand and catalyze equilibrium ex-
change and counterflow as well or better than wild type.
Therefore, Glu-325 must play a direct role in H* translocation,
although the present findings demonstrate clearly that the
protonation state of this carboxylate is not involved with the
affinity of the permease for substrate.

Taken together, the observations offer a mechanistic model
for lactose/H" symport. In the ground state (Fig. 1), the
permease is protonated, and the H* is shared between His-322
and Glu-269, and Glu-325 is charge-paired with Arg-302. In this
conformation, the permease binds ligand at the interface be-
tween helices IV (Glu-126) and V (Arg-144 and Cys-148) at the
outer surface of the membrane with relatively high affinity.
Substrate binding induces a conformational change that leads to
transfer of the H* from His-322/Glu-269 to Glu-325 and
reorientation of the binding site to the inner surface with a
decrease in affinity. Glu-325 then is deprotonated on the inside
because of rejuxtaposition with Arg-302 as the conformation
relaxes. The His-322/Glu-269 complex then is reprotonated
from the outside surface to reinitiate the cycle.
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