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ABSTRACT: Lactose/H+ symport by lactose permease ofEscherichia coliinvolves interactions between
four irreplaceable charged residues in transmembrane helices that play essential roles in H+ translocation
and coupling [Glu269 (helix VIII) with His322 (helix X) and Arg302 (helix IX) with Glu325 (helix X)],
as well as Glu126 (helix IV) and Arg144 (helix V) which are obligatory for substrate binding. The
conservative mutation Glu325fAsp causes a 10-fold reduction in theVmax for active lactose transport
and markedly decreased lactose-induced H+ influx with no effect on exchange or counterflow, neither of
which involves H+ symport. Thus, shortening the side chain may weaken the interaction of the carboxyl
group at position 325 with the guanidino group of Arg302. Therefore, Gly-scanning mutagenesis of helices
IX and X and the intervening loop was employed systematically with mutant Glu325fAsp in an effort
to rescue function by introducing conformational flexibility between the two helices. Five Gly replacement
mutants in the Glu325fAsp background are identified that exhibit significantly higher transport activity.
Furthermore, mutant Val316fGly/Glu325fAsp catalyzes active transport, efflux, and lactose-induced
H+ influx with kinetic properties approaching those of wild-type permease. It is proposed that introduction
of conformational flexibility at the interface between helices IX and X improves juxtapositioning between
Arg302 and Asp325 during turnover, thereby allowing more effective deprotonation of the permease on
the inner surface of the membrane [Sahin-To´th, M., Karlin, A., and Kaback, H. R. (2000)Proc. Natl.
Acad. Sci. U.S.A. 97,10729-10732.

The lactose permease (lac permease),1 encoded by thelacY
gene of Escherichia coli (1), catalyzes galactoside/H+

symport and is an important model for transport proteins from
Archaea to the mammalian central nervous system that
transduce free energy stored in electrochemical ion gradients
into solute concentration gradients (reviewed in2-4). The
permease has been solubilized and purified in a completely
active state (reviewed in5) and functions as a monomer (see
6). All available evidence (reviewed in7-9) indicates that
the molecule contains 12 transmembrane helices connected
by hydrophilic loops with both the N and C termini on the
cytoplasmic face of the membrane (Figure 1). In a functional
mutant devoid of native Cys residues, each residue has been
replaced with Cys (reviewed in9). Analysis of the mutant
library has led to the following developments (10): (a) The
great majority of the mutants are expressed normally in the
membrane and exhibit significant activity, and only six side
chains are clearly irreplaceable for active transportsGlu126
(helix IV) and Arg144 (helix V), which are indispensable
for substrate binding, and Glu269 (helix VIII), Arg302 (helix
IX), His322, and Glu325 (helix X), which are critical for

coupling sugar and H+ translocation. (b) Helix packing, tilts,
and ligand-induced conformational changes have been
determined by using site-directed biochemical and biophysi-
cal techniques. (c) Positions that are accessible to solvent
have been revealed (see11-13). (d) Positions where the
reactivity of the Cys replacement is increased or decreased
by ligand binding have been identified (11-16). (e) The
permease has been shown to be a highly flexible molecule.
(f) A working model describing a mechanism for lactose/
H+ symport has been described (see17).

Site-directed studies utilizing excimer fluorescence, en-
gineered divalent metal binding sites, spin-labeling, and/or
thiol cross-linking provide a strong indication that the four
irreplaceable residues involved in H+ translocation and
couplingsGlu269 (helix VIII), Arg302 (helix IX), His322,
and Glu325 (helix X)sare within close proximity (18-21).
Furthermore, since interaction between Glu269 and His322
appears to be essential for high-affinity ligand binding (17,
22), it is likely that in the ground state Glu269 is charge-
paired with His322 and Arg302 is charge-paired with Glu325
(17, 22). In addition, charge pairing between Glu126 (helix
IV) and Arg144 (helix V) plays an obligatory role in substrate
binding (23-26).

Glu325 is probably involved directly in H+ translocation.
Extensive mutagenesis and functional characterization reveal
that neutral replacements for Glu325 lead to mutants that
are specifically defective in all translocation reactions that
involve H+ symport, but bind ligand and catalyze counter-
flow and equilibrium exchange as well or better than wild
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type (17, 27, 28). Replacement of Glu325 with Asp yields
permease that catalyzes active transport 15-20% as well as
wild type and is markedly defective with respect to efflux
down a concentration gradient (28). Furthermore, while
mutant E325D2 exhibits an increasedKD for ligand (i.e.,
lower affinity), neutral replacements for Glu325 have little
or no effect on affinity (17, 28). Moreover, the apparent pKa

for ligand binding affinity by mutant E325Q is the same as
that observed for the wild type or the E325D mutant,
indicating that protonation of the carboxyl group at position
325 does not play a role in sugar binding (17).

When Glu126 (helix IV) is replaced with Asp, the
permease exhibits relatively high activity (25), implying that
helix V has sufficient flexibility to allow Arg144 to accom-
modate the decreased length of the carboxyl-containing side
chain of Asp126. When conserved Gly residues lying one
or two turns of anR-helix from Arg144 are replaced with
Ala, there is little effect on the wild type; however, the
mutations abolish substrate binding and transport in the
E126D background. Furthermore, in two instances, signifi-
cant activity is recovered when Ala residues at approximately
parallel positions in helix IV are replaced with Gly. The
findings suggest that the interface between helices IV and
V is conformationally flexible (29).

In this communication, a similar approach is applied to
mutant E325D. In an effort to compensate for the decrease
in length of the carboxyl-containing side chain of the Asp
residue in place of Glu325, 41 nonessential residues in helices
IX and X were replaced systematically with Gly to increase
conformational flexibility (Figure 1). Five mutants exhibit
an increase inVmax, and mutant V316G/E325D catalyzes
active transport, efflux, and lactose-induced H+ influx with
parameters approaching those of wild-type permease. Thus,
introducing a Gly residue at the periplasmic end of helix X
may improve interaction between Arg302 and Asp325,
leading to more efficient deprotonation of the permease on
the inner surface of the membrane after dissociation of sugar
with rescue of lactose/H+ symport activity.

EXPERIMENTAL PROCEDURES

Materials. Oligodeoxynucleotides were synthesized on an
Applied Biosystems 391 DNA synthesizer. Restriction en-
donucleases, T4 DNA ligase, and Vent polymerase were
from New England Biolabs (Beverly, MA), and Anti-His5

antibody was purchased from Qiagen. All other materials
were reagent grade and obtained from commercial sources.

Growth of Bacteria. E. coli T184 [lacI+O+Z-Y-(A), rpsL,
met-, thr, recA, hsdM, hsdR/F′, lacIqO+ZD118(Y+A+)] (30)
transformed with plasmid pT7-5/cassettelacYencoding given
permease mutants was grown aerobically at 37°C in Luria-
Bertani broth with ampicillin (100µg/mL). Fully grown
cultures were diluted 10-fold and allowed to grow for 2 h at
37 °C before induction with 1 mM isopropyl 1-thio-â,D-
galactopyranoside. After additional growth for 2 h at 37°C,
cells were harvested by centrifugation.

Construction of Permease Mutants.Using plasmid pT7-
5/cassettelacY encoding mutant E325D permease, as indi-
cated, oligonucleotide-directed site-specific mutagenesis by
2-step PCR (31) was used to replace each of 41 nonessential
residues in helices IX and X and the intervening loop with
Gly individually. Following restriction endonuclease diges-
tion with KpnI andSpeI, the PCR products were subcloned
back into the similarly treated parental vector. The identical
procedure was used to replace given residues in the same
region with Gly in the wild-type background. Where
indicated, following 2-step PCR to replace Cys333 with Ser,
the KpnI and SpeI restriction endonuclease fragments of
E325D and V316G/E325D were cloned back into pT7-5/
cassettelacY encoding single Cys148 permease with a
C-terminal biotin acceptor domain (32). The KpnI-SpeI
region of thelacY gene in all mutants was fully sequenced
through the restriction sites by using the dideoxynucleotide
method (33) on an ABI 373A automatic sequencer.

2 Site-directed mutants are designated as follows: the one-letter
amino acid code is used followed by a number indicating the position
of the residue which is followed by the desired mutation at the position.

FIGURE 1: Seconday structure model of lac permease. Putative
transmembrane helices are shown in boxes. Residues that are
irreplaceable with respect to active transport are enlargedsGlu126
(helix IV) and Arg144 (helix V) are critical for substrate binding,
and Glu269 (helix VIII), Arg302 (helix IX), His322 (helix X), and
Glu325 (helix X) are essential for H+ translocation and coupling.
The charge pairs Asp237 (helix VII)/Lys358 (helix XI) and Asp240
(helix VII)/Lys319 (helix X) which do not play an essential role in
the mechanism are also shown. Helices IX and X are amplified
with Arg302, His322, and Glu325 enlarged and emboldened and
positions where Gly replacement results in a significant increase
in activity in mutant E325D emboldened.

770 Biochemistry, Vol. 40, No. 3, 2001 Weinglass et al.



Growth of Cells and Preparation of Right-Side-Out (RSO)
Membrane Vesicles. E. coliT184 were grown in Luria-
Bertani broth, and RSO membrane vesicles were prepared
as described (34, 35) except that 5.0 mM dithiothreitol (DTT)
was included. At the end of the preparation, the vesicles were
washed with 100 mM potassium phosphate (KPi, pH 7.5) to
remove DTT, resuspended in the same buffer at a protein
concentration of 13-18 mg/mL, frozen in liquid N2, and
stored at-80 °C until use.

NEM Labeling.The reactivity of Cys148 with [14C]NEM
was determined in situ in the absence or presence of given
concentrations ofâ-galactopyranosyl 1-thio-â-galactopyra-
noside (TDG) (17). Labeling at pH 7.5 was initiated by
addition of 10µL of [ 14C]NEM to a final concentration of
0.5 mM (40 mCi/mmol), and the vesicles were incubated
for 5 min at 25°C as indicated. Reactions were quenched
by addition of 10 mM DTT. Incorporation of [14C]NEM was
visualized and quantitated with a Storm 860 PhosphoImager.
Apparent affinity constants (KD

app) were determined with the
MicroCalTMOrigin TM computer program using nonlinear
least-squares curve fitting to a user-defined equation as
described (17).

Transport Assays. E. coliT184 expressing given permease
mutants were grown at 37°C and subsequently washed once
with 100 mM KPi (pH 7.5)/10 mM MgSO4 and adjusted to
an optical density of 10.0 at 420 nm (0.7 mg of protein/
mL). Transport was initiated by addition of [1-14C]lactose
(5 mCi/mmol) to a final concentration of 0.4 mM. Samples
were quenched at given times with 100 mM KPi (pH 5.5)/
100 mM LiCl and assayed by rapid filtration (36). To
determine kinetic parameters, cells were concentrated to an
optical density of 20, and 50µL of cells was mixed with 50
µL of [1-14C]lactose (0.04-5 mM final concentrations).
Initial rates were measured over 1 min for cells expressing
wild-type permease and over 2 min for cells expressing
E325D permease or derived mutants. Values were corrected
for lactose uptake by cells carrying the pT7-5 vector with
no lacY insert.

To measure lactose efflux,E. coli T184 cells expressing
given permease mutants were resuspended at 3-4 mg of
protein/mL in 100 mM KPi (pH 7.5), ethylenediaminetet-
raacetate was added to a final concentration of 10 mM, and
the suspensions were incubated at 37°C for 2 min and placed
on ice. Cells were then washed with 100 mM KPi (pH 7.5)
and resuspended in 100 mM KPi (pH 7.5)/10 mM MgSO4

before adjusting to an OD420 of 40.0 (2.8 mg of protein/
mL). [1-14C]Lactose (10 mM; 10 mCi/mmol) and 20µM
carbonyl cyanidem-chlorophenylhydrazone (CCCP) were
added to each sample, and the suspensions were equilibriated
on ice overnight. Aliquots (10µL) of each sample were
diluted 1:100 in KPi (pH 7.5) containing 20µM CCCP, and
at given times, the reactions were quenched with 100 mM
KPi (pH 5.5)/100 mM LiCl and immediately filtered (36).
Where indicated, preloaded cells were diluted 1:100 in 100
mM KPi (pH 7.5)/20µM CCCP and 10 mM NEM in addition
to inactivate the permease. Zero time values were determined
by dilution of 10 µL aliquots directly into quench buffer
followed by rapid filtration.

Lactose-Induced H+ Influx. Measurements were carried
out essentially as described (37). Briefly, cells were washed
twice in 1 mM KPi (pH 7.5)/120 mM KCl and resuspended
in 1 mM KPi (pH 7.5)/120 mM KCl/30 mM KSCN to an

OD420 of 80.0 (ca. 5.6 mg of protein/mL). An aliquot (0.5
mL) was placed in a closed, temperature-controlled glass cell
under argon at 25°C equipped with a glass pH electrode.
Lactose was added to a final concentration of 15 mM in a
30µL volume, and pH changes were recorded continuously.
The signal was calibrated by addition of 5µL of 10 mM
HCl which corresponds to 50 nmol of H+.

Western Blotting.Crude membranes from the same cells
utilized for active transport assays were prepared by osmotic

FIGURE 2: Wild-type permease versus mutant E325D. (A) Time
courses of active transport byE. coli T184 expressing wild-type
permease (WT), no permease (pT7-5 with nolacY insert), or the
mutant E325D. Aliquots (50µL) of cell suspensions containing 35
µg of protein in 100 mM KPi (pH 7.5)/10 mM MgSO4 were assayed
at 0.4 mM final external concentration of lactose as described under
Experimental Procedures. (B) Concentration-dependent lactose
transport byE. coli T184 expressing wild-type permease or the
mutant E325D. Initial rates of transport were determined at
concentrations ranging from 40µM to 5 mM [1-14C]lactose as
described under Experimental Procedures. For each data point,
nonspecific lactose uptake by cells expressing no permease (pT7-5
with no lacY insert) was subtracted. Data were fitted to the
Michaelis-Menten equation. Inset: double reciprocal plot. (C)
Time course of lactose efflux byE. coli T184 expressing WT, no
permease (pT7-5 only), or the mutant E325D. Aliquots of cells
equilibrated with 10 mM [14C]lactose in 100 mM KPi (pH 7.5)/10
mM MgSO4 and 20µM CCCP were diluted 100-fold into the same
solution without lactose as described under Experimental Proce-
dures. Where indicated, NEM (10 mM, final concentration) was
used to inactivate lac permease.
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lysis and sonication (38). Total membrane protein was
assayed by a modified Lowry procedure (39). A sample
containing 60µg of membrane protein from each sample
was subjected to electrophoresis in sodium dodecyl sulfate/
12% polyacylamide gels (40). Proteins were electroblotted
onto polyvinylidene fluoride membranes (Immobilon-PVDF;
Millipore) and probed with site-directed antibody against the
C-terminal 6-His tag on the permease followed by treatment
with anti-mouse IgG-conjugated horseradish peroxidase.

RESULTS

Wild-Type PermeaseVersus Mutant E325D. E. coliT184
(lacZ-Y-) expressing wild-type lac permease with 6-His
residues at the C-terminus catalyzes lactose accumulation
at a high rate to a steady-state level of ca. 150 nmol/mg of
protein in approximately 10 min (Figure 2A). In contrast,
as reported previously (28, 41), E. coli T184 expressing
E325D permease catalyze accumulation at about 20% the
rate of wild type, and by 1 h, the steady state is ca. 70% of
wild type. Cells transformed with plasmid pT7-5 with no
lacY insert exhibit negligible activity. Immunoblotting
demonstrates that permease expression is comparable in cells
expressing wild-type permease or the E325D mutant and
undetectable in cells harboring plasmid pT7-5 with nolacY
insert (data not shown; see28). Kinetic analysis reveals that
while theKm values for the wild type and the E325D mutant
are similar [0.43( 0.03 and 0.3( 0.03 mM, respectively
(Figure 2B)], theVmax observed for E325D is only 10% of
wild type [15( 1 and 146( 4 µmol/(min‚mg), respectively].
Furthermore, cells expressing wild-type permease catalyze
lactose efflux down a concentration gradient ca. 20-fold more
rapidly than cells expressing mutant E325D [t1/2 ≈ 0.17 and
3.6 min, respectively (Figure 2C)]. Efflux from cells express-
ing either wild-type permease or mutant E325D after
inactivation with NEM is extremely slow, reflecting non-
permease-mediated passive diffusion.

Gly-Scanning Mutagenesis.In an effort to rescue activity
in mutant E325D, each nonessential residue in helices IX
and X and the intervening loop (see9) was replaced
individually with Gly (Figure 3). Of the 41 mutants, 13
exhibit rates of lactose transport ranging from 0 to 30% of

E325D, 23 exhibit rates ranging from 30 to 130% of E325D,
and 5 exhibit rates of over 130% of E325D (Figure 3; *).
To test whether the differences in activity observed are due
to differences in permease expression, immunoblots were
carried out on membrane preparations from the same cells
on which transport was measured. With the exception of
L292G, which is expressed poorly and exhibits very low
activity, each of the other mutants is expressed in an amount
comparable to E325D permease (data not shown).

Mutants with Highly Reduced ActiVity. Thirteen mutants
display low rates of lactose transport (Figure 3). Eleven lie
in helix X which contains the irreplaceable residues His322
and Glu325. Interestingly, with the exception of M323G
which inactivates both the wild type and the E325D mutant,
Gly replacements in close proximity to positions 322 or 325
are tolerated relatively well in the wild type, but lead to a
marked loss of activity in the E325D background. Thus,
mutants L321G (Figure 4A,B), F324G (Figure 4C,D), and
V326G (Figure 4E,F), respectively, have relatively little
effect on wild-type activity, while the same mutations cause
significantly greater inhibition in the E325D background. The
remaining mutants exhibit essentially the same low activities
in both the wild-type and E325D backgrounds (F328G,
L330G, V331G, F334G, and K335G). Neutral replacement
of Lys319 (42-44) or Gly replacement for Pro327 (45) also
inactivates the wild type, as shown previously, as well as
the E325D mutant (not shown).

Mutant V316G.Five mutants in the E325D background
(K289G, I304G, A309G, V316G, and I317G) exhibit sig-
nificantly higher rates of transport than mutant E325D alone
(Figure 3). To determine whether these effects are specific
for the E325D mutant, the mutations were also characterized
in the wild-type background. With the exception of mutant
V316G which exhibits about 35% of the rate and 25% of
the steady-state level of accumulation of wild-type permease
at 0.4 mM lactose (Figure 5A), all of the other mutants in
the wild-type background exhibit at least 75% of wild-type
activity (data not shown). In contrast to the wild type, in the
E325D background, all of these mutants exhibit significantly
increased rates of transport, and in mutant V316G/E325D
in particular, the rate is enhanced about 2.5-fold (Figure 5B).

FIGURE 3: Active transport byE. coli T184 expressing E325D and individual Gly replacement mutants. The single-letter amino acid code
is used along the horizontal axis to denote the original residues from Lys289 to Lys335. Mutants with significantly increased (>130%)
activity are indicated with an asterisk (*). Rates of active transport were measured at 2 min as described under Experimental Procedures.
Results are expressed as a percentage of E325D activity. Each bar in the histogram represents the average of at least 3 independent experiments,
and the measurements did not vary by more than 20%.
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Kinetic analysis of each mutant in the E325D background
demonstrates that theKm values of all five mutants with
enhanced activity are generally similar to that of mutant
E325D (Table 1). Furthermore, V316G/E325D exhibits a
3-4-fold increase inVmax (Table 1 and Figure 5D), while
little or no effect is observed with V316G in the wild-type
background (Figure 5C).

Replacement of Val316 with Gly also increases the rate
of efflux about 3-fold in the E325D background [t1/2 ≈ 1.1
min versus 3.8 min (Figures 5F)] and a minimum of 6-fold
in the wild type [t1/2 ≈ 0.05 min versus 0.3 min (Figure 5E)],
which may account for the marked decrease in the steady-
state level of accumulation.

Consistent with the 10-fold reduction in theVmax of lactose
transport in cells with E325D, the rate of lactose-induced
H+ influx is much slower relative to cells with wild-type
permease (Figure 6; see41 in addition). Moreover, cells with
wild-type permease containing the V316G mutation exhibit
at least a 3-fold increase in H+ influx, suggesting that the
mutation results in partial uncoupling of lactose and H+

translocation (Figure 6, insets). In contrast, a much more
dramatic increase in lactose-induced H+ influx is observed
in cells expressing mutant V316G/E325D relative to E325D
alone.

Since mutant E325D exhibits about a 10-fold decrease in
affinity relative to the wild type or to neutral replacements
for Glu325 (17, 28), the increased activity of mutant V316G
may be due to an increase in affinity for substrate. Therefore,
the effect of the V316G mutation on the affinity of mutant
E325D for â,D-galactopyranosyl 1-thio-â,D-galactopyrano-
side (TDG) was measured by introducing E325D or V316G/

FIGURE 4: Effects of Gly replacement of residues near Glu325 or
Asp325. Time courses of active transport byE. coli T184 expressing
wild-type (WT) permease or E325D mutants with Gly in place of
the native residue at positions 321 (A and B), 324 (C and D), or
326 (E and F). Experiments were carried out as described under
Experimental Procedures. Data are plotted as percent maximum
accumulation by wild type or E325D vs time.

FIGURE 5: Transport properties of V316G or V316G/E325D
permease. (A, B) Time courses of active transport.E. coli T184
expressing wild type (WT) or V316G (A) or E325D or V316G/
E325D permease (B) were assayed as described in Figure 2A and
under Experimental Procedures. (C, D) Kinetic analysis of active
transport. Initial rates of transport byE. coli T184 expressing WT
or V316G (C) or WT, E325D, or V316G/E325D permease (D) were
determined at given lactose concentrations as described in Figure
2B and under Experimental Procedures. (E, F) Time courses of
lactose efflux.E. coli T184 expressing WT or V316G (E) or E325D
or V316G/E325D permease (F) were prepared and assayed as
described in Figure 2C and under Experimental Procedures.

Table 1: Kinetic Properties of E325D Activating Gly Mutantsa

mutant Vmax[nmol/(min‚mg)] Km (mM)

WT 146( 4 0.43( 0.03
E325D 15( 1 0.30( 0.03
K289G/E325D 18( 1 0.40( 0.03
I304G/E325D 29( 1 0.57( 0.03
A309G/E325D 21( 1 0.40( 0.03
V316G/E325D 52( 1 0.76( 0.04
I317G/E325D 23( 1 0.38( 0.02
a Experiments were carried out as described under Experimental

Procedures.
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E325D into permease with a single Cys residue at posi-
tion148 and monitoring protection against alkylation by NEM
as a function of TDG concentration (see17, 25, 46).
Consistent with previous observations (17), mutant E325D
exhibits a KD

app of 350 ( 0.05 µM (Figure 7A), while
V316G/E325D has a slightly elevatedKD

app of 580 ( 0.23
µM (Figure 7B).

DISCUSSION

Recent studies (17) in which ligand binding affinity was
measured as a function of pH in single-Cys148 permease
with various replacements for Glu269, Arg302, His322, and
Glu325 have led to a working model describing a mechanism
for lactose/H+ symport. In the ground state, the permease is
protonated, the H+ is shared between His322 and Glu269,
Glu325 is charge-paired with Arg302, and substrate is bound
with high affinity between helices IV (Glu126) and V
(Arg144 and Cys148) from the outside surface of the
membrane. Substrate binding induces a conformational
change that leads to transfer of the H+ from His322/Glu269
to Glu325 and reorientation of the binding site to the inner
surface with a decrease in affinity and dissociation of
substrate. Glu325 is then deprotonated on the inside due to
re-juxtapositioning with Arg302. The His322/Glu269 com-
plex is then protonated from the outside to reinitiate the cycle.

Not surprisingly, the only replacement for Glu325 that
catalyzes lactose/H+ symport to any extent whatsoever is
Asp. However, there is a 10-fold reduction in theVmax for
active transport, as well as the rate and extent of lactose-
induced H+ influx under de-energized conditions. Further-
more, efflux down a lactose concentration gradient which
also occurs in symport with H+ (47) is also about 20-fold
slower in cells with E325D than wild type. Consistent with
the proposed mechanism, the distance between the shortened
carboxyl side chain at position 325 and the guanidino group
of Arg302 may be increased in E325D, thereby weakening
the interaction between the carboxyl and guanidino side
chains (48). Therefore, during lactose/H+ symport, re-
juxtapositioning between Arg302 and Asp325 may be less
favorable, leading to reduction in the rate of deprotonation
of Asp325 relative to Glu325 after dissociation of sugar on
the inside of the membrane. Suggestive evidence for this
notion is provided by comparison of mutants with Gly in
place of residues in the vicinity of position 325 in the wild
type or mutant E325D. While there is little significant effect
on activity in the wild type, identical replacements in mutant
E325D produce a marked reduction in activity (Figure 4).
Thus, the distance between the carboxyl group at position
325 in helix X and the guanidino group at position 302 may

FIGURE 6: Lactose-induced H+ uptake.E. coli T184 expressing
wild type (WT), V316G, E325D, or V316G/E325D permease or
no permease (pT7-5 with nolacYinsert) were prepared as described
under Experimental Procedures. Changes in the external pH upon
addition of 15 mM lactose (final concentration) were monitored
with a pH electrode as described under Experimental Procedures.
Downward displacement indicates alkalinization of the external
medium. Insets represent the same procedure time-resolved for 45
s after addition of 15 mM lactose (*).

FIGURE 7: Substrate protection against alkylation of Cys148 by
TDG. RSO membrane vesicles with either E325D (A) or V316G/
E325D permease (B) with a single Cys residue at position 148 and
a biotin-acceptor domain at the C-terminus were incubated in 100
mM KPi (pH 7.5) with 0.5 mM [14C]NEM at 25°C for 5 min in
the absence or the presence of indicated concentrations of TDG as
described under Experimental Procedures. 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 12% polyacrylamide gel, and14C-
labeled protein was visualized by autoradiography (inset, a). A
fraction of the protein was analyzed by Western blotting to
determine the amount of permease in each sample (inset, b).
Incorporation of [14C]NEM was quantitated by a Storm 860
PhosphoImager, and the labeling in the presence of given concen-
trations of TDG is expressed as percent labeling observed in the
absence of sugar.
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be highly dependent upon structural perturbations in the
immediate vicinity.

Each nonessential residue in helices IX and X and the
intervening loop of E325D was replaced with Gly and
screened for active transport in an effort to rescue activity
by introducing conformational flexibility which might com-
pensate for the shortened carboxyl-containing side chain of
E325D. Five mutants with significantly greater activity than
mutant E325D were identified, and four of the mutants are
located at the putative boundaries of helices IX (K289G and
A309G) and X (V316G and I317G), while one lies toward
the center of helix IX (T304G). It is noteworthy that: (a)
replacement of these native residues with Cys in Cys-less
permease does not lead to increased activity (38); and (b)
with the exception of V316G, the mutations have little or
no effect on the wild-type. Furthermore, combining the three
mutations clustered at the periplasmic ends of helices IX
(A309G) and X (V316G and I317G) in mutant E325D does
not lead to enhanced activity (data not shown).

Remarkably, all of the mutants with enhanced activity
manifest increases inVmax with little if any change inKm

(Table 1). Furthermore, while mutant V316G/E325D, the
most active, shows a slight increase in the apparentKD

app

for TDG binding relative to E325D, it exhibits a 4-fold
increase inVmax paralleled by an increase in the rate of
lactose-induced H+ influx. Lactose efflux, a translocation
reaction that also involves H+ symport (47), is similarly
enhanced in V316G/E325D, and at least a 6-fold increase
in lactose efflux is observed with mutant V316G in the wild-
type background as well. Furthermore, the V316G mutation
in the wild-type background causes about a 3-fold increase
in lactose-induced H+ influx. Thus, taken together, the
findings with mutant V316G in the wild-type versus the
E325D backgrounds indicate that the mutation partially

uncouples wild type and increases coupling in E325D
permease. Although this may seem paradoxical, if efficient
deprotonation of a carboxylic acid at position 325 (helix X)
is dependent upon the frequency with which it re-juxtaposi-
tions with Arg302 (helix IX) after dissociation of sugar, such
a possibility is not farfetched (Figure 8). With Glu at position
325, conditions are optimal for deprotonation, and introduc-
tion of conformational flexibility in the vicinity might cause
significantly higher rates of deprotonation, leading to partial
uncoupling of lactose and H+ translocation which is reflected
by a decreased steady-state level of accumulation, increased
lactose-induced H+ influx, and increased rates of efflux. In
contrast, with the shortened side chain of Asp325, the
distance between the carboxyl group and the guanidinium
side chain of Arg302 would be greater, the frequency of re-
juxtapositioning between the two side chains would be
decreased, and the permease would be uncoupled. By
increasing conformational flexibility with the introduction
of the V316G mutation into mutant E325D, the frequency
of re-juxtapositoning between the two side chains might be
increased, thereby increasing the efficiency of lactose/H+

symport with little or no change in affinity for substrate.
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