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Trp replacements for conserved Gly–Gly pairs between the N- and
C-terminal six-helix bundles on the periplasmic side of lactose per-
mease (LacY) cause complete loss of transport activity with little or
no effect on sugar binding. Moreover, the detergent-solubilized
mutants exhibit much greater thermal stability than WT LacY. A
Cys replacement for Asn245, which is inaccessible/unreactive in
WT LacY, alkylates readily in the Gly→Trp mutants, indicating that
the periplasmic cavity is patent. Stopped-flow kinetic measure-
ments of sugar binding with the Gly→Trp mutants in detergent
reveal linear dependence of binding rates on sugar concentration,
as observed with WT or the C154G mutant of LacY, and are com-
patible with free access to the sugar-binding site in the middle of
the molecule. Remarkably, after reconstitution of the Gly→Trp
mutants into proteoliposomes, the concentration dependence of
sugar-binding rates increases sharply with even faster rates than
measured in detergent. Such behavior is strikingly different from
that observed for reconstituted WT LacY, in which sugar-binding
rates are independent of sugar concentration because opening of
the periplasmic cavity is limiting for sugar binding. The observa-
tions clearly indicate that Gly→Trp replacements, which introduce
bulky residues into tight Gly–Gly interdomain interactions on the
periplasmic side of LacY, prevent closure of the periplasmic cavity
and, as a result, shift the distribution of LacY toward an outward-
open conformation.
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The lactose permease (LacY) of Escherichia coli, the most in-
tensively studied member of the major facilitator superfamily

(1, 2), catalyzes coupled, stoichiometric translocation of a gal-
actopyranoside and an H+ (sugar/H+ symport) across the cyto-
plasmic membrane (3–5). Because sugar andH+ translocation are
obligatorily coupled, LacY transduces the free energy stored in an
H+ electrochemical gradient (ΔμH̃+) into a sugar concentration
gradient; conversely, downhill transport of galactoside drives
uphill transport of H+ with the generation of ΔμH̃+, the polarity
of which is dictated by the direction of the sugar concentration
gradient. The highly dynamic nature of LacY is consistent with an
alternating access mechanism involving a global conformational
change in which sugar and H+ binding sites are alternatively ex-
posed to either side of the membrane (reviewed in ref. 6). Nev-
ertheless, all X-ray structures of LacY obtained so far exhibit an
inward-facing conformation, with the sugar-binding site at the
apex of a deep hydrophilic cavity open to the cytoplasmic side
only (7–10). In this conformation, the periplasmic side is tightly
sealed and the sugar-binding site is inaccessible from the peri-
plasm. However, a wealth of biophysical and spectroscopic data,
which include site-directed alkylation (11–16), single-molecule
fluorescence resonance energy transfer (FRET) (17), double
electron-electron resonance (18), site-directed cross-linking (19)
and Trp fluorescence studies (20–22), provide converging evidence
that the sugar- and H+-binding sites in LacY are alternatively ac-
cessible from either side of the membrane (the alternating access
model, reviewed in refs. 6 and 23). Moreover, structural modeling
of LacY and comparison with the fucose/H+ symporter, which

crystallizes in an opposite outward-facing conformation, provide
insight into the sequential conformational rearrangements in the
transport mechanism of LacY (24–26).
LacY is highly dynamic. Hydrogen/deuterium exchange of

virtually all backbone amide protons in the WT occurs at a re-
markably rapid rate, with LacY embedded in either a detergent
micelle (27, 28) or a phospholipid membrane (29). Moreover,
sugar binding by WT LacY is mostly entropic in nature (30),
inducing widespread conformational changes (6). Protonation is
required for sugar binding, as indicated in the original kinetic
model (31–33). Thus, LacY with a pKa of ∼10.5 for sugar binding
(34) is protonated under physiological conditions (35). Residues
in the H+-binding site are tightly interconnected, define the pKa
for sugar binding, and alter galactoside-binding affinity (35, 36).
Protonated LacY catalyzes exchange and counterflow of sugar
molecules across the membrane by a mechanism that does not
include translocation of H+ but involves the global conforma-
tional change corresponding to alternating access (31–33, 37–
39). The single mutation C154G dramatically decreases confor-
mational flexibility but does not affect sugar or H+ binding, and it
practically eliminates all transport reactions (40–44). It is likely
that the conformational changes triggered by sugar binding are
relatively facile and do not need to overcome high-energy bar-
riers (25).
The structural basis for the high flexibility of LacY is provided

in part by the irregular shape of the transmembrane helices, with
kinks and bends that contain a total of 36 Gly (45) and 12 Pro
residues (46), many of which are conserved. Comparison of the
LacY sequence with homologous sequences of prokaryotic and
eukaryotic major facilitator superfamily transporters and struc-
tural threading reveals strong conservation not only of amino acid
residues that participate in sugar and H+ binding but also of
several important structural elements (47). One such conserved
feature is tight interactions between N- and C-terminal six-helix
bundles on the periplasmic side of LacY, which is facilitated by
two pairs of Gly residues located at the ends of helices 2 and 11
(Gly46 and Gly370, respectively) and helices 5 and 8 (Gly159 and
Gly262, respectively) (Fig. 1 and Fig. S1). With no side chain, Gly
residues modulate conformational flexibility and also allow close
interactions between helices (48–53). Therefore, tight packing of
helices on the periplasmic side of LacY, observed in all inward-
facing structures, is controlled not only by close proximity of tilted
helices 1 and 7 in the middle (19) but also by two direct Gly–Gly
contacts between N- and C-terminal six-helix bundles on the
periphery of the molecule (Fig. 1B). Notably, these Gly residues
are located symmetrically in straight α-helical transmembrane
domains (Fig. S2). Cys scanning mutagenesis of LacY (45, 54)
shows that individual bulky replacements for Gly46, Gly159,
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Gly262, and Gly370 practically eliminate transport activity. Thus,
each of four single-Cys mutants treated with the thiol reagent
N-ethylmaleimide (NEM) retains less than 20% of lactose trans-
port activity (55–58). As a consequence, mutations that severely
destabilize interdomain Gly–Gly connections in LacY are expec-
ted to produce structures with a less tightly packed periplasmic
side. Here we report that site-directed Trp replacements for Gly–
Gly pairs on the tightly packed periplasmic side of LacY result in
formation of a stable outward-facing conformation of LacY with
an open periplasmic cavity.

Results
Disruption of Gly–Gly Interactions. Six mutants were constructed in
which Trp residues were introduced into Gly–Gly pairs between
the N- and C-terminal domains on the tightly sealed periplasmic
aspect of LacY (Fig. 1). Thus, Gly residues at positions 46, 159,
262, or 370 were individually replaced with Trp. In addition,
double Trp mutants were constructed by replacing a single Gly
residue in each pair (G46W/G262W) or both Gly residues in the
same pair (G46W/G370W). All Gly→Trp mutants were expressed
in the bacterial membrane at a level comparable to WT LacY.
Active lactose accumulation driven byΔμH̃+ was assayed in E. coli
cells expressing WT LacY and the Gly→Trp mutants (Fig. 2A). In
marked contrast to WT LacY, none of the mutants catalyzes sig-
nificant accumulation of lactose. Furthermore, equilibrium ex-
change of lactose, a reaction that does not involve net H+

translocation, was also tested with the same mutants in right-side-
out (RSO) membrane vesicles. As opposed to WT LacY, which
exhibits brisk exchange activity, both double Gly→Trpmutants are
unable to catalyze exchange of lactose above the levels observed
for the negative controls (i.e., RSO vesicles containing no LacY or
WT LacY inactivated by NEM) (Fig. 2B).

Sugar Binding and Thermal Stability. Galactoside binding to puri-
fied mutants with single and double Gly→Trp replacements was
measured by FRET (Fig. S3) from Trp151 in sugar-binding site
to 4-nitrophenyl-α-D-galactopyranoside (NPG) as an increase

in Trp fluorescence after displacement of bound NPG by an
excess of β-D-galactosyl-1-thio-β-D-galactopyranoside (TDG) (20).
In dodecyl-β-D-maltopyranoside (DDM), all mutants exhibit
good sugar binding with 40–60% Trp→NPG FRET (Fig. 3A and
Fig. S3C).
The effect of Gly→Trp mutations on conformational stability

was tested in DDM by measuring sugar binding to protein sam-
ples preincubated at 50°C. In marked contrast toWTLacY, which
is completely inactivated after 10 min, mutant G46W/G262W
retains substantial sugar binding and exhibits a low propensity to
aggregate after 1 h incubation at 50°C (Fig. 3).

Site-Directed Alkylation of a Cys Residue in the Periplasmic Pathway.
A mutant with Cys in place of Asn245 (N245C) within the tightly
packed periplasmic side of LacY (Fig. 4, Top) exhibits a marked
increase in reactivity/accessibility to thiol reagents on binding of
galactosides, thereby reflecting the opening of the periplasmic
cavity (11–13, 15, 19, 59). To examine the effect of Gly→Trp
replacements on the conformation of LacY, alkylation of N245C
with bimane-C3-maleimide (BM) in WT or G46W/G262W LacY
was tested. As opposed to the WT, where N245C labels very
slowly in the absence of sugar and TDG causes a dramatic in-
crease in reactivity/accessibility (Fig. 4A, traces 2 and 3), rapid
labeling is observed with mutant G46W/G262W in the absence of
sugar, and TDG has no significant effect (Fig. 4B, traces 2 and 3).
Note that the control samples essentially do not label with BM
under the same conditions (Fig. 4 A and B, traces 4 and 5), even
though only one of eight native Cys was replaced (Cys148→Met).
Rapid labeling is also observed after reconstitution of mutant
G46W/G262W/N245C into proteoliposomes with no effect of
TDG, whereas the rate of BM labeling of N245C in the WT
background is significantly increased by TDG binding (Fig. 4 C
and D). Labeling of each protein after dissolving the proteoli-
posomes in DDM is practically identical to that observed initially
(compare Fig. 4, E with A and F with B). Thus, high accessibility/
reactivity of Cys245 in mutant G46W/G262W suggests constitu-
tive opening of the periplasmic cavity either in DDM or in pro-
teoliposomes. Moreover, single Gly→Trp replacement in the
G370W/N245C mutant was enough to open periplasmic cavity, as

Fig. 1. Trp replacements in two pairs of Gly–Gly residues that connect the
N- and C-terminal six-helix domains on the periplasmic side of LacY. The 12
transmembrane helices that make up LacY are rainbow colored from blue to
red. Gly residues (Gly46, 159, 262, and 370 in helices 2, 5, 8, and 11, re-
spectively) and Trp replacements are shown as spheres. Inward-facing X-ray
structure (Protein Data Bank ID code 2CFQ) viewed from the side (A) or from
the periplasm (B). Model of the outward-facing conformation of LacY (18,
24) with Gly→Trp replacements (pink spheres) at positions 46 and 262
viewed from the side (C) or the periplasm (D).

Fig. 2. Functional properties of LacY mutants with Gly→Trp replacements.
(A) Lactose transport in E. coli cells harboringWT LacY (●), mutants with single
or double Gly→Trp replacements: G46W (▲), G159W ( ), G262W (■), G370W
(◆), G46W/G262W (▼), G46W/G370W (★), or pT7-5 vector only with no LacY
insert (○). Active sugar accumulation was measured at 0.4 mM [14C]-lactose,
as described in Materials and Methods. One hundred percent transport cor-
responds to 160 nmol/mg protein. (B). Equilibrium exchange of lactose by RSO
vesicles containing WT LacY (●), NEM-treated WT LacY (□), mutants with
double Gly→Trp replacements G46W/G262W (▲), and G46W/G370W (▼), or
no permease (○). RSO vesicles equilibrated with 10 mM [14C]lactose were di-
luted (1:200) into buffer containing 10 mM nonradioactive lactose and, at
given times, radioactive lactose retained inside of vesicles was measured by
rapidfiltration as described inMaterials andMethods. Nonspecific exchange of
lactose in RSO vesicles containing WT LacY was assayed with an NEM-treated
sample (see Materials and Methods for details).
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evidenced by the high reactivity/accessibility of the introduced
Cys245 to BM labeling, although some additional effect of TDG
is observed (Fig. S4).

Sugar Binding Rates. Stopped-flow kinetic studies of sugar binding
with WT LacY in DDM or after reconstitution into proteolipo-
somes show that the sugar-binding site is not readily accessible
after LacY is reconstituted into proteoliposomes (20, 22). Thus,
rates of NPG binding to LacY measured directly by Trp→NPG
FRET in DDM increase linearly with NPG concentration, in-
dicating that NPG has free access to the sugar-binding site.
However, LacY reconstituted into proteoliposomes binds NPG
at a slow rate that is independent of sugar concentration and
comparable with the rate of opening of the periplasmic pathway.
Therefore, access to the sugar-binding site is limited by the rate
of opening of the periplasmic cavity (22).
When NPG binding by mutant G46W/G262W is examined

by stopped-flow studies, it is apparent that the rate of NPG

binding increases with sugar concentration in DDM, as well as in
reconstituted proteoliposomes (Fig. 5 A and B, respectively).
Binding rates (kobs) estimated from single exponential fits and
plotted as a function of NPG concentration exhibit linear de-
pendencies in both cases (Fig. 5C, black symbols and lines). Kinetic
parameters estimated for reconstituted protein are koff = 75 s−1,
kon = 14 μM−1·s−1, and Kd = koff/kon = 5.3 μM. Dissolving the
proteoliposomes in DDM restores the kinetic parameters to those
observed for the G46W/G262W mutant in DDM: koff = 55 s−1,
kon = 5.7 μM−1·s−1, and Kd = koff/kon = 9.7 μM. Remarkably,
mutant G46W/G262W reconstituted into proteoliposomes exhibits

Fig. 3. Effect of Gly→Trp replacements on conformational stability of LacY.
Purified samples ofWT LacY or mutant G46W/G262Wwere heated in a water
bath at 50°C at a protein concentration of 0.3 mg/mL in 50 mM NaPi/0.02%
DDM (pH 7.5). At given times, aliquots were cooled on ice, centrifuged for
5 min at 25,000 × g, and assayed for sugar binding at room temperature.
Binding of sugar was measured by using Trp→NPG FRET. Trp emission spectra
were recorded at excitation wavelength 295 nm with 0.5 μM protein in
50 mM NaPi/0.02% DDM (pH 7.5). The increase in Trp fluorescence after
displacement of bound NPG (0.2 mM)with excess TDG (12mM) is expressed as
a percentage of the final fluorescence level after TDG addition. (A and B)
Substrate binding to G46W/G262W mutant before heating and after 1 h in-
cubation at 50°C. (C and D) Substrate binding toWT LacY before heating and
after 10 min incubation at 50°C. (E) Time courses of thermal inactivation for
WT LacY (●) or the G46W/G262W mutant (▲). Binding at zero time (100%)
corresponds to 30% FRET with WT LacY and 56% FRET with the mutant.
Heavy precipitation was observedwith theWT LacY sample after 10min; only
slight aggregation was observed after 1 h with the mutant at 50°C.

Fig. 4. Site-directed alkylation of a Cys replacement at position 245 in the
periplasmic pathway. The target Cys (mutant N245C) is shown at the top for
protein with a closed (Left) or open (Right) periplasmic cavity. Time courses
of labeling were recorded at excitation and emission wavelengths of 380
and 465 nm, respectively, in 50 mM NaPi/0.02% DDM (pH 7.5) at 1 μM BM,
added to 0.5 μM protein at 30 s, as indicated by an inverted arrow. (Left and
Right) BM labeling of WT or mutant G46W/G262W, respectively. The highly
reactive/accessible native Cys148 in each mutant was replaced with Met. In
each panel, trace 1 was recorded with no protein added and traces 2 and 3
correspond to labeling of Cys245 in the absence of sugar or after addition of
6 mM TDG, respectively. Labeling of control proteins with no Cys replacement
at position 245 is shown by trace 4 (no sugar) and trace 5 (6 mM TDG). La-
beling of Cys245 with BM was tested with proteins in DDM (A and B), with
mutants reconstituted into proteoliposomes (C and D) or with the same
proteoliposomes dissolved in DDM (E and F).
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a kon value (14 μM−1·s−1 estimated from the slope) that is even
higher than the kon value in DDM (5.7 μM−1·s−1) and is strikingly
different from reconstituted C154G LacY with undisturbed Gly–
Gly contacts that binds NPG with a kobs = 50 s−1 independent of
NPG concentration (Fig. 5C, gray triangles). In DDM, C154G
LacY, which is also a conformationally constrained, nontransporting
mutant, binds NPG with the same rates as G46W/G262W (Fig. 5C,
gray and black circles). The data clearly demonstrate unrestricted
accessibility of the sugar-binding site in the G46W/G262W mutant
not only in DDM but also in proteoliposomes, thereby supporting
the argument that the periplasmic cavity is completely open.
The G46W/G370W mutant, either in DDM or reconstituted

into proteoliposomes, displays kinetic parameters for NPG bind-
ing that are practically indistinguishable from those obtained with
G46W/G262W LacY (Fig. S5). Sugar-binding kinetics were also
studied for mutants with single Gly→Trp replacements (Fig. 6 and
Fig. S6). Individual Trp replacements for each Gly in the Gly–Gly
pairs exhibit similar effects on sugar-binding kinetics, as observed
with the double Gly→Trp replacements. In all cases, linear con-
centration dependencies of kobs are observed in DDM and in
proteoliposomes, indicating that a single bulky replacement in the
tight interdomain Gly–Gly contacts is sufficient to shift the struc-
tural distribution toward an outward-facing conformation.

Effect of Protonation on Sugar Binding. The binding affinity of WT
LacY for galactopyranosides decreases sharply at alkaline pH as
a result of an increase in koff (Kd = koff/kon), with a pKa of ∼10.5
(34, 36). It follows that over the physiological range of pH, sugar
binds to fully protonated LacY. Stabilization of an outward-facing
conformation by Trp→Gly replacements may involve changes in
the H+-binding site that alter sugar-binding affinity (Fig. S3B).
Therefore, the pH dependence of koff was examined for NPG
binding to mutant G46W/G262W. Stopped-flow traces of the
increase in Trp fluorescence after displacement of bound NPG
with an excess of TDG were recorded at pH 5.5–11.0 (Fig. S7A).
Single exponential fits provide an estimate of koff values that are
plotted as a function of pH (Fig. 7). The data obtained for the
G46W/G262W mutant are identical to those obtained for WT
and C154G LacY (Fig. S7B) and exhibit a pKa of ∼10.5. Thus, the
Gly→Trp mutations that result in an outward-facing conforma-
tion of LacY do not significantly perturb the H+-binding site.

Discussion
As anticipated, Trp substitutions for Gly residues at points of
close contact between the periplasmic ends of helices 2 and 11 or
helices 5 and 8, which provide tight junctions between the N- and
C-terminal six-helix domains of LacY, produce mutants that
exhibit the characteristics of proteins with an open periplasmic
cavity. The Gly→Trp mutants are expressed at a level compa-
rable to WT LacY, with no apparent adverse effect on cell via-
bility, and the mutants do not catalyze sugar/H+ transport across
the membrane (Fig. 2). However, sugar binding remains un-
affected, as determined by Trp→NPG FRET with purified
mutants in DDM or after reconstitution into proteoliposomes.
Mutant G46W/G262W solubilized in DDM exhibits exceptional
structural stability, withstanding 1 h incubation at 50°C without

Fig. 5. Rates of NPG binding to mutant G46W/G262Wmeasured by Trp→NPG
FRET. Stopped-flow traces of Trp fluorescence change (excitation and emis-
sionwavelengths 295 and 340 nm, respectively) were recorded aftermixing of
NPG (at final concentrations indicated) with G46W/G262W (0.5 μM) in DDM
(A) or with the same mutant reconstituted into proteoliposomes (B). Sugar-
binding rates (kobs) were estimated from single exponential fits (black lines
on A and B) and plotted vs. NPG concentrations (C) for NPG binding to the
mutant in DDM solution (●), reconstituted into proteoliposomes (PL; ▲)
or after dissolving the proteoliposomes in DDM (4). Linear fits to the data
(kobs = koff + kon[NPG]) are shown as black lines. Numbers near the lines show
estimated kon (μM−1·s−1) values. Kinetic parameters for NPG binding to mu-
tant G46W/G262W in DDM and in proteoliposomes (data in parentheses) are
koff = 55 (75) s−1, kon = 5.7 (14) μM−1·s−1, and Kd = 9.7 (5.3) μM. Gray symbols
and lines demonstrate kinetics of NPG binding to C154G for comparison.
Kinetic parameters measured with C154G in DDM are koff = 100 s−1, kon = 5.0
μM−1·s−1, and Kd = 20 μM. Mutant C154G reconstituted into proteoliposomes
binds NPG with a kobs = 50 s−1.

Fig. 6. Kinetics of sugar binding to single Gly→Trp mutants. Sugar binding
rates (kobs) were estimated from single exponential fits of stopped-flow
traces similar to those shown in Fig. 5 A and B after mixing of NPG with each
purified mutant solubilized in DDM (●) or reconstituted into proteolipo-
somes (▲). Stopped-flow traces recorded with reconstituted proteolipo-
somes are presented in Fig. S6. Kinetic parameters for NPG binding to G46W
(A), G159W (B), G262W (C), and G370W (D) were obtained from linear fits to
the data (solid lines), as shown in Fig. 5C. Numbers near each line represent
kon (μM−1·s−1) values. Estimated values of koff were 30–40 s−1 in DDM or 50–
80 s−1 in proteoliposomes, resulting in high-affinity binding (Kd = 3–7 μM).
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significant aggregation and only moderately decreased sugar
binding. In contrast, after 10 min at 50°C, WT LacY precipitates
heavily and is completely inactivated (Fig. 3). Thermostability is
also observed with mutant Cys154→Gly where the structural
changes necessary for translocation of bound substrate are also
blocked (42). Therefore, the Gly→Trp mutants apparently adopt
a conformation that is not sufficiently flexible to catalyze trans-
port but can retain intact ability to bind sugar.
Molecular modeling suggests that bulky Trp residues intro-

duced in place of Gly in the tight Gly–Gly junctions between the
N- and C-terminal six-helix domains of LacY should prevent
closure of the periplasmic cavity (Fig. 1 C and D). Therefore,
opening of the periplasmic cavity in the Gly→Trp mutants was
examined by two approaches: site-directed alkylation of a Cys
replacement for Asn245 and pre-steady state kinetics of sugar
binding with protein solubilized in DDM or reconstituted into
proteoliposomes. With respect to site-directed alkylation, it is
well documented that position 245 is one of several positions on
the periplasmic side of LacY at which Cys replacements exhibit
very low reactivity/accessibility in the absence of bound sugar and
a dramatic increase in reactivity/accessibility on sugar binding (11–
15, 59). Because a six- to 10-fold increase in reactivity/accessibility
of Cys replacements on the sealed periplasmic side is mirrored by
a six- to 10-fold decrease in reactivity/accessibility of Cys replace-
ments on the open cytoplasmic side of LacY (14), an alternating
access mechanism is likely central to the transport process.
Moreover, as shown here with the Gly→Trp mutants (Fig. 4 B,
D, and F and Fig. S4), a Cys replacement for Asn245 undergoes
rapid site-directed alkylation in the absence of sugar, thereby
indicating that the periplasmic cavity is constitutively open.
Regarding pre-steady state kinetics of sugar binding, the findings

presented here provide more direct evidence for the contention
that the Gly→Trp mutants are arrested in an outward-open con-
formation. Thus, reconstituted WT and C154G LacY, which are
oriented physiologically in proteoliposomes with the sealed peri-
plasmic side facing out, exhibit no concentration dependence of
sugar binding rates because opening of the periplasmic cavity is the
limiting step for binding. In contrast, Gly→Trp mutants with single-
or double-Trp replacements reconstituted into proteoliposomes
exhibit acute linear dependencies of binding rates on sugar con-
centrations (Figs. 5C and 6 and Fig. S5A), indicating free access of
the binding site to sugar. Remarkably, the sugar- and H+-binding
sites in the Gly→Trp mutants are unaffected, as judged from sugar-
binding kinetic parameters and the pH dependence of sugar-binding

affinity, which are essentially identical to LacY, with unperturbed
Gly–Gly interactions between two six-helix domains.

Materials and Methods
Materials. Oligonucleotides were synthesized by Integrated DNA Technologies.
Restriction enzymes were purchased from New England Biolabs. QuikChange II
kits were purchased from Stratagene. TDG was obtained from Carbosynth
Limited. NPG and buffers were from Sigma-Aldrich. Talon superflow resin was
purchased fromBDClontech. Bimane-C3-maleimidewas fromLifeTechnologies.
DDM and n-octyl-β-D-glucoside (OG) were obtained from Affymetrix. Synthetic
1-palmitoyl-2-oleolyl-sn-glycero-3-phosphoethanolamine and 1-palmitoyl-
2-oleolyl-sn-glycero-3-phospho-(1′-rac-glycerol) were fromAvanti Polar Lipids. All
other materials were of reagent grade and obtained from commercial sources.

Construction of Mutants, Purification of LacY, and Reconstitution into
Proteoliposomes. Construction of mutants, expression in E. coli, and purifi-
cation of LacY were performed as described (18). All mutants contained a
C-terminal 6 His-tag that was used for affinity purification on Talon resin
with a typical yield of ∼0.1 mg protein/g wet cells. Purified proteins (10–15
mg/mL) in 50 mM NaPi/0.02% DDM (pH 7.5) were frozen in liquid nitrogen
and stored at −80°C until use.

Reconstitution of LacY into proteoliposomeswas carried outwith synthetic
phospholipids (1-palmitoyl-2-oleolyl-sn-glycero-3-phosphoethanolamine/
1-palmitoyl-2-oleolyl-sn-glycero-3-phospho-(1′-rac-glycerol); 3:1, wt/wt), us-
ing the dilution method (60). Briefly, purified LacY in 0.02% DDM solution
was mixed with phospholipids (40 mg/mL dissolved in 1.2% OG), maintain-
ing a lipid-to-protein ratio of 5 (wt/wt). The mixture was kept on ice for 20
min and then quickly diluted in 50 mM NaPi buffer (pH 7.5), so that final
concentration of OG was decreased to less than 0.01%. After 5 min stirring
at room temperature, the proteoliposomes were collected by centrifugation
at 100,000 × g for 1 h, resuspended at a protein concentration of 2 mg/mL,
subjected to 2 cycles of freeze-thaw/sonication, and kept at room temper-
ature during the experiment. Where indicated, proteoliposomes were dis-
solved in 0.3% DDM and kept on ice before use.

Transport Assays. For active transport, E. coli cells (T184, lacZ−Y−) transformed
with each plasmid were grown aerobically at 37°C in Luria-Bertani broth
containing ampicillin (100 μg/mL). Fully-grown cultures were diluted 10-fold
and grown for another 2 h before induction with 1 mM isopropyl-1-thio-β-D-
galactopyranoside. After 2 h, cells were harvested, washed with 100 mM KPi/
MgSO4 (pH 7.0), and adjusted to an optical density of 10 at 420 nm (∼0.7 mg
protein/mL). Accumulation of [14C]lactose (5 mCi/mmol) was measured at room
temperature in 50-μL aliquots of cell suspensions (35 μg total protein), at a fi-
nal concentration of 0.4 mM lactose. Reactions were terminated at given times
by dilution in 3 mL 100 mM KPi/100 mM LiCl (pH 5.5) and assayed by rapid
filtration (61). Radioactivity retained on the filters was assayed by liquid
scintillation spectrometry. All mutants were expressed similar to WT LacY.

For equilibrium exchange, RSO vesicles were prepared from the same
E. coli cells as described (62, 63). Vesicles were washed with 100 mM KPi (pH
7.5), resuspended at protein concentration 35 mg/mL, and equilibrated with
10 mM [14C]lactose (8.5 mCi/mmol) at 4°C overnight, followed by 1 h at room
temperature. NEM-treated RSO vesicles were prepared by 5 min incubation
of vesicles with 2 mM NEM at room temperature before equilibration with
radioactive lactose (39). To initiate exchange, 2 μL aliquots were diluted into
0.4 mL 100 mM KPi buffer (pH 7.5) containing 10 mM nonradioactive lactose.
Reactions were terminated at given times by dilution in 3 mL 100 mM KPi/
100 mM LiCl buffer (pH 5.5) and assayed by rapid filtration (61).

Fluorescence Measurements. Steady-state fluorescence was monitored at
room temperature on a SPEX Fluorolog 3 spectrofluorometer (Horiba) or an
SLM-Aminco 8100 spectrofluorometer in a 2.5-mL cuvette with constant
stirring. Stopped-flow measurements were performed at 25°C on a stopped-
flow device (dead-time, 2.7 ms), using an SLM-Aminco 8100 spectrofluo-
rometer modified by Olis, or on an SFM-300 rapid kinetic system equipped
with TC-50/10 cuvette (dead-time, 1.2–1.5 ms), and MOS-450 spectrofluo-
rometer (Bio-Logic USA), as described (20, 22). Typically, 10–15 stopped-flow
traces were recorded for each data point and averaged and fitted with an
exponential equation using the built-in Bio-Kine32 software package or by
using Sigmaplot 10 (Systat Software Inc.). Experimental errors did not exceed
10%. All given concentrations are final after mixing.
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Fig. 7. Effect of pH on NPG dissociation rate (koff) for mutant G46W/G262W in
DDM. Rates of displacement of bound NPG by excess of TDG were determined
by measuring Trp→NPG FRET at given pH values. Protein preincubated with
NPG was rapidly mixed with TDG, and rates of increase in Trp fluorescence
measured by stopped-flow were obtained from single exponential fits (see
traces in Fig. S7A). Final concentrations were: protein, 0.8–1.6 μM; NPG, 0.2–0.4
mM; and TDG 30–60 mM. Displacement rates (koff) plotted vs. pH and fitted
with a sigmoidal equation (SigmaPlot 10.0) indicate a pKa of ∼10.5.
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