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Real-time conformational changes in LacY
Irina Smirnovaa, Vladimir Kashoa, and H. Ronald Kabacka,b,c,1

Departments of aPhysiology and bMicrobiology, Immunology, and Molecular Genetics, and cMolecular Biology Institute, University of California, Los Angeles,
CA 90095-7327

Contributed by H. Ronald Kaback, May 7, 2014 (sent for review May 1, 2014)

Galactoside/H+ symport across the cytoplasmic membrane of
Escherichia coli is catalyzed by lactose permease (LacY), which
uses an alternating access mechanism with opening and closing
of deep cavities on the periplasmic and cytoplasmic sides. In this
study, conformational changes in LacY initiated by galactoside bind-
ing were monitored in real time by Trp quenching/unquenching of
bimane, a small fluorophore covalently attached to the protein.
Rates of change in bimane fluorescence on either side of LacY were
measured by stopped flow with LacY in detergent or in proteolipo-
somes and were compared with rates of galactoside binding. With
LacY in proteoliposomes, the periplasmic cavity is tightly sealed and
the substrate-binding rate is limited by the rate of opening of this
cavity. Rates of opening, measured as unquenching of bimane fluo-
rescence, are 20–30 s−1, independent of sugar concentration and
essentially the same in detergent or in proteoliposomes. On the
cytoplasmic side of LacY in proteoliposomes, slow bimane quench-
ing (i.e., closing of the cavity) is observed at a rate that is also in-
dependent of sugar concentration and similar to the rate of sugar
binding from the periplasmic side. Therefore, opening of the peri-
plasmic cavity not only limits access of sugar to the binding site of
LacY but also controls the rate of closing of the cytoplasmic cavity.

membrane transport proteins | major facilitator superfamily

Although documented extensively with the lactose permease
from Escherichia coli (LacY) only (reviewed in refs. 1, 2),

alternating access is now generally accepted as the overall mech-
anism of transport for many membrane transport proteins. LacY,
a member of the major facilitated superfamily (3), catalyzes the
coupled stoichiometric transport of an H+ and a galactopyrano-
side (galactoside/H+ symport) across the cytoplasmic membrane
(reviewed in ref. 4). With an abundance of biochemical, spectro-
scopic, and crystallographic data regarding structure and function,
LacY is arguably the most extensively studied symport protein at
the present time (reviewed in ref. 5).
LacY is organized into two pseudosymmetrical bundles, each

containing six transmembrane helices, most of which are irreg-
ular, with the N and C termini on the cytoplasmic side of the
membrane. WT LacY and a conformationally restricted mutant
exhibit an inward-facing conformation with a tightly sealed per-
iplasmic side and a water-filled cavity open to the cytoplasm
(6–9), which is the conformation present in the membrane in the
absence of sugar (10). Another conformation has been observed
recently with a double-Trp mutant (11) that exhibits an occluded
galactoside molecule with a narrow opening on the periplasmic
side and a tightly sealed cytoplasmic aspect (12) (Fig. 1A).
LacY is highly dynamic and exhibits multiple conformations at

any given time, and galactoside binding triggers a shift between
conformers (1). Thus, measurement of interspin distances with
nitroxide-labeled Cys pairs in LacY reveals that sugar binding
induces a decrease in distances on the cytoplasmic side and a
corresponding increase in distances on the periplasmic side (13,
14). Site-directed alkylation of single Cys LacY mutants in either
right-side-out membrane vesicles (15, 16) or dodecyl-β-D-mal-
topyranoside (DDM) micelles (10), as well as single-molecule
fluorescence (17) and thiol cross-linking (18), also indicates that
sugar binding increases the probability of opening on the per-
iplasmic side and closing on the cytoplasmic side.

Recently, conformational changes in LacY have been studied
dynamically by site-directed Trp fluorescence quenching by a pro-
tonatedHis orLys residue (19). Sugar binding leads to unquenching
of Trp fluorescence in periplasmic LacY mutants N245W (helix
VII) or F378W (helix XII) due to increased distance from native
quenchers His35 (helix I) or Lys42 (helix II), respectively, findings
consistent with opening of the periplasmic cavity. Rates of
unquenching of Trp measured in DDM by stopped flow for both
mutants reveal rapid opening of the periplasmic cavity. In con-
trast, on the cytoplasmic side, slow quenching of Trp140 (helix V)
by His334 (helix X) is observed with double-mutant F140W/
F334H, which indicates closing of the cytoplasmic cavity.
In proteoliposomes, sugar-binding rates measured directly for

mutant N245W with 4-nitrophenyl-α-D-galactopyranoside (NPG)
by Trp151→NPG FRET are independent of sugar concentration
and very similar (56 s−1) to rates of opening of the periplasmic cavity
measured in DDM micelles (50–100 s−1) by Trp unquenching as
described above. Thus, opening of the periplasmic cavity is limiting
for access to the galactoside-binding site with LacY reconstituted
into proteoliposomes (20).However, utilizationof Trp fluorescence
quenching to measure rates of conformational change in proteoli-
posomes is challenging because of low signal amplitude. Therefore,
the small fluorescence probe bimane, which is comparable in size
to Trp, was selected to increase the signal-to-noise ratio for
measurements in proteoliposomes. Labeling of Cys residues with
(2-pyridyl)dithiobimane (PDT-bimane) generates a fluores-
cence probe with a short disulfide linker that is cleavable by thiol
reagents, such as Tris(2-carboxyethyl)phosphine (TCEP), and re-
ports short-range interactions in proteins by Trp-induced bimane
quenching (21, 22). The efficiency of bimane quenching is depen-
dent upon proximity to Trp as well as other factors, such as ste-
reochemistry and local environment. The magnitude of bimane
quenching by Trp in membrane proteins is typically a 10–50%
change in the emission spectra, as reported with visual rhodopsin
(23, 24), the cyclic nucleotide-gated ion channel (25), or the
β-adrenoreceptor (26).

Significance

The lactose permease from Escherichia coli (LacY), a model for
the major facilitator superfamily, catalyzes the symport of a
galactopyranoside and an H+ across the membrane by a
mechanism in which the sugar-binding site in the middle of the
protein becomes alternately accessible to either side of the
membrane. The global conformational change is dissected into
events that occur on the cytoplasmic and periplasmic aspects
of LacY. Rates of individual steps are measured directly during
opening or closing of periplasmic or cytoplasmic cavities by uti-
lizing changes in Trp-bimane fluorescence with LacY in a phos-
pholipid membrane. The findings provide a better understanding
of the alternating access mechanism.
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In this paper, mutants were constructed with Trp-Cys pairs in
regions of LacY where movements are predicted due to confor-
mational changes. Mutant proteins were then purified, labeled
with PDT-bimane, and examined for Trp quenching of bimane
fluorescence. Themajority of themutants exhibit phenomena that
are entirely consistent with the alternating access mechanism.
Two PDT-bimane–labeled mutants that have sugar-binding ki-
netics typical of WT LacY were used for stopped-flow measure-
ments of rates of conformational change on either the periplasmic
or cytoplasmic side of LacY reconstituted into proteoliposomes.
The findings demonstrate that the rate of opening of the peri-
plasmic cavity is limiting for sugar binding to reconstituted LacY
and also defines the rate of closing of the cytoplasmic cavity.

Results
Effect of Galactoside Binding on Bimane Fluorescence. Closing or
opening of cytoplasmic or periplasmic cavities, respectively, in
LacY was examined initially by galactoside-induced Trp-bimane
quenching or unquenching in steady-state fluorescence experi-
ments (21) with various PDT-bimane–labeled mutants containing
Cys-Trp pairs. Cys137 (helix IV) and Trp340 (helix X) were placed
on opposing sides of the cytoplasmic cavity in N137C/Q340W
LacY (Fig. 1A). The PDT-bimane–labeled mutant exhibits a de-
crease in fluorescence upon binding of β-D-galactopyranosyl-1-
thio-β-D-galactopyranoside (TDG), indicating closing of the cavity
(Fig. 1B). In contrast, on the periplasmic aspect, PDT-bimane–
labeled mutant I32C/N245W exhibits an increase in fluorescence
upon TDG binding (Fig. 1C), indicating opening of the peri-
plasmic cavity and increasing distance between Cys32 (helix I) and
Trp245 (helix VII). With both paired mutants, the change in
bimane fluorescence is not associated with a spectral shift of the
emission maximum, suggesting that there is no change in polarity
around fluorophore. Similar effects of TDG binding, quenching
on the cytoplasmic side and unquenching on the periplasmic side,
are seen with several additional cytoplasmic and periplasmic
bimane-Trp pairs (Fig. S1). The observations confirm and extend
previous findings with Trp as a fluorescent probe as described
above (19).

The change in bimane fluorescence with each mutant does not
exceed 40%, and the relatively small effects are most likely as-
sociated with high flexibility of LacY and the presence of mul-
tiple conformers (13). The extent of bimane quenching by an
engineered Trp residue also depends on possible background
quenching by native amino acyl side chains (mostly Trp and Tyr).
Therefore, TCEP reduction experiments were carried out in the
absence of sugar to test the proximity between bimane and
quenchers in each mutant. TCEP reduction of the S-S bond
between bimane and Cys releases the fluorophore and markedly
increases fluorescence if a quencher is in close proximity to the
attached bimane (21). Indeed, when a PDT-bimane–labeled Cys
residue is on the periplasmic side of LacY in the absence of the
Trp replacement, TCEP reduction does not significantly alter
bimane emission (Fig. S2 A and C). However, introduction of
Trp on the opposing six-helix bundle results in a dramatic in-
crease in bimane fluorescence after TCEP reduction, indicating
that the engineered Trp residue is primarily responsible for
bimane quenching (compare Fig. S2 A and B, C and D, and E
and F) and consistent with tight packing on the periplasmic side.
On the cytoplasmic side, an introduced Trp residue has little or
no influence on bimane fluorescence in Cys-Trp pairs (compare
Fig. S2 G and H, I and J, and K and L). Thus, the cytoplasmic
cavity is open, and distances between Trp and bimane are too
great to cause quenching of the latter (21). Notably, several Cys
mutants labeled with bimane and devoid of introduced Trp ex-
hibit significant bimane quenching by native side chains (Fig. S2
E, I, and K). In these mutants, the conformational changes
triggered by galactoside binding yield relatively small quenching/
unquenching of bimane fluorescence by the Trp residue inserted.

Sugar Binding to PDT-Bimane–Labeled Mutants.Galactoside binding
and conformational rearrangements are interrelated in LacY;
thus, it is important that mutants constructed for studying con-
formational changes exhibit sugar-binding kinetics similar to those
ofWT LacY. Therefore, sugar binding by bimane-labeled mutants
was examined with NPG, a galactoside that participates in
Trp151→NPG FRET (27) (Fig. S3A). In addition, NPG triggers
bimane quenching/unquenching by an engineered Trp residue
(Fig. S3B), as observed with other galactosides (Fig. 1 B and C
and Fig. S3C). Moreover, the kinetic parameters of NPG binding

Fig. 1. Detection of conformational changes in LacY by Trp quenching of
bimane fluorescence. (A) Side view of LacY with cytoplasmic- or periplasmic-
open cavities [Protein Data Bank (PDB) ID code 2CFQ (Left) and PDB ID code
4OAA (Right)]. Transmembrane helices are rainbow-colored from blue
(helix I) to red (helix XII), and a bound galactoside (orange spheres) is shown
at the apex of the cavities. Pairs of Cys-Trp replacements introduced in-
dividually on opposite sides of the periplasmic or cytoplasmic cavities are
shown with the indicated positions of Cα atoms of Trp (pink spheres) and
PDT-bimane–labeled Cys (green spheres) residues. Blue arrows show the
direction of movement. (B) Quenching of bimane fluorescence on the cy-
toplasmic side of LacY observed with bimane-labeled N137C/Q340Wmutant.
a.u., arbitrary units. (C) Unquenching of bimane fluorescence on the peri-
plasmic side of LacY observed with bimane-labeled I32C/N245W mutant.
Blue and red lines represent bimane emission spectra before and after ad-
dition of 10 mM TDG, respectively. Spectra were recorded with excitation at
380 nm with 0.3 μM protein in 50 mM NaPi/0.02% DDM (pH 7.5).

Fig. 2. Sugar binding to bimane-labeled LacY mutants. NPG-binding affinity
was measured with periplasmic mutant I32C/N245W (A) and cytoplasmic
mutant N137C/Q340W (B) in displacement experiments with proteins dis-
solved in DDM (○) or reconstituted into proteoliposomes (PL; □). Stopped-
flow traces were recorded after mixing a saturating concentration of TDG (15
mM) with protein preincubated with the indicated concentrations of NPG
(Fig. S5). The amplitude of Trp fluorescence change is expressed as a per-
centage of the final fluorescence level of the individual stopped-flow trace.
Kd values estimated from hyperbolic fits of concentration dependencies of
displacement amplitudes are given. Average values of koff calculated with
mutant I32C/N245W from individual experiments at nine NPG concentrations
are 17 ± 1 s−1 and 25 ± 2 s−1 in DDM and PL, respectively. For mutant N137C/
Q340W, koff values calculated from experiments at eight NPG concentrations
are 50 ± 3 s−1 and 69 ± 15 s−1 in DDM and PL, respectively.

Smirnova et al. PNAS | June 10, 2014 | vol. 111 | no. 23 | 8441

BI
O
CH

EM
IS
TR

Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1408374111/-/DCSupplemental/pnas.201408374SI.pdf?targetid=nameddest=SF5


(20) are not altered by replacement of highly reactive Cys148
with Met (C148M) (Fig. S4), which is important because the
C148M replacement was included to prevent unwanted label-
ing in the mutants.
Both bimane-labeled Cys-Trp mutants shown in Fig. 1 display

NPG-binding affinities similar to WT LacY, as measured by
stopped flow in displacement experiments allowing estimation
of the displacement or “off rate” (koff) and Kd for sugar binding
(Fig. 2). Kd values for bimane-labeled I32C/N245W and N137C/
Q340W in DDM micelles are 9 and 37 μM, respectively, and
6 and 17 μM, respectively, in proteoliposomes, whereas Kd values
for WT LacY are 28 μM in DDM and 11 μM in proteoliposomes
(Fig. S4A). NPG koff values are also comparable for the mutants
and WT LacY when measured either in DDM or in reconstituted
proteoliposomes (Fig. S5). Furthermore, as described for WT
LacY (20), NPG-binding rates measured directly with the PDT-
bimane–labeled mutant I32C/N245W or N137C/Q340W in DDM
micelles increase with NPG concentration (Fig. 3, blue lines),
whereas in proteoliposomes, binding rates are independent of
NPG concentration (Fig. 3 A and B, brown lines). Therefore, both
mutants exhibit sugar-binding kinetics similar to those of WT
LacY, indicating that after bimane labeling of Cys-Trp mutants,
the LacY molecules remain reasonably undisturbed.

Rates of Opening and Closing of the Periplasmic Cavity. Use of NPG
allows simultaneous determination of sugar-binding rates and
rates of conformational change by measuring Trp151→NPG FRET
and bimane fluorescence changes, respectively. Stopped-flow traces
recorded after mixing NPG with bimane-labeled I32C/N245W
mutant solubilized in DDM exhibit a rapid decrease in Trp
fluorescence [Fig. 4A, green trace; observed rate (kobs) = 112 s−1]
and a much slower increase in bimane fluorescence (Fig. 4A, gray
trace; kobs = 26 s−1). The data indicate that rapid saturation of the
sugar-binding site accessible from the cytoplasmic side (Kd = 9 μM;
Fig. 2A) triggers a slow shift to a conformer with an open peri-
plasmic cavity, which is detected by bimane unquenching.

Remarkably, a similar experiment with the same mutant recon-
stituted into proteoliposomes (Fig. 4B) shows practically identical
rates of Trp and bimane fluorescence changes (kobs = 28 ± 7 s−1),
indicating that binding of sugar occurs only after the periplasmic
cavity opens. Approximately the same rate of unquenching is ob-
served when the conformational change is detected by bimane
fluorescence specifically (excitation at 380 nm). Binding of NPG,
lactose, or TDGeither inDDMmicelles or after reconstitution into
proteoliposomes results in slow unquenching of bimane fluores-
cence with kobs = 33 ± 11 s−1 (Fig. 4 C and D, traces 1, 2, and 3).
However, sucrose, which is not a substrate of LacY, has no effect on
bimane fluorescence (Fig. 4C, trace 4). Notably, when themutant is
preincubated with NPG and then rapidly diluted into buffer, slow
bimane quenching is observed (kobs = 27 ± 3 s−1 in both DDM and
proteoliposomes) as a result of closing of the periplasmic cavity
after sugar release (Fig. 4C, trace 5, and Fig. 4D, trace 4).
Another bimane-labeled periplasmic mutant, K42C/F378W,

also exhibits a slow rate of bimane unquenching after binding
TDG in DDM micelles (Fig. S6A, trace 3; kobs = 38 s−1), al-
though the small amplitude of the effect does not allow accurate

Fig. 3. Rates of NPG binding measured directly for bimane-labeled mutants
of LacY. (A) Stopped-flow traces of Trp fluorescence changes are recorded
after mixing of NPG with periplasmic mutant I32C/N245W solubilized in
DDM (Lower) or reconstituted into PL (Upper), with single-exponential fits
shown as blue and brown lines, respectively. Micromolar concentrations
of NPG are indicated. (B) Stopped-flow traces recorded after mixing of in-
dicated concentrations of NPG with cytoplasmic mutant N137C/Q340W
reconstituted into PL. Single-exponential fits are shown as brown lines. (C)
Stopped-flow traces recorded after mixing of indicated concentrations of
NPG with mutant N137C/Q340W in DDM micelles (Lower) or after dissolving
the PL in DDM. Single-exponential fits are shown as solid lines. Note the
different time scales in B and C. Kinetic parameters of sugar binding esti-
mated from concentration dependences are presented in Figs. 6A and 7A.

Fig. 4. Rates of opening and closing of the periplasmic cavity measured
with bimane-labeled I32C/N245W mutant. (A) Comparison of the NPG-
binding rate (Trp151→NPG FRET) with the rate of bimane unquenching for
LacY in DDM micelles. Stopped-flow traces after mixing protein with 0.2 mM
NPG were recorded simultaneously with excitation at 295 nm, with collec-
tion of emitted light from bimane (trace 1, gray) and Trp (trace 2, green)
using two photomultipliers. (B) Same approach as described in A was used
for protein reconstituted into proteoliposomes. Traces 1 and 2 show fluo-
rescence change of bimane and Trp, respectively, after mixing proteolipo-
somes with 0.2 mM NPG. (C) Stopped-flow traces of bimane fluorescence
recorded with excitation at 380 nm in DDM. Traces 1, 2, 3, and 4 represent
mixing protein with 0.2 mM NPG, 20 mM lactose, 10 mM TDG, and 10 mM
sucrose, respectively. Trace 5 was recorded after mixing 25 μL of protein
containing 40 μM NPG with 250 μL of buffer. (D) Stopped-flow traces of
bimane fluorescence recorded with excitation at 380 nm for protein recon-
stituted into proteoliposomes. Traces 1, 2, and 3 show the effect of 0.2 mM
NPG, 20 mM lactose, and 10 mM TDG, respectively. Trace 4 was recorded
after 10-fold dilution of protein premixed with 30 μM NPG. Single-expo-
nential fits are shown as blue and brown lines for experiments with protein
in DDM micelles or reconstituted into proteoliposomes, respectively. Esti-
mated rates are given in the main text.
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measurement when the mutant protein is reconstituted into
proteoliposomes (Fig. S6B, trace 3).

Rates of Opening and Closing of the Cytoplasmic Cavity. Simulta-
neous measurements of the rate of NPG binding and the rate of
conformational change were also carried out with PDT-bimane–
labeled N137C/Q340W mutant (Fig. 1). Stopped-flow traces
recorded after mixing of NPG with the mutant in DDM micelles
show a decrease in Trp (Fig. 5A, Trp151→NPG FRET, green
trace), as well as bimane fluorescence (Fig. 5A, gray trace), consis-
tent with rapid sugar binding from the cytoplasmic side and slower
closure of the cytoplasmic cavity. A double-exponential fit of the
Trp fluorescence change (Fig. 5A, red line) allows determination of
a major process with large amplitude and a fast rate (Fig. 5A; kobs=
94 s−1) and amuch slower process (Fig. 5A; kobs= 7.9 s−1) with small
amplitude. Remarkably, the rate of the slower component is iden-
tical to the rate of conformational change detected by bimane
quenching (Fig. 5A, blue line; kobs = 8.1 s−1). Therefore, the slower
rate detected by Trp fluorescence likely reflects the same confor-
mational change initiated by sugar binding as reported by bimane
quenching.
When the same mutant is preincubated with 0.2 mM NPG and

then diluted into solution devoid of sugar, the opposite process is
observed: release of NPG and opening of the cytoplasmic cavity

(Fig. 5B). Thus, simultaneously recorded stopped-flow traces
demonstrate an increase in both Trp fluorescence (Fig. 5B,
Trp151→NPG FRET, green trace) and bimane fluorescence
(Fig. 5B, gray trace). A double-exponential fit of the change in
Trp fluorescence (Fig. 5B, red line) resolves a major process with
higher amplitude and a faster rate (Fig. 5B; kobs = 35 s−1) and
a slower process (Fig. 5B; kobs = 6.0 s−1) with lower amplitude. A
single-exponential fit of the unquenching of bimane fluorescence
(Fig. 5B, blue line; kobs = 6.2 s−1) demonstrates practically the
same rate as the slower component observed by Trp fluorescence.
Rapid dissociation of sugar occurs via an open periplasmic cavity
and leads to a slower conformational shift toward the structure
with an open cytoplasmic cavity.
Comparison of the rates of bimane quenching and unquenching

(Fig. 5A andB,Lower) indicates that the cytoplasmic cavity opens
and closes with the same rates. Similar rates of conformational
change (kobs = 3.5–4.2 s−1) were determined by bimane fluores-
cence specifically (excitation at 380 nm) for mutant N137C/
Q340W in DDM micelles (Fig. S7 A and B) or reconstituted into
proteoliposomes (Fig. S7C).

Rates of Sugar Binding and Conformational Change. Concentration
dependencies of sugar-binding rates and rates of conformational
change measured with bimane-labeled mutants are presented in
Fig. 6 (I32C/N245W) and Fig. 7 (N137C/Q340W). Binding of
NPG to both mutants in DDM micelles is remarkably similar to
that observed with WT LacY [Fig. S4B, blue lines, “on rate”
(kon) = 0.2 μM−1·s−1], exhibiting linear dependence of observed
rates on sugar concentration with a kon estimated as 0.3–0.4
μM−1·s−1 (Figs. 6A and 7A, blue lines). After reconstitution into
proteoliposomes, both mutants display sugar-binding rates that
are independent of NPG concentration with kobs = 32 ± 5 s−1 for
periplasmic mutant I32C/N245W and kobs = 6 ± 1 s−1 for

Fig. 5. Rates of opening and closing of the cytoplasmic cavity measured in
DDM with bimane-labeled mutant N137C/Q340W. All traces were recorded
with excitation at 295 nm, and emitted light was collected as described in Fig.
4A using two photomultipliers for simultaneous detection of Trp151→NPG
FRET (NPG binding or release) and bimane fluorescence (closing or opening of
the cytoplasmic cavity). (A) Mixing protein with 0.2 mM NPG results in
quenching of bimane fluorescence (Lower, gray trace) and a decrease of Trp
fluorescence (Lower, green trace), with the initial part of the trace (0.1-s scale,
green arrow) expanded (Upper). A single-exponential fit of bimane fluores-
cence change (Lower, blue line) allows estimation of the rate of cavity closure
(kobs = 8.1 s−1). The decrease in Trp fluorescence is fitted with a double-expo-
nential equation (red line), which allowed estimation of the NPG-binding rate
(kobs= 94 s−1), followedby amuch smaller decrease in amplitudewithkobs= 7.9
s−1. (B) Dilution of 25 μL of protein containing 0.2mMNPG bymixingwith 250
μL of buffer results in unquenching of bimane fluorescence (Lower, gray trace)
and an increase in Trp fluorescence (Lower, green trace), with the initial por-
tion of the trace (0.1-s scale, green arrow) expanded (Upper). A single-expo-
nential fit of the bimane fluorescence change (Lower, blue line) allows
estimation of the rate of cavity opening (kobs = 6.2 s−1). The increase in Trp
fluorescence is fitted with a double-exponential equation (red line), which
allowed an estimate of the rate of NPG release (kobs = 35 s−1), followed by
a much smaller increase in amplitude with kobs = 6.0 s−1.

Fig. 6. Rates of sugar binding and opening of the periplasmic cavity. The
data shown were obtained for bimane-labeled I32C/N245W LacY from the
stopped-flow measurements described in Figs. 3A and 4 and Fig. S6. (A)
Concentration dependencies of NPG-binding rates (kobs) were measured by
Trp151→NPG FRET with protein solubilized in DDM (blue ●), reconstituted
into PL (brown ■), or after dissolving the PL in DDM (◇). Displacement rates
(koff) for protein in DDMmicelles (○) or PL (□) are shown. Kinetic parameters
for NPG binding in DDM are kon = 0.4 μM−1·s−1 and koff = 30 s−1. Recon-
stituted protein binds sugar with kobs = 32 ± 5 s−1. (B) Rates of change in
bimane fluorescence measured with protein solubilized in DDM are plotted
against NPG concentration (○ and□ correspond to excitation at 295 and 380
nm, respectively) and TDG or lactose (▽ and △, respectively, excitation at
380 nm). The pink ■ corresponds to the rate of bimane quenching after di-
lution of protein preincubated with NPG. The estimated rate of opening/
closing of the periplasmic cavity in DDM is 27 ± 5 s−1. (C) Rates of bimane
fluorescence unquenching for protein reconstituted into PL are plotted vs.
the concentration of NPG (○ and □ correspond to excitation at 295 and 380
nm, respectively) and TDG, or lactose (▽ and △, respectively, excitation at
380 nm). The green ■ corresponds to the rate of bimane quenching after
dilution of protein preincubated with NPG. The blue ◆ corresponds to the
rate of bimane unquenching after dissolving the PL in DDM. The estimated
rate of opening/closing of the periplasmic cavity for the reconstituted protein
is 23 ± 7 s−1.
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cytoplasmic mutant N137C/Q340W (Figs. 6A and 7A, brown
lines), which are comparable to the rate measured for WT LacY
(Fig. S4B, brown line, kobs = 21 ± 4 s−1).
Rates of conformational change on the periplasmic or cyto-

plasmic side of bimane-labeled mutants as a function of sugar
concentration are presented in Figs. 6B andC and 7B andC. With
periplasmic mutant I32C/N245W, bimane quenching/unquench-
ing rates in DDM display no dependence on sugar concentration
and are similar for NPG, TDG, and lactose, with an estimated
kobs = 27 ± 5 s−1 (Fig. 6B). The same rate is observed for this
mutant after reconstitution into proteoliposomes (kobs = 23 ± 7 s−1)
with the three galactosides (Fig. 6C). Thus, LacY embedded in a
phospholipid membrane exhibits the same rates of opening/closing
of the periplasmic cavity as observed in DDM. Moreover, the rate
of conformational change on the periplasmic side is indistinguish-
able from the rate of sugar binding to the LacY reconstituted into
proteoliposomes (compare brown line in Fig. 6A with data in Fig. 6
B and C), indicating that opening of the periplasmic cavity limits
the rate of sugar binding to reconstituted LacY.
With the cytoplasmic mutant N137C/Q340W, rates of con-

formational change measured in DDM and in proteoliposomes
are similar (kobs = 4.2–4.4 s−1) and independent of sugar con-
centration (Fig. 7 B and C). The observed rates are similar to
sugar-binding rates measured directly by Trp151→NPG FRET
with the mutant reconstituted into proteoliposomes (Fig. 7A,
brown line). The slow rate of sugar binding with the reconstituted
mutant N137C/Q340W is likely due to slow opening of the peri-
plasmic cavity. Hence, opening and closing of the cytoplasmic
cavity occurs with similar slow rates in DDMand proteoliposomes.
Slow opening of the periplasmic cavity is also observed with

another cytoplasmic Cys-Trp mutant, F140W/V343C, labeled
with bimane (Fig. S8). Fast NPG-binding rates are observed in
DDM that are linearly dependent on ligand concentration (kon =
0.8 μM−1·s−1), with slow binding in proteoliposomes (kobs = 6 s−1

for all tested NPG concentrations). The conformational change
reported by bimane quenching is fast in DDM (maximum kobs =
200 s−1) and slow in proteoliposomes (kobs = 5 s−1). Clearly, with
the mutant reconstituted into proteoliposomes, the periplasmic

cavity opens slowly. This slow process limits the rate of sugar
binding, which subsequently defines the rate of closing on the
cytoplasmic side as observed with bimane quenching (compare
brown lines in Fig. S8 D and F).

Discussion
Distance-dependent quenching of bimane fluorescence by Trp
is used here to study global conformational changes in LacY
resulting from sugar binding to the symporter solubilized in DDM
or reconstituted into proteoliposomes. Sugar-induced opening or
closing of the periplasmic and cytoplasmic cavities, respectively, is
confirmed by bimane fluorescence unquenching and quenching,
which provides a stronger signal than the previous method (20),
and the findings provide further support for the alternating access
mechanism (reviewed in refs. 1 and 2).
Notably, TCEP reduction confirms that without bound sugar,

LacY exists mainly in an inward-facing conformation closed on
the periplasmic side, a conclusion derived from the spectra of
PDT-bimane–labeled samples before and after reduction, which
reveal that Trp residues effectively quench bimane in periplasmic
pairs but do not affect fluorescence in cytoplasmic pairs. Also,
TCEP reduction demonstrates that in several mutants, back-
ground quenching of bimane occurs without the introduced Trp,
which results in an apparent decrease in Trp quenching with these
engineered Cys-Trp pairs. Nevertheless, Trp-induced bimane
fluorescence changes in response to sugar binding are suitable for
stopped-flow measurements of conformational changes in LacY
in DDM micelles or in reconstituted proteoliposomes.
Detailed analyses of sugar-binding kinetics led to selection

of two bimane-labeled mutants, one on each surface of the LacY
molecule, that exhibit rates of sugar binding very similar to that
of WT LacY. Therefore, rates of opening and closing of the
periplasmic and cytoplasmic cavities, respectively, were mea-
sured in real time with mutants that dynamically resemble the
native transporter. One major conclusion from the studies is that
there is a direct correlation between the rate of opening of the
periplasmic cavity and the rate of sugar binding to LacY inserted
into the membrane.
Furthermore, rates of sugar binding and Trp-induced bimane

quenching on both the periplasmic and cytoplasmic sides of LacY
allow insight into the individual steps involved in the alternating
access mechanism. LacY is inserted into proteoliposomes with the
same orientation as in the native bacterialmembrane, with a sealed
periplasmic aspect facing the external milieu (20, 28, 29). There-
fore, sugar binding to LacY in proteoliposomes occurs only after
spontaneous opening of the outward-facing cavity, and the rate of
sugar binding does not exhibit dependence on sugar concentration.
However, once the periplasmic cavity is open, allowing diffu-

sion-limited access of substrate to the binding site, the rate of
binding becomes directly dependent upon galactoside concen-
tration. The koff and affinity (Kd) measurements obtained from
NPG displacement experiments (Fig. 2 and Fig. S5) allow esti-
mation of the sugar kon (kon = koff/Kd) when the sugar-binding site
is readily accessible, and they are determined to be 4.1, 4.4, and
10 μM−1·s−1 for reconstituted N137C/Q340W, I32C/N245W,
and WT LacY, respectively. The observed binding rates (kobs =
koff + kon [NPG]) calculated for 200 μM NPG, for example, are
from 900 to 2,100 s−1, which is much faster than the rates of
opening of the periplasmic cavity (6–30 s−1), as measured by
bimane unquenching on the periplasmic side of LacY. The rate
of closing of the periplasmic cavity is similar to the opening rate,
as measured by dilution experiments either in DDM (Fig. 4C,
trace 5) or in proteoliposomes (Fig. 4D, trace 4). Notably, the
rate of conformational change on the periplasmic side is in-
dependent of the nature of galactoside, as shown with NPG,
TDG, or lactose (Fig. 6 B and C). Moreover, rates of opening
of the periplasmic cavity are remarkably similar to turnover
numbers for WT LacY in right-side-out membrane vesicles or in

Fig. 7. Rates of sugar binding and closing of the cytoplasmic cavity. The data
shown were obtained for bimane-labeled N137C/Q340W LacY from the
stopped-flow measurements described in Figs. 3 B and C and 5 and Fig. S7.
(A) Concentration dependence of NPG-binding rates (kobs) measured by
Trp151→NPG FRET with protein solubilized in DDM (blue ●), reconstituted
into PL (brown ■), or after dissolving the PL in DDM (◇). The koff values for
protein in DDM micelles (○) or PL (□) are shown. Kinetic parameters for NPG
binding in DDM are kon = 0.3 μM−1·s−1 and koff = 43 s−1. Reconstituted protein
binds sugar with kobs = 6.2 ± 1.1 s−1. (B) Rates of bimane fluorescence change
measured in DDM after mixing protein with NPG (○ and□ with excitation at
295 nm and 380 nm, respectively) or after dilution of protein preincubated
with NPG (pink ● and ■ for measurements with excitation at 295 and 380
nm, respectively). The estimated rate of opening/closing of the cytoplasmic
cavity in DDM is 4.4 ± 2.0 s−1. (C) Rates of bimane quenching measured after
mixing of NPG with protein reconstituted into PL (□, excitation at 380 nm) or
with the same PL dissolved in DDM (blue ◆). The estimated rate of cyto-
plasmic cavity closing for the reconstituted protein is 4.2 ± 1.3 s−1.
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reconstituted proteoliposomes with respect to uphill lactose/H+

symport [i.e., active lactose transport (16–21 s−1)], downhill lactose/
H+ influx (8–16 s−1), or downhill lactose/H+ efflux (6–9 s−1) (30).
Another important conclusion from these studies is that

closing of the cytoplasmic cavity in WT LacY is reciprocally re-
lated to opening of the periplasmic cavity, as observed with two
cytoplasmic mutants reconstituted into proteoliposomes (brown
lines in Fig. 7 A and C and Fig. S8 D and F). Very similar rates
are observed for bimane quenching on the cytoplasmic side (4–5
s−1) and for NPG binding (Trp151→NPG FRET) from outside,
the latter of which is limited by the rate of opening of the per-
iplasmic cavity (6 s−1) in both cytoplasmic mutants.
Trp-induced bimane quenching/unquenching, coupled with

direct measurements of galactoside binding, provides a powerful
tool to study the alternating access mechanism of transport. Rates
of global conformational change triggered by sugar binding are
dissected into events that occur on the cytoplasmic and peri-
plasmic aspects of LacY in a phospholipid membrane. Clearly, the
conformational rearrangements in LacY are initiated by sponta-
neous opening of the periplasmic cavity, which occurs slowly,
thereby limiting the rate of sugar binding; it is possible that this
step is also the limiting step in the overall transport process.

Methods
Construction of mutants, purification of LacY, reconstitution into proteoli-
posomes, and materials used in this study are described in SI Methods.

PDT-Bimane Labeling. Labeling of mutants with PDT-bimane was carried out
at 100 μM protein and 100 μM PDT-bimane in 50 mM sodium phosphate
(NaPi)/0.02% DDM (pH 7.5) for 10 min at room temperature, followed by
washing twice with the same buffer without bimane using an Amicon Ultra
concentrator with 50-kDa cutoff (Millipore). TDG (30 mM) was added to the
medium for labeling of Cys introduced on the periplasmic side to protect
native Cys148 from labeling, and also to increase the probability of opening

the periplasmic cavity. Cys replacements on the cytoplasmic side are readily
accessible without bound sugar; therefore, Cys148 was replaced with Met,
and labeling was carried out without TDG.

TCEP reduction of PDT-bimane–labeled mutants was carried out at 10 μM
labeled protein in the presence of 10 mM TCEP (control samples did not
contain TCEP) in 50 mM NaPi/0.02% DDM (pH 7.5) for 20 min at room
temperature. Samples were diluted 25-fold in 50 mM Na acetate/0.02%
DDM (pH 4.7) for bimane fluorescence measurements.

Fluorescence Measurements. Steady-state fluorescence spectra were mea-
sured at room temperature on a SPEX Fluorolog 3 spectrofluorometer (Horiba
Scientific) as described (19) with excitation at 295 nm (for Trp and bimane)
and 380 nm (for bimane). Stopped-flow measurements were performed at
25 °C on an SFM-300 rapid kinetic system equipped with a TC-50/10 cuvette
(dead time = 1.2 ms) and a MOS-450 spectrofluorometer (both from Bio-
Logic USA). Excitation was at 295 or 380 nm, with emission interference
filters (Edmund Optics) at 340 nm (for Trp) or 447 nm (for bimane). The final
concentration of protein after mixing was 0.5–2 μM. The concentration of
TDG in displacement experiments was 15 mM. Measurements with purified
protein solubilized in DDM were done in 50 mM NaPi/0.02% DDM (pH 7.5).
Experiments with proteoliposomes were carried out in 50 mM NaPi (pH 7.5).
To dissolve proteoliposomes, DDM was added to a final concentration of
0.3%, and after 10 min, the samples were used in stopped-flow experiments.
Typically, 10–30 traces were recorded for each data point, averaged, and
fitted with an exponential equation using the built-in Bio-Kine32 software
package (Bio-Logic USA) or Sigmaplot 10 (Systat Software, Inc.). All given
concentrations were final after mixing unless stated otherwise. For dilution
experiments, PDT-bimane–labeled protein, dissolved in DDM or reconstituted
into proteoliposomes, was preincubated with NPG at a concentration fivefold
higher than the Kd (measured under identical conditions) and mixed by
stopped flow with a 10-fold greater volume of buffer.
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SI Methods
Materials. Oligonucleotides were synthesized by Integrated DNA
Technologies, Inc., and restriction enzymes were purchased from
NewEngland Biolabs. TheQuikChange II kit was purchased from
Stratagene. The β-D-galactopyranosyl-1-thio-β-D-galactopyrano-
side was obtained from Carbosynth Limited, and 4-nitrophenyl-
α-D-galactopyranoside, D-lactose, and sucrose were from Sigma.
Talon superflow resin was purchased from BD Clontech. Do-
decyl-β-D-maltopyranoside (DDM) and octyl-β-D-glucoside (OG)
were from Affymetrix. Synthetic phospholipids 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG) were from Avanti
Polar Lipids. The (2-pyridyl)dithiobimane was purchased
from Toronto Research Biochemicals, and Tris(2-carboxyethyl)
phosphine was obtained from Pierce. All other materials were of
reagent grade obtained from commercial sources.

Construction of Mutants, Purification of Lactose Permease from
Escherichia coli, and Reconstitution into Proteoliposomes. Construc-
tion of mutants, expression in Escherichia coli, and purification

of lactose permease from Escherichia coli (LacY) were per-
formed as described (1). Periplasmic Cys-Trp pairs were in-
troduced on the WT LacY background, which contains eight
native Cys and six native Trp residues. Mutants with cytoplas-
mic Cys-Trp pairs contained an additional Cys148 with Met
(C148M) mutation. All mutants contained a C-terminal 6His-
tag that was used for affinity purification with a Talon resin.
Purified proteins (10–15 mg/mL) in 50 mM sodium phosphate
[NaPi/0.02% DDM (pH 7.5)] were frozen in liquid nitrogen and
stored at −80 °C until use. Reconstitution into proteoliposomes
was carried out with synthetic phospholipids (POPE/POPG
ratio of 3:1) using the dilution method (2). Briefly, purified
LacY in 0.02% DDM solution was mixed with phospholipids
dissolved in 1.2% OG to yield a lipid-to-protein ratio of 5 (wt/wt).
The mixture was kept on ice for 20 min and then quickly diluted
50-fold in 50 mM NaPi buffer (pH 7.5). Proteoliposomes were
harvested by centrifugation for 1 h at 100,000 × g, suspended in
the same buffer, and subjected to two cycles of freeze-thaw/
sonication before use.
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Fig. S1. Conformational changes on the cytoplasmic and periplasmic sides of bimane-labeled Cys-Trp mutants detected by Trp-induced bimane quenching. Cys
and Trp replacements are shown as green and pink spheres, respectively, indicating the positions of Cα atoms on the backbone of the inward-facing structure
of LacY (Protein Data Bank ID code 2CFQ). N-terminal and C-terminal six-helix bundles are marked with the letters N and C, respectively. Pairs of Cys-Trp
replacements were introduced on opposing sides of the periplasmic or cytoplasmic cavities. Cytoplasmic Cys-Trp pairs are viewed from the cytoplasmic side
(Upper, with the cavity open to the cytoplasm), and periplasmic pairs are shown from the periplasmic side (Lower). The intensity of bimane fluorescence of
each (2-pyridyl)dithiobimane–labeled mutant (Trp-bimane) was measured before and after addition of 10 mM β-D-galactopyranosyl-1-thio-β-D-galactopyr-
anoside (TDG), and is shown as blue and red lines, respectively. Addition of nongalactosidic sugars had no effect on bimane fluorescence. Emission spectra were
recorded with excitation at 380 nm with 0.3–0.5 μM protein in 50 mM NaPi/0.02% DDM (pH 7.5). (Upper) Quenching of bimane after TDG binding to mutants
with Trp-bimane pairs on the cytoplasmic side, indicating closing of the cavity, is demonstrated. Two mutants (F140W/V343C and F140W/V331C) were labeled
with bimane on the C-terminal six-helix bundle; the other two mutants (R134C/V343W and R135C/V343W) were labeled with bimane on the N-terminal six-
helix bundle. (Lower) Increase in bimane fluorescence after TDG binding to mutants with Trp-bimane pairs on the periplasmic side, indicating opening of the
cavity with unquenching of bimane, is demonstrated. With mutant K42C/F378W, bimane is attached to the N-terminal six-helix bundle. With the other three
mutants (F29W/G262C, S43W/N371C, and S43W/M372C), bimane is attached to the C-terminal six-helix bundle. a.u., arbitrary units.
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Fig. S2. Proximity between Trp and bimane in PDT-bimane–labeled Cys-Trp mutants. The fluorescence intensity of bimane attached to LacY depends on the
proximity of the Trp quencher. Reduction of the disulfide bond between bimane and a given Cys residue by Tris(2-carboxyethyl)phosphine (TCEP; scheme at the
top) releases the fluorophore and removes the effect of the neighboring quencher(s). The bimane released has high fluorescence at acidic pH (3). The fluo-
rescence of the bimane released remains unchanged only if no quencher is present in close proximity. Periplasmic (Left; A–F) and cytoplasmic (Right; G–L) Cys
mutants (with or without given Trp replacements as indicated) were labeled with PDT-bimane and then treated with TCEP. The fluorescence intensities of
bimane before and after TCEP reduction are shown as blue and pink emission spectra, respectively, measured with excitation at 380 nm with 0.4 mM protein in
50 mM sodium acetate/0.02% DDM (pH 4.7). Spectra were normalized to the maximum intensity of bimane-SH after TCEP treatment.

Fig. S3. Fluorescence of PDT-bimane–labeled LacY allows detection of sugar binding and/or conformational change. The effect of different galactosidic
sugars on the fluorescence of periplasmic mutant I32C/N245W is demonstrated with 4-nitrophenyl-α-D-galactopyranoside (NPG) (A and B) or TDG (C). Addition
of NPG, which is the acceptor in Trp151→NPG FRET (4), results in changes in both Trp and bimane fluorescence that allow detection of sugar binding and
conformational change independently by using different excitation wavelengths: 295 nm for Trp fluorescence (A) and 380 nm for bimane fluorescence (B). (C)
Galactosides that do not participate in FRET (TDG, lactose, or melibiose) were used to detect conformational changes due to sugar binding, which are shown as
unquenching of bimane fluorescence in the periplasmic mutant. Note that essentially no change in Trp emission is observed with excitation at 295 nm after
TDG addition. In the displacement experiments, excess TDG was used to displace NPG from the sugar-binding site, resulting in an increase in Trp151 emission
(A, red arrow).
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Fig. S4. Sugar binding to WT LacY solubilized in DDM or reconstituted into proteoliposomes (PL) measured by stopped flow using Trp151→NPG FRET.
Stopped-flow traces of the Trp fluorescence change were recorded with excitation at 295 nm and fitted with a single-exponential equation as described (4, 5).
Sugar binding was measured either directly by mixing protein with NPG or, in displacement experiments, by mixing a saturating concentration of TDG with
LacY preincubated with NPG. The dependence of directly measured observed rates (kobs) on sugar concentration allowed estimations of the binding rate
constant, “on rate” (kon), and dissociation rate constant or “off rate” (koff) (kobs = koff + kon [NPG]). In displacement experiments, mixing a high concentration
of fluorescently silent ligand TDG with LacY containing bound NPG results in release of NPG that cannot reassociate with protein because of the saturating
concentration of TDG. Therefore, the rate of Trp fluorescence increase (Trp151-NPG FRET) is a true koff (6, 7), which does not depend on NPG concentration. (A)
NPG-binding affinity determined from the concentration dependence of the amplitude of the Trp fluorescence changes in displacement experiments (at
various concentrations of NPG and 15 mM TDG) with LacY in detergent (○) or reconstituted into PL (□). Estimated kinetic parameters are koff = 41 ± 1 s−1 and
Kd = 28 ± 2 μM in DDM and koff = 111 ± 9 s−1 and Kd = 11 ± 2 μM in PL. (B) Rates of NPG binding to WT LacY measured directly by stopped-flow in DDM (●),
reconstituted into PL (■), and after dissolving the PL in DDM (◇). The concentration dependence of NPG-binding rates measured with the C148M mutant (▲)
is indistinguishable from that determined for WT LacY. Open symbols on the y axis represent rates of NPG displacement by TDG (koff) for WT LacY in DDM and
PL (○ and□, respectively) or C148M in DDM (△). The concentration dependencies of the kobs for NPG-binding yield estimates of kon in DDM of 0.2 μM−1·s−1 for
both WT LacY and the C148M mutant (blue lines). For WT LacY reconstituted into PL, kobs = 21 ± 4 s−1, as measured at NPG concentrations up to 0.6 mM (brown line).

Fig. S5. Rates of displacement of bound NPG by excess of TDG measured with bimane-labeled periplasmic mutant I32C/N245W (A) or cytoplasmic mutant
N137C/Q340W (B). Stopped-flow traces of Trp fluorescence change (Trp151→NPG FRET) were recorded after mixing 15 mM TDG with a given mutant pre-
incubated with the indicated concentrations of NPG. The koff values and amplitudes of the Trp fluorescence increase were estimated from single-exponential
fits to the data obtained in DDM or PL (blue and brown lines, respectively) and presented in Fig. 2.
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Fig. S6. Comparison of rates of periplasmic cavity opening for PDT-bimane–labeled I32C/N245W and K42C/F378W mutants. Stopped-flow traces of bimane
fluorescence change are recorded with excitation at 380 nm. (A) Rates of bimane unquenching measured in DDM. Traces 1 and 2 show fluorescence changes
after mixing bimane-labeled mutant I32C/N245W with 5 mM TDG or with buffer without sugar, respectively. Traces 3 and 4 show fluorescence changes of
bimane-labeled mutant K42C/F378W after mixing with 5 mM TDG or with buffer without sugar, respectively. (B) Stopped-flow traces recorded with both
periplasmic mutants reconstituted into PL. Traces 1 and 2 show unquenching of bimane fluorescence when mutant I32C/N245W is mixed with 5 mM TDG or
0.1 mM NPG, respectively; trace 3 shows the fluorescence change after mixing of K42C/F378W mutant with 5 mM TDG.

Fig. S7. Rates of closing or opening of the cytoplasmic cavity in PDT-bimane–labeled mutant N137C/Q340W. Stopped-flow traces of bimane fluorescence
changes were recorded with excitation at 380 nm for protein solubilized in DDM or reconstituted into PL. (A) Stopped-flow traces recorded after mixing 25 μL
of protein with 250 μL of buffer without sugar (trace 1) or with 250 μL of 0.22 mM NPG (trace 2), and also after mixing of 25 μL of protein containing 0.2 mM
NPG with 250 μL of buffer without sugar (trace 3). Stopped-flow traces of bimane quenching recorded after 1:1 mixing of NPG at given final concentrations
with LacY in DDM micelles (B) or with protein reconstituted into PL (C). Single-exponential fits to the data in DDM (quenching or unquenching, blue lines) or in
PL (quenching, brown lines) show similar observed rates of conformational change on the cytoplasmic side (3.5 ± 0.3 and 4.2 ± 0.3 s−1 in DDM and PL,
respectively).
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Fig. S8. Rates of sugar binding and closing of the cytoplasmic cavity with PDT-bimane–labeled F140W/V343C LacY. (A) Stopped-flow traces of Trp fluorescence
changes after mixing given concentrations of NPG with LacY in DDM micelles [Trp151→NPG FRET, excitation (exc.) at 295 nm]. (B) Stopped-flow traces of
bimane fluorescence quenching (excitation at 380 nm) caused by closing the cytoplasmic cavity after mixing given concentrations of NPG or TDG with the
protein in DDM micelles. (C) Stopped-flow traces recorded with protein reconstituted into PL show bimane fluorescence quenching after mixing protein with
100 μM NPG (Upper; green trace, excitation at 380 nm) and the decrease in Trp fluorescence (Trp151→NPG FRET, excitation at 295 nm) caused by binding of
given concentrations of NPG (Lower; four traces). Note the longer time scale in C relative to A and B. Traces were fitted with a single-exponential equation
(black lines), allowing estimation of kobs. (D) Concentration dependence of NPG-binding rates measured by Trp151→NPG FRET with protein in DDM as shown in
A (●), reconstituted into proteoliposomes as shown in C (■), or after dissolving the PL in DDM (◇). Displacement rates measured with protein in DDM (○, koff =
34 s−1) or PL (□, koff = 48 s−1) are shown. Kinetic parameters for NPG binding in DDM are kon = 0.8 ± 0.1 μM−1·s−1, koff = 28 ± 15 s−1, and Kd = 33 ± 17 μM.
Reconstituted protein binds sugar with kobs = 6.1 ± 0.3 s−1. (E) Rates of bimane fluorescence quenching measured with protein in DDM, as shown in B, are
plotted against sugar concentration and shown for NPG (○) and TDG (▽). The maximum rate of bimane quenching estimated from a hyperbolic fit (blue line)
is 196 ± 18 s−1. (F) Rates of bimane fluorescence quenching measured with protein reconstituted into PL are plotted against NPG concentrations (□). The
estimated rate of closing of the cytoplasmic cavity with reconstituted protein is 5.2 ± 1.3 s−1.
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