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Abbreviations. A, acceptor; ALEX, alternating laser exciation; D, donor; DDM,
dodecyl-B-D-maltopyranoside; FRET, Fluorescence (Férster) resonance energy
transfer; sm-FRET, single-molecule fluorescence resonance energy transfer;
NPG, 4-nitrophenyl-a-D-galactopyranoside ; NPGlc, 4-nitrophenyl-a-D-
glucopyranoside; E*, apparent FRET efficiency; <E*>, average E*; AE*, width of
E* distribution; E, FRET efficiency; <E>, average FRET efficiency; S,

stoichiometry ratio; Ry, Forster radius.



The N- and C-terminal 6-helix bundles of lactose permease (LacY) form a
large internal cavity open on the cytoplasmic side and closed on the
periplasmic side with a single sugar-binding site at the apex of the cavity
near the middle of the molecule. During sugar/H* symport, an outward-
facing cavity is thought to open with closing of the inward-facing cavity so
that the sugar-binding site is alternately accessible to either face of the
membrane. In this communication, single molecule Fluorescence (Forster)
Resonance Energy Transfer (sm-FRET) is used to test this model with wild-
type LacY and a conformationally restricted mutant. Pairs of Cys residues
at the ends of two helices on the cytoplasmic or periplasmic sides of wild-
type LacY and the mutant were labeled with appropriate donor and
acceptor fluorophores, sm-FRET was determined in the absence and
presence of sugar and distance changes were calculated. With wild-type
LacY, binding of a galactopyranoside, but not a glucopyranoside, results in
a decrease in distance on the cytoplasmic side and an increase in distance
and in distance distribution on the periplasmic side. In contrast, with the
mutant, a more pronounced decrease in distance and in distance
distribution is observed on the cytoplasmic side, but there is no change on
the periplasmic side. The results are consistent with the alternating access
model and indicate that the translocation defect in the mutant is due to

ineffective occupancy of the outward-facing conformation.



The lactose permease of Escherichia coli (LacY), a member of the Major
Facilitator Superfamily, utilizes free energy stored in an electrochemical H*

gradient (A un,) to drive active transport by coupling the downhill, stoichiometric
translocation of H* with A py, to the uphill accumulation of galactopyranosides.

Conversely, in the absence of Auy,, LacY utilizes free energy released from
downhill translocation of galactosides in either direction to drive uphill
translocation of H* with generation of Auy, {reviewed in (1)}.

An X-ray structure of mutant C154G, which binds ligand as well as wild-
type LacY but catalyzes very little transport and is compromised conformationally
(2-5), has been solved in an inward-facing conformation with bound ligand (6, 7).
Notably, wild-type LacY has the same global fold (1, 8). The symporter contains
12 transmembrane a-helices organized in two pseudo-symmetrical bundles. The
N- and C-terminal 6-helix bundles form a large internal cavity open to the
cytoplasm, and a single sugar-binding site is present at the apex of the cavity
near the approximate middle of the molecule.

When compared to the X-ray structure, distances approximated from
cross-linking of paired Cys residues across the inward-facing cavity are
underestimated, and there is no access to the sugar-binding site from the
external surface (6). Therefore, it was suggested that during transport the
inward-facing cavity closes with opening of an outward-facing cavity so that the
sugar-binding site is alternately accessible to either face of the membrane, and a

similar model was proposed for the glycerol phosphate/phosphate antiporter



GIpT (9), a related protein. Recent findings (10) from site-directed alkylation of
Cys residues at almost every position in LacY support the alternating access
model.

The heat of ligand binding to wild-type LacY and the C154G mutant has
been measured (11). The affinity of wild-type or mutant LacY for ligand and the
change in free energy (AG) upon binding are similar. However, in the wild type,
AG is due primarily to an increase in entropy, while in marked contrast, an
increase in enthalpy is responsible for AG in the mutant. Thus, wild-type LacY
behaves as if there are multiple ligand-bound conformational states, while the
mutant is severely restricted.

sm-FRET (12-14) has been applied to the study of relatively few
membrane proteins (eg. F1F,-ATP synthase (15), epidermal growth factor (16),
and SNARE proteins (17, 18)). Structural dynamics in these proteins has been
probed by measuring sm-FRET either from freely diffusing molecules or by
recording a time-trajectory from a single, immobilized protein.

Here we utilize sm-FRET by alternating laser excitation (ALEX)
spectroscopy (19-22) to study ligand-induced distance changes on the
cytoplasmic and periplasmic sides of the membrane protein LacY, freely diffusing
in detergent micelles. The results provide further support for the alternating
access model in wild-type LacY and suggest that although the cytoplasmic cavity
also closes in the C154G mutant, the periplasmic side remains closed in the

presence of ligand. The results are also support the conclusion (11) that sugar



binding induces primarily an entropic change in wild-type LacY, in marked

contrast to mutant C154G, which exhibits an enthalpic change.

Results

Mutants. Cysteine pairs were introduced into wild type and C154G LacY. None
of the native Cys residues in LacY react with maleimides under near
stoichiometric conditions except for Cys148, which is readily protected by
substrate (23). Two mutant pairs — R73C/S401C (helices Il and Xll) on the
cytoplasmic side and 1164C/S375C (helices V and Xl) on the periplasmic side —
satisfy the following requirements: (i) both positions are at the ends of
transmembrane helices; (ii) individual Cys replacements have little or no effect on
lactose transport (24-27): (iii) Cys residues at each of the four positions react with
the maleimide-based Alexa dyes (Table 1); (iv) double-Cys mutants labeled with
fluorophores bind sugar effectively (Table 1); and (v) distances between bound
fluorophores in both double-Cys mutants are within R, for the Alexa dyes used
(~50 A).

Since the size of both Alexa moieties is significant, the inter-dye distance
depends on the relative orientation of the dyes as determined by the mobility of
the fluorophores and the structural flexibility of LacY. Structural modeling (see
Supporting Information) predicts different orientations of the donor (D)-acceptor
(A) pairs on either side of the protein; these positions are likely to be relatively
rigid due to placement in a-helices (Figure 1). Approximate distances between D

and A moieties are 48 A for the cytoplasmic pair or 61 A for periplasmic pair,



distances that fall well within the linear range of the sm-FRET “ruler,” as they are
near R of both Alexa dyes (see Materials & Methods).

Each of the four double-labeled samples displays significant FRET.
However, mutants labeled with D-only or A-only and then mixed exhibit no FRET
whatsoever. Thus, there is little or no aggregation. It is also notable that changes
in FRET are not observed in the presence of galactopyranosides when ensemble

measurements are carried out with a conventional fluorimeter (data not shown).

Structural Changes at the Cytoplasmic Side. sm-FRET is determined from
bursts of fluorescence detected during diffusion of labeled molecules through a
focused laser beam using ALEX spectroscopy (20). Bursts are recognized by a
dual-channel burst search, which identifies bursts containing both D and A (28).
For each burst, the apparent energy transfer efficiency (or proximity ratio, E*),
and the stoichiometry (S) are calculated and binned into a two-dimensional (2D)
S-E* histogram (Figure 2A and 4A). D-only and A-only populations are filtered
out and E* values of the D-A species are projected onto a one dimensional (1D)
FRET histogram (Figures 2B, 2C, 3A, 4B, 4C).

Each sample was monitored for changes in E* in response to a relatively
high-affinity ligand, 4-nitrophenyl-a-p-galactopyranoside (NPG), or the analogue,
4-nitrophenyl-a-b-glucopyranoside (NPGic), which exhibits no detectable binding
(29-31). R73C/S401C LacY double-labeled on the cytoplasmic side (helices Il
and XIl) exhibits a E* distribution with mean <E*> = 0.536 + 0.013 (Figures 2A,

panel 1 and 2B, grey area). Addition of NPG results in small but reproducible



shift to <E*> = 0.584 £ 0.009 (Figure 2B, red line), consistent with a small but
reproducible decrease in distance. No effect of NPGlc (<E*> = 0.547 + 0.001) is
observed (Figure 2B, blue line). In contrast, mutant C154G, which is
conformationally restricted (4, 5, 11) and labeled at the same positions, exhibits
<E*> = 0.512 + 0.007 (Figures 2A, panel 4 and 2C, grey area), suggesting a
slight increase in distance relative to the wild-type (compare Figure 2B and 2C,
grey areas). More dramatically, addition of NPG results in a significant shift, <E*>
= 0.611 + 0.007, indicating a reduction in distance between D and A (Figure 2C,
red line). Since addition of NPGic has no effect whatsoever (Figure 2C, blue
line), it is concluded that the changes in the E* distribution are specific to the
galactopyranoside ring.

To test further the binding specificity of NPG to the double-labeled
R73C/S401C/C154G LacY mutant, E* histograms were recorded as a function of
NPG concentration (Figure 3A). The relative changes (see definition in
Supporting Information) in the average E (<E>) and in the average width of the
distribution (<AE*>) are plotted as a function of NPG concentration in Figure 3B.
Increasing NPG concentration is accompanied by a shift in <E*> to higher values
with a concomitant decrease in <AE*>. Apparent Kp values extracted from the
<E*> and <AE*> titration curves are 40 £ 14 uM and 52 + 14 uM respectively.
These values are in good agreement with those obtained by using other methods
(4, 31).

Each cysteine position described herein was labeled individually with D

and A on both wild type and C154G backgrounds. The quantum yield of D-



labeled molecules and spectral overlap of D and A was used to calculate Ry for
each construct. Furthermore, because conversion from E* to E relies on an
approximation to obtain the y-correction factor (see Supplementary Materials),
we achieve approximate E values and corresponding inter-dye distances. On the
cytoplasmic side, the average distances between dyes are calculated to be ~51.3
A for wild type and ~53.3 A for C154G LacY without bound sugar (Table 2),
which are in general agreement with modeling (Figure 1). NPG binding to wild
type LacY is associated with a small decrease in distance (~1.6 A), while the
C154G mutant exhibits a larger decrease of ~3.6 A and a narrowing of <AE*>

(Fig. 3).

Structural Changes at the Periplasmic Side. Analysis of E* distribution for
[164C/R375C LacY double-labeled on the periplasmic side (helices V and XI)
exhibits <E*> = 0.416 + 0.004 (Figures 4A, panel 1 & 4B, grey area). Addition of
NPG results in a shift to <E*> = 0.344 + 0.004, indicating an increase in the
distance between the dyes upon ligand binding (Figure 4B, red line). NPGlc
addition results in no significant change in the E* distribution (Figure 4B, blue
line). C154G LacY labeled at the same positions exhibits <E*> = 0.360 = 0.001,
and addition of neither NPG nor NPGic produces a significant change (Figure
4C).

The average distances between dyes are calculated to be ~56.9 A for wild
type and ~57.8 A for C154G LacY without bound sugar (Table 2) based on

determined Ro. NPG binding to wild type is associated with an increase in
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distance (~3.5 A) and a slight increase in <AE*>, while the C154G mutant

exhibits no significant change.

Discussion

sm-FRET is utilized here to investigate the effects of sugar binding on
local distance and distance distribution changes between the cytoplasmic ends of
helices Ill and XlI or the periplasmic ends of helices V and Xl in wild-type LacY
and the conformationally restricted mutant C154G. The measured inter-dye
distances calculated from sm-FRET are comparable to those predicted from
modeling (compare Figure 1 with Table 2). While sugar binding in the wild type
background appears to decrease distance (i.e., increased <E*>) between the
cytoplasmic ends of helices Ill and XII, the effect is significantly more pronounced
in the mutant background and is also accompanied by a reduction in <AE*>. In
marked contrast, the periplasmic ends of helices V and XI appear to move apart
(i.e., decreased <E*>) as a result of sugar binding in the wild type, but no change
whatsoever is detected with the C154G mutant (Table 2).

Analysis of the shape of the E* histogram provides information about static
distance changes, as well as changes in the distribution of conformers and
interconversion rates between them (28). The shape of the E* histogram of a
single conformer (a single E* value) is determined by shot noise. Multiple
conformers (multiple E* values) result in broadening or splitting of the E*
histogram. If each conformer is long-lived (longer than the transit time through

the confocal volume), the resulting histogram will be a superposition of the
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individual shot-noise broadened states. If the interconversion between
conformers is faster than the transit time, the E* distribution averages out to a
single E* value (broadened by shot noise). When interconversion between
conformers is on the order of the transit time, the resulting histogram width is
dependent on the rates.

Both wild-type and C154G LacY without and with ligand, exhibit
conformational heterogeneity on the cytoplasmic and periplasmic sides
(distributions are wide and not limited by shot noise; see Fig. S1). The distance
and distance distribution changes may be due to interconversion between two
states (minimally) at rates that are about 10 times slower than diffusion
(interconversion rates faster than diffusion would result in narrower peaks; slower
rates do not fit the data--see Figure S2). An alternative possibility is that the wild
type and the mutant have multiple static conformers in the unliganded state, and
upon binding, the number of conformers is reduced for the mutant and increased
for the wild type. For detailed discussion, see Supplemental Information.

The sm-FRET findings with wild-type LacY are consistent with extensive
site-directed alkylation studies (10) that support an alternating access model for
galactoside/H" symport (1, 6). By this means, the single sugar-binding site in
LacY in the approximate middle of the molecule is alternately exposed to either
side of the membrane due to opening and closing of cytoplasmic and periplasmic
hydrophilic cavities. In this regard, it is particularly noteworthy that the
cytoplasmic ends of helices Ill and Xl in the C154G mutant apparently move

closer upon sugar binding, while the periplasmic ends of helices V and Xl exhibit
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no change. The observations suggest that the C154G mutation may markedly
decrease the ability of LacY to occupy an outward-facing conformation, thereby
drastically inhibiting all modes of sugar translocation (4, 5).

The crystal structure of wild-type LacY exhibits an inward-facing
conformation much like the C154G mutant (1, 8). Furthermore, ligand binding
markedly increases the apparent accessibility/reactivity of a number of
engineered Cys residues on the periplasmic side of the sugar-binding site with a
distribution suggesting that sugar binding opens a hydrophilic pathway on the
periplasmic side of the molecule. Thus, it seems reasonable to conclude that the
crystal structure of LacY is similar to that in the membrane--the inward-facing
conformation. If this is so, the time of occupancy in the outward-facing
conformation is likely to be relatively short since the inward-facing conformation
probably represents the lowest free-energy state.

Taken together, isothermal scanning calorimetry studies (11), site-directed
alkylation studies (10) and the sm-FRET studies presented here (carried out on
only two pairs of helices thus far) are consistent with a picture in which ligand
binding leads primarily to an entropic change in the wild type and an enthalpic
change in the C154G mutant. Thus, wild-type LacY behaves as if there are
multiple ligand-bound conformational states, while the mutant is severely
restricted due to an inability to occupy the outward-facing conformation.
Moreover, the findings are consistent with the notion that cytoplasmic and
periplasmic movements of the helices in LacY are not necessarily coordinated, a

consideration that may be related to the irregular nature of many of the helices.
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It follows that the N- and C-terminal helical bundles in LacY probably do not
move as rigid bodies.

Figure 5 proposes a simple cartoon model for the conclusions.
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Materials and Methods

Fluorophores. Alexa 488 Cs-maleimide and Alexa 647 Cy-maleimide
fluorophores were purchased from Molecular Probes (Invitrogen, Carlsbad, CA).

Labeling of LacY mutants with Alexa dyes. Mutants with single
additional Cys residue (40-50 uM) were incubated with equimolar concentrations
of either Alexa Fluor 488 Cs-maleimide, or Alexa Fluor 647 C,-maleimide in 50
mM NaP; buffer, pH 7.0, 0.02% DDM in the presence of 15 mM TDG added for
protection of Cys148 against alkylation. The reaction was carried out for 30 min
at room temperature in the dark. Double-Cys mutants were labeled in the same
buffer sequentially, first with equimolar concentration of Alexa Fluor 647 C,-
maleimide for 30 min in the dark, then Alexa Fluor 488 Cs-maleimide was added
and reaction was carried out for another 45 min. TDG and unreacted
fluorophores were removed by buffer exchange on Amicon Ultra-15 concentrator
with cut-off MW 30 kDa (Millipore, Bedford, MA). The extent of the labeling was
estimated from absorption spectra of labeled mutants by measuring peak
maxima at 280, 488 and 647 nm for protein and fluorophores, respectively using
Hitachi model 24 UV-VIS scanning spectrophotometer (Hitachi, Japan). Control
experiments with labeling under the same conditions of either WT or
C154G/LacY that lack introduced Cys pairs resulted in no significant
incorporation of Alexa dyes. Final samples (0.5 mg/ml) were frozen in liquid

nitrogen and stored at -80°C before use.
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Binding Assays. Sugar binding to purified LacY mutants was measured
before and after labeling with Alexa fluorophores using direct sugar binding
assay based on Trp151-NPG FRET as described recently (31). Trp emission
spectra (excitation 295 nm) of LacY mutants (0.4 uM) in 50 mM NaP; (pH
7.5)/0.02% DDM were recorded first in the presence of 100 uM of NPG, then
after addition of 10 mM of TDG used for displacement of bound NPG. Relative
Trp fluorescence increase after TDG addition quantified the level of specific
sugar binding. Spectral properties of used Alexa fluorophores do not interfere
with Trp-NPG FRET. The ability of LacY mutants modified with Alexa
fluorophores to bind NPG was 70-100% of that for LacY before modification.

Sample Preparation. For measurement, LacY was diluted to 200 pM in
50 mM sodium phosphate, pH 7.5/0.02% DDM, 100 pg/ml bovine serum albumin
with or without sugar. An observation chamber for a 5 ul drop was constructed
using an 8 mm hole in a 0.5-mm-thick silicone gasket between two No. 1
coverslips.

Microscope Setup, Data Collection and Analysis. Measurements were
made using an oil-immersion objective (Zeiss 100X1.4 NA) inverted fluorescence
microscope, described elsewhere. Molecules were excited by ALEX (20) at 470
nm and 640 nm (Toptica Photonics iPulse and iBeam, respectively) with an
alternation period of 100 ps and a duty cycle of 50%. Excitation intensities were
50-60 pW for 470 nm and 10 pW for 640 nm. The beam was focused by an oil-
immersion objective. Fluorescence was collected through the same objective and

refocused onto a 100 ym pinhole to reject out-of-focus light. The collected



16

photons were split by a dichroic mirror (630DRLP, OMEGA Optical, Brattleboro,
VT), filtered (540-DF-40; Donor, 660-LP Acceptor) and detected by avalanche
photodiodes (SPCM-AQR-14, PerkinElmer, Fremont, CA). Time of arrival of each
detected photon was stored on a computer for future analysis (28). Data was
typically collected for 10-15 min, yielding ~3000 bursts. Each experiment was
repeated 3 — 5 times. Results (and their errors) were calculated from these data
sets. A detailed descriptions of data analysis and fitting protocols are given in
Supporting Information.

All other materials, construction of mutants, purification of proteins,
ensemble fluorescence measurements, molecular modeling and smFRET data

analysis are described in Supporting Information.
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Tables

Table 1: Properties of cysteine LacY mutants double labeled by Alexa488 and

Alexa647 fluorophores.

Extent of labeling®® NPG binding®
LacY mutant (mol per mol of protein) (% of binding to
A488 AB47 non-labeled mutant)
R73C/S401C/WT 0.6 0.6 98
R73C/S401C/C154G 0.7 0.8 93
[164C/S375C/WT 1 0.7 79
[164C/S375C/C154G 0.8 0.8 93

estimated from absorption spectra (see Material and Methods)

detected by direct sugar binding assay based on Trp-NPG FRET as

described in Material and Methods (31)



Table 2:

Effect of sugar binding on sm-FRET parameters

22

Location of double- No sugar NPG (1 (15)) NPGic (1 (15)) NPQ induced
labeled Cys pairs Dist - - Cﬁlasr':ar;ceA
E* E@ (A)“’" E* E Dist (A) E* E Dist (A) g€,
WT | 0536 0.468 51.5 0.584 0.523 49.7 0.547 0.480 51.1 14 -1.8
(+0.013) | (£0.013) (+0.009) | (+0.009) (+0.001) | (£0.001) decrease
Cytoplasmic
side
1sag| 0512 0.444 53.1 0.611 0.552 495 0.523 0.456 527 | 35 -37
73/401 (+0.007) | (£0.008) (+0.007) | (£0.009) (+0.026) | (£0.030) decrease
WT | 0416 0.342 6.8 0.344 0.264 60.4 0.411 0.336 570 | 34-36
Periplasmic (+0.004) | (£0.003) : (+0.004) | (£0.004) (+0.010) | (£0.011) : increase
side
0.360 0.282 57.8 0.363 0.283 57.8 0.359 0.279 No significant
164/375
154G 40001) | (0.001) (+0.010) | (0.008) 0.001) | 0.002) | %79 | change

@ E s a corrected sm-FRET efficiency (22)

®) Distances have precision of +1 A.
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Figure Legends

Figure 1. Structural modeling of LacY double-labeled with Alexa fluorophores at
Cys-pairs introduced at the cytoplasmic ends of helices Ill and Xl (R73C/S401C)
(left) or the periplasmic ends of helices V and Xl (1164C/R375C) (right).
Backbone of LacY rendered as ribbons rainbow colored from blue (helix 1) to red
(helix 12) with hydrophilic cavity open to cytoplasmic side. Attached fluorophores
colored in green (Alexa488) or magenta (Alexa647) and shown in space filling
representation. Estimated distances between C, atoms of the Cys pairs and
between centers of the fluorophores are 41 and 48 A (cytoplasmic), and 32 and

61 A (periplasmic), respectively.

Figure 2. Ligand-induced effects on the FRET distribution E* at the cytoplasmic
side of LacY (R73C/S401C, helices Ill and Xll). (A) 2D S-E* histograms
corresponding to wild-type (A7-A3) and C154G mutant (A4-A6) Lacy.
Measurements for each construct were obtained in the absence of sugar (A7,
A3) and in the presence of 1 mM (saturating) NPG concentration (A2, A4), or 1
mM NPGic (A3, A6). Comparison of sugar effects on normalized E* histograms
from panel A for: (B) wild type LacY and for (C) C154G LacY. Gray bins, no
sugar added; red line, 1 mM NPG; blue line, 1 mM NPGlc. Broken lines,

Gaussian fits to the data with the corrected E values given in Table 2.
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Figure 3. Concentration dependence of ligand-induced effects on <E*> and AE*
at the cytoplasmic side of LacY (R73C/S401C/C154G, helices Il and XIlI). (A) E*
distribution without added sugar (red) and with nine NPG concentrations
increasing from 1 uM (orange) to 1000 uM (purple). (B) Fractional change of the
fitted Gaussian parameters of histograms from panel A plotted as a function of
NPG concentration. Red, relative <E*> shift; black, relative AE* change. Solid
lines, hyperbolic fit to each data set; broken line, theoretical curve showing NPG

binding to LacY with Kp of 38 uM as measured by stopped-flow (31).

Figure 4. Ligand-induced effects on the FRET distribution E* at the periplasmic
side of LacY (1164C/S375C, helices V and Xl). All details are as described in

Figure 2.

Figure 5. Cartoon model illustrating global conformational changes detected by
smFRET upon sugar binding to wild type LacY (A) and C154G mutant (B).
Without bound sugar (left) protein is in protonated state with inward-facing
hydrophilic cavity. This conformation is the most energetically stable among
multiple unliganded conformers. Binding of sugar induces a global
conformational change in both wild type LacY (A, right) and C154G mutant (B,
right) resulting in closing of inward-facing hydrophilic cavity. The periplasmic
cavity opens in wild type LacY (A, right) allowing substrate to be released .
Conformational heterogeneity of wild type LacY increases after sugar binding. In

contrast, the periplasmic cavity in C154G mutant does not form easily after sugar
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binding (B, right), corresponding to reduced number of conformers in ligand

bound state and restricted access for the sugar from periplasmic side.
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