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Abstract

X-ray crystal structures of LacY exhibit a large cytoplasmic cavity containing the residues involved
in sugar binding and H* translocation at the apex and a tightly packed side facing the periplasm.
However, biochemical and biophysical evidence provide a strong indication that a hydrophilic
pathway opens on the external surface of LacY with closing of the cytoplasmic side upon sugar
binding. Thus, an alternating-access mechanism in which sugar- and H*-binding sites at the
approximate middle of the molecule are alternatively exposed to either side of the membrane is likely
to underlie LacY-catalyzed sugar/H* symport. To further investigate periplasmic opening, paired
residues on the tightly packed periplasmic side of LacY were replaced with Cys, and the effect of
cross-linking was studied by testing the accessibility/reactivity of Cys148 with the elongated (~29
A), impermeant hydrophilic reagent maleimide-PEG2-biotin. When the paired-Cys mutant
Ile40—Cys/Asn245—Cys containing native Cys148 is oxidized to form a disulfide-bond, the
reactivity of Cys148 is markedly inhibited. Moreover, the reactivity of Cys148 in this mutant
increases with the length of the cross-linking agent. In contrast, MPB reactivity of Cys148 is
unaffected by oxidation two other paired-Cys mutants at the mouth of the periplasmic cavity. The
data indicate that residues Ile40 and Asn245 play a primary role in gating the periplasmic cavity and
provide further support for the alternating-access model.
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The lactose permease of Escherichia coli (LacY), a member of the Major Facilitator
Superfamily (MFS) of membrane transport proteins, catalyzes the coupled translocation of a
galactopyranoside and an H*. Thus, LacY transduces the free energy stored in an H*
electrochemical ion gradient (Auy +) into a sugar concentration gradient. Conversely, in the
absence of Au 1+, LacY transduces the free energy stored in a sugar concentration gradient
into Aup +, the polarity of which depends upon the direction of the sugar gradient 1+ 2. LacY
has been solubilized from the membrane, purified to homogeneity in a completely functional
state 3 4, and is structurally and functionally a monomer 2: °,
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X-ray crystal structures of LacY % 7+ 8 and a wealth of biochemical and biophysical data 2
10; 11,12, 13; 14 have led to an alternating access model for LacY. Accordingly, sugar binding
induces closing of the inward-facing cavity and the opening of an outward-facing periplasmic
cavity, thereby allowing alternating access of the sugar- and H*-binding sites to either face of
the membrane. A similar model has been proposed for the glycerol phosphate/phosphate
antiporter GIpT, a related MFS protein 1% 16: 17 and the ABC transporters Sav 1866 18 and
MalF 19, The alternating access model involves a global conformational change, which is
consistent with the highly dynamic nature of LacY 2> 14, 20; 21, 22, 23

The crystal structures of LacY exhibit no pathway to the sugar-binding site from the tightly
packed periplasmic side (Fig. 1) 6 7> 8. Based on the structures, a molecular dynamics
simulation suggests that a constricted region at the periplasmic side of LacY, which may be a
‘gate’, involves 1le40 (N-terminal 6-helix bundle) and Asn245 (C-terminal 6-helix bundle)
(Fig. 1) 2. In this study, we used maleimide-PEG2-biotin (MPB) to probe key positions
controlling the periplasmic gate of LacY in right-side-out (RSO) membrane vesicles. MPB is
an elongated (29 A), flexible, hydrophilic alkylation reagent (Fig. 2) that is membrane
impermeant 2%, and reactivity is readily assayed by Western blotting.

Experimental design and mutant construction

The X-ray crystal structures of LacY & 7: 8 show that helices I, 11 and helix VI1 are at the
interface between the N- and C-terminal 6-helix bundles on the periplasmic side of LacY and
appear to play a critical role in sealing the inward-facing cavity from the outside. A number of
single-Cys replacement mutants within the tightly packed periplasmic domain of LacY exhibit
a marked increase reactivity/accessibility to thiol reagents in the presence of p-D-
galactopyranosyl 1-thio-p-D-galactopyranoside (TDG) 9 12: 13, Moreover, the mutants also
react with methanethiosulfonate ethylsulfonate (MTSES), a highly impermeant thiol reagent
9,26, 27 in the presence of substrate, indicating that a hydrophilic pathway opens on the
periplasmic face of LacY during turnover. Further evidence for opening of a periplasmic
hydrophilic cavity has been obtained from single molecule Fdster resonance energy transfer
10, double electron-electron resonance 1 and site-directed thiol cross-linking 14.

When engineered single-Cys replacements in the periplasmic pathway react with thiol reagents,
inactivation correlates for the most part with the size of the modifying reagent; however, sugar
binding is apparently unaffected 28. The results suggest that placement of a relatively large
moiety in the putative periplasmic cleft of LacY likely prevents closure, an essential step in
the transport cycle, without significantly altering access of sugar to the binding site. In order
to test this conclusion further, we reasoned that tighter closure of the periplasmic side might
be necessary to inhibit access to the sugar-binding site. The experimental approach used is
outlined in Fig. 2. Starting with single-Cys 148 LacY, located in the approximate middle of
LacY and protected from reactivity with substrate 2% 30: 31 paired Cys residues in the C- and
N-terminal 6 helix bundles were engineered across the mouth of the putative periplasmic
pathway (Fig. 1). As such, Cys148, as well as the Cys replacements, should react with MBP
(Fig. 2A). However, when paired Cys residues across the mouth of the potential outward-facing
cavity are oxidized to form a disulfide or cross-linked with short bifunctional reagents in the
presence of ligand (which blocks Cys148 and simultaneously causes the Cys replacements in
the periplasmic cavity to become more reactive/accessible % 12: 13) Cys148 should become
inaccessible to MBP (Fig. 2B). Therefore, three paired-Cys mutants--C148/P31C/Q242C,
C148/140C/N245C and C148/T45C/Q242C -- were constructed with tandem factor Xa (fXa)
protease sites in the loop between helices IV/V (Fig. 1) so that cross-linking could be tested
conveniently without adversely affecting activity 32, Mutants C148/T45C/Q242C or C148/
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140C/N245C exhibit about 24% or 19%, respectively of wild-type activity; mutant C148/P31C-
Q242C had only 10% of wild-type activity (data not shown).

Effect of disulfide formation on alkylation of Cys148

Vesicles containing single-Cys148 LacY devoid of fXa sites incubated with copper(ll) o-
phenanthroline (Cu/Ph) exhibit complete labeling with MPB at a band corresponding to full-
length LacY over the time course tested (Fig. 3A, lanes 1-4, upper and lower panels). Thus,
Cys148 is not altered under the oxidizing conditions used. Furthermore, LacY devoid of Cys
residues (C-less), but containing tandem fXa protease sites exhibits no reactivity with MPB
(Fig. 3C, lane 1, upper panel), but is completely cleaved by the protease (Fig. 3C, lane 1, lower
panel). Also, complete cleavage is observed when Cys148 in each mutant is reacted with MPB
and then cleaved by fXa protease (Fig. 3B, C & D, lanes 1, upper and lower panels),
demonstrating that the MPB adduct with Cys148 has no effect on fXa activity. Oxidation of
vesicles containing either mutant C148/T45C/Q242C or C148/P31C/Q242C in the presence
of Cu/Ph has no effect on the rapid reaction of Cys148 with MPB, as reflected by the intense
biotinylation observed over the time period tested, despite complete disulfide cross-linking of
each sample (Figs 3B & C, lanes 2-5 and 3-6, upper and lower panels, respectively). In marked
contrast, vesicles containing mutant C148/140C/N245C, which are completely cross-linked by
oxidation prior to incubation with MPB (Fig. 3D, lanes 2-5, lower panel), exhibit a distinct
time course of labeling that clearly increases markedly from 5 to 30 min (Fig. 3D, lanes 2-5,
upper panel).

Effect of cross-linking agents of different lengths

Previous studies 14 demonstrate that all three paired-Cys mutants (140C/N245C, 132C/N245C
or T45C/N245C) lose the ability to catalyze active lactose transport upon cross-linking with
homobifunctional methane thiosulfonate reagents less than ~15 A in length. In order to test the
effect of cross-linking agents on accessibility of Cys148 from the periplamic side of the
membrane, RSO vesicles containing mutant C148/140C/N245C were treated with 1,3-
propanediyl bis-methanethiosulfonate (MTS-3-MTS; ~5 A), 1,6-hexanediyl-bis-methane-
thio-sulfonate (MTS-6-MTS; ~9 A) or 3,6,9,12-tetra-oxatetra-decane-1,14-diyl-bis-
methanethiosulfonate (MTS-14-04-MTS; ~17 A) in the presence of 10 mM TDG. Paired Cys
residues at positions 40 and 245 are completely cross-linked after 10 min incubation with each
reagent (Fig. 4, lower panel). After cross-linking with MTS-3-MTS, no labeling of Cys148
with MPB is observed after 2 or 5 min, and a very low level of reactivity is observed after 10
or 20 min (Fig. 4, lanes 1-4, upper panel). However, with MTS-6-MTS or MTS-14-MTS, clear
biotinylation is observed by 5 min, which increases to maximum intensity by 20 min (Fig. 4,
lanes 7-9 and 11-13, upper panel). In other words, the shorter the cross-linking agent, the less
accessibility/reactivity of Cys148.

Discussion

In order to catalyze lactose/H* symport, LacY and many other membrane transport proteins
must exist in at least two conformations to allow access of the substrate-binding site to the
milieu on both sides of the membrane. However, all X-ray structures of LacY to date % 7> 8
exhibit a large hydrophilic cavity on the cytoplasmic side of the molecule with a tightly packed
periplasmic side, which blocks access of sugar to the binding site, clearly an inward-facing
conformation. If sugar cannot gain access to the binding site from the exterior, transport
obviously cannot occur. Notably, five separate lines of evidence—underestimation of cross-
linking distances on the cytoplasmic side of LacY relative to the crystal structure ©, site-directed
alkylation 2 13: 33 single molecule Forster resonance energy transfer 10, double electron-
electron resonance 11 and thiol cross-linking 14—support the conclusion that sugar binding
leads to opening of a relatively large, hydrophilic cavity on the periplasmic face of Lacy.
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Therefore, LacY must exist in aminimum of inward- and outward-facing conformations, which
strongly favors the alternating access model for transport 34 35 36 Moreover, studies with
C154G LacY, a conformationally crippled mutant, indicate that the periplasmic cleft in this
mutant is fixed in an open-outward conformation 10: 11: 33 This conformation is not detected
in the X-ray structures probably because the crystallization conditions select a lowest free
energy conformation of Lac .

In this study, we address the role of key positions in the periplasmic gate of LacY. Several
pairs of Cys residues were engineered in the region of the putative periplasmic gate in LacY,
allowing site-specific cross-linking of positions predicted to be in close proximity. Cys
replacements at positions on the periplasmic side of the sugar-binding site become much more
reactive with respect to alkylation of N-ethylmaleimide in the presence of substrate (TDG), as
well as accessible to methane ethylthiosulfonyl ethylsulfonate 9, a very impermeant,
hydrophilic reagent 26: 275 37 Notably in this regard, the X-ray crystal structures of LacY do
not contain re-entrance loops % 7+ 8. The observations presented here complement conclusions
drawn from Cys accessibility/reactivity studies. Thus, Cys148 at the substrate-binding site does
not react with the impermeant, elongated and flexible reagent MPB if paired Cys replacements
for 1le40 and Asn245 are oxidized to form a disulfide or cross-linked with MTS-3-MTS (~5
A). strikingly, Cys148 in two other paired-Cys mutants on the periplasmic side of Lac react
readily with MPB even after they are fully oxidized to disulfides or fully cross-linked with
MTS-6-MTS (~9 A) or MTS-14-MTS (~17 A). The findings clearly suggest that 1140 and
Asn245 play an important role in gating the periplasmic cavity of LacY, which is consistent
with the prediction from molecular dynamics simulations 24,

Materials and Methods

Materials

Restriction endonucleases, T4 DNA ligase, and Factor Xa protease were purchased from New
England Biolabs (Beverly, MA). The QuickChange Il kit was from Stratagene (La Jolla, CA).
DNA plasmid purification and DNA fragment gel extraction kits were purchased from
QIAGEN (Valencia, CA). MTS-based homobifunctional cross-linking agents were purchased
from Toronto Research Chemicals, Inc. (Toronto, Canada). Site-directed rabbit polyclonal
antiserum against a dodecapeptide corresponding to the C terminus of LacY was prepared as
described 38. Micro BCA protein determination and Supersignal West Pico Chemiluminescent
substrate Kkits were from Pierce Inc. (Rockford, IL). All other materials were of reagent grade
and obtained from commercial sources.

Construction of mutants

Plasmid pT7-5/Cys-less/fXay, encoding Cys-less LacY with tandem factor Xa sites (lle-Glu-
Gly-Arg), between Ser136 and Asn137 in cytoplasmic loop IV/V (Fig. 1) was constructed as
described 32. Double-Cys mutants were then generated by two-step replacement of a BamH 1/
Pst | fragment encoding helices I-11 and then a BstX I/Hind 111 fragment encoding helix VII
from plasmid pT7-5 containing appropriate single-Cys mutants into plasmid pT7-5/Cys-less/
C148/fXay. DNA sequencing of the entire lacY gene confirmed all constructs, and no other
mutations were found.

Expression of LacY

E. coli T184 [lacl*O*Z~Y~ (A) rpsL,met™,thr~,recA hsdM,hsdR/F’ lacl90+ZP118(y+A+)]39
transformed with plasmids encoding given double-Cys mutants by electroporation in 0.2 cm
cuvettes were grown at 37 °C in Luria-Bertani broth with 100 mg/I ampicillin. Overnight
cultures were diluted 10-fold and allowed to grow for 2 h at 37 °C before induction with 1 mM
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isopropyl 1-thio-B-D-galactopyranoside. After additional growth for 2-3 h at 37 °C, cells were
harvested by centrifugation.

Preparation of RSO vesicles

RSO membrane vesicles were prepared by osmotic lysis as described 4% 41, suspended in 100
mM potassium phosphate (KP;, pH 7.5)/10 mM MgSQyg at a protein concentration of about
10-20 mg/ml, frozen in liquid N5, and stored at —80 °C until use.

Cross-linking and alkylation

Unless stated otherwise, cross-linking was carried out with 0.5 mM Cu/Ph for 30 min, 0.1 mM
MTS reagents for 20 min at room temperature in presence of 10 mM TDG (final concentrations)
1. Following 10-fold dilution with 100 mM cold KP; (pH 7.5), the vesicles were immediately
collected by centrifugation at 4 °C, washed 3 times with 100 mM KP; (pH 7.5) and resuspended
in 100 mM KP; (pH 7.5)/10 mM MgSOy4 at ~1 mg protein/ml. One portion of the preparation
was used for protein determinations and analysis of cross-linking. Cross-linking was tested as
follows: aliquots (2 ug protein) were digested with factor Xa protease as described 32, and
samples (2 pg protein) were subjected to sodium dodecyl sulfate-12% polycrylamide gel
electrophoresis (SDS-12% PAGE) and western blotting with a site-directed polyclonal
antibody against the C-terminus of LacY followed by horseradish peroxidase-coupled anti-
rabbit antibody (Amersham Biosciences, NA-934) as described 42.

The remaining sample was treated with MPB (475 pM, final concentration) on ice for given
times, and the reaction was terminated by addition of 10 mM dithiothreitol (DTT). Following
10-fold dilution with 100 mM cold KP; (pH 7.5), the vesicles were immediately collected by
centrifugation at 4 °C and washed 3 times with 100 mM KP; (pH 7.5). The pellet was
resuspended in 1 ml of 150 mM NaCl/10 mM Tris-HCI/1% Triton X-100/1% sodium
deoxycholate/0.1% SDS (pH 7.4) containing 12% Pefabloc SC at 4 °C for 1 h and centrifuged
at 14,000 rpm for 30 min to remove insoluble material. Avidin-agarose beads (10 pl; Pierce)
were added to the supernatant, which was incubated overnight at 4 °C with constant mixing.
The beads were then resuspended and applied sample to a column. After washing the column
3 times with 3 ml of washing buffer [50 mM NaP; (pH 7.4)/0.1 M NaCl/0.02% n-dodecyl-p-
D-maltopyranoside], 50 pl of 5 mM d-Biotin in washing buffer was added to elute protein from
the beads. The eluate was electrophoresed by SDS-12% PAGE, transferred to polyvinylidene
difluoride membranes and immunoreactivity was detected as described 2.
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Abbreviations

LacY the lactose permease of Escherichia coli

A;;H + the H* electrochemical H* gradient across the membrane
MFS Major Facilitator Superfamily

MPB maleimide-PEG2-biotin

RSO right-side-out

TDG B-D-galactopyranosyl 1-thio-B-D-galactopyranoside

KP; potassium phosphate
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MTS methane-thiosulfonate

MTS-3-MTSL,3-propanediyl bis-methanethiosulfonate

MTS-6-MTSL,6-hexanediyl-bis-methane-thio-sulfonate

MTS-14-O4-8/6TH 12-tetraoxatetradecane-1,14-diyl bis-methanethiosulfonate

PEG polyethylene glycol

Cu/Ph copper(1l) o-phenanthroline

DTT dithiothreitol

fXa factor Xa
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Fig. 1.

Position of Cys148 and paired-Cys replacements on the backbone of the X-ray crystal structure
of LacY (PDB ID 2V8N). Left: side view; Cys148 (blue sphere; helix V); pairs are 11e40—Cys
(green sphere; loop I/11) with Asn245—Cys (red sphere; helix VI1); Pro31—Cys (green sphere;
helix I) with GIn242—Cys (red sphere; helix VII) and Thrd5—Cys (green sphere; helix I1)
with GIn242—Cys (red sphere; helix VII). Tandem fXa protease sites inserted between residue
136 and 137 are also shown in black. Right: viewed from the cytoplasm.
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Fig. 2.

Experimental design. A. Reaction of MPB with Cys148 in untreated mutant C148/140C/
N245C; B. Reaction of MPB after disulfide formation with mutant C148/140C/N245C.
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Disulfide formation and time course of Cys148 labeling with MPB. All experiments were
performed as described in Materials and Methods. Lower panels: RSO membrane vesicles
with given LacY mutations [400 mg protein in 0.1 M KP; (pH 7.5)] were treated with 0.5 mM
Cu/Ph in the presence of 10 mM TDG at room temperature for 30 min. After washing 3 times
with excess 0.1M KP; (pH 7.5), the pellet was resuspended in 200 ul KP; (pH 7.5). Samples
(2 ng protein) were then digested with 0.2 pg fXa on ice overnight, and cross-linking was
determined by western blotting with anti-C-terminal antibody. Upper panels: The remainder
of the sample was treated with 475 uM MPB at 0 °C, and the reactions were stopped by addition
of 10mM NEM at given times. Biotinylated proteins were then partially purified by monomeric
avidin affinity chromatography separated by SDS-12% PAGE electrophoresis and transferred
to polyvinylidene difluoride membranes. Biotinylated bands were detected by western blotting
with anti-C-terminal antibody.
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Fig. 4.

Effect of MTS cross-linking reagents on Cys148 labeling by MPB. Experiments were
performed as described in Fig. 3 except that RSO vesicles containing mutant C148/140C/
N245C were treated with a given MTS cross-linking reagent at 0.1 mM (final concentration)
for 30 min, and the reactions were stopped by adding 10 mM NEM. Treatment with MPB (475
uM) was carried out for given times at 0 °C.
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