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Structure and Mechanism of the
Lactose Permease of
Escherichia coli

Jeff Abramson,’ Irina Smirnova,® Vladimir Kasho,?
Gillian Verner,? H. Ronald Kaback,3* So Iwata'?*

Membrane transport proteins that transduce free energy stored in electro-
chemical ion gradients into a concentration gradient are a major class of
membrane proteins. We report the crystal structure at 3.5 angstroms of the
Escherichia coli lactose permease, an intensively studied member of the major
facilitator superfamily of transporters. The molecule is composed of N- and
C-terminal domains, each with six transmembrane helices, symmetrically po-
sitioned within the permease. A large internal hydrophilic cavity open to the
cytoplasmic side represents the inward-facing conformation of the transporter.
The structure with a bound lactose homolog, 3-D-galactopyranosyl-1-thio-f3-
D-galactopyranoside, reveals the sugar-binding site in the cavity, and residues
that play major roles in substrate recognition and proton translocation are
identified. We propose a possible mechanism for lactose/proton symport (co-
transport) consistent with both the structure and a large body of experimental

data.

Transport proteins, an important class of in-
tegral membrane proteins, are classified into
two subsets. One subset—the major facilita-
tor superfamily (MFS) transporters (/), in-
cluding the lactose permease of E. coli
(LacY ) (2)—transduces the free energy
stored in an electrochemical proton gradient
into substrate concentration gradients. Anoth-
er subset of transport proteins [P-type aden-
osine triphosphatases (ATPases) and ABC
transporters] uses the energy released from
ATP hydrolysis to drive solute accumulation
or efflux. In contrast, channel proteins—a
third important class of membrane proteins—
do not transduce energy but function as se-
lective pores that often open in response to a
specific stimulus, allowing movement of sol-
ute down an electrochemical ion gradient (3).
Like channels, membrane transport proteins
are highly relevant to human physiology and
disease (e.g., depression, stroke, diabetes,
multidrug resistance). Moreover, two of the
most widely prescribed drugs in the world—
fluoxetine  (Prozac) and  omeprazole
(Prilosec)—are targeted to membrane trans-
port proteins. Gene sequencing and hydropa-
thy profiling indicate that members of each
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subset appear to have similar secondary
structures (), and it seems likely that their
tertiary structures and mechanisms have been
preserved throughout evolution.

LacY is encoded by the lacY gene, the
second structural gene in the /ac operon (4),
and is solely responsible for all the translo-
cation reactions catalyzed by the galactoside
transport system in E. coli (2). LacY is a
particularly well-studied representative of the
first subset of membrane transport proteins
and a member of the oligosaccharide/proton
symport subfamily of the MFS transporters.
Like many MFS members, LacY couples the
free energy released from downhill transloca-
tion of protons in response to an electrochem-
ical proton gradient to drive the energetically
uphill stoichiometric accumulation of galac-
tosides against a concentration gradient.

The use of molecular biological approach-
es to engineer LacY for site-directed bio-
chemical and biophysical studies has provid-
ed useful information about both structure
and mechanism (2, 5). In addition to other
site-directed mutants, functional LacY de-
void of eight native cysteine residues (C-less
LacY ) has been constructed and used for
cysteine-scanning mutagenesis (5). Analysis
of the mutants yielded the following obser-
vations: (i) Only six side chains are irreplace-
able with respect to active transport: Glu!2®
and Arg'#*, which are crucial for substrate
binding; Glu?®°, which may be involved in
both substrate binding and proton transloca-
tion; and Arg3°?, His*??, and Glu3?®, which
play essential roles in proton translocation.

(ii) Residues in addition to Glu'?® and Arg!#*
that are important determinants for substrate
binding and recognition have been identified.
(iii) Substrate-induced changes in the side-
chain reactivity with various chemical modi-
fication reagents, site-directed fluorescence,
and spin-labeling suggest widespread confor-
mation changes in the protein during the
transport process. On the basis of these ob-
servations, a model for the transport mecha-
nism has been postulated (2). Moreover, a
possible three-dimensional structural model
has been proposed from the results of thiol
cross-linking experiments and engineered
Mn(II) binding sites (6).

A mutant of LacY (Cys'>* — Gly,
C154G) has been shown to be arrested in one
conformation (7), and well-diffracting crys-
tals of this mutant were successfully grown.
In this report, we present the x-ray structure
of the inward-facing conformation of this
LacY mutant with bound substrate. The
structure clearly shows the overall fold of
LacY, which is composed of unusually dis-
torted helices and a large water-filled internal
cavity, as well as the details of the sugar-
binding site and the possible residues in-
volved in proton translocation. The structure
is highly consistent with the proposed in-
ward-facing conformation of LacY (2). The
implications of these observations for the
postulated mechanism of sugar/proton sym-
port are discussed.

Overall structure. To obtain crystals of
LacY, we used mutant C154G, which binds
substrate with high affinity but catalyzes little
or no transport, is thermostable, and exhibits
little tendency to aggregate (7). These prop-
erties seem to be key for the successful crys-
tallization of LacY (8). Statistics for data
collection and structure determination are
summarized in Table 1, and the experimental
electron density map is shown in fig. S1. We
solved structures with and without the high-
affinity lactose homolog B-D-galactopyrano-
syl-1-thio-B-D-galactopyranoside (TDG).
Unexpectedly, we found an unidentified dis-
accharide, likely to be of cellular origin,
bound at the sugar-binding site of the struc-
ture without TDG. The two structures show
little difference except for some minor alter-
ations in the sugar-binding site. Therefore,
we use the structure of LacY with TDG for
the following discussion.

The overall structure of LacY is shown in
Fig. 1, A and B. The asymmetric unit of the
LacY crystal is composed of an artificial
dimer, with two molecules oriented in oppo-
site directions. The result indicates that the
monomer is the functional unit of LacY, as
reported previously (9, 10). The structures of
the two monomers are almost identical, with
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Fig. 1. Overall structure of LacY. The figures are based
on the C154G mutant structure with a bound substrate
homolog, TDG. (A) Ribbon representation of LacY
viewed parallel to the membrane. The 12 transmem-
brane helices are colored from the N-terminus in purple
to the C-terminus in pink; TDG is represented by black
spheres. (B) Stereo view of LacY in a ribbon represen-
tation, viewed along the membrane normal from the
cytoplasmic side. For clarity, the loop regions have been
omitted. The color scheme is the same as in (A); the 12
transmembrane helices are labeled with roman numer-
als. (C) Secondary structure schematic of LacY. The N-
and C-terminal domains of the transporter are colored
blue and red, respectively. Residues at the kinks in the
transmembrane helices are marked with purple rectangles; residues
marked with green and yellow circles are involved in substrate binding
and proton translocation, respectively; residue Glu?®%, represented by a

Periplasm

light blue circle, is involved in both substrate binding and proton transfer.
The hydrophilic cavity is designated by a light blue triangle, and TDG is
shown as two black circles; h1 to h4 denote surface helices.

a root mean square (RMS) deviation of 0.04
A for 417 Ca atoms. Viewed parallel to the
membrane, the monomer is heart-shaped with
an internal cavity open on the cytoplasmic
side and largest dimensions of 60 A (along
the membrane) by 60 A (along the membrane
normal). Normal to the membrane, the mol-
ecule is oval-shaped with dimensions of 30 A
by 60 A. According to biochemical evidence
(10, 11), the membrane is estimated to be
~27 A (Fig. 1A). The molecule exhibits a
large interior hydrophilic cavity open only at
the cytoplasmic side, with dimensions of
25 A by 15 A, which suggests that the struc-
ture represents the inward-facing conforma-

tion (Fig. 2). Within the cavity, the TDG-
binding site is found at a similar distance
from both sides of the membrane, and the
periplasmic side is tightly closed. This is
consistent with the idea that LacY has only
one binding site that is alternately accessible
to each side of the membrane, as postulated
50 years ago by Widdas (12).
Transmembrane helix packing and do-
main structure. The monomer is composed
of 12 transmembrane helices, as predicted
(13, 14). The N- and C-terminal six helices
form two distinct helical bundles connected
by a long loop between helices VI and VII
(Fig. 1C). Although loop VI/VII has two
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Fig. 2. The internal hydrophilic cavity of LacY. The surface model and electrostatic potential were
calculated with the program GRASP (38). The polar surfaces are colored blue (positively charged)
and red (negatively charged). The black spheres denote TDG. (A) View parallel to the membrane.
For clarity, helices V and VIII have been removed. (B) View along the membrane normal from the

cytoplasmic side.

short helical segments at the N- and C-termi-
ni, it is an extended and flexible structure.
The N- and C-terminal six-helix domains
have the same topology and are related by an
approximate two-fold symmetry, as proposed
for OxIT and other MFS transporters (Fig.
1B) (I5). A hydrophilic cavity is formed
between helices I, II, IV, and V of the N-
terminal domain and helices VII, VIII, X, and

XI of the C-terminal domain. Helices III, VI,
IX, and XII are largely embedded in the
bilayer and not exposed to solvent. The two
domains can be superimposed with an RMS
deviation of 2.2 A for 149 Ca atoms, indi-
cating that the N- and C-terminal domains are
likely to have the same genetic origin, al-
though there is low sequence homology be-
tween them (/6).
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Interestingly, LacY and the bacterial mul-
tidrug transporter AcrB (/7), which is also
driven by an electrochemical proton gradi-
ent, both have 12 transmembrane helices
and a clear two-fold symmetry between the

A

N- and C-terminal domains. Although the
arrangement of transmembrane helices
might have some similarity (except for he-
lices I and VII), the lengths and tilt angles
of the transmembrane helices in the two

Fig. 3. Substrate-binding site of LacY. Possible hydrogen bonds and salt bridges are represented by
dashed black lines. Transmembrane helices in the N- and C-terminal domains are colored blue and
red, respectively. Color code for atoms: yellow, carbon in side chains; black, carbon in TDG; blue,
nitrogen; red, oxygen; green, sulfur. (A) Residues involved in TDG binding viewed along the

membrane normal from the cytoplasmic side; a 2IF , | - IF,

1cl electron density map (contoured at

1.50) for TDG is also shown. (B) Closer view of the TDG-binding site in the N-terminal domain.

Table 1. Data collection, refinement, and phasing statistics for LacY structure determination. All observed

reflections were used for the refinement.

Data collection and phasing

Data set
Inflection Peak Remote Native TDG
complex
Beamline SLS X06SA SLS X06SA SLS X06SA SLS X06SA SLS X06SA
Wavelength (A) 1.0088 1.0055 1.0972 1.009 0.9150
Resolution (A) 40.0 to 3.8 40.0 to 3.8 40.0 to 4.2 40.0 to 3.5 40.0 to 3.6
Total observations 54,195 59,629 38,935 63,863 67,117
Unique reflections 22,489 22,931 16,838 25,917 26,017
Completeness (%)* 90.0 (91.2) 93.0(93.2) 90.6 (87.2) 85.9 (71.8) 90.5 (85.6)
Redundancy 2.4 2.6 2.3 2.9 2.6
Reym (%)*t 14.8 (66.9%) 11.8 (63.0%) 13.2(72.7%) 7.5 (46.1) 12.8 (44.3)
Phasing power§ 1.024 1.781 — — —
Refinement
Data set
Native TDG complex

Resolution (A)*

40.0 to 3.5 (3.6 to 3.5)

40.0 to 3.6 (3.7 to 3.6)

R factor (%) 29.4 (35.6) 27.1(35.3)
Rye. (%)% 33.7 (37.9) 296 (37.3)
Average B values (A?) 51.6 49.8
RMS deviations from ideal values

Bond length (A) 0.012 0.013
Bond angles (°) 1.8 1.8
Dihedral angles (°) 19.6 19.6
Improper torsion angles (°) 1.0 1.1

*Values in parentheses are for the highest resolution shell.
measurement.

IF(h) /2, F(R)I.

calc
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TRym = 22l (h) = U(MN/2, % (h), where I(h) is the ith

IThe last shell R for the high-resolution set is rather high because of strong anisotropy.
§Phasing power is the RMS value of F,divided by the RMS lack-of-closure error.

[R factor = 3, 11F(h),p,l —

obs

YR¢ree Was calculated for 5% of reflections randomly excluded from the refinement.

proteins are totally different, preventing su-
perimposition of the structures; this indi-
cates that they belong to different families
of transporters.

The substrate-binding site. The sub-
strate-binding site is found in the hydrophilic
cavity at a similar distance from either side of
the membrane and in the vicinity of the ap-
proximate molecular two-fold axis of LacY
(Figs. 1 and 2). The residues involved in
substrate binding are shown in Fig. 3, A and
B (for stereo views, see fig. S2). The two
galactopyranosyl rings of TDG bind to the N-
and C-terminal six-helix domains. The sugar-
binding site in the N-terminal domain is com-
posed of residues from helices I, IV, and V.
In the C-terminal domain, helices VII and
XI—which are symmetrically related to heli-
ces [ and V, respectively—form the other half
of the binding site for TDG.

The binding site in the N-terminal domain
bears a striking similarity to the sites of many
other galactoside-binding proteins (/8). The
primary hydrophobic interaction of the galac-
topyranosyl ring with the indole ring of
Trp'>! (helix V) is a common feature of
galactoside-binding proteins. The C, atom of
the galactopyranosyl ring also appears in a
van der Waals contact with the S8 atom of
Met?* (helix I). A similar hydrophobic inter-
action between the C, atom of TDG and a
histidine side chain is observed in the struc-
ture of an E. coli enterotoxin (18). An essen-
tial residue Arg'** (helix V) forms a bifur-
cated hydrogen bond with the O, and O,
atoms of the galactopyranosyl ring. Another
essential residue, Glu'?® (helix IV), is in
close proximity to Arg'**. The electron den-
sity map suggests that Glu'*® may interact
with the O,, O, or O, atoms of TDG via
water molecules, although we cannot model
individual water molecules at this resolution.
These results are consistent with findings that
even the most conservative replacement for
Arg'** (— Lys; R144K) abolishes binding, and
replacement of Glu'?® with aspartate results in
substantially reduced affinity (2). Although
these residues do not form a salt bridge in the
current structure, biochemical evidence (19—
21) suggests that this could be formed in some
states during turnover. Instead, in the structure,
another essential residue, Glu?®® (helix VIII),
appears to form a salt bridge with Arg'** as
well as a possible hydrogen bond with Trp
All replacements for Glu?®?, with the sole ex-
ception of aspartic acid, are defective with re-
spect to substrate binding and all translocation
reactions (22, 23). Glu?®® is in helix VIII in the
C-terminal domain and seems to be key in
providing the important energetic link between
the N- and C-terminal helix domains (24), as
discussed below.

It is well known that alkylation of Cys!4®
inactivates LacY by blocking binding and
that Cys'#® is protected from N-ethylmaleim-
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ide (NEM) modification by LacY substrates
(2). Similarly, alkylation of mutant Ala'?> —
Cys (A122C) with NEM or replacement with
phenylalanine or tyrosine abolishes binding
and transport of disaccharide substrates of
LacY specifically, with little or no effect on
galactose binding or transport (25). Cys!'4®
and Ala'?? are found in the vicinity of the
N-terminal domain of the substrate-binding
site, and the effects described are clearly
explained by steric hindrance introduced by
modification of the residues.

With regard to the contribution of the
C-terminal domain to TDG binding, fewer
interactions are observed. Only a single hy-
drogen bond is clearly observed between
Lys**® (helix XI) and the O, atom of TDG.
Asp?*7 (helix VII), which forms a hydrogen
bond with Lys*38, is also in the vicinity of the
O," atom of TDG; however, interaction
seems to occur via a water molecule. Other
polar residues including GIn**° (helix XI)
may also be involved in binding through
water molecules, as this is a common motif
for sugar-binding proteins.

It is noteworthy that galactose itself is the
most specific substrate for LacY but has very
low affinity, which is increased markedly by
various adducts at the anomeric carbon (26).
Furthermore, although the C,, C;, and C; OH
groups on the galactopyranosyl ring play
roles in hydrogen bonding, the C, OH seems
the most important determinant for specific-
ity (27). The hydrophobic interaction be-
tween the galactopyranosyl ring and Trp'>! is
likely to orient the galactopyranosyl ring so
that important hydrogen bonds with side
chains in LacY can be formed (28). There-
fore, the major portion of the substrate-bind-
ing site with respect to specificity is in the
N-terminal domain, and the residues in the
C-terminal domain that interact with the sec-
ond galactopyranosyl ring in TDG increase
affinity to disaccharide substrates but may
have little to do with specificity.

Residues involved in proton transloca-
tion and coupling. Residues involved in
proton translocation and coupling have been
identified by characterizing the transport
properties of mutants of the essential residues
(Fig. 4) (2). Mutants of Arg*°? (helix I1X) and
Glu??* (helix X) do not catalyze electrochem-
ical proton gradient—driven active lactose
transport. Neutral replacements for Glu*?° or
alanine and serine replacements for Arg>°?
are blocked specifically in all steps that in-
volve net proton translocation, but they cata-
lyze exchange and counterflow at least as
well as wild-type LacY and bind ligand with
high affinity. Mutants of His*?? (helix X) or
Glu?%® (which forms part of the sugar-bind-
ing site) are blocked with respect to almost all
translocation reactions and exhibit decreased
affinity for sugar. These results and other
evidence (2) strongly indicate that Glu?® and
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Arg3°? are directly involved in proton trans-
location, whereas His**? and Glu®®® couple
proton translocation and substrate binding.

In this inward-facing conformation, we
observe a complex salt bridge/hydrogen bond
network composed of residues from helix VII
(Tyr?3¢ and Asp?9), helix X (Lys>!?, His 322,
and Glu??®), and helix IX (Arg>°?). The clos-
est distance between this network and the
sugar-binding site is more than 6 A, indicat-
ing that the network does not have a direct
interaction with the sugar-binding site; at
least in this conformation Glu?®® is a sub-
strate ligand, as discussed, and is in close
proximity to His>?? (closest distance, 5.8 A),
but the two residues do not form hydrogen
bonds in the current conformation. In turn,
His*?? forms a hydrogen bond to Tyr?3S,
which forms a hydrogen bond to Arg°2.
However, with a small conformational
change, the Glu*®® side chain could form a
hydrogen bond with His*?2, as suggested by
biochemical studies (29, 30). These findings
suggest that Glu?®® is the key residue to link
the sugar-binding site in the N-terminal do-
main and the protonation site in the C-termi-
nal domain (24).

Interestingly, Glu**® is in a hydrophobic
environment surrounded by Met**° (helix

RESEARCH ARTICLES

IX), Ala®® (helix IX), Leu?? (helix X), and
Tyr?3¢ (helix VII). Because there is no hy-
drogen bond donor in the immediate vicinity,
the carboxyl group is most likely protonated.
This is consistent with the proposal (2) that
the proton coupled with sugar translocation
remains on Glu*?® in the protonated inward-
facing conformation with bound substrate.
Protonated Glu*?° could be stabilized by a
hydrogen bond to the S8 atom of Met>??; a
similar glutamate-methionine interaction that
stabilizes protonation of a glutamate residue
has been reported for the D-proton pathway
of bovine cytochrome c oxidase (37). A pos-
sible proton donor to Glu*?® is His*??; al-
though the two residues do not form hydro-
gen bonds in the current structure, small con-
formational changes of the side chains could
facilitate this interaction (29, 30).

It has been suggested that Arg°> could
interact with Glu*?° to drive proton release
from Glu*?° because mutants of either resi-
due exhibit the same specific defect in pro-
ton-coupled lactose translocation reactions,
with no effect on sugar exchange or counter-
flow (32). In the current structure, the side
chain of Arg*°? is ~7 A away from Glu®??,
which would require a large side-chain rear-
rangement of Arg3°? to form a salt bridge.

302

Vil

Vil D240

VI

Fig. 4. Residues involved in proton translocation and coupling. Hydrogen bonds are represented by
dashed black lines. Transmembrane helices in the N- and C-terminal domains are colored blue and
red, respectively. Color code for atoms is as in Fig. 3. (A) Stereo view parallel to the membrane. (B)
Stereo view along the membrane normal from the cytoplasmic side.
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Alternatively, Glu*?® and Arg3°? could inter-
act through hydrogen bonds via Tyr?3¢,
which is located between the two residues.

As predicted (5), a salt bridge is observed
between Asp?*® and Lys®!?. These residues
are not directly involved in proton transloca-
tion; however, they could be involved in reg-
ulation and/or stabilization of the salt bridge/
hydrogen bond network of the residues dis-
cussed above. Asp?*® is in the vicinity of
Arg3°2. Although these do not directly form
hydrogen bonds, Asp?** may stabilize the
current conformation of Arg>°? by electro-
static interaction.

Structural changes between inward-
and outward-facing conformations. The
crystal structure described here represents the
protonated, inward-facing conformation of
LacY with bound substrate. In this structure, the
central hydrophilic cavity containing the sugar-
binding site is open toward the cytoplasmic side
only. Clearly, an alternative, outward-facing
conformation open to the periplasmic side is
required for substrate transport across the mem-

A

Cytoplasm

Periplasm

brane. Because the hydrophilic cavity exists
between the N- and C-terminal domains,
which are connected by a flexible loop, it is
reasonable to speculate that the structural
change between inward- and outward-fac-
ing conformations involves rotation be-
tween the N- and C-terminal domains
around the axis parallel to the membrane.

There is experimental support for this con-
clusion. The NEM reactivity of mutants at the
periplasmic end of LacY at the N- and C-
terminal domain interface is increased in the
presence of ligand, which suggests that this
region of LacY undergoes conformational
changes that may allow access to ligand in the
outward-facing conformation (Fig. 5A). As
mentioned above, the crystals structure is for
the C154G mutant. Gly'>* (helix V) is at the
domain interface, and mutation from cysteine
seems to allow tighter packing at the interface
to stabilize the inward-facing conformation.

A clue for three-dimensional modeling
of the outward-facing conformation is also
derived from extensive thiol cross-linking

Periplasm

Fig. 5. Structural changes between inward- and outward-facing conformations. Transmembrane
helices in the N- and C-terminal domains are shown as blue and red cylinders, respectively. (A)
Inward-facing conformation (i.e., the crystal structure) viewed parallel to the membrane. Cysteine
mutants of the residues in yellow show an increased reactivity in NEM labeling upon substrate
binding. (B) A possible model for the outward-facing conformation, based on chemical modification
and cross-linking experiments (see main text), viewed parallel to the membrane. The model was
obtained by applying a relative rigid-body rotation of ~60° (around the axis passing near the TDG
parallel to the membrane) to the N- and C-terminal domains.

Outward-facing
conformations

Inward-facing
conformations

Fig. 6. A possible lactose/proton symport mechanism. N- and C-terminal domains are shown as
yellow ovals. Key residues are labeled; hydrogen bonds are shown as blue lines. The proton and the
substrate are shown as red and green circles, respectively; the hydrophilic cavity is represented as

a light blue area.
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studies in which many distances were mea-
sured between positions in the N- and C-
terminal domains (6). Many observed dis-
tances are reasonably consistent with the
x-ray structure, although there is a clear
tendency for the cross-linking studies to
underestimate distances because cross-link-
ing often traps cysteines when they come
closest to each other (33). This effect is
prominent for molecules such as LacY
where large conformational changes are in-
volved during turnover. Among pairs of
residues on the cytoplasmic side of LacY
that exhibit cross-linking, a group is ob-
served where the distances between resi-
dues measured by cross-linking are consis-
tently underestimated to the extent of 10 to
15 A relative to the crystal structure. For
example, on the cytoplasmic side, the dis-
tances of residues between helix V (Phe!4?,
Gly'#1, Ala'®) and helix VI (Ile*7>,
Phe?’8, Ala”?’?) or helix X (Cys*3?), be-
tween helix IV (Val!?>, Ile'?°, Arg!3%) and
helix X (Lys*33, Ser®3?), and between helix
XI (Tyr*3°, Cys*33, Phe*3*) and helix II
(Phe®3, Ser®”) or helix IV (1le'??, Arg!3%)
are all estimated to be ~9 to 10 A by thiol
cross-linking. Because the conformation of
LacY is not arrested during the cross-link-
ing experiments, discrepancy between dis-
tances may reflect fluctuations between the
inward- and outward-facing conformations
of the molecule (Fig. 5). To fulfill these
distances observed in the thiol cross-link-
ing experiments, helices 1I-IV-XI, V-VIII-
X, and IV-X must be closely packed togeth-
er, which is not observed in the current
inward-facing conformation.

By applying a relative rotation of ~60°
between the N- and C-terminal domains, we
can obtain a model for the putative outward-
facing conformation that satisfies the helix
packing derived from thiol cross-linking (Fig.
5B) (fig. S3). The flexible loop connecting N-
and C-terminal domains is compatible with
this conformational change. In the model of
the outward-facing conformation, the cyto-
plasmic halves of helices II, IV, and V in the
N-terminal domain and helices VIII, X, and
XI in the C-terminal domain form an inter-
face that closes the cytoplasmic end of the
hydrophobic cavity (fig. S3). Interestingly,
kinks at Pro'?* (helix IV) and Pro®?7 (helix
X), which are at the domain interface in the
outward-facing conformation, are in almost
equivalent positions to the kinks at Pro®®
(helix T) and Ala®>** (helix VII) at the domain
interface in the inward-facing conformation.
It is likely that these kinks allow tight closure
of the hydrophilic cavity ends by conferring
flexibility to these helices. Each of the eight
helices that form the surface of the hydrophil-
ic cavity is heavily distorted by kinks and
bends, and each also contains many proline
and glycine residues commonly found in ir-
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regular helices (Fig. 1C); in contrast, helices
VI, IX, and XII, which are not part of the
cavity, are unperturbed. This finding implies
that the irregular helices provide structural
flexibility, thereby allowing the molecule to
assume different conformations. The irregu-
lar shapes of many of the transmembrane
helices and the dynamic conformational na-
ture of the molecule can readily account for
the very high rates and extent of H/D ex-
change observed with LacY (34, 35).

Possible mechanism of lactose/proton
symport. The mechanism of lactose/proton
symport is explained by a simple kinetic
scheme (2). Influx consists of six steps starting
from the outward-facing conformation, as
shown in Fig. 6: (i) protonation of LacY (pan-
els A — B); (ii) binding of lactose (B — C);
(iii) a conformational change that results in the
inward-facing conformation (C — D); (iv) re-
lease of substrate (D — E); (v) release of proton
(E — F); and (vi) return to the outward-facing
conformation (F — A). As discussed above, the
structure in this paper corresponds to Fig. 6D
(i.e., the protonated inward-facing conforma-
tion with bound substrate). In this structure, the
relative positions of the residues are highly
consistent with the proposed structure for this
state, as derived from biochemical studies of
various mutants (2). Therefore, it is likely that
the proposed mechanism for lactose/proton
symport based on these studies is reasonably
reliable. Here, we propose a possible mecha-
nism for lactose/proton symport that is based on
biochemical studies and also fulfills the spatial
requirements derived from the crystal structure
(Fig. 6).

Unprotonated LacY in the outward-facing
conformation (Fig. 6A) is very unstable and
is protonated immediately (Fig. 6B), as pos-
tulated previously (2). It is suggested that in
this state, the proton is on Glu?®® or shared
between Glu?®® and His*??. The latter possi-
bility is favored because Glu?®® is totally
exposed to solvent in the crystal structure. In
this scenario, the conformation of His>?? with
respect to helix VIII is assumed to be differ-
ent from the current x-ray structure so as to
allow a hydrogen bond between His**? and
Glu?%® (29, 30). Because Arg'** cannot form
a salt bridge with Glu**® in this conforma-
tion, a positive charge on Arg!'#* is likely to
be stabilized by a salt bridge to Glu'?®. Here,
substrate binds to this protonated form of
LacY (Fig. 6C), although it is still unclear
why the substrate has a higher affinity for the
protonated form. The sugar is recognized by
the charge pair Arg'** and Glu'?¢ (19-21),
common features of sugar-binding sites.

Substrate binding induces transition to the
inward-facing conformation (Fig. 6D). This
is likely to be coupled with salt bridge for-
mation between Glu?®® and Arg'*4, as ob-
served in the crystal structure. The face of
helix VIII with Glu?®® has been reported to
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undergo a ligand-induced conformational
change (36). A salt bridge formed between
Glu?®® from the C-terminal domain and
Arg'** in the N-terminal substrate-binding
site could induce relative rotation between N-
and C-terminal domains as discussed above,
resulting in the inward-facing conformation.
After hydrogen bond breakage between
Glu?®? and His>?2, the proton is transferred to
Glu??® through the hydrogen bond to His???,
and the protonated Glu*? is stabilized in the
hydrophobic environment. Substrate is then
released from the inside of the membrane
(Fig. 6E). This induces a conformational
change in Glu®® within helix VIII and adja-
cent helices (IX, X) because the salt bridge
partner Arg'#* is released from sugar bind-
ing. At this stage, it is probable that Glu?®°
still maintains the salt bridge to Arg'#* and
the hydrogen bond with His*?*? has not yet
been reformed, because the protein is still in
the inward-facing conformation. This confor-
mational change reduces the pK, of Glu**°
and the proton is released to the cytoplasm
(Fig. 6F). Biochemical evidence strongly in-
dicates that this deprotonation is induced by
the interaction between Glu**® and Arg“?
(32), although it is unclear from the crystal
structure whether this interaction is direct or
also involves Tyr?*¢ (37). After releasing the
proton, transition into the outward-facing
conformation is induced (Fig. 6A). This is
coupled with reformation of the hydrogen
bond between Glu?®® and His>??, and LacY is
quickly reprotonated, resuming the ground
state (Fig. 6B).

Although the proposed mechanism clearly
explains how the overall conformational
change of LacY could be coupled with sugar
binding, many uncertainties remain with re-
spect to the coupling of these processes and
protonation/deprotonation. For example, the
Arg*?/Glu?> mutants are defective in pro-
ton-coupled translocation modes in a way
that is symmetrical—that is, efflux and influx
(or active transport) are equally affected. This
suggests that influx and efflux are function-
ally symmetric processes, a finding that is not
easily explained given the asymmetric ar-
rangement of the participating side chains
and the vectoriality of proton translocation. It
is always difficult to understand processes
involving protons from crystal structures be-
cause protons cannot be visualized directly.
Further biochemical and computational stud-
ies based on the crystal structure and struc-
ture determinations of the other states, partic-
ularly the outward-facing conformation(s),
will facilitate our understanding of the mech-
anism of substrate/proton symport in LacY.
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