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The lactose permease of Escherichia coli (LacY), a dynamic polytopic
membrane transport protein, catalyzes galactoside/H+ symport and
operates by an alternating access mechanism that exhibits multiple
conformations, the distribution of which is altered by sugar-binding.
Camelid nanobodies were made against a double-mutant Gly46 →
Trp/Gly262→ Trp (LacYWW) that produces an outward-open confor-
mation, as opposed to the cytoplasmic open-state crystal structure
of WT LacY. Nanobody 9047 (Nb9047) stabilizes WT LacY in a
periplasmic-open conformation. Here, we describe the X-ray crystal
structure of a complex between LacYWW, the high-affinity substrate
analog 4-nitrophenyl-α-D-galactoside (NPG), and Nb9047 at 3-Å res-
olution. The present crystal structure demonstrates that Nb9047
binds to the periplasmic face of LacY, primarily to the C-terminal
six-helical bundle, while a flexible loop of the Nb forms a bridge
between the N- and C-terminal halves of LacY across the periplasmic
vestibule. The bound Nb partially covers the vestibule, yet does not
affect the on-rates or off-rates for the substrate binding to LacYWW,
which implicates dynamic flexibility of the Nb–LacYWW complex.
Nb9047-binding neither changes the overall structure of LacYWW

with bound NPG, nor the positions of side chains comprising the
galactoside-binding site. The current NPG-bound structure exhibits a
more occluded periplasmic vestibule than seen in a previous struc-
ture of a (different Nb) apo-LacYWW/Nb9039 complex that we argue
is caused by sugar-binding, with major differences located at the
periplasmic ends of transmembrane helices in the N-terminal half
of LacY.
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The lactose permease from Escherichia coli (LacY) catalyzes
stoichiometric symport of lactose and a proton across the

membrane and is a member of the Major Facilitator Superfamily
(MFS) of transporters. The protein is the most intensively studied
secondary membrane transporter and is used as a template par-
ticularly in analysis of structural aspects of transport mechanisms.
The transport of lactose is based on alternating access of galac-
toside- and H+-binding sites of LacY to either side of the mem-
brane (1). The alternating access mechanism has been unequivocally
documented for LacY by means of kinetics, accessibility, and
structure determinations. The kinetic scheme of lactose trans-
port includes multiple conformers, the distribution of which
depends on sugar-binding. LacY is highly dynamic structurally,
and multiple conformations have been characterized by bio-
chemical and spectroscopic methods (2–9).
Initial X-ray structures were obtained for LacY in inward-

open conformation (10–13). The molecule can be thought of as
an N-terminal and a C-terminal six-helical bundle with a 35-
amino-acid cytoplasmic loop between transmembrane helices
(TMs) 6 and 7. The galactoside-binding site and the proton-
binding site are located near the center of the protein and
between the two six-helix bundles. The transporter cycles be-
tween states in which the binding site is accessible to solvent

alternately from the cytoplasmic side alone, or to the periplasmic
side. This was established by Cysteine-scanning mutagenesis, cross-
linking, single-molecule fluorescence energy transfer, double-
electron electron resonance (DEER) distance measurements,
and stopped-flow galactoside-binding kinetics demonstrate that
the periplasmic-open conformation is stabilized by binding of
galactosides to purified LacY either in detergent solution, or
after reconstitution into a phospholipid membrane (2–4, 6, 7, 9).
With the goal of generating an outward facing conformation, a

double Gly-to-Trp mutant G46W/G262W (LacYWW) was con-
structed to introduce bulky side chains on the periplasmic side in
the points of close contact between the N- and C-terminal six-
helical halves of WT LacY (8). LacYWW is characterized by free
access of the galactosides from the periplasmic side and high-
affinity binding, while transport is abolished. The substrate-
binding on-rate is as much as 50-fold faster to this mutant, and
the Kd is fivefold lower than for WT LacY.
We obtained two X-ray structures of this mutant in the presence

of higher-affinity analogs of lactose, β-D-galactopyranosyl-1-thio-
β-D-galactopyranoside (TDG) (14), and with p-nitrophenyl-α-D-
galactopyranoside (NPG) (15). The structure with bound TDG at
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3.5-Å resolution (PDB ID code 4OAA) defined the periplasmic-
open conformation with a tightly locked cytoplasmic side (14). The
structure of LacYWW with bound NPG at 3.3-Å resolution (PDB
ID code 4ZYR) showed the same periplasmic-open conformation
with identical positions of helices (15). The interactions of amino
acid residues with the key galactosyl moiety in both substrates
share the same hydrogen bonds with some difference in orienta-
tion of hydrophobic groups Met23 and Phe27, consistent with the
structural basis for primary specificity to the galactosyl moiety.
These structures defined the roles of amino acid side chains in the
sugar-binding site that had been identified biochemically, and they
demonstrated the connectivity between the galactoside-binding
site and the protonation site. They suggest that the substrate
pathway and the protonation pathway proceed through physically
separate regions that are connected by residues that must be ca-
pable of responding to the presence of water versus substrate in
the binding site.
Thirty-two camelid nanobodies (Nbs) were generated against the

periplasmic-open mutant LacYWW with the intention of obtaining
Nbs that could favor, or trap, the so far unobserved outward facing
structure of the highly dynamic WT LacY molecule (16). Bio-
chemistry and kinetics of nine purified Nbs indicate that they bind
stoichiometrically, exclusively to the periplasmic side of WT LacY,
and abolish lactose transport in right-side-out membrane vesicles.
We chose Nbs that increase the on-rate for galactoside-binding and
binding affinity (lower Kd) with the goal of stabilizing an outward
facing conformation of WT LacY. Thus, each Nb binds by con-
formational selection to the outward-open LacY molecule with
exposed specific binding epitopes and traps a particular conformer.
Remarkably, fluorescence-quenching studies with eight WT LacY–
Nb complexes demonstrate that different Nbs appear to stabilize
different outward-open states of WT LacY, which may represent
transient conformers in the transport cycle (17).
The X-ray structure of the complex of apo-LacYWW with

Nb9039 but without sugar-bound, obtained by crystallization in
lipidic cubic phase (18), revealed an outward-open conformation
with Nb9039 bound to the periplasmic surface of LacYWW. In
the interface the majority of contacts are formed between the C-
terminal half of LacY and complementarity-determining regions
(CDRs) of the Nb. The long flexible CDR3 loop extends into the
crevice between the N- and C-terminal halves, forming a bridge
across the open periplasmic cavity. Relative to our galactoside-
bound LacYWW (15), the periplasmic cavity is more open in
sugar-free LacYWW (18), which is reflected in outward separa-
tion of the periplasmic ends of transmembrane helices, particu-
larly in the N-terminal six-helical bundle of apo-LacYWW.
Here we report an X-ray structure of NPG-bound LacYWW in

complex with a different Nb (Nb9047), determined to 3.0-Å
resolution, which demonstrates specific multiple interactions of
Nb9047 with an outward-open conformer and shows differences
from the apo-LacYWW-Nb9039 due to, or commensurate with,
galactoside-binding.

Results
Overall Structure of the LacYWW/NPG/Nb9047 Complex. The mutant
LacYWW was cocrystallized with Nb9047 in the presence of
NPG, by vapor diffusion. Crystals were in space group P6522 with
unit cell dimensions a = 153.6 Å, c = 193.7 Å and diffracted to
3.0-Å resolution (Fig. 1A and SI Appendix, Fig. S1). De-
termination was by molecular replacement using a modified
version of our previous LacYWW structure (PDB ID code 4ZYR,
with NPG removed). Data collection and refinement statistics
are summarized in SI Appendix, Table S1.
The overall structure of the NPG-bound LacYWW in the Nb9047

complex differs from NPG-bound LacYWW in absence of the Nb
(PDB ID code 4ZYR) (15) only in the periplasmic interface with
the Nb (Fig. 1B). The rmsd between Cα atoms is 0.9 Å. Therefore,
Nb9047 (produced against an apo-form of LacYWW) binds to the

NPG-bound conformation of LacY and does not cause any con-
formational change relative to NPG-LacYWW.
The structure of the LacYWW/NPG/Nb9047 complex has a

stoichiometry of 1:1:1 and shows a more occluded periplasmic
vestibule compared with the previously determined X-ray
structure of an apo-LacYWW/Nb9039 complex (PDB ID code
5GXB) (18). In both cases the Nbs bind to the periplasmic
surface of the LacYWW molecule with a partially occluded per-
iplasmic cavity and are sealed against solvent on the cytoplasmic
side (Fig. 2A). The rmsd between Cα atoms of the two LacYww
structures (residues 9–188, 221–401; omitting the Nbs and the
TM6-7 loop, N- and C-termini) is 1.5 Å, with larger differences
clustered among helices at their periplasmic side where the
vestibule is more occluded with NPG-bound (Fig. 2B). The po-
sitions of Cα atoms of these periplasmic ends of the helices and
their connecting loops differ by 2–5.6 Å, while the cytoplasmic
ends of the helices are virtually identical in both structures. The
direction of helical shift is inward toward the vestibule in
LacYWW/NPG/Nb9047 versus the apo-LacYWW/Nb9039 com-
plex (Fig. 2A). The major shifts are observed from the kink of
TM1 to the periplasmic end of TM2 (from Pro28 to Thr45) and
in the periplasmic ends of TM3 and TM4 (from Pro89 to
Gly111). For example, the distance between Cα atoms of Phe29
in the two aligned structures is about 5 Å, and the side chain is
rotated significantly. No such differences exist between NPG-
bound Nb9047/LacYWW and NPG-bound LacYWW without Nb
(SI Appendix, Fig. S2), suggesting that we have visualized a
partial structural closure of the periplasmic vestibule upon
substrate-binding (Fig. 2).
These differences in positions of transmembrane helices in the

current structure relative to the structure of the apo-LacYWW/
Nb9039 complex are confirmed by measuring the angles of

Fig. 1. Overall structure of the LacYWW/NPG/Nb9047 complex. (A) Side view
of the LacYWW/NPG/Nb9047 complex is presented as a cartoon, rainbow-
colored from blue to orange for the backbone of LacYWW from N- to C-
terminus with red-colored Nb9047 attached to the periplasmic side of
LacYWW. NPG is shown as purple sticks. (B) Alignment of the LacYWW backbone
shown in A (rainbow-colored, Nb and NPG removed) with our previous
structure of the NPG-bound protein without Nb (cyan-colored, PDB ID code
4ZYR, NPG removed). Only the transmembrane helices and connecting loops
are compared in both structures (aligned residues include 9–188 and 221–401
in N- and C-terminal halves). Residues in loop 6–7 and in N- and C-termini are
omitted. Both molecules are oriented with their periplasmic side up.
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helical tilt axes. There are tilts of 5° in TM1, 8.5° in TM3, and 10°
in TM4 and slight angular differences of 2° in TMs 5, 6, and 7
and 5° in TMs 8–12.

Structural variations within each six-helical bundle (TM1-6,
TM7-12) in outward facing partially occluded LacYWW caused
by substrate-binding are analyzed by independent alignment of
N-terminal halves (residues from 9 to 188) and the C-terminal
halves (residues from 221 to 401) in LacYWW/NPG/Nb9047
versus in apo-LacYWW/Nb9039 complexes. The differences are
focused in the N-terminal six-helical bundles TM1–TM6 (rmsd
1.3 Å) versus 0.7 Å for TM7–TM12.

Area of Contact at the LacYWW-Nb9047 Interface. All three CDR
regions of Nb9047 are involved in the interactions with the
periplasmic ends of helices and connecting loops of the C-
terminal domain in LacYWW with a link to the N-terminal do-
main formed by CDR3 (Fig. 3). In total there are 12 hydrogen
bonds formed between 10 residues of LacYWW and 11 residues
of Nb9047 (SI Appendix, Figs. S3 and S4 and Table S2).
In the LacYWW/NPG/Nb9047 complex, part of the variable

CDR3 sequence in the Nb (from Gln99 to Asn113) forms a loop
linking Lys42 in the N-terminal half and Asn245 in the C-
terminal half of LacY through a network of hydrogen bonds.
The shape of the long CDR3 loop is formed by multiple contacts
with residues from loop 7–8 and TM8 of LacY, so that the tip of
the CDR3 loop protrudes into the partially open periplasmic
cavity, while Asn102 and Gly103 in Nb form hydrogen bonds
with Lys42 and Asn245 in LacY, respectively. The amino group
of Nb Asn102 is hydrogen donor to the carbonyl oxygen of Lys42
(end of TM2 in LacYWW); carbonyl oxygen of neighboring Nb
Gly103 is acceptor from the amino group of Asn245 (TM7 in
LacYWW). These connections form a bridge across the peri-
plasmic vestibule between the N- and C-terminal six-helical do-
mains of LacYWW.
CDR2 and CDR3 of Nb interact with residues in the peri-

plasmic ends of TM7 and TM8 of LacYWW and the loop between
them. Seven out of twelve hydrogen bonds between Nb9047 and
LacYWW are concentrated in this region. Two of these are
formed with Ser249 in loop 7–8 of LacYWW. The side-chain
oxygen of Gln99 in CDR3 of Nb is acceptor from the hydroxyl
group of Ser249; the guanidino group of Arg52 in CDR2 of Nb is
a hydrogen-bond donor to the carbonyl oxygen of Ser249. Two
residues in CDR3 are hydrogen-bonded to neighboring residues
in loop 7–8 in LacYWW via backbone atoms; main-chain Nb N-
Hs of Tyr106 and Ser107 are donors to the carbonyl oxygens of
Phe251 and Ala252, respectively. The carbonyl oxygen of Gly104
and the carboxyl group of Glu108 in CDR3 of Nb are acceptors
for the main-chain amine of Gly254 in TM8 of LacYWW.
Arg57 in CDR2 of Nb9047 is donor to two adjacent residues,

Thr310 and hydroxyl group of Ser311 in the periplasmic loop 9–
10 of LacYWW. Two hydrogen bonds link the periplasmic end of
TM12 in LacYWW with CDR1 and CDR2 of Nb. The side-chain
oxygen of Gln379 in LacYWW is a hydrogen bond acceptor from
the indole N-H of Trp53 in CDR2 of Nb, and the main-chain
amine of the neighboring Gly380 forms a hydrogen bond with
the side-chain oxygen of Thr31 as acceptor in CDR1 of Nb. The
interface also incorporates hydrophobic interactions between
Ala252 (loop 7–8 in LacYWW) and Tyr106 in CDR3 of Nb, and
possibly between Ile376 (loop 11–12 in LacYWW) and Phe32 in
CDR1 of Nb.

Galactoside-Binding Site. In the LacYWW/NPG/Nb9047 complex
the electron densities of bound NPG and surrounding residues
comprising the binding site are well-defined and clearly show the
orientation of the ligand and its interactions (Fig. 4A and SI
Appendix, Fig. S5). The NPG molecule in the middle of the
binding pocket is in close proximity to the residues from TM1,
TM4, TM5, TM8, and TM10; i.e., both six-helical halves of
LacYWW are involved in ligand-binding (SI Appendix, Fig. S6 and
Table S3). The network of NPG contacts includes multiple hy-
drogen bonds with amino acids Arg144 (TM5), Glu269 and

Fig. 2. Structural alignment of two Nb-bound LacYWW complexes reveals
a partial closure on the periplasmic side associated with ligand-binding,
suggesting two states on the transport pathway. (A) Cartoon demon-
strating two superimposed structures (with and without bound NPG)
aligned by Cα atoms: LacYWW/NPG/Nb9047 (rainbow-colored as in Fig. 1A)
and apo-LacYWW/Nb9039 (wheat-colored, PDB ID code 5GXB). Nbs are at-
tached to the periplasmic side of LacYWW. (B) Differences in positions of
the main-chain Cα atoms of LacYWW between the two aligned structures
based on residues 9–188 and 221–401 (Nbs and NPG removed). Amino
acids in loop 6–7 and in N- and C-ends are omitted (rmsd = 1.5 Å). Red and
blue dots represent residues in periplasmic and cytoplasmic loops, re-
spectively.
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Asn272 (TM8), and His322 (TM10), close connections with
Trp151 (TM5) and Met23 (TM1), and also with Cys148 (TM5).
Moreover, there are several tight intramolecular polar contacts
between amino acid residues surrounding NPG that may be es-
sential for coupling of substrate-binding with protonation/
deprotonation and conformational transitions. Interaction be-
tween Glu269 and Asn272, which are separated by one helical
turn in TM8, could be important for recognizing the relative
configuration of O3 and O4 atoms in the galactoside, defining
substrate specificity. Another contact is between Glu126 (TM4)
and two residues: Arg144 (TM5), participating in galactoside-
binding, and Tyr350 (TM11), which is part of the cluster of
aromatic amino acids maintaining closure of the cytoplasmic
vestibule (Phe140, Phe334, and Tyr350). The chain of contacts
Arg144-Glu126-Tyr350 links the N- and C-terminal bundles in
outward facing LacY and could be important for connecting
galactoside-binding with conformational transitions. Addition-
ally, His322 is in close proximity to Tyr236 and Glu325 in the
protonation site.
The current structure demonstrates almost no differences in

configuration of the binding site versus our previous structure of
NPG-bound LacYWW (PDB ID code 4ZYR) (15), yet the nitro-
phenyl ring of NPG is tilted by about 30° (Fig. 4B). Clearly,
Nb9047-binding does not change the architecture of the
galactose-binding site in LacYWW or positions of the side chains
in contact with NPG. This is consistent with practically identical
kinetic parameters of NPG-binding measured with LacYWW in
the absence or presence of bound Nb9047. Thus, the values of
kon are 5.7 ± 0.2 or 5.8 ± 0.2 μM−1s−1, for LacYWW or its
complex with Nb9047, respectively, and koff is 31 ± 1 s−1 in both
cases; the calculated Kd is the same, 5.4 ± 0.3 μM versus 5.3 ±
0.3 μM (SI Appendix, Fig. S7) (16).

Comparison between the sugar-binding site in NPG-bound
LacYWW (in LacYWW/NPG/Nb9047, or without Nb in LacYWW/
NPG, PDB ID code 4ZYR), and the apo-LacYWW/Nb9039
complex (PDB ID code 5GXB) shows that galactoside-binding
causes structural movements of the periplasmic helical ends that
move toward the central axis and side chains that in all but one
case move toward the sugar. Residues move closer to the center
of the binding site (by the distances given in parentheses) as
follows: Met23 (2.9 Å), Asn119 (3.6 Å), Trp151 (2.0 Å), Arg144
(1.3 Å), Glu126 (1.9 Å), Asn272 (1.0 Å), and Glu269 (0.9 Å) to
coordinate NPG in ligand-bound structures, while His322,
hydrogen-bonded to the galactose moiety, moves away from the
binding site and 1.6 Å closer to the critical protonation-sensitive
Glu325 (Fig. 4B; compare yellow- vs. orange-colored side
chains). These structure changes suggest that the first response
of the protein to binding of specific substrates results in inward
motion of the transmembrane helices on the periplasmic side.

Discussion
Different Nbs developed against LacYWW as an antigen exhibit
different extents of inhibition of lactose transport catalyzed by
WT LacY, diverse effects on sugar-binding kinetics, variable
binding affinity of Nbs, and trapping of different outward-open
conformations of the transporter (16, 17). These differences in-
dicate that Nbs may recognize several transient conformers that
could represent natural intermediates in the transport cycle.
There are two Nb-bound structures available now for

periplasmic-open LacYWW, of which in one (the current struc-
ture) at 3.0-Å resolution, Nb9047 is bound to LacYWW/NPG,
while in the other, Nb9039 is targeted to the apo-LacYWW at 3.3 Å
(PDB ID code 5GXB) (18). We tried to crystallize 12 Nbs (out
of 32) in complex with LacY, and with LacYWW and Nb9039 did
cocrystallize with LacYWW/NPG but gave only 6–7-Å resolution
diffraction, while LacYWW/Nb9047 did not form crystals in the

Fig. 4. The galactoside-binding site in the LacYWW/NPG/Nb9047 complex.
(A) The molecule of NPG (yellow sticks) and surrounding side chains of
LacYWW (yellow sticks), nitrogen atoms (blue), oxygen (red), sulfur (light
yellow), and hydrogen (white). Dashed lines depict hydrogen bonds. (B)
Crossed-eye stereoview of the structural alignment of substrate-binding sites
of NPG-bound (LacYWW/NPG/Nb9047) and apo-LacYWW (LacYWW/Nb9039).
Carbon atoms of the side chains in LacYWW/NPG/Nb9047 (yellow) and
LacYWW/Nb9039 (PDB ID code 5GXB) (orange).

Fig. 3. The area of contact between CDR loops of Nb9047 and the peri-
plasmic surface of LacYWW with bound NPG. (A) A side view of the interface
between LacYWW and Nb9047 shown as a cartoon structure with rainbow-
colored LacYWW (from blue to orange for TM1 to TM12) and cyan-colored
Nb9047. Variable loops of Nb9047 that contact LacYWW are in different
colors: magenta for CDR1 and the loop between TM9/TM10; purple/blue for
CDR2 and the loop between TM11/TM12; and brick red for CDR3 and the
loops between TM7/TM8 and TM1/TM2. The surrounding surface is shown in
gray. (B) A crossed-eye stereoview of the interface shown in A.
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absence of galactosides. These Nbs recognize different epitopes
on the periplasmic surface of LacY and in each case (Nb9047 and
Nb9039) interact mostly with loops in the C-terminal half of
LacYWW. There are 12 hydrogen bonds observed in the interface
between Nb9047 and LacYWW, and 11 in LacYWW/Nb9039. All
three CDR loops of Nb9047 participate in H-bond formation,
whereas the Nb9039 interface to LacYWW is primarily via its
CDR3 loop. Remarkably, in both structures, CDR3 loops of Nbs
create a bridge across the open periplasmic cavity between C- and
N-terminal halves of LacY, and this contact may explain prefer-
ences for different conformers. The variable CDR3 loops in
Nb9047 and Nb9039 are different in length and sequence. Nev-
ertheless, both CDR3 loops form contacts with the same residues,
Lys42 in the N-terminal half and Asn245 in the C-terminal half of
LacYWW, although the nature and the length of these links differ.
Thus, the amino group of Asn102 in Nb9047 contacts with the
main-chain backbone carbonyl oxygen of Lys42, while the side
chain of Tyr104 in Nb9039 forms a hydrogen bond with the amino
group of the side chain of Lys42. Connections with Asn245 in the
C-terminal half of LacYWW are formed by Gly103 in Nb9047
(adjacent to Asn102), and by Ser103 in Nb9039 (next residue to
Tyr104), so that only two residues in CDR3 loops of both Nbs are
positioned between N- and C-terminal bundles. However, the
configuration of connections is different, and the entire distance
between N- and C-terminal bundles turns out to be much shorter
in the current structure with bound NPG than in apo-LacYWW/
Nb9039 complex (the Cα atoms of Lys42 and Asn245 are sepa-
rated by 11 Å and 16 Å, respectively), indicating that these two
Nbs were developed against different conformers of LacY.
Although made against the outward facing conformation of

LacYWW, Nb9047, like Nb9039, binds WT LacY with about the
same Kd values as for LacYWW, in the nM range. The kon values
for NPG binding to WT LacY increased dramatically after for-
mation of complexes with Nb9047 or Nb9039 (34 or 22 times,
respectively) to the same as for LacYWW, indicating that the Nb
indeed stabilizes the outward facing conformation of WT LacY
in solution (SI Appendix, Fig. S7) (16, 17). This validates the
notion that nanobodies made against mutationally stabilized
states do bind to and stabilize the same state in the wild-type
LacY. Although we did not yet succeed in crystallizing these
wild-type complexes, perhaps because they still retain some
flexibility, the approach is valid to understanding the structures
of states through the transport cycle.
Several of the Nbs completely block lactose transport activity

of WT LacY, bind tightly to the periplasmic side of purified
transporter, and stabilize outward-open conformations (16, 17).
The CDR loops of these Nbs may interact with WT LacY in a
manner similar to the two Nb–LacYWW X-ray structures by
inserting a bridge that separates N- and C-terminal halves of
LacY. Hence, different Nbs may stabilize different conformers
by formation a bridge of a distinctive length and, therefore, could
help to obtain structures of transient intermediates with various
extents of periplasmic side-opening. This emphasizes that there
are shallow energy differences between states necessary for the
transport cycle that can be stabilized.
The X-ray structure reported here shows that Nb9047 binds to

the preexisting conformation of LacYWW and does not change
its structure. The rmsd between Nb9047/LacYWW/NPG and
LacYWW/NPG (PDB ID code 4ZYR) is 0.9 Å. The alignment was
based on all Cα atoms in the transmembrane helices (Fig. 1B and
SI Appendix, Fig. S2). The configuration of amino acid residues
participating in NPG-binding is identical in both structures (with
or without bound Nb9047; Fig. 4B). Importantly, high accessibility
of the sugar-binding site in LacYWW is not affected by partial
closure of the open periplasmic vestibule by the Nb CDR3;
binding of NPG has the same high kon value (5.7 vs. 5.8 μM−1s−1).
The kon value for NPG-binding increases dramatically in the
WT LacY–Nb9047 complex (from 0.2 to 6.8 μM−1s−1) due to

Nb9047 stabilizing a conformer with greater substrate accessi-
bility (SI Appendix, Fig. S7).
The comparison of NPG-bound LacYWW with apo-LacYWW

reveals that galactoside-binding causes distinct structural
changes on the periplasmic side of the molecule. Overall, the
rmsd between all Cα atoms in transmembrane helices alone of
NPG-bound LacYWW/Nb9047 (the current structure) and apo-
LacYWW/Nb9039 (PDB ID code 5GXB) is 1.5 Å. The principle
contributions to this overall difference are focused on the peri-
plasmic portions of the N-terminal six-helical bundle that com-
bine to give a vestibule more closed around the substrate (Fig. 2).
The comparison of six-helical halves separately in the current
structure versus in the apo-LacYWW/Nb9039 complex shows that
the changes within each bundle are greater in the N-terminal six-
helical bundles (TM1–TM6) with rmsd = 1.3 Å than in the C-
terminal six-helical bundles (TM7–TM12) with rmsd = 0.7 Å.
This is consistent with the abundance of kinks and bends in
helices of the N-terminal half, particularly in the first four helices
(TM1–TM4), which may encode additional flexibility in this re-
gion. Therefore, regarding the ordered occurrence of the inter-
mediates in transport cycle, the structures show that movement
at the periplasmic side in the N-terminal domain (especially in
TM1–TM2 and TM3–TM4) could play an important role in the
sequence of events triggered by sugar-binding from that side.
While the cytoplasmic side remains tightly closed, binding of
galactoside to the outward facing LacYWW causes closure ini-
tially at that side to move in the direction of sequestering the
substrate on the way to an occluded transition state.

Materials and Methods
Materials. NPG and buffers were from Sigma-Aldrich. Talon superflow resin
was from BD Clontech. Dodecyl-β-D-maltopyranoside (DDM) and n-nonyl-β-D-
glucoside (NG) were from Affymetrix. All other materials were of reagent
grade and obtained from commercial sources.

Preparation of Nb9047 was as previously described (16). Inducible peri-
plasmic expression of His-tagged Nb in E. coli yields >95% pure protein using
immobilized metal ion affinity chromatography (Talon resin). Purified
Nb9047 (20 mg/mL) in 100 mM potassium phosphate (KPi, pH 7.5) were
frozen in liquid nitrogen and stored at −80 °C before use.

Growth, Expression, and Purification. Plasmid pT7-5 encoding LacYWW with a
six-His-tag was expressed in E. coli C41. The protein purification was as de-
scribed earlier (15). Briefly, membranes were prepared and solubilized in 2%
DDM, and LacY was purified on a Talon column. Protein was eluted in
20 mM Hepes/0.2% NG/200 mM imidazole buffer (pH 6.5). Purified Nb9047
was added to LacY in a 3:1 molar ratio and subjected to size-exclusion
chromatography. A homogeneous peak containing LacYWW/Nb9047 com-
plex was eluted in 20 mM Hepes/0.2% NG (pH 6.5), 50 mm NaCl and used for
crystallization.

Crystallization, Data Collection, and Structure Determination. NPG was added
(1 mM, final concentration) to a protein solution (10 mg/mL in 20 mM Hepes/
0.2% NG, pH 6.5, 50 mm NaCl) before crystallization trials. Crystallization
screens were performed using the hanging-drop vapor diffusionmethod on a
Mosquito Crystal Robot (TTP Labtech) in a 96-well plate with a drop ratio of
100-nL–well solution to 300 nL protein. Crystals appeared in 24 h and grew
to the size of 60 μm in a week. Crystals were harvested and screened for
diffraction. Crystals were reproducible and appeared in a wide range of PEG
concentrations, at different pHs and with different buffers. The best dif-
fracting crystals grew in 0.1 M MgCl2, 28% PEG1000, 0.1 M Tris·HCl, pH 8.5.
No cryoprotectant was added before data collection.

Diffraction data were collected at the Lawrence Berkeley National Lab-
oratory Advanced Light Source Beamline 8.3.1, at −170 °C at a wavelength of
1.115 Å. The highest-resolution crystals diffracted to 2.9 Å. Data were
indexed with HKL2000 (19) and processed with XDS (20).

The structure was determined by molecular replacement using a ligand-
stripped version of LacYWW-NPG (PDB ID code 4ZYR) as the search model
(75% of the mass of the complex). To interpret bound Nb9047, the available
structure of another camelid Nb (PDB ID code 5BOP) was placed into the 2Fo-
Fc density and the sequence substituted by that of Nb9047, and the binary
complex was refined for several cycles. The NPG ligand was added and fol-
lowed by further refinement. We used a resolution cutoff of 3 Å for
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reporting data and refinement statistics in SI Appendix, Table S1, based on the
statistically significant correlation coefficient CC1/2 (21) for data in the 3.1- to
3.0-Å range. We refined the structure using the data to 2.9 Å, since the 3.0- to
2.9-Å–resolution shell included observed reflections. The program COOT was
used for density-fitting (22), and refinement was carried out using PHENIX
(23) and Refmac from the CCP4 suite (24). Hydrogen atoms were included in
expected positions. The data and refinement statistics are shown in SI Ap-
pendix, Table S1. Refinement proceeded with manual rebuilding in COOT
with the assistance of sigmaA-weighted 2Fo-Fc and Fo-Fc and complete Omit
maps by maximum-likelihood–based energy minimization and isotropic B-
factor refinement in PHENIX and Refmac. The resulting model had im-
proved R-work and R-free to 0.276 and 0.295, respectively. The MolProbity
server (25) was employed for structural assessment and validation. The final
round improved stereochemistry and geometry of the structure with 92%
residues in favored regions, 6.8% in allowed regions. The clashes between
atoms came down to 0.5%. Structural figures were drawn using PyMOL.
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