
PROTEIN STRUCTURE REPORT
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a ligand-induced conformational change
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Abstract: Previously, we determined the crystal structure of apo-TpMglB-2, a D-glucose-binding
component of a putative ABC transporter from the syphilis spirochete Treponema pallidum. The

protein had an unusual topology for this class of proteins, raising the question of whether the D-

glucose-binding mode would be different in TpMglB-2. Here, we present the crystal structures of a
variant of TpMglB-2 with and without D-glucose bound. The structures demonstrate that, despite

its aberrant topology, the protein undergoes conformational changes and binds D-glucose similarly

to other Mgl-type proteins, likely facilitating D-glucose uptake in T. pallidum.
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Introduction

The ligand-binding proteins (LBPs) of ABC-type

transporters are a well-characterized class of bilobed

polypeptides1,2 that often occur in the periplasms of

microorganisms. The lobes are connected by a hinge

region, and between them is a ligand-binding cleft;

without ligand, these proteins usually adopt an

“open” conformation in which the two lobes are rela-

tively far apart. Upon ligand binding, the lobes

become closely apposed, often shielding a bound

small molecule completely from solvent exposure.

This functionality has been likened to a “Venus fly

trap.”3 LBPs called “MglB” are known to bind to D-

glucose and D-galactose,4,5 and they undergo a mea-

surable conformational change when binding a

native hexose,6 which is an integral part of the over-

all transport mechanism.

Earlier, we determined the crystal structure of

apo-TpMglB-2,7 a protein predicted to bind to D-glu-

cose and D-galactose. The ligandless protein was in

an open conformation, as would be expected. When

compared to other Mgl-B-like proteins, the protein

exhibited an unexpected, circularly permuted topol-

ogy. All efforts to introduce D-glucose into the crys-

tals failed, but solution studies indicated that D-

glucose and D-galactose could bind to the protein

with an attendant change in conformation. The cur-

rent studies examine two crystal structures of a
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variant of TpMglB-2 that provide further evidence of

this conformational change.

Results and Discussion

The crystal structures of apo- and holo-

TpMglB-2WA

In our previous work, we used isothermal titration

calorimetry (ITC) to characterize the interaction of

D-glucose and other hexoses with a wild-type, recom-

binant form of TpMglB-2 (TpMglB-2R 7). We found

that the protein bound glucose with a KD of 1.1 lM.

However, it was always necessary to account for a

fraction (15%–30%) of TpMglB-2R that was incompe-

tent to bind to D-glucose, and the cause of this

incompetency was unknown (it could not be attrib-

uted to concentration-determination errors). Numer-

ous attempts to co-crystallize TpMglB-2R with D-

glucose failed. In other ITC experiments, we exam-

ined the binding of D-glucose to the W145A variant

of TpMglB-2 (TpMglB-2WA). This mutation was

designed to abrogate D-glucose binding, as W145

was a putative D-glucose-binding residue located in

the ligand-binding cleft. We observed weaker bind-

ing (KD 5 12.7 lM), but it occurred with a much

lower incompetent fraction (ca. 6%). We thus rea-

soned that this protein might offer a better platform

for co-crystallization with the sugar. Indeed, we

obtained two TpMglB-2WA crystal forms in the pres-

ence of D-glucose that diffracted to dmin spacings of

2.08 and 1.47 Å, respectively. We used molecular

replacement to determine both crystal structures,

and both refined well, yielding models with excellent

R-values and geometries (Table I).

Despite the presence of 10 mM D-glucose, one of

the structures (the 1.47-Å resolution structure)

clearly lacked electron density for the ligand. Here-

after, we refer to this as the “apo” form of the pro-

tein. Apo-TpMglB-2WA crystallized in the same space

group as apo-TpMglB-2R, with nearly identical unit-

cell dimensions.7 The apo-TpMglB-2WA crystal struc-

ture [Fig. 1(A)] had no notable secondary- or

tertiary-structure differences when compared to apo-

TpMglB-2R. When superposed,8 the root-mean-

square deviation of 361 comparable Ca atoms was

about 0.5 Å. The only changes of note between the

two structures resulted from the engineered change

in side-chain for residue 145. The indole ring of

W145 in TpMglB-2R was missing in apo-TpMglB-

2WA by design, and the BIS-TRIS buffer molecule

that was observed to stack onto the indole moiety of

W145 was absent in the structure of apo-TpMglB-2.

The open conformation and the lack of any observ-

able electron density for D-glucose suggest that the

crystallization conditions (vide infra) disfavor the

binding of the monosaccharide.

The other crystal structure, at a resolution of

2.08 Å, clearly showed evidence of bound D-glucose

(Supplementary Information, Fig. S1), and it is thus

termed the “holo” structure. Holo-TpMglB-2WA [Fig.

1(B)] adopted a closed conformation upon ligand

binding. In the apo-TpMglB-2R and apo-TpMglB-2WA

structures, the two lobes, termed “N” and “C,” were

splayed apart, with a solvent-filled cleft between

them. In holo-TpMglB-2WA, the lobes were in close

apposition, resulting in a net loss of solvent-exposed

surface area (-1048 Å2). In comparing the two struc-

tures, it appeared that closure was accomplished by

a rigid-body movement of lobes about the protein’s

“hinge” region [Fig. 1(C)]. Some Ca atoms underwent

relative motions as high as 17 Å in this conforma-

tional change; this is accomplished by a rotation of

about 398, which is consistent with the degree of

motion found in MglB from Escherichia coli

(EcMglB) upon ligand binding,6 and places the

motion of TpMglB-2 within established ranges for

LBPs.9 Analysis using DynDom10 of the domain

motions allows for a precise definition of the hinge

regions in the primary structure of the protein; they

are residues 49–51, 213–216, 270–274, and 283–285.

Besides the hinge motion noted in the latter resi-

dues, the unique linker region that is present in

TpMglB-2 due to the circular permutation does not

undergo significant rearrangements upon binding of

D-glucose.

D-glucose binding
Buried between the lobes of holo-TpMglB-2WA was a

single molecule of the b anomer of D-glucose [Supple-

mentary Information, Fig. S1, Figs. 1(B), 2(A)]. The

monosaccharide was essentially solvent-inaccessible:

the calculated solvent accessibilities of the two copies

of D-glucose in the asymmetric unit were 0.5 and 0.1

Å2. As predicted,7,11 numerous hydrogen bonds were

made between cleft-lining side chains and hydroxyl

groups on the sugar. Also, the phenyl ring of F313

stacked on one face of the D-glucose, as observed in

other glucose-specific LBP structures.5,6 Of course, one

of the residues whose side chain would likely also

have stacked on the D-glucose was missing by design:

W145, which was replaced by an alanine in this pro-

tein construct. There was electron density in the void

created by the loss of W145’s indole ring (Supplemen-

tary Information, Fig. S2). We found that the density

could be well modeled as ethylene glycol (EG), which

was present in the cryoprotectant solution at a concen-

tration of 15% (v/v). One hydroxyl group from the EG

formed a hydrogen bond with O4 of the bound D-glu-

cose [Fig. 2(A)]. Despite our ability to observe bound

D-glucose in this structure, there are no overt clues to

the lower glucose-binding incompetency of this protein

compared to the wild-type.

Comparisons to EcMglB
This binding of D-glucose to TpMglB-2WA was very

similar to that observed in structures of this ligand
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binding to EcMglB [Fig. 2(B)]. In that latter struc-

ture,5,6 the ligand is sandwiched between two hydro-

phobic residues (F16 and W183), with an extensive

network of hydrogen bonds between other side

chains and the equatorially arranged hydroxyl

groups of the D-glucose. Most of the contacts

between the ligand and protein are conserved in the

TpMglB-2WA structure, with a few exceptions. In

EcMglB, H152 makes contact with the O6 oxygen

atom of D-glucose; this contact is absent in the D-glu-

cose/TpMglB-2WA structure, despite the structural

conservation of the histidine (H89 in the latter pro-

tein). Also, the side chain of D154 in EcMglB made

a direct hydrogen bond to bound D-glucose, but the

homologous residue in TpMglB-2WA, D91, contacted

the sugar by a water-mediated interaction [Fig.

2(A)]. Intriguingly, this direct interaction in EcMglB

confers no steric or geometric advantages to binding

the b anomer, despite the facts that only this

anomer has been observed in crystal structures12

and it binds preferentially in solution.6 However, in

TpMglB-2, the water that makes contact to the

anomeric OH group is rigidly held in place by hydro-

gen bonds to a carboxylate oxygen atom of D91 and

the main-chain oxygen atom of N19; this position

favors binding of the b anomer, as the a-anomeric

OH group would have a poor interaction with the

water (specifically, a hydrogen-bonding angle of

about 798). The preferences of both TpMglB-2R and

EcMglB for D-glucose over the epimeric sugar D-

galactose have been noted;7,13 whether the mecha-

nisms of these preferences are the same is unknown,

as a structure of D-galactose bound to TpMglB-2 is

not available, and the discrimination appears to be

Table I. Data Collection, Phasing, and Refinement Statistics

Data set holo-TpMglB-2WA apo-TpMglB-2WA

PDB accession no. 6BGC 6BGD
Data collection

Space group P1 C2221

Unit cell dimensions (Å)
a 44.257 75.834
b 61.592 110.199
c 70.350 89.304
a(8) 80.2 90.0
b (8) 77.6 90.0
g (8) 72.7 90.0

Resolution (Å) 39.73–2.08 (2.12–2.08)a 37.9–1.47 (1.50–1.47)
Completeness (%) 91.8 (91.1) 95.4 (74.8)
Multiplicity 2.5 (2.3) 4.4 (4.2)
Unique reflections 36,146 (1816) 60,862 (2362)
Rmerge

b 0.080 (0.315) 0.068 (0.386)
<I>/rI 9.8 (2.1) 19.7 (2.7)
Wilson B (Å2) 19.8 10.4
Refinement

Resolution (Å) 39.73–2.08 37.9–1.47
No. residues 736 373
No. non-solvent atoms 5561 2770
No. solvent atoms 221 466
Maximum-likelihood coordinate error (Å) 0.22 0.1

Average B-factors
Non-solvent (Å2) 30.15 14.91
Ligand 16.87 N/A
Solvent (Å2) 25.94 28.59

R-values
Rwork

c 0.180 0.114
Rfree

d 0.220 0.144
Ramachandran statistics

Outliers (%) 0.3 0.3
Most favored region (%) 97.3 97.9

r.m.s. deviations
Bonds (Å) 0.003 0.009
Angles (8) 0.698 1.264

a Numbers in the parentheses are reported for the highest-resolution shell of reflections.
b Rmerge5

X
hkl

X
i
jIh;i2hIhij=

X
hkl

X
i
Ih;i where the outer sum (hkl) is over the unique reflections and the inner sum (i) is

over the set of independent observations of each unique reflection.
c Rwork5

X
hkl
j jFoj2jFcj j=

X
hkl
jFoj, where Fo and Fc are observed and calculated structure factor amplitudes, respectively.

d Rfree is calculated using the same formula as Rwork, but the set hkl is a randomly selected subset (5%) of the total struc-
ture factors that are never used in refinement.
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subtly distributed around the monosaccharide-

binding site in EcMglB.12 The observed differences

in the binding sites could account for the apparently

lower affinity of wild-type TpMglB-2R for D-glucose

compared to EcMglB (1.1 vs. 0.2 lM, respec-

tively7,13). However, a definitive pronouncement is

not possible because of the widely divergent pHs

(7.4 vs. 6.0, respectively) used in the affinity

measurements.

It is unclear to what degree these unanticipated

changes were inherent in the TpMglB-2 binding

site, given the W145A mutation present in the stud-

ied protein. As stated above, removal of the indole

side chain of W145 leaves a void that is filled with

EG in the present structure. The EG does not

directly contact D91, and its closest distance to H89

is 4.1 Å (a possible van der Waals contact). The dif-

ferences in the binding sites do not substantially

affect the respective positions of the bound D-gluco-

ses (Supporting Information, Fig. S3). Thus, while it

is conceivable that the EG is affecting the position of

H89, a full characterization of the structural fea-

tures of binding ultimately will depend on obtaining

a wild-type holo-TpMglB-2R structure.

Conclusions

Our results provide strong structural evidence that

TpMglB-2, despite its deviant topology, undergoes a

conformational change akin to other LBPs upon

binding to D-glucose. These structures buttress the

Figure 1. Overall structure and conformational changes in TpMglB-2WA. (A) The structure of apo-TpMglB-2WA. A ribbons-style

representation of the protein is shown, with helices colored green, b-strands purple, and regions without regular secondary

structure light blue. A large cleft exists between the protein’s two domains. (B) The holo-TpMglB-2WA structure. Atoms of the

bound D-glucose are shown as spheres, with oxygen atoms in red and carbon atoms in gold. (C) Superposition of the two

structures. The C-lobe was used for alignment purposes. The apo-structure is shown in red, while that of the holo-structure is

in blue. Simplified traces through the mean Ca positions are shown for each respective structure. The position of D-glucose in

the holo-TpMglB-2WA structure is shown for reference.

Figure 2. Details of D-glucose binding. (A) The holo-TpMglB-2WA binding site. Residues are shown in stick-and-ball format,

with oxygen atoms in red, nitrogens in blue, D-glucose-derived carbons in gold, protein-derived carbons in green, and ethylene-

glycol-derived carbons in gray. Atoms within hydrogen-bonding distance are connected with dashed black lines. Glc, D-glucose;

EG, ethylene glycol; WAT, water. The molecule of ethylene glycol is shown semi-transparently to avoid obscuring other atoms

in this view. (B) The holo-EcMglB binding site.6 The color conventions from the previous part are used, except protein-derived

carbons are shown in pink. W183 is also shown semi-transparently.
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hydrodynamic evidence of ligand-induced conforma-

tional changes obtained with the wild-type protein.7

Given the likely importance of D-glucose as both car-

bon and energy sources for T. pallidum,14 it is not

surprising to find that TpMglB-2 probably does not

deviate from the basic mechanisms of nutrient

transport by ABC transporters, despite its topologi-

cal distinctness. The hypothesis that TpMglB-2 acts

as the D-glucose-binding component of an ABC

transporter is further supported by the existence of

genes for other presumptive components of the

transporter in T. pallidum, namely tp0685 (mglA;

the ATP-binding component) and tp0686 (mglC; the

permease).15

Materials and Methods

Protein purification

The procedure for expression and purification of the

recombinant W145A variant protein of TpMglB-2

(TpMglB-2WA) was essentially as previously

described.7 The purified protein was dialyzed over-

night at 48C against 1 L of 10 mM phosphate buffer,

pH 7.4 containing 100 mM NaCl (Buffer A). The dia-

lyzed protein was incubated with 10 mM D-glucose

overnight before crystallization. When necessary, the

protein was concentrated using an Amicon centrifu-

gal filter device (10-kDa molecular mass cutoff;

Millipore, Danvers, MA). Concentrations were deter-

mined spectrophotometrically using extinction coeffi-

cients calculated by the ProtParam utility of

ExPASy.16

Protein crystallization and cryoprotection

Crystallization was initiated by mixing equal volumes

(0.3 lL) of the purified protein and the precipitant

solutions equilibrated against 100 lL of crystalliza-

tion solution in a sitting-drop configuration. For the

holo-TpMglB-2 crystals, the protein concentration

was 27 mg/mL in Buffer A containing 10 mM

D-glucose. Crystals appeared in approximately five

days with a well solution containing 200 mM NaCl,

100 mM 2-(N-morpholino)ethanesulfonic acid (MES)

pH 6.0, 20% (w/v) polyethylene glycol 6000 (PEG

6000). Prior to flash cooling in liquid nitrogen,

crystals were cryo-protected by incubating them in

crystallization solution containing 20% (v/v) EG.

For apo-MglB-2WA, the protein was prepared as

described above, except that the concentration was

18 mg/mL. For crystallization, the protein solution

(0.35 lL) was mixed with an equal volume of the

crystallization solution (0.2 M sodium citrate, 20%

(w/v) PEG 3350) and incubated at room tempera-

ture. Prior to flash-cooling in liquid nitrogen, the

crystals were cryo-protected by transferring them

into a solution containing 0.2 M sodium citrate, 0.1

M NaCl, 20% PEG 3350, 10 mM D-glucose, and 25%

(v/v) EG.

X-ray structure determination

All X-ray diffraction experiments were conducted at

beamline 19-ID of the Advanced Photon Source at

Argonne National Laboratories under direction of

the Structural Biology Center. Crystals of holo-

TpMglB-2WA diffracted X-rays to a dmin spacing of

2.08 Å, and they had the symmetry of space group

P1. Two reciprocal-space lattices were clearly pre-

sent in the diffraction data, although the crystals

showed no outward appearance of epitaxy or twin-

ning. We considered this to be a special case of non-

merohedral twinning, with minimal overlap between

the two visible lattices. Using HKL3000,17 we were

able to index only the dominant lattice, with data

reduction and scaling proceeding without any special

provisions in the software. Phases for the holo-

TpMglB-2WA data were determined by molecular

replacement. We used the wild-type apo-TpMglB-2R

model (denuded of all waters and ligands) as the

search model, but we split it into the N and C

domains and performed separate searches in antici-

pation of the domain closure on bound D-glucose.

The linkers between the two domains were excised

for this purpose. Phaser18 located two copies of each

domain in the asymmetric unit with high confidence

(final log-likelihood gain 5 5116 and translation

function Z-score 5 25.3). After a round of rigid-body,

simulated-annealing, positional, and B-factor refine-

ment in PHENIX,19 difference electron density for D-

glucose and the missing linkers was apparent. After

adding these moieties to the model, refinement in

PHENIX proceeded using positional, TLS, and indi-

vidual B-factor protocols. Between rounds of refine-

ment, the model was adjusted in Coot.20

Crystals of apo-TpMglB-2WA diffracted X-rays to

a dmin spacing of 1.47 Å and had the symmetry of

space group C2221. No twinning was observed in the

data from these crystals, and the data were indexed,

reduced, merged, and scaled in HKL3000. Again,

molecular replacement was used to obtain phases

for the data. We used the wild-type apo-TpMglB-2,

denuded of all waters and ligands, as the search

model. Phaser found one molecule of apo-TpMglB-2

in the asymmetric unit, with a final log-likelihood

gain of 4394 and translation-function Z-score of

49.7. No evidence of a bound ligand was observed in

difference electron-density maps, despite the inclu-

sion of D-glucose in the crystallization and cryopro-

tection media. The model was refined using the

positional and anisotropic B-factor refinement proto-

cols in PHENIX. Occupancies of alternative confor-

mations for amino-acid residues were also refined.

In the refinements of both apo- and holo-TpMglB-

2WA, the weights for the stereochemical and B-factor

restraints were refined in the late stages of refine-

ment. All structure figures were rendered in PyMOL

(Schr€odinger, LLC), and that program was also used

for the surface-area calculations.
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