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ATP-binding cassette transporters are powered by ATP, but the
mechanism by which these transporters hydrolyze ATP is unclear.
In this study, four crystal structures of the full-length wild-type
maltose transporter, stabilized by adenosine 5'-(f,y-imido)tripho-
sphate or ADP in conjunction with phosphate analogs BeF;~,
V0,3, or AIF,~, were determined to 2.2- to 2.4-A resolution. These
structures led to the assignment of two enzymatic states during
ATP hydrolysis and demonstrate specific functional roles of highly
conserved residues in the nucleotide-binding domain, suggesting
that ATP-binding cassette transporters catalyze ATP hydrolysis
via a general base mechanism.

membrane protein | transition state | ground state

TP-binding cassette (ABC) transporters are large membrane

protein complexes powered by ATP (1). In prokaryotes, ABC
transporters are survival factors mediating the uptake of nutrients
and the efflux of antimicrobial agents and virulence factors. In
humans, 48 ABC transporters are identified that transport a vari-
ety of compounds and are responsible for diseases including cystic
fibrosis, cholestasis, and multidrug resistance in cancer (2). ABC
transporters, both importers and exporters, contain two trans-
membrane domains (TMDs) that form a substrate translocation
pathway and two nucleotide-binding domains (NBDs) that bind
and hydrolyze ATP. Structures of intact transporters show that an
inward-facing state, where the substrate translocation pathway is
accessible from the cytoplasm, coincides with an open NBD di-
mer in which the ATPase active sites are separated (3-8). Closure
of the NBD dimer in the presence of ATP is concomitant with
reorientation of the substrate translocation pathway from an in-
ward-facing to an outward-facing configuration (7, 9, 10). Several
sequences are highly conserved among NBDs for ATP hydrolysis,
including: (I) the Walker A motif with a consensus sequence of
GxxGxGKST, where x represents any amino acid; (i) the Walker
B motif, which has four hydrophobic residues followed by a ne-
gatively charged residue; (iii) the D loop, containing a conserved
aspartic acid; (iv) the LSGGQ loop, or the signature motif, diag-
nostic of ABC ATPases; (v) the Q loop, named after its invariable
glutamine; and (vi) the switch region that contains a highly con-
served histidine residue. However, uncertainty exists regarding
the functional role of these motifs and the chemistry of ATP
hydrolysis. For example, based on studies of isolated NBDs,
the acidic residue immediately following the Walker B motif, a
glutamate in most ABC transporters, was suggested by several
groups to act as a general base to polarize the hydrolytic water
molecule (11, 12). But in a different model, this glutamate resi-
due functions, instead, to orient the switch histidine while the
ATP is hydrolyzed via substrate-assisted catalysis rather than
by a general base mechanism (13). High-resolution structures
of catalytic intermediates of a complete ABC transporter would
be valuable to establish the chemical mechanism of ATP hydro-
lysis. Unfortunately, all known structures of either isolated NBD
dimers or intact transporters in complex with ATP have been ob-
tained with either active site mutations and/or in the absence of
the Mg?* ion (10, 13-16). Although alteration of key catalytic
residues or omission of the metal cofactor was necessary to pre-

15152-15156 | PNAS | September 13, 2011 | vol. 108 | no. 37

vent ATP hydrolysis during crystallization, these changes might,
in turn, alter the position of the triphosphate moiety and neigh-
boring residues, thus yielding an inaccurate depiction of the
active site conformation.

The maltose transporter from Escherichia coli has been studied
for several decades as the prototype to elucidate the fundamental
mechanism of ABC transporters. Four proteins are required to
transport maltose and other maltodextrins across the cytoplasmic
membrane in E. coli, including a periplasmic maltose-binding
protein (MBP); two integral membrane proteins, MalF and
MalG; and two copies of the cytoplasmic ATPase component,
MalK (17). To obtain crystal structures of the wild-type (WT)
maltose transporter that better approximate conformational
states along the trajectory of ATP hydrolysis, the nonhydrolyzable
ATP analog, adenosine 5’-(f,y-imido)triphosphate (AMP-PNP),
as well as a number of metal complexes were used in this study
to stabilize catalytic intermediates. These structures provide in-
sights into the mechanism by which ABC transporters hydrolyze
ATP.

Results and Discussion

Stabilizing Complexes of the MBP-MalFGK, with y-Phosphate Analogs.
Complexes of MBP-MalFGK, were formed prior to crystalliza-
tion by incubating WT MalFGK, with MBP, maltose, AMP-PNP
or ATP plus a y-phosphate mimic [vanadate (VO;*7), beryllium
fluoride (BeF;~) or aluminum fluoride (AlF,™)]. Following ATP
hydrolysis, the y-phosphate mimic substitutes for the leaving in-
organic phosphate before ADP has been released (18). Crystals
diffracted anisotropically to approximately 2.2- to 2.4-A resolu-
tion along the best direction (Tables S1 and S2). The final elec-
tron density maps, after anisotropic correction of the X-ray data
(19), were of excellent quality and allowed accurate positioning
of the nucleotide, Mg>* ion, and water molecules at the active
site (Fig. S1).

The overall structures of MBP-MalFGK, cocrystallized with
AMP-PNP, ADP-BeF;, ADP-VO,, or ADP-AIF, are essentially
identical to each other and to that of the outward-facing confor-
mation obtained using ATP and a catalytically inactive mutant
MalFGK,(E159Q) (Fig. S24) (10). The root-mean-square devia-
tion (rmsd) of the entire complex (1,870 Ca positions) ranges
between 0.2-0.9 A between any two structures. In this conforma-
tion, MBP binds to MalF and MalG in an open conformation and
the two MalK subunits form a closed dimer, with two nucleotides
bound along their common interface (Fig. 14). Residues at the
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ATP-binding sites superimpose well with the 2.8-A E159Q mutant
structure, indicating that the E159Q mutation and omission of
Mg?* ion in crystallization did not cause any distortion at the
active site (Fig. S2B). The structures of the analog-trapped WT
protein are of higher resolution; accordingly, detergent and lipid
molecules and additional waters could be modeled along with the
transporter complex. Several water molecules were found inside
the transmembrane cavity, making hydrogen bonding contacts
with maltose (Fig. 1B).

Molecular Details at the Active Site. It is well known that ATP hy-
drolysis proceeds by direct in-line attack of the ATP y-phosphate
group by a hydrolytic water molecule, through formation of a
pentacovalent transition-state intermediate (Fig. 24) (20, 21).
In the transition state, the geometry of the y-phosphate changes
from tetrahedral to trigonal bipyramidal, with three oxygen atoms
at the equatorial plane, and the p/y phosphate bridging oxygen
and the water nucleophile at the axial positions (Fig. 24) (20, 21).
What do we observe in our high-resolution structures of the
maltose transporter? Electron density maps with the nucleotide
and analogs omitted for the AMP-PNP or ADP-BeF; structures
reveal a tetrahedral geometry about the y-phosphate and the
y-phosphate analog (Fig. 2B). Therefore, these two structures

MalF (P2 loop)

MBP

periplasm

MalF

cytoplasm

MalK

MalK

Fig. 1. Structure of the maltose transporter in an outward-facing conforma-
tion. (A) Ribbon representation of the overall ADP-VO, structure. Maltose
and ADP-VO, are shown in stick model. (B) Stereo view of maltose bound
to MalF (blue) and surrounding water molecules within the transmembrane
cavity of the AMP-PNP structure, together with a nonweighted 2F, — F. elec-
tron density map countered at 1.2c.
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represent the ground state, enzyme-substrate complex (the
Michaelis complex) of an ABC transporter. In contrast, the tri-
gonal bipyramidal or octahedral geometry observed in the omit
maps for the ADP-VO, or ADP-AIF, structures, respectively
(Fig. 2C), recapitulate the y-phosphate undergoing nucleophilic
attack by a water molecule. Therefore, the transition state can be
modeled by the complex structures stabilized by ADP-VO, and
ADP-AIF,.The stereochemistry of the analogs observed here are
consistent with high-resolution structures of GTPases (22, 23)
and F;-ATPases (24-27).

Detailed comparison of these structures shows that at the ATP-
binding site all residues are essentially superimposable (Fig. 34).
In both states, the active site is stabilized by a network of inter-
actions from ATP and Mg?* to residues highly conserved among
ABC transporters (Fig. 3 B-D). The ATP B-phosphate forms
hydrogen bonds with five consecutive residues in the Walker A
motif (Fig. 3B-D). The y-phosphate interacts with the Walker A,
the Q-loop, and the switch histidine of one NBD and the LSGGQ
motif of the other NBD, thus, tightly tethering the two NBDs.
The Mg>* ion is coordinated by the Walker A S43, the Q-loop
Q82, two water molecules, and the p- and y-phosphates, linking
these important structural elements together (Fig. 3B-D and
Fig. S3). In previous structures of isolated NBDs, the function
of a conserved glutamine residue (Q82 in the maltose transpor-
ter) in the Q loop has been inconsistent, probably due to the
absence of the TM subunits, which interact extensively with
the Q loop. Here, we observe in the structures of an intact trans-
porter that the Q-loop glutamine interacts with the metal ion and
the y-phosphate of ATP, and thus plays an essential role in ATP
hydrolysis (Fig. 3).

Consistent with the chemistry of ATP hydrolysis, the structural
differences between the ground state and the transition state lie
in the conformation of the y-phosphate and the presence of an
attacking water molecule (Fig. 3 and Fig. S3). In the AMP-PNP
and ADP-BeF; structures, the distance between the y-phosphate
and the bridging oxygen of the p-phosphate is around 1.7 A,
approximating that of a covalent linkage in the ground-state
ATP (Fig. 3B and Fig. S34). Electron density corresponding to
the hydrolytic water is absent in both the AMP-PNP and
ADP-BeF; structures (Fig. S1), suggesting that the ground-state
conformation has low affinity for the attacking water. In contrast,
in the structures trapped with transition-state analogs, a water
molecule is observed at both ATPase sites of the ADP-AIF, struc-
ture, positioned 2.3 A from the y-phosphate and in-line with the
B/y bridging oxygen of the inorganic phosphate leaving group
(Fig. 3D and Fig. S3B). In the ADP-VOj, structure, the attacking
water is represented by a covalently linked oxygen atom (Fig. 3C
and Fig. S3B). In the transition state, the glutamate residue
following the Walker B motif, E159, makes a strong hydrogen
bond with the attacking water, consistent with its function to
polarize the water nucleophile (Fig. 3 C and D and Fig. S3B).
In full-length transporters, mutating this glutamate to glutamine,
a mimic of the protonated form of glutamate, abolishes ATP hy-
drolysis (28-30), consistent with a strong base at this position
being essential for hydrolysis.

Implications to the ATP Hydrolysis Mechanism. Taken together, the
active site structure in the ATP ground and transition states sup-
port the general base catalysis model, where ATP is hydrolyzed by
formation of a pentacovalent intermediate and the hydrolytic
water is activated by the acidic residue following the Walker B
motif. An alternative mechanism, the substrate-assisted catalysis,
was proposed based on studies of the HlyB-NBD where the
switch histidine is replaced by alanine (H662A) (13). Comparison
of the WT maltose transporter structure with that of HlyB H662A
shows that the conserved glutamine residue in the Q loop is dis-
placed in HlyB, likely due to the absence of TMDs (Fig. 4).
Furthermore, the sidechain of the catalytic base (E631 in HlyB)
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ATP during hydrolysis. (A) ATP
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Fig. 3. Molecular details at the catalytic center. (A) Stereo view of the AMP-PNP (red and green) and ADP-VO, (yellow) trapped structures superpositioned via
their Walker A motifs. (B, C, and D) Schematic illustrations showing the coordination of AMP-PNP (ground state), ADP-VO,, and ADP-AIF, (transition state),
respectively. Residues from the two MalK monomers are differentiated by color (red and green). Hydrogen bonds (<3.2 A) and Mg?* ligand interactions are
indicated by dashed lines along with their contact distances (in angstroms).
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Fig. 4. The catalytic base is displaced in the H662A mutant. Stereo view of
the maltose transporter in complex with AMP-PNP (red and green) and HIyB
H662A mutant (yellow, Protein Data Bank ID code 1XEF) superpositioned via
their Walker A motifs. Contacts made by the catalytic base are indicated by
black dashed lines.

is oriented away from the catalytic site, forming, instead, a
hydrogen bond with the backbone amide of the substituted A662.
In this configuration, E631 is not positioned to deprotonate the
attacking water, thus explaining the loss of ATPase activity in this
mutant. Although our results argue against the substrate-assisted
catalysis model, the structural role of the switch histidine ob-
served in the maltose transporter (Fig. 3 and Fig. 4) supports
the conclusion that this histidine functions as a “linchpin” in hold-
ing together the y-phosphate, the attacking water, and the cata-
Iytic glutamate for catalysis (13).

An outstanding question for ABC transporters is whether one
or two ATPs are hydrolyzed during a single transport cycle. Direct
measurements of the stoichiometric ratio of substrate transport
to ATP hydrolysis have been complicated by either uncoupled
ATP hydrolysis or leakage of substrate from membrane vesicles
(reviewed in ref. 31). It was first shown in P-glycoprotein that
ADP-VO, was trapped in only one of the two nucleotide-binding
sites (32), suggesting that hydrolysis occurs only in one site per
cycle. Previously, using radioactively labeled ligands, we con-
cluded that maltose was absent in the vanadate-inhibited complex
and ADP was trapped at 1: 1 molar ratio (33). However, in all of
the crystal structures obtained with metal complexes in this study,
clear electron density was observed for maltose, two ADP, and
two y-phosphate analog molecules. In addition, in the anomalous
difference Fourier density map, calculated with data collected
near the anomalous edge of vanadium, clear peaks of similar in-
tensity (10c) were observed at the position of vanadate in both
ATP-binding sites (Fig. S4). The apparent discrepancy between
the biochemical and crystallographic data may be due to the
differences in experimental conditions. The stoichiometry of mal-
tose and ADP was determined in complexes purified by ion-
exchange chromatography in the absence of ligands, whereas
the crystals were obtained in the presence of high concentrations
of maltose and ADP-VO,. One possibility is that maltose and/or
ADP are partially dissociated from the protein during the puri-
fication process, leading to an underestimated stoichiometry
determined biochemically. The other possibility is that the occu-
pancy of vanadate in the crystal structure is only 0.5 at each bind-
ing site, meaning that only one vanadate is trapped with equal
distribution between both sites of the MalK homodimer. There-
fore, whether one or two ADP is trapped by vanadate in the
maltose transporter remains undetermined.

Conclusions

For ABC transporters, ATP hydrolysis and substrate transloca-
tion are coupled through conformational changes that place these
two events in synchrony. In the absence of maltose, the transpor-
ter rests in a catalytically incompetent conformation due to the
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separation of the LSGGQ motif from the active site (5). Binding
of maltose-loaded MBP and ATP are both required to bring
about the conformational changes that result in the opening of
MBP for delivery of maltose to the translocation cavity and
the closure of the MalK dimer for the hydrolysis of ATP (34, 35).

This work addresses the outstanding question of whether the
chemical transition state for ATP hydrolysis produces a different
functional state. Here, we show that formation of the transition
state does not induce or require any further structural rearrange-
ments; the ground-state and transition-state complexes are in the
same outward-facing conformation. Therefore, in ABC transpor-
ters, the transition state is only a chemical step for hydrolysis,
because it does not have any special functional properties for
substrate translocation. ATP hydrolysis is catalyzed through a
mechanism in which the acidic residue following the Walker B
motif acts as the general base to polarize the attacking water.
Because all residues involved in ATP binding and hydrolysis
are highly conserved, the chemistry of ATP hydrolysis revealed
by the maltose transporter is likely to be a general mechanism
of the ABC family.

Methods

Expression and Purification of MalFGK,. MalFGK;, expression and purification
were carried out essentially as described earlier (10). Briefly, cells were broken
by two passes through a high-pressure homogenizer (Emulsiflex-C5; Avestin).
The E. coli membrane isolated by centrifugation (80,000 x g for 40 min at
4°C) was resuspended at a total protein concentration of 5 mg/mL in
buffer containing 20 mM Tris (pH 8.0), 5 mM MgClI2, 10% glycerol, and
0.3% n-Dodecyl-p-D-Maltopyranoside (DDM, Anatrace). Extracted MalFGK,
was purified on cobalt-affinity resin (Clontech) followed by size-exclusion
chromatography (Superdex 200, GE Healthcare) in buffer containing 10 mM
Tris (pH 8.0), 200 mM NaCl, and 0.06% n-Undecyl-B-D-maltopyranoside
(UDM, Anatrace).

Expression and Purification of MBP. MBP containing a C-terminal 6XHis
tag was expressed and purified similarly to a previous study (36). MBP was
purified by osmotic shock. In brief, cells were initially resuspended gently
in a sucrose buffer. After centrifugation (10,000 x g for 10 min at 4 °C),
the cell pellet was resuspended in ice-cold 5 mM MgSO, to disrupt the outer
membrane and release MBP to the solution. The resulting spheroplasts were
removed by centrifugation, and MBP was further purified by affinity (cobalt-
affinity resin; Clontech), ion exchange (Source 15Q; GE Healthcare), and
gel-filtration chromatography (Superdex 200; GE Healthcare) at 4 °C.

Cocrystallization with AMP-PNP. MalFGK; (10 mg/mL in 0.06% UDM) and MBP
were mixed at a 1:1.25 molar ratio in the presence of 0.2 mM maltose, 2 mM
AMP-PNP, and 2 mM MgCl,. Crystals were grown by mixing the protein sam-
ple with the reservoir solution containing 28% polyethylene glycol 400,
200 mM Nacl, 50 mM MgCl,, 100 mM sodium HEPES pH 7.5, at a 1:1 ratio
in sitting drops at 20 °C. The crystals grew in 5-6 d and were looped out of the
drop and directly frozen in liquid nitrogen.

Cocrystallization with Phosphate Analogs. MalFGK, (1.5 mg/mL) and MBP
were mixed at a 1:1.25 molar ratio in the presence of 0.2 mM maltose
and 0.03% UDM. A 2X trapping solution containing 2 mM ATP, 2 mM
MgCl,, 0.09% UDM, and either 4 mM aluminum chloride/16 mM sodium
fluoride, 4 mM beryllium sulfate/16 mM sodium fluoride, or 1 mM VO,
was prepared and filtered. Protein samples were mixed with the 2X trapping
solution at a 1:1 ratio and were incubated with gentle shaking for 30 min at
22°C and centrifuged at 100,000 x g for 20 min. The protein was concen-
trated to 12 mg/mL, and crystals were grown by mixing the protein sample
with the reservoir solution containing 27% polyethylene glycol 400, 100 mM
NacCl, 100 mM MgCl,, 100 mM sodium HEPES pH 7.5, at a 1:1 ratio in sitting
drops at 20 °C. The crystals grew in 4-5 d and were looped out of the drop
and directly frozen in liquid nitrogen.

Vanadate Preparation. Sodium orthovanadate was dissolved in water, and the
pH of the solution was adjusted to 10 using HCI. The solution had a dark or-
ange color and was boiled for 2 min until it turned colorless, then cooled to
room temperature. The process of adjusting the pH, boiling, and cooling was
repeated two more times. The VO, concentration was determined spectro-
scopically at 265 nm using its molar extinction coefficient of 2,925 M~" cm~".
The solution was stored frozen at —80 °C until usage.
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Data Collection and Diffraction Anisotropy Ccorrection. X-ray diffraction data
were collected at the Advanced Photon Source (APS-23ID) at 100 K. Diffrac-
tion images were processed and scaled with HKL2000 (HKL Research, Inc.)
(37). The diffraction data were highly anisotropic, diffracting to 2.2-2.4 A
in the best two directions, and 2.3-3.2 A in the third direction (Table S2).
The scaled data was imported into a diffraction anisotropy server that em-
ploys an ellipsoidal truncation and scaling procedure at the high-resolution
boundary after elimination of weak or missing reflections (19). The pruned
data was then used for structural determination.

Structure Determination. The structures of MBP-MalFGK, were solved by
molecular replacement by PHASER (38) (CCP4 suite) using separate domains
of the previously solved MBP-MalFGK;,(E159Q) structure as search models.
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