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The ABC transporter HlyB is a central element of the HlyA
secretion machinery, a paradigm of Type I secretion. Here,
we describe the crystal structure of the HlyB-NBD (nucleo-
tide-binding domain) with H662 replaced by Ala in com-
plex with ATP/Mg®". The dimer shows a composite
architecture, in which two intact ATP molecules are
bound at the interface of the Walker A motif and the
C-loop, provided by the two monomers. ATPase measure-
ments confirm that H662 is essential for activity. Based on
these data, we propose a model in which E631 and H662,
highly conserved among ABC transporters, form a cataly-
tic dyad. Here, H662 acts as a ‘linchpin’, holding together
all required parts of a complicated network of interactions
between ATP, water molecules, Mg>", and amino acids
both in cis and trans, necessary for intermonomer com-
munication. Based on biochemical experiments, we dis-
cuss the hypothesis that substrate-assisted catalysis,
rather than general base catalysis might operate in ABC-
ATPases.
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Introduction

In Gram-negative bacteria, different pathways exist to trans-
locate proteins across the inner and outer membranes. Type I
secretion is a Sec-independent mechanism that shuttles tox-
ins, proteases, lipases, heme-binding proteins, or lantibiotics
in one step across both membranes of Gram-negative bacteria
such as Escherichia coli (Holland et al, 2003). All information
necessary and sufficient for translocation is encoded at the
C-terminus of the transported substrate (allocrite). This
secretion signal normally comprises the last 50-60 C-terminal
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amino acids of the allocrite (Jarchau et al, 1994; Kenny et al,
1994). The first identified allocrite secreted by the Type I
pathway was haemolysin (Hly) A, a 107kDa pore-forming
toxin secreted by certain uropathogenic E. coli strains and
member of the family of RTX toxins (Welch, 1991).

The Type I secretion apparatus is made up of three
components, an ABC transporter, a membrane fusion protein
(MFP), and an outer membrane protein (OMP) (Holland et al,
2003). For the HlyA transporter complex, HlyB (ABC trans-
porter) and HlyD (MFP) reside in the inner membrane of
E. coli. The OMP component is TolC (Koronakis et al, 2000),
which is thought to interact with the MFP to form a contin-
uous channel across the periplasm, from the cytoplasm to the
exterior (Holland et al, 2003).

HlyB belongs to the family of ABC transporters, which are
ubiquitous, ATP-dependent transmembrane pumps or chan-
nels (Higgins, 1992; Schmitt and Tampé, 2002). The spectrum
of transport substrates ranges from inorganic ions, nutrients
such as amino acids, sugars, or peptides, hydrophobic drugs
to large polypeptides, such as HlyA. Despite this enormous
allocrite diversity, all ABC transporters share a common
architecture, composed of two nucleotide-binding domains
(NBD) and two transmembrane domains (TMD). Since the
first discovery of an ABC transporter, the histidine permease
in 1982 (Higgins et al, 1982), enormous progress has been
made in characterizing their properties, recently extended by
structural studies. Crystal structures of isolated NBDs in
various states of the catalytic cycle of ATP hydrolysis are
now available for ABC importers and exporters (Hung
et al, 1998; Karpowich et al, 2001; Smith et al, 2002; Chen
et al, 2003; Schmitt et al, 2003; Verdon et al, 2003a, b; Lewis
et al, 2004). Furthermore, three crystal structures of full-
length ABC transporters have been published: the lipid
flippase A (MsbA) from E. coli (Chang and Roth, 2001) and
Vibrio cholera (Chang, 2003) and the vitamin B;, importer
(BtuCD) from E. coli (Locher et al, 2002).

The motor domain of ABC transporters, the NBD, is an
L-shaped protein with a two-domain architecture first ob-
served for HisP (Hung et al, 1998). The catalytic domain,
composed of the ABC subdomain, ABC-beta (Karpowich
et al, 2001), and a RecA-like subdomain (Story and Steitz,
1992), contains the nucleotide-binding site. The helical do-
main, ABC-alpha, interacts with the TMD and is thought to
shuttle signals back and forth between the NBD and TMD,
coupling the action of the NBD to allocrite transport. An NBD
contains several conserved motifs: the Walker A (Walker
et al, 1982) and B motifs, common to all P-loop NTPases
(Vetter and Wittinghofer, 1999), the Q-loop and Pro-loop
(Schmitt et al, 2003), which link the catalytic and helical
domains, the H-loop and the two hallmarks of ABC transpor-
ters, the C-loop or ABC signature motif (LSGGQ) (Schmitt and
Tampé, 2002), and the equally distinctive feature, the D-loop
(atSALDye in HlyB). Despite this obvious conservation, all
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NBDs, which have been characterized by X-ray crystallogra-
phy, contain a structurally diverse region (SDR) within their
helical domains, which is unique to each individual NBD
(Schmitt et al, 2003). Only recently, structural (Smith et al,
2002; Chen et al, 2003) and biochemical data (Chen et al,
2001; Loo et al, 2002; Moody et al, 2002; Janas et al, 2003)
have demonstrated that NBDs can dimerize stably in the ATP-
bound state and that the dimer interface in the ATP-bound
state includes a close association of the Walker A motif of one
monomer and the C-loop of the other monomer.

Despite major advances in the understanding of ABC
proteins, the exact mechanism of ATP hydrolysis remains
an enigma (Schmitt and Tampé, 2002; Jones and George,
2004). Particularly, the exact function of the conserved
amino-acid residues in the vicinity of the ATP-binding pocket,
the reaction path of ATP hydrolysis, and the molecular
communication between NBD monomers during ATP binding
and hydrolysis are poorly understood. While the currently
dominant view is that a glutamate residue C-terminal to the
Walker B motif acts as the general or catalytic base (Moody
et al, 2002), some data contradict such a role in catalysis
(Urbatsch et al, 2000; Sauna et al, 2002; Verdon et al, 2003a;
Tombline et al, 2004). On the other hand, mutation of a
conserved histidine (H662 in HlyB) in both the histidine and
maltose importers invariably appears to result in deficient
transport and ATPase activity (Shyamala et al, 1991;
Davidson and Sharma, 1997; Nikaido and Ames, 1999).
This suggested an important (Hung et al, 1998) but so far
poorly defined functional role for this amino acid.

Here, we report the crystal structure of the HlyB-NBD
H662A with bound ATP/Mg?* at 2.5 A resolution. The pro-
tein adopted a composite dimer architecture in the crystal
structure. Despite the fact that all residues suggested to be
essential for hydrolysis are in a productive conformation in
the HlyB-NBD, ATP is bound but remains uncleaved. We
propose a model in which H662 acts as a ‘linchpin’ holding
together all parts of a complicated network, both intermole-
cular and across the monomer-monomer interface, arranged
efficiently to provide a framework that allows ATP hydrolysis.
We also report that ATPase activity was not reduced in the
presence of D,0. As will be discussed, this and other data
prompted us to consider whether substrate-assisted catalysis
(SAC) rather than a general base mechanism might underlie
ATP hydrolysis in ABC-ATPases.

Results and discussion

The H662A mutant of the HlyB-NBD, composed of the C-
terminal residues 467-707 of HlyB, was overexpressed and
purified as described for the wild-type NBD (Zaitseva et al,
2004). Crystals were obtained in the presence of ATP/Mg*"
(see Materials and methods) and diffracted to 2.5A. The
structure was determined using a combination of a SAD
data set from a seleno-methionine-substituted protein crystal
and molecular replacement (see Materials and methods). The
refined structure has an Rg value of 21.9% and an Ry of
26.4% without noncrystallographic symmetry (NCS) re-
straints. All amino acids except the N-terminal His tag were
visible in the electron density. The final structure contains
964 amino acids together with four ATP, four Mg? ", and 172
water molecules. The latter were located in 1F,—F, difference
maps at a conservative threshold of 3.5c. Further details of
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the refinement and the geometry of the structure are given in
Table 1.

Overall structure of the composite dimer of HlyB-NBD
H662A

HlyB-NDB H662A, in complex with ATP/Mg? ™", crystallized
as a dimer of dimers in the asymmetric unit. This arrange-
ment is likely not physiological, as the buried surface area
between each dimer pair is only 480 A%, and no biochemical
evidence for such an architecture exists. The overall structure
of the ATP/Mg* " -loaded composite dimer of the HlyB-NBD
H662A is shown in Figure 1, with the H-loop (colored in
green) normally containing H662 clearly visible within the
dimer interface. ATP is coordinated by the Walker A motif of
monomer 1 (cis-site) and the C-loop (LSGGQ) of monomer 2
(trans-site). This arrangement is similar to that reported for
the two ABC importers, MJ0796 from Methanococcus jan-
naschii (Smith et al, 2002) and MalK from E. coli (Chen et al,
2003). A comparison with these structures reveals an r.m.s.d.
of 1.87 A for MJ0796 (378 Ca atoms) and 1.85A for MalK
(404 Co atoms), respectively. The similarity between the
three structures suggests that this dimer arrangement is likely
to be a universal feature of the NBDs of all ABC transporters
in their ATP-bound form. The buried surface area between
the two monomers of the individual dimers of HlyB-NBD
H662A is 1440 A% with ATP providing another 450 A. Since
the r.m.s.d. between the individual monomers is below 0.7 A
for 241 Co atoms, the homodimer displays a highly symme-
trical organization. In contrast to the structures of MJ0796
(Smith et al, 2002) and MalK (Chen et al, 2003), HlyB-NBD
HG662A crystallized in the presence of ATP/Mg2+.

Notably, the ATPs are intact in the structure (Supple-
mentary Figure S1), despite the fact that all residues consid-
ered to be essential for ATP hydrolysis, such as K508 of the
Walker A motif, D630 (Walker B), the proposed catalytic
carboxylate E631, and S607 and G609 of the C-loop in the
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Figure 1 Crystal structure of the HlyB-NBD HG662A dimer with
bound ATP/Mg>". ATP in stick representation and Mg> ™ (green
spheres) are sandwiched at the interface of the two HlyB-NBD
monomers (shown in light tan and light yellow). N- and C-termini
of the individual monomers are labeled. Conserved motifs are
colored in red (Walker A motif; Walker et al, 1982), brown (Q-
loop), blue (C-loop or ABC signature motif), magenta (Walker B),
black (D-loop), and green (H-loop) and labeled accordingly. The
figure was prepared using PyMol (www.pymol.org).
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trans monomer, are present in a productive conformation for
hydrolysis. Indeed, the H662A mutant in solution displayed
no detectable steady-state ATPase activity (Zaitseva et al,
2004; Benabdelhak et al, 2005). A 1F,—F, omit map, con-
toured at 4o, confirmed that no cleavage of the B-y phos-
phate bond occurred with this mutant (Supplementary Figure
S1). Consequently, the conserved H662 must play a crucial
role in prehydrolysis events or in the stabilization of the
transition state, rather than simply acting as a ‘“y-phosphate
sensor’ as suggested previously (Geourjon et al, 2001).

Comparison of the ATP/Mg?* -loaded composite dimer
and the nucleotide-free structure of HlyB-NBD

The most obvious difference between the nucleotide-free and
ATP/Mg* " -loaded forms of the NBDs is their oligomeric
state. While the former was crystallized as a monomer, the
latter formed dimers upon crystallization. A comparison of
the nucleotide-free structure of the HlyB-NBD (Schmitt et al,
2003) and the ATP/Mg“-bound monomer reveals an
rm.s.d. of 2.2 A over 241 Cu atoms. This is due to an 18.5°
inward rigid-body rotation of the helical domain (r.m.s.d. of
the catalytic domain, residues 467-549 and 625-707 of 0.9 A,
r.m.s.d. of the helical domain, residues 550-625 of 2.4 A).
This induced fit motion has already been described for
MJ1267 and proposed to be a general feature of ABC-NBDs
(Karpowich et al, 2001). Most striking is the conformational
change of the C-terminal residues of the Walker A motif
(residues 508-510). In the nucleotide-free state, these resi-
dues adopt a 3;y helical conformation, while a canonical
o-helical conformation is observed in the ATP/Mg“—bound
form. This further supports our earlier notion (Schmitt et al,
2003) that this local conformational difference might be used
to control ATPase activity of the HlyB-NBD in vivo. Moreover,
ATP/Mg* ™" binding results in a significant rearrangement of
the residues surrounding the ATP-binding pocket of the HlyB-
NBD (see below).

Conservation of H662 in the NBD of ABC transporters—a
residue apparently essential for catalysis
A sequence alignment of the NBDs for which crystal struc-
tures have been published (not shown) emphasizes the
conservation and importance of H662, which is located in
the H-loop preceding helix 7 (colored green in Figure 1).
Mutation of the conserved histidine in HisP (H211) (Shyamala
et al, 1991) and MalK (H192) (Davidson and Sharma, 1997)
resulted in background steady-state ATPase activity (<2%),
and completely abrogated transport (Davidson and Sharma,
1997; Nikaido and Ames, 1999). The reported high residual
activity for a MalK mutant lacking the histidine (Walter et al,
1992) has not been confirmed (E Schneider, personal com-
munication). In the case of the HlyB-NBD (Zaitseva et al,
2004), substitution of H662 for alanine reduced the steady-
state ATPase activity to background levels (<0.1%).
Another residue so far considered essential for catalytic
activity, the conserved glutamate immediately following the
Walker B aspartate (E631 in HlyB), has been proposed to act
as the catalytic base in ATP hydrolysis in ABC proteins
(Moody et al, 2002). However, mutations of this glutamate,
for example, to glutamine, variously affect ATP hydrolysis
depending on the ABC protein. In MJ1267, MJ0796 (Moody
et al, 2002), and BmrA (Orelle et al, 2003), no steady-state
ATPase activity was detectable. In contrast, a very low ATPase
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activity was determined for the NBD of Mdllp (Janas et al,
2003), at least a single turnover for human and mouse P-gp
(Urbatsch et al, 2000; Sauna et al, 2002; Tombline et al,
2004), and around 20% residual ATPase activity for GlcV
(Verdon et al, 2003b). These different outcomes question the
previous proposals that the conserved glutamate acts as the
general or catalytic base.

The importance of the conserved histidine is further sup-
ported by the structural alignment (data not shown) of HlyB-
NBD H662 with other ATPases and GTPases containing the
Walker A motif. Position 662 in HlyB coincides with those
residues of the proteins suggested to be essential for catalysis:
H885 (Rad50), Y311 (a-chain of F,-ATPase), E328 (B-chain of
Fi-ATPase) (Abrahams et al, 1994), Q194 (RecA) (Story and
Steitz, 1992; Datta et al, 2003), Q61 (p21'*°) (Pai et al, 1990),
H85 (EF-Tu) (Bertchold et al, 1993), and H465 (T7 helicase)
(Sawaya et al, 1999).

Architecture of the ATP-binding site

Intramolecular (in cis) interactions. Figure 2A shows the
intra- and intermolecular interactions that make up the
composite arrangement of the ATP-binding site of the HlyB-
NBD. As observed in all nucleotide-bound crystal structures
of ABC-NBDs, the adenine ring of ATP interacts with an
aromatic amino acid (Y477) via m-m stacking. As in all
other P-loop ATPases (Vetter and Wittinghofer, 1999), the
Walker A motif (G502-T510) wraps around the triphosphate
moiety, interacting with the ligand via main-chain and side-
chain interactions. The conserved lysine (K508) interacts
with the B- and y-phosphates, thereby fixing both groups in
a defined orientation. The B- and y-phosphates also partici-
pate in Mg* " coordination (green sphere). Further coordina-
tion to Mg® " is provided by the side chain of S509 and three
water molecules (blue spheres) completing the octahedral
coordination sphere. One of these coordinating water mole-
cules, 36, is hydrogen bonded to D630 of the Walker B motif.
This whole area is further stabilized by interactions of D630
with S509, S509 with the a-phosphate group, and by a
hydrogen bond between T510 and Y477 connecting the
adenine binding region with the Walker A motif. Next to
the three water molecules, which participate in Mg** co-
ordination, two more water molecules, 90 and 109, were
unambiguously identified in one of the binding sites. Water
109 connects the y-phosphate of ATP with Q550 of the Q-loop.
Furthermore, while a van der Waals attraction is observed
between the backbone of D630 and Q550 in the nucleotide-
free structure (4.1A), a hydrogen bond is present in the ATP/
Mg2 +_bound state (3.2 A). Such an arrangement allows Q550
to connect ATP and Mg> " to the helical domain by means of
an induced fit mechanism via D630 (Karpowich et al, 2001).
The second water molecule, 90, bridges the y-phosphate
group to E631 and via water 36 (part of the Mg2+ coordina-
tion sphere) connects E631 to the bound Mg2+ (Figure 2B).
In the Rad50 structure (Hopfner et al, 2000), the correspond-
ing E823 interacts with the bound Mg?* via one water
molecule.

Intermolecular interactions. Further interactions with ATP
arise from the C-loop in the trans monomer. This canonical
arrangement of the composite interface of the dimer was
described for Rad50 (Hopfner et al, 2000), MJ0796 (Smith
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Figure 2 (A) Stereo view of one of the ATP-binding sites in the HlyB-NBD H662A dimer. ATP is shown in stick representation, Mg> " as a green
sphere, and water molecules as blue spheres. (B) Schematic diagram of the interactions between one of the two ATP/Mg® " complexes and
HlyB-NBD H662A. (C) Schematic diagram of the interactions across the monomer-monomer interface. Color coding is identical to Figure 1.
Residues involved in monomer-monomer contact are highlighted by gray boxes, while residues involved in protein-ATP contacts are colored in
boxes according to Figure 1. Blue numbers indicate water molecules. Hydrogen bonds and salt bridges are shown as solid lines, while van der
Waals and hydrophobic interactions are shown as dashed lines. Letters represent the atoms involved in the interaction.

et al, 2002), and MalK (Chen et al, 2003). ATP acts like a with the C-loop of the trans monomer (Figure 2B). Further
molecular glue with the y-phosphate of ATP linking the symmetric interactions stabilize the monomer-monomer
Walker A and B motifs and the Q-loop of the cis monomer interface as illustrated in Figure 2C. These include the
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C-terminus of HlyB-NBD (amino acids 700-707), A662
(H-loop, H662 in wild-type HlyB), and the D-loop region
(residues 634-637). Since the last 12 C-terminal amino
acids of HlyB (helix 8 and 9) have no counterpart in
MJ0796 and have a different orientation in MalK due to the
presence of an additional C-terminal regulatory domain, the
stabilizing effect of these interactions in the dimer have not
been described before. It remains to be established whether
the role of such additional residues is specific to HlyB or is
more universally important.

Intermolecular interactions involving the conserved atSALDye
motif. In addition to the above intermolecular interactions,
D637 located in the ABC hallmark D-loop forms a hydrogen
bond with the amide backbone of S504 of the Walker A in the
trans monomer (Figure 2A and C). In fact, all residues of the
D-loop participate in trans interactions (Figure 2C) linking
together both subunits, including the interaction with the
backbone of A662. We suggest that this conserved motif
might be involved in monomer-monomer communication
to transmit the functional state of one ATP-binding site to
the other.

ATP-protein interactions. In contrast to the MalK dimer
structure (lacking Mg>*), the bound Mg?* in HlyB-NBD
recruits additional water molecules. These water molecules
act as connecting points to side chains of amino acids located
within the ATP-binding site. This allows the formation of a
complex network of interactions (Figure 2A and B). Overall,
ATP makes 17 direct contacts with the homodimer of which
13 are hydrogen bonds (<3.4 A) and four are van der Waals
interactions (<4 A). As shown in Figure 2B, 12 contacts are
made with residues in the cis monomer and the remaining
five with the trans monomer C-loop. These latter interactions
of the trans monomer very likely complete the ATP-binding
site, preventing uncontrolled dissociation of a bound nucleo-
tide. This also implies that conformational changes asso-
ciated with ATP hydrolysis (Karpowich et al, 2001), for
example, the reverse rotation of the helical domain away
from the catalytic domain, are a prerequisite for dissociation
of ADP. After cleavage of ATP and dissociation of inorganic
phosphate, the interactions between S607 and G609 of the
trans monomer and the resulting ADP are abolished. Then,
the nucleotide interacts only in trans via the hydrogen bond
between Q610 and the ribose and via van der Waals contacts
between G605/L606 and the adenine ring. In fact, the C-loop
Q610 seems to perform a dual role (Figure 2B and C). In
addition to the trans interaction with the ribose, this residue
hydrogen bonds in trans to S504 of the Walker A motif. S504
in turn links the two monomers via interaction with the
D-loop of the trans monomer.

A chemical reaction is the rate-limiting step of ATP
hydrolysis in the HlyB-NBD

The structural issues discussed above placed H662 as a key
player in catalysis, perhaps directly involved in the limiting
step in ATP hydrolysis, rather than the previously proposed
glutamate. This prompted us to examine further the possible
mechanism of catalysis. The catalytic cycle of an NBD is
composed of nucleotide association, NBD dimerization, ATP
hydrolysis, and dissociation of the NBDs and nucleotide. Any
of these steps: representing chemical or diffusion-controlled
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reactions: might be the rate-limiting step under steady-state
conditions. To investigate the relative contribution of these
steps, the reaction velocity of the ATPase activity of wild-type
HlyB-NBD in solutions of different viscosity was first ana-
lyzed (Supplementary Figure S2). Since molecular diffusion
coefficients depend inversely on the viscosity of the solution,
diffusion-controlled reactions are slowed down in the pre-
sence of increasing concentrations of a viscogenic reagent
such as sucrose (Martin and Hergenrother, 1999). As shown
in Supplementary Figure S2, the turnover number of ATPase
activity was not significantly affected by changes in viscosity.
Therefore, diffusion-controlled reactions such as nucleotide
association or dissociation or NBD dimerization seem un-
likely to be rate-limiting factors (Cole et al, 1994). Rather, we
suggest that a chemical reaction such as proton abstraction
or ATP hydrolysis itself governs the reaction velocity under
steady-state conditions.

Since a chemical reaction such as ATP hydrolysis seems to
be rate limiting, one can assume two different and extreme
scenarios: ‘general base catalysis’ (Fersht, 1997) or substrate
assisted catalysis (SAC) (Dall’Acqua and Carter, 2000)
(Figure 3A). If ATP hydrolysis depends on the action of a
general base, for example, E631, proton abstraction or polar-
ization represents the rate-limiting step of hydrolysis. If SAC
applies, no proton abstraction is involved in the rate-limiting
step. One possibility to distinguish both extreme cases is the
use of solvent isotope effects (Schowen and Schowen, 1982).
For example, bovine F;-ATPase (Abrahams et al, 1994) or
phospholipase C (Martin and Hergenrother, 1999), which are
assumed to follow general base catalysis, showed an increase
in Keatn,0/Keatp,0 ratio of more than two (Dorgan and
Schuster, 1981). On the other hand, the GTPase p21™°, which
is presumed to use SAC, displayed only a slight decrease in
Keain,0/kcap,0 in the presence of D,O (Schweins et al, 1995;
Schweins and Warshel, 1996).

As shown in Figure 3B, the ATPase activity remained
essentially the same over the range 0-60% D,O with respect
to Vmax. The Hill coefficient also was identical (data not
shown). Similarly, no decrease in the k., values or in the
catalytic efficiency (k.ai/Kos) could be observed (Figure 3B,
inset). Extrapolation of the k., values to 100% DO resulted
in a keatn,0/kcatp,0 0f 0.79 for HlyB-NBD, similar to the
value of 0.71 reported for p21™° (Schweins and Warshel,
1996).

The experiment in D,0 implied that proton abstraction
might not be the rate-limiting step in this system.
Unfortunately however, this result is inconclusive, leaving
open the possibility of a base-dependent catalytic step that is
not rate limiting. We chose therefore to assess further the
relative roles of the H662 and E631 residues and analyzed the
pH dependence of ATPase activity for the wild type and the
E631Q mutant. If E631 is directly involved in catalysis, a
change in pH dependence would be expected in the E631Q
mutant since Q is a poorer base than E. As shown in
Figure 3C, the pH dependence of the wild type and that of
the E631Q mutant (retaining around 10% residual activity)
are virtually identical, providing further evidence that E631
does not participate directly in catalysis. Again this result
does not exclude the possibility that a base mechanism may
still operate upstream of the rate-limiting step in the catalytic
cycle. Nevertheless, all these results, combined with the
evidence that H662 plays a crucial role in catalysis, compelled
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Figure 3 (A) Schematic drawing of the two extreme mechanisms of ATP hydrolysis. Left panel: general base catalysis; right panel: SAC. The
red arrow indicates the rate-limiting step. (B) ATPase activity of wild-type HlyB-NBD in the presence of 0 and 60% D,O. The inset shows the
determined k., and kc.;/Kp s values for individual D,0 concentrations used. (C) pH dependence of the wild-type HlyB-NBD (black squares) and
the E631Q mutant (black triangles). To allow comparison of the wild-type and mutant protein, ATPase activity of the E631Q mutant was scaled
to the activity of wild-type enzyme (red triangles). To guide the eye, the red, dashed line connects individual data points. Assays were
performed in the presence of 1 mM ATP and 10 mM Mg*".
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us to consider alternative mechanisms. Thus, we propose the
hypothesis of SAC where the substrate participating in cata-
lysis might be either ATP itself, as it has been suggested for
some GTPases (Schweins et al, 1995), or conceivably the
cofactor, Mg> " . Further studies should be directed toward an
unambiguous determination of the precise nature of the
chemical reaction, which represents the rate-limiting step of
ATP hydrolysis for this and other ABC-ATPases.

Comparing the ATP-bound crystal structures of E/Q
and H/A mutants of NBDs

As stated above, mutation of the conserved histidine in ABC
transporter NBDs abolished both ATPase activity and sub-
strate transport to background levels in all systems reported
so far (Shyamala et al, 1991; Davidson and Sharma, 1997;
Nikaido and Ames, 1999). This prompted us to carry out a
structural comparison of the ATP-bound dimers of MJ0796
E171Q (Smith et al, 2002) and the HlyB-NBD H662A, in order
to determine if this would reveal more on the molecular roles
of the histidine and glutamate residues.

The two dimer structures, HlyB H662A and MJ0796 E171Q,
were aligned using the Walker A and B motifs as anchor
points (Figure 4). The r.m.s.d. of the 12 Ca atoms used in the
superimposition was below 0.5 A. As shown in Figure 4, the
structural alignment results in a perfect overlay of the C-loop
regions of both proteins. However, Q550 (HlyB) and Q91
(MJ0796), the conserved glutamines of the Q-loop, and Y477
(HlyB) and Y11 (MJ0796), which participate in adenine
fixation, did not align well (not shown). In the case of the
two tyrosines, the sequence flexibility in the loop, which
connects strand 1 harboring the tyrosine at its C-terminus
with strand 2, might explain the misalignment. Similarly, the
displacement of the conserved glutamine might be due to the
inherent flexibility of the helical domain (Yuan et al, 2003)
and/or the presence of the SDR within the helical domain
(Schmitt et al, 2003).

Most striking in the comparative alignment, however, is
the nearly 90° displacement of the side chain of Q171 in the
MJ0796 E171Q structure compared to the side chain of E631
(HlyB-NBD). This flip-out (Figure 4) cannot be so easily
explained by sequence variability or structural diversity
since it occurs in a region of high conservation. In the
HG662A crystal structure, the side chain of E631 forms a
hydrogen bond with the backbone amide of the substituted
A662 (2.9 A) in the same monomer. In the case of the MalK/

C-loop !
-'f.. . & H-loop

A

Walker A

C-loop
g ; . [/ H-loop
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ATP structure, this hydrogen bond is indeed present between
the glutamate and the histidine (distance of 3.0 A). However,
in the case of the MJ0796 E171Q/ATP structure, because of
the 90° displacement, the distance between the side chain of
Q171 and the backbone amide of H204 is 4.4 A. This suggests
that the E/Q mutation in MJ0796 disrupts the hydrogen bond
between the backbone of H204 and the glutamate.

A model for ATP hydrolysis of ABC transporters

In cis interaction of H662 and E631. To test the possibility
that H662 and E631 normally form a vital interaction, we
reintroduced H662 ‘in silico’ into the HlyB-NBD structure and
energy minimized the model. The hypothetical structure
obtained after this procedure is shown in Figure 5. The
most important conclusion from this model is that E631 in
HlyB does form intramolecular hydrogen bonds with the
backbone and the side chain of H662 simultaneously.
Furthermore, while one of the two nitrogens of the imidazole
side chain of the reintroduced H662 interacts with the side
chain of E631, the other nitrogen interacts with the y-phos-
phate of ATP and water 90. This organization reinforces the
idea of an important role for H662 since no other side chain is
available to fulfill such a dual task of simultaneously coordi-
nating the y-phosphate of ATP and the side chain of E631.

Based on the model proposed in Figure 5, one can envision
two extreme scenarios for the function of E631 and H662: in
the first, E631 serves as a platform to position H662 in the
proper orientation to catalyze ATP hydrolysis while H662
acting as a ‘linchpin’, or vice versa. However, as argued
above, E631 and H662 form a ‘catalytic dyad’, which can be
subdivided into a chaperone or platform function (E631) and
a linchpin (H662). Consequently, we suggest that a glutamine
instead of a glutamate is not able to form the proposed
bidentate interaction with the backbone and side chain of
H662 (Figure 4). Therefore, the histidine side chain might be
no longer fixed in place and may adopt multiple, mainly
nonproductive, conformations. Nevertheless, in different
NBDs containing an E/Q exchange, this plasticity may be
more or less tolerated.

In trans interaction of H662 and the highly conserved
D-loop. In addition to the postulated bidentate interaction
between H662 and E631 in our model, H662 also serves to
connect the two monomers via an imidazole side chain
hydrogen bonded with the backbone of S634 (3.0 A) and

y Walker B

Figure 4 Stereo view of the superimposition of HlyB-NBD H662A in complex with ATP/Mg>* and the ATP sandwich dimer of MJ0796 (Smith
et al, 2002). The backbone of the Walker A and B motifs, C-loop, and H-loop of HlyB-NBD H662A are shown in cyan and the corresponding
backbone of MJ0796 E171Q in gray. ATPs are highlighted in cyan (HlyB-NBD H662A) and magenta (MJ0796 E171Q). The interaction between
the side chain of E631 (magenta) and the backbone amide of A662 is highlighted. As shown, the flip-out of Q171 (yellow) destroys this
interaction in the MJ0796 E171Q structure.
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D-loop
of trans-site

Figure 5 Simulated model of the prehydrolysis state of the HlyB-
NBD after restoring H662. The figure demonstrates the key role of
H662 through interactions with the y-phosphate, E631, and the D-
loop. Color coding is identical to Figure 1. For further details, see
text.

van der Waals interactions with L636 and A635 (Figure 2C).
These three residues are all part of the D-loop. Thus, we
suggest that H662 not only participates in ATP hydrolysis, but
could also serve as a key player in mediating the commu-
nication between the two monomers in the ATP-loaded
composite dimer. The same interaction pattern between the
histidine and the D-loop is also present in the MalK (Chen
et al, 2003) and MJ0796 dimers (Smith et al, 2002). It appears
that Mg® ™, which is missing in the MalK/ATP structure, is
not essential for this kind of monomer-monomer interaction.
Rather, as discussed above, Mg?* is important to connect the
aspartate (D630 in HlyB, D170 in MJ0796, and D158 in MalK)
to the Mg> " /ATP site and to orient all residues active in
catalysis in a productive formation. The coordination of H662
with the D-loop at the monomer interface may finally provide
a satisfactory explanation for the conservation of this second
diagnostic motif of ABC-NBDs (atSALDye in HlyB): a me-
chanism for communication between monomers.

A putative function of the ‘linchpin’ H662. What is the
precise role of the ‘linchpin® H6622 In subtilisin from
Bacillus amyloliquefaciens, a histidine (H64) is thought to
stabilize the transition state of the enzyme reaction (Carter
et al, 1991). Addition of imidazole converts the inactive
subtilisin H64A mutant into a moderately active enzyme
(Carter et al, 1991). Similarly, imidazole also restores the
inactive HlyB-NBD H662A mutant (Supplementary Figure
S3). This observation suggests that H662 may stabilize the
transition state of the reaction first by interacting with
the y-phosphate moiety of ATP and water 90 and second
via the D-loop in the ATP-binding site of the opposing
monomer. Water 90, which forms hydrogen bonds to H662,
E631, and via water 109 to Q550, could serve as the catalytic
water since a slight movement would be sufficient to place it
in a proper orientation for in-line attack of the scissile bond.

Materials and methods

Protein purification, crystallization, and data collection
HlyB-NBD H662A was purified as described for the wild-type
protein (Zaitseva et al, 2004). Crystals in the ATP/Mg*"-bound
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Table I Data quality and refinement statistics

Crystal parameters at 100 K

Space group P2,
Cell constants
a, b, c (A) 44.926, 194.917, 63.706
B (deg) 110.68
Data collection and processing
Wavelength EA) 1.05
Resolution (A) 95-2.5 (2.56-2.50)
Mean redundancy 6.8
Completeness (%) 99.4 (99.8)
I/c 23.4 (2.8)
Rsym (%) 5.3 (40.1)
Refinement
Rr (%) 21.9 (31.3)
Riree (%) 26.4 (37.1)
Rms.d.
Bond (A) 0.006
Angle (deg) 1.037
Average B-factor (A%) 51.1
Ramachandran plot
Most favored (%) 91.1
Allowed (%) 8.9

Model content

Protein 964 residues
Ligands 4 ATP

4 Mgz +
Water molecules 172

Crystal parameters and data collection statistics are from
SCALEPACK (Otwinowski and Minor, 1997). Refinement statistics
were derived from REFMACS (Murshudov et al, 1997) and
Ramachandran analysis was performed using PROCHECK
(Laskowski et al, 1993).

form were obtained by mixing 5 mg/ml HlyB-NBD H662A in 2 mM
CAPS pH 10.4, 30% glycerol, 2mM ATP, and 10 mM MgCl, with
100mM sodium malonate pH 5.6, 0.25M sodium acetate, 5%
isopropanol, and 10% PEG-MME 5500 at 4°C in a 1:1 ratio. Data
from a single crystal were collected at beamline BW-6, DESY,
Hamburg with a MAR CCD. Data were processed using DENZO and
SCALEPACK (Otwinowski and Minor, 1997). Data statistics are
summarized in Table I.

Structure determination and refinement

Native Patterson analysis revealed the presence of a dimer of dimers
or a tetramer in the asymmetric unit. Initial attempts to solve the
structure of the ATP/Mg® " -bound HlyB-NBD H662A by molecular
replacement using the nucleotide-free structure of the HlyB-NBD
(Schmitt et al, 2003) failed. In order to solve the phase problem,
crystals were grown from seleno-methionine-substituted protein
under conditions similar to the one used for the wild-type protein.
From these crystals, a SAD data set was obtained at beamline BW-6,
DESY Hamburg. In contrast to native H662A crystals, seleno-
methionine-substituted crystals were perfect pseudo-merohedrally
twinned (o~0.5). Nevertheless, it was possible to obtain a
molecular replacement solution from this crystal using the catalytic
and helical domains of the nucleotide-free structure of the HlyB-
NBD (Schmitt et al, 2003) simultaneously as search models in
MOLREP (Vagin and Teplyakov, 2000). The solution obtained was
subsequently used as a template for molecular replacement of the
‘native’ data set using AmoRe (Navaza, 1994). The initial solution
was refined using REFMACS (Murshudov et al, 1997), followed by
repetitive rounds of manual rebuilding into 2F,—F. and 1F,—F,
maps using O (Jones et al, 1991). In the initial state of refinement,
strict NCS was applied to all four monomers, which was released in
the last eight cycles of rebuilding and refinement. The final model
consists of a dimer of dimers (964 residues), four ATP, four Mg“,
and 172 water molecules, which were determined using ARP/wARP
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(Lamzin and Wilson, 1993) at a threshold of 3.5c. Refinement
statistics and model geometry are given in Table 1.

ATPase assay

ATPase assays of the wild-type HlyB-NBD in the presence of various
amounts of D,0 were performed by the malachite green assay as
described in detail (Zaitseva et al, 2004) at a protein concentration
of 0.2 mg/ml. To account for the deuterium-induced pH shift, buffer
in 100% D,O (100mM HEPES, 20% glycerol) was adjusted to pH
7.4 (Schowen and Schowen, 1982) prior to mixing with buffer in
100% H,0 (100 mM HEPES, 20% glycerol) to obtain the indicated
concentrations of D,0. Data were analyzed applying the Hill
equation. Data points present the average of three independent
experiments. Further details of generation and characterization of
the E631Q mutant, pH dependence, and the effect of protein
concentration on ATPase reaction will be given elsewhere (manu-
script in preparation). ATPase assays of the HlyB-NBD H662A
mutant with increasing concentrations of imidazole (pH 7.0) were
performed in the presence of 1mM ATP and 10mM Mg*" as
described above. Experiments in solutions of different viscosity
were performed in the above-mentioned buffer supplemented with
0, 5, 17.5, 25, 30, and 35% sucrose corresponding to a relative
viscosity of 1, 1.1, 1.5, 2.2, 2.8, and 3.7 as measured with an
Ostwald viscometer. All data shown represent the average of at least
two independent experiments with the standard deviation reported
as errors.

Structural alignment and energy minimization of the H662
model

Structural alignments of HlyB-NBD H662A in complex with ATP/
Mg2 * and the ATP-bound form of MJ0796 E171Q (Smith et al, 2002)
or MalK from E. coli (Chen et al, 2003) were performed with
LSQMAN (Kleywegt, 1996) using the Walker A and B motifs as
anchor points. LSQMAN was also used to structurally align HlyB-
NBD H662A ATP/Mg>* with RecA from E. coli (Story and Steitz,
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