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Dehydroquinate synthase (DHQS) is a potential target for the development
of novel broad-spectrum antimicrobial drugs, active against both prokar-
yotes and lower eukaryotes. Structures have been reported for Aspergillus
nidulans DHQS (AnDHQS) in complexes with a range of ligands. Analysis
of these AnDHQS structures showed that a large-scale domain movement
occurs during the normal catalytic cycle, with a complex series of structural
elements propagating substrate binding-induced conformational changes
away from the active site to distal locations. Compared to corresponding
fungal enzymes, DHQS from bacterial species are both mono-functional
and significantly smaller. We have therefore determined the structure of
Staphylococcus aureus DHQS (SaDHQS) in five liganded states, allowing
comparison of ligand-induced conformational changes and mechanisms of
domain closure between fungal and bacterial enzymes. This comparative
analysis shows that substrate binding initiates a large-scale domain closure
in both species’ DHQS and that the active site stereochemistry, of the
catalytically competent closed-form enzyme thus produced, is also highly
conserved. However, comparison of AnDHQS and SaDHQS open-form
structures, and analysis of the putative dynamic processes by which the
transition to the closed-form states are made, shows a far lower degree of
similarity, indicating a significant structural divergence. As a result, both
the nature of the propagation of conformational change and the mechanical
systems involved in this propagation are quite different between the
DHQSs from the two species.

q 2004 Elsevier Ltd. All rights reserved.
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Introduction

The shikimate pathway of bacteria and microbial
eukaryotes1 is absent in mammals. Pathogenic
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bacteria mutant in the pathway are attenuated for
virulence.2 Enzymes of the shikimate pathway are
thus attractive targets for the development of
antimicrobial drugs. One such potential target is
the enzyme dehydroquinate synthase (DHQS),
which catalyses the conversion of 3-deoxy-D-ara-
bino-heptulosonate-7-phosphate (DAHP) to dehy-
droquinate (DHQ).
DHQS from both eukaryotic and prokaryotic

species has been thoroughly characterised bio-
chemically and there are significant structural
differences.3–6 Steps 2–6 of the shikimate pathway
in fungi, such as Aspergillus nidulans, are carried out
by the pentafunctional AROM protein (with DHQS
forming the N-terminal domain), whilst in bacterial
species the corresponding enzymes, including
DHQS, are encoded on separate genes. Bacterial
d.
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DHQSs are also significantly smaller than their
eukaryotic orthologues.

More recently, the solution of the X-ray crystal
structure of A. nidulans DHQS (AnDHQS),7 as a
ternary complex with cofactor NAD and substrate
analogue carbaphosphonate (CBP),6 has led to the
proposal of a catalytic mechanism. An understand-
ing of domain closure in AnDHQS was achieved by
determining the structure of the enzyme in eight
complexes with combinations of ligands including:
NAD; the cofactor fragment ADP and the substrate
analogue CBP.8,9 A further preliminary report of an
open form binary complex of AnDHQS with NAD
has also been published,10 as well as a high-
resolution structure at 1.7 Å.11 Our analysis of 21
AnDHQS structures revealed that substrate binding
induces a large-scale domainmovement, with the N
and C-terminal domains showing a relative rotation
of 11–138 about a two-point hinge, approximately
parallel with the bound co-factor NAD.9 The
domain movement closes the active site cleft,
excludes bulk solvent, and creates the necessary
stereochemical environment for catalysis, which
precludes the enantiomer formation seen with
in vitro experiments.12

The mechanical basis of the AnDHQS domain
rearrangement was found to involve the complex
interplay of an array of structural elements (SEs)
comprising: (1) a “rigid-core” showing little struc-
tural change during domain closure; (2) two hinge
points (HP1–HP2), forming a two-point single axis
hinge about which the two domains undergo their
relative rotation; (3) a dimer interface region (DI);
(4) eight elements showing ligand-state-dependent
conformation, subdivided into three proximal
elements (PE1–PE3) containing residues contacting
the substrate in the closed form and five distal
elements (DE1–DE5) whose conformation showed
variations dependent on the liganded state of the
enzyme but which make no direct contact with the
substrate; and (5) six additional surface elements
(AE1–AE6) showing variable conformation inde-
pendent of state, but which probably have flexi-
bility to allow the accommodation of stresses
generated by the relative movement of other
structural elements (SEs).

Substrate binding induces conformational
changes directly in the PEs, which then propagate
through the protein structure via connecting
elements, affecting the conformation of DEs, and
collectively inducing an ordered sequence of
rearrangements leading to domain closure. The
results also indicated that the closed complex can be
seen as a system under tension, held closed only by
the strength of the bonds made to the bound
substrate. Thus, at the completion of the reaction
cycle, when many of these linkages are cleaved, the
restoring forces exerted by the elements under
strain become greater than the forces holding the
domains closed. The opening and closing of the
active site is thus driven in both directions, rather
than being passive events.9 The domain closure
mechanism in AnDHQS is thus a complex system
and the necessity of such a large-scale movement
for the formation of the active site raises the
intriguing possibility that it might be feasible to
develop inhibitors that function by modulating
AnDHQS’s domain movement, rather than by
competing directly with the substrate.

The aim of the current work is to study DHQS
from a second species, widely separated from
A. nidulans in evolutionary terms, in order to assess
the degree of structural conservation of the active
site and the mechanical systems involved in
effecting the relative movement of domains. We
therefore selected DHQS from a prokaryotic
species, Staphylococcus aureus (SaDHQS), as the
source for this comparison because: (1) in pro-
karyotes, such as S. aureus, steps 2–6 of the
shikimate pathway are catalysed by separate
stand-alone enzymes, whilst the eukaryotic
AnDHQS previously investigated is derived from
one domain of the penta-domain AROM complex;
(2) the SaDHQS enzyme is significantly smaller
than the AnDHQS enzyme, with a chain length of
354 residues rather than 393; and (3) the overall
amino acid identity of the best sequence match is
28% (rising to 39% identity between a core 228
residue fragment with the N and C termini omitted;
Figure 1). The sequence identity is thus above the
threshold correlation for prediction of a similar
folding pattern, but still low enough to indicate
significant evolutionary divergence between the
two species. Thus any features conserved between
them are also likely to be common to most other
species. We report the crystal structure of five
SaDHQS complexes and a detailed comparison of
AnDHQS and SaDHQS domain closure
mechanisms.
Results and Discussion

Structure determination and preliminary
analysis of SaDHQS–ligand complexes

SaDHQS was crystallised in an unliganded form
as well as in complexes with NAD, carbaphos-
phonate (CBP) and NAD/CBP. An additional
complex involved soaking CBP into crystals of the
binary NAD complex (NAD/CBPsk). In contrast to
AnDHQS,where ten crystal formswere identified,9,13

only two closely related crystal forms were
observed for SaDHQS. To improve diffraction
quality, some crystals were subjected to partial
dehydration by addition of increasing concen-
trations of DMSO and ethylene glycol (complexes
and datasets derived from these dehydration
protocols are denoted here by subscript d, see also
Experimental Procedures). Data from an untreated
NAD complex crystal were partially refined (Rfree-

z35%) and the structure indicated that confor-
mational changes compared to the NAD binary
complex as a result of the application of the
dehydration process appeared relatively minor.

SaDHQS form A dataset I was solved by



Figure 1. Sequence alignment of the core 228 residue fragment of SaDHQS and AnDHQS.
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molecular replacement using AnDHQS PDB model
1NR5 and refined to Rwork of 0.197 (RfreeZ0.269).
The SaDHQS model was used to solve form B
SaDHQS complexes by low-resolution, rigid-body
refinement, indicating forms A and B share essen-
tially the same packing. Conformational changes in
surface features explain the unit cell c-axis decrease
induced by the partial dehydration process. Final
R-factors for the five structures were all less than
22% with the retention of reasonable stereo-
chemistry (Table 1). Representative electron density
Table 1. Data collection and refinement statistics for SaDHQS

Crystal I II

Ligands NADC, CBP NADC

Partial dehydration No Yes
No. crystals 1 4
Space group P43212 P43

Unit cell parameters
a, b (Å) 55.26 54.90
c (Å) 232.87 229.11

Crystal form A B
Resolution range (Å) 30.00–2.45

(2.54–2.45)
30.00–2.20
(2.24–2.20)

Redundancy 6.7 (4.6) 12.5 (11.2)
Completeness (%) 99.2 (98.8) 99.5 (100.0)
Rmerge

b 0.120 (0.358) 0.100 (0.559)
I/sI 18.89 (2.69) 26.22 (2.38)
Asymmetric unit (subunits) 1 2
Rwork

c,d (%) 19.7 20.9
Rfree

c,d (%) 26.9 28.1

Mean B-factors (Å2)
All atoms 48.4 51.8
Protein (main-chain) 47.0 49.5
Protein (side-chain) 50.1 54.6
Water 47.4 48.1
Ligands 42.4 42.8

r.m.s.d. values
Bond lengths (Å) 0.006 0.008
Bond angles (deg.) 1.37 1.37

Figures in parentheses are for outer-shell data.
a 4 mM soak, 24 hours.
b RmergeZSjIobsK hIij=ShIi:
c All atoms, rigid-body refinement only.
d RZShkljFoðhklÞKFcðhklÞj=ShklFoðhklÞ:
is shown in Figure 2a. Figure 2c and d show
STRIDE-delineated, cartoon-format representations
of the open form NAD(d) and closed form NAD/
CBP structures, respectively.
Analysis of overlays of SaDHQS and AnDHQS

shows the general structural organisation to be
similar, with the boundary between the N and
C-terminal domains forming a cleft in the absence
of CBP (Figure 2c). When CBP binds, the cleft closes,
excluding bulk solvent and generating the cataly-
tically competent active site (Figure 2d). The
complexes

III IV V VI

CBP NADC, CBP NADC, CBP
soaka

NADC

Yes Yes Yes No
1 2 2 1
P43 P43 P43 P43

53.29 54.74 55.10 55.62
240.07 231.16 232.32 235.22

B B B B
30.00–2.30
(2.34–2.30)

30.00–2.35
(2.40–2.35)

30.00–2.80
(2.90–2.80)

30.00–3.00
(3.11–3.00)

3.1 (2.7) 3.5 (3.5) 4.8 (3.8) 4.3 (3.8)
97.7 (96.8) 97.6 (97.8) 97.8 (94.2) 98.8 (88.7)
0.044 (0.247) 0.051 (0.235) 0.080 (0.481) 0.086 (0.732)
23.46 (3.69) 20.43 (2.88) 12.85 (1.57) 16.2 (1.22)

2 2 2 2
21.0 21.7 19.7 35.5c

31.3 31.0 26.4 –

61.5 58.2 62.9 –
60.3 57.1 61.0 –
63.7 60.4 65.6 –
52.1 49.9 47.6 –
44.5 50.5 67.1 –

0.008 0.006 0.006 –
1.28 1.38 1.33 –



Figure 2. a, Representative 2FoKFc electron density of the active site of the SaDHQSNAD(d) structure; cf. Nichols et al.9

b, Ribbon-format overlay of SaDHQS structures: NAD(d) (green), NAD/CBP(d) (orange) and NAD/CBP (red),
illustrating the partial relaxation of the C2 sub-domain induced by the crystal dehydration process. c and d,
Combination diagram of transparent SURF-generated molecular surface (1.5 Å probe) and cartoon-format secondary
structure definitions for SaDHQS open form (c) and closed form (d) structures. e, Ribbon-format overlay of SaDHQS
open and closed forms, illustrating HINGEFIND results and SaDHQS domain structure. f, Ribbon-format overlay of
AnDHQS NAD (green) and SaDHQS NAD(d) (purple) structures, illustrating reorientation of helix a8a and truncation of
loops AE2, AE4 and DE4–DE5 in SaDHQS.
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Figure 3. a and b, Distal (a) and proximal (b) views of cartoon-format overlays of AnDHQS NAD/CBP (green) and
SaDHQS NAD/CBP (red) structures, with TADP marked, respectively, as black and violet spheres or bands. c, Ribbon-
format overlay of SaDHQS (red) and AnDHQS (green) active site regions illustrating conservation of active site and
proximal elements. d–f, Cartoon-format overlay of SaDHQS (red) and AnDHQS (green) structures illustrating: d,
splitting of helix a7 in SaDHQS; e, truncation of DE5 and re-orientation of helix a12 in SaDHQS; and f, variation in DE6
secondary structure between SaDHQS and AnDHQS.
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Figure 4 (legend opposite)
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underlying process of rearrangement is also similar
with substrate binding causing induced-fit confor-
mational changes in proximal elements, which
propagate through the structure and cause further
changes in distal elements. The two sets of changes
then act concertedly to initiate an approximately
rigid-body counter-rotation of the two main parent
domains about an axis parallel with the NAD-
binding site, thereby yielding the closed
conformation.

AnDHQS structures partition to two main states:
“open form” (apo, NAD) and the CBP-dependent
“closed form” (CBP, NAD/CBP).9 With SaDHQS
we observe three states, an open form (NAD,
NAD(d)), a closed form (NAD/CBP) and an “inter-
intermediary form” (Figure 2b). In the latter case the
PE3 Lys314 contact detaches from CBP and the
PE3/C2 and PE1 elements relax back away from the
active site to a partially open conformation (CBP(d),
NAD/CBP(d) andNAD/CBPsk(d)). This may be as a
result of the CBP-bound closed form being in a
strained conformation and the partial dehydration
releasing the weakest link (Lys314). Outward
movement of the equivalent AnDHQS residue
(Lys356) was hypothesised to give the final stage
of the domain closure. Inward movement of Lys356
was suggested as the first part of domain opening,
since cleavage of the substrate phosphate releases it
once more. The NAD/CBP(d) complex can be
considered as the final stage intermediate of the
complete domain closure sequence.

In spite of the use of the partial dehydration
process there were some regions where certain
SaDHQS side-chains were not clearly defined in
electron density maps, indicating some inherent
flexibility. As a result, the mean torsional angle
difference (TAD) backgrounds from comparison of
individual pairs of ligand sets are rather high at
5–118. The noise level can, however, be greatly
reduced by generating TAD sets for every available
pair of SaDHQS structures, including between
chains of the same crystal, and cross-averaging
them to create a “composite flexion plot”. This
process then yields data with a substantially
reduced TAD background (2–38), and clear peaks
related to known structural features from compari-
son with AnDHQS (Figure 4a–d), (see also Exper-
imental Procedures, section Model analysis). It was
therefore possible to analyse conformational
changes in SaDHQS on ligand binding with some
degree of confidence.
Comparative analysis of AnDHQS and SaDHQS
structural data

The SaDHQS protein chain is significantly shorter
than that of AnDHQS with 354, rather than 393,
residues. The two species’ primary sequences also
Figure 4. a and c, TAD flexion plots scaled by 2s for SaDH
colour-coded delineations of structural elements with rep
respectively.
show relatively low homology, and an initial BLAST
alignment identifies only a 228 residue overlap
region with 39% sequence identity (Figure 1).
Comparing overlays of the two species’ open and
closed form complexes clearly reveals that the
closed forms overlap well (Figure 3a and b), CA
atom r.m.s.d. 1.1 Å for 292 residue core overlap),
whilst the open ones do not (Figure 2f, CA atom
r.m.s.d. 1.75 Å for 275 residue core overlap). This
is indicative of the fact that the stereo-chemical
mechanism of catalysis is highly conserved between
AnDHQS and SaDHQS, whilst the mechanical basis
of domain closure is not.
For reasons of space, the wealth of data generated

from comparison of the more than 30 available
AnDHQS and SaDHQS structures cannot all be
presented here. The major points can however be
summarised as follows. (1) The closed form active
sites overlay very tightly with substrate contacting
residues showing 100% amino acid identity (Figure
3c). (2) Substrate contacting elements PE1–PE3 are
highly conserved (Figure 3c). (3) Distal elements
DE1 and DE2 exist in both species but show some
alteration in secondary structure and low amino
acid sequence identity (Figure 3a and b). (4) The
putative “springy” loop regions DE3–DE4 and DE5,
which are believed to assist in the reopening of the
active site in AnDHQS, are substantially truncated
in SaDHQS (Figure 2f), with a concomitant re-
orientation of helix a12 bringing it closer to top of
the cleft (Figure 3e). (5) AnDHQS elements AE4 and
AE6 were originally designated thus because
conformational changes could only be clearly
separated from the background in some compari-
sons between open and closed complexes, but not
others. However, with the newer high-resolution
AnDHQS TAD analysis, it can clearly be seen that
both regions undergo torsional changes due to
substrate binding (Figure 4a–d). Additionally, the
TAD peak for AE6 also exists in the SaDHQS flexion
plot, the region of the C domain lying between
helices a6, a8a and a10 is thus re-designated as DE6
and the two loops lDE6A and lDE6B, which link
helices a7 and a10 to a8 and a11, respectively, are
designated as DE6A and DE6B, as they show
conformational changes associated with those of
DE6, but their TADP are at different locations in the
flexion plots (Figure 4a–d). (6) The secondary
structure is largely conserved between AnDHQS
and SaDHQS, with just the following three changes
going fromAnDHQS to SaDHQS. Firstly, the loosely
helical AnDHQS region a4a is deleted from the
SaDHQS sequence; secondly, helix a7 has split into
two short helices, designated a7 and a7a, with a
flexible linking loop region, designated la7 (Figure
3d); and thirdly, the consecutive b-strand regions
b10–b11 and b12–b13 each become conjoined to
single elongated b-strand regions (b10L and b12L,
QS and AnDHQS, respectively. b and d, Cartoon-format
resentative TADP marked for SaDHQS and AnDHQS,
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respectively; Figure 3f). The difference in chain
length is thus largely attributable to the major
truncation of loop regions AE2, AE4 and DE4–DE5
(Figure 2f). (7) In all SaDHQS open form crystal
structures, direct contacts are retained between the
N and C faces of the active site cleft, even in the
open form, thereby constraining the maximal angle
of hinge opening to w88 rather than the larger 11–
138 seen with AnDHQS (Figure 2f). (8) The hinge
axis still lies approximately parallel with the NAD-
binding groove, but has translocated 2–3 Å towards
the C face of the cleft, and now passes through helix
a8a adjacent to helix a7 rather than a8 as it does
with AnDHQS. (9) The C-domain is more flexible
with SaDHQS and a section of it, denoted C2, curls
over the rest rotating towards PE1 during domain
closure (Figure 2e).

Of the above observations, the most important for
understanding the underlying reasons why the
DHQS distal elements and domain closure
mechanisms show such variation for the two
species, whilst the active sites and proximal
elements are conserved, is that regarding the
retention of contact between domain faces in
SaDHQS’ open form. (1) It reduces the maximal
angle of domain opening, thereby substantially
affecting the nature of substrate binding and the
initiation of domain closure. (2) Combined with the
re-orientation of helix a12 (Figure 3e) and changes
to the structure of DE1–DE3, it changes the linkages
between structural elements and thus affects the
propagation of strain through the protein structure
and the possible mechanics of domain closure. (3) It
creates an anchor point between PE1/DE2 of the N
face and PE3 of the C face. Thus, as their respective
parent domains rotate away from one another
during domain opening these elements are ten-
sioned by the retained contacts. Therefore, since
these elements are also inherently flexible and their
basal contact-points, within their respective rigid
domain cores, are distributed asymmetrically with
respect to these contacts across the cleft, the
tensions generated by the re-opening of the active
site also cause them to undergo an additional
rotation relative to one another about an axis
approximately orthogonal to that of the main
rigid-body motion. As a result, SaDHQS hinge
opening twists and stretches PE1, PE3 and helix
a13, reducing their level of order, directly affecting
the antiparallel b-sheet portion of PE1 (b7–b8) and
indirectly affecting the antiparallel b-sheet portion
of DE6, which is continuous to the C-terminal end
of PE3 (b10L–b12L). In both cases this causes the
associated open form regions to show a reduction in
apparent secondary structure (Figure 2c and d).

As a final point, it is worth noting that throughout
our analysis of SaDHQS, it is assumed that the
retention of contacts between the N and C faces, in
the crystal structure of the SaDHQS open form, is
truly representative of the majority conformation in
solution. This is obviously a difficult assumption to
test and it might be argued that crystallisation
samples one of a number of different open
conformations in one DHQS, and a different one
in the other. However, despite crystallising in many
different forms, with very different crystal contacts,
all AnDHQS open form structures overlay very
well. Added to this, as is demonstrated by our
analysis, detailed comparison of the two species’
DHQS structures allows one to explain almost all of
the observed structural differences as directly
resulting from the effects of retained contacts in
the open form of SaDHQS. It therefore seems most
likely that the conformations observed do, indeed,
each represent the majority conformation in
solution for their respective species.

Substrate binding and active site differences

Since the angle of domain movement in SaDHQS
is significantly smaller than that observed with
AnDHQS, C-face and N-face substrate binding
residues are, in the open form, mostly still very
close to their closed form positions. As such, the
SaDHQS open-form active site has a smaller more
tightly defined pocket than that of AnDHQS. It is
therefore most likely that the substrate DHAP, or
substrate analogue CBP, would interact with both
faces simultaneously as they first diffuse into the
active site. Also, despite the low overall amino acid
sequence identity, there is a 100% identity between
substrate-contacting residues, with the atoms
making contact showing no greater than 0.2 Å
separation between SaDHQS and AnDHQS
closed-form overlap positions. The active site
stereochemical environment created by the tran-
sition to the closed form is thus essentially identical
between the two species. It would therefore seem
that the structural requirements for effective
catalysis are very tightly defined, with a high
probability that DHQSs from all species will thus
also show structural conservation of their active
sites.

Initiation of domain closure

The motive force driving substrate-induced con-
formational change is generated by an attraction
between the substrate and the adjacent residues of
the active site. As substrate binds, the attraction
induces local conformational changes, pulling the
residues into their closed-form positions and
generating torsional stresses within the adjacent
protein chain. Stresses then propagate through the
structure, causing additional alterations of state at
distal sites. The two sets of changes then act
concertedly to close the active site cleft. PE3 relaxes
further than the other proximal elements in the
open form and the evidence suggests that its inward
rotation is the final stage of completing the active
site with conformational changes propagating to it,
and affecting it, after the initial binding. Thus,
domain closure initiation is largely a function of
induced fit conformational changes in PE1 and PE2.
Considering the two elements together, both have
100% amino acid sequence identity with AnDHQS
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for their respective contact residues, and Ca traces
of closed-form structures overlay almost perfectly
(Figure 3(c)). PE1 and PE2 also have the same
separation distances between their pairs of contacts
with substrate. A pattern of torsional stresses
similar to those generated between the AnDHQS
residue pairs Lys152/Asn162 and Arg264/Asn268
would therefore also be expected to be generated
between the equivalent SaDHQS pairs Lys136/
Asn146 and Arg235/Asn239. The first stage of
domain closure initiation is thus likely to be very
similar between the two species.

Propagation of conformational changes

Distal elements can be divided into two classes,
primary DEs, which contact the PE sections that
actually move to make contact with the substrate:
DE1, DE2 and DE6 (Figures 3a and b, and 4b and d)
and secondary DEs which are located further away
from the active site. The latter show conformational
changes mediated either by the pivoting of a linking
SSE: DE3, DE4 and DE5 (Figures 3a and b, and 4b
and d), or by the movement of a primary DE to
which they are attached: DE6A, DE6B (Figure 4b
and d). Considering the primary DEs first, equiv-
alent structures must exist in both AnDHQS and
SaDHQS as the associated PEs undergo non-rigid
body motion relative to the rest of their parent
domains. As a result, the attached SSEs are
necessarily tensioned, engendering a correspond-
ing conformational change irrespective of their
actual type/structure. Thus, corresponding TAD
peaks can always be delineated for the equivalent
sections of the two enzymes’ flexion plots even for
DE6, despite the actual structures being very
different (Figure 4a and c). By contrast, AnDHQS
secondary DE structures show TAD peaks because
torsional stresses are able to propagate to them
through extended systems, in counterpoint to one
another, thereby creating a tensioned system. Such
tensioning is likely to exert a restoring force to
reopen the pocket at the completion of the reaction
cycle. As such, they are entirely dependent on the
form of linkages between elements and the way in
which this affects the localisation of strain induced
by substrate binding. Thus, since this pattern is
radically altered by the retention of upper cleft N
and C face contacts in the SaDHQS open-form
structure, and alterations to the structure of DE1,
DE2 and DE6, most of the domain closure
associated tensioning now localises to the PE1/
DE2 versus PE3/C2 counter-rotating system, rather
than the smaller SaDHQS sections equivalent to
DE3–DE5. TADP are therefore only discernible for
these elements in AnDHQS and not SaDHQS
(Figure 4a and c).

Comparison of overall hinge motions

With AnDHQS, HINGEFIND14 identifies a two-
point hinge axis with an effective rotation arc of
11–138 approximately parallel with the NAD
binding site/helix a8 and passing through Met144
in the DI region (HP1AnDHQS) and Leu183
(HP2AnDHQS) of la5a at the distal end of the pocket.
This analysis also showed that the domain structure
was relatively simple, with HP2AnDHQS marking the
boundary between the N and C-terminal domains.
Thus, given that CBP binds to the C face of the
pocket first, the major rigid-body motion is a simple
rotation of the N domain towards the C domain.
Single-domain Ca-trace overlays also revealed that
PE1-3 undergo additional non-rigid body “over-
bending” towards the bound substrate to yield the
final closed conformation. The tension generated in
PE2 by such movement thus causes the “transfer
helix” a8 to pivot about Lys250, transferring
conformational change to lDE4 at the distal end of
the pocket, which is itself cross-linked to
HP2AnDHQS. Given that open-form structures show
very little difference in the angle of opening, it was
thus postulated that, in the absence of bound
substrate, cross-linking between lDE4, a8, la5a and
a5a holds the hinge open. The PE2 change induced
movement of a8 then released this constraint and
the hinge is able to close.
With SaDHQS, the situation is very different. The

N and C domains do not fully detach in the open
form, remaining connected at the top of the cleft.
Domain opening therefore strains retained N and C
face contacts, generating an additional set of tension
vectors between contacting elements. This strain is
then accommodated partly by local distortion,
giving rise to TADP for DE2, PE1 and PE3
(Figure 4a and b) and, in the case of PE1 and PE3,
also partly by movement relative to adjacent
structural elements, as they counter-rotate opening
out the active site (Figure 2e). The sub-domain
structure is therefore also affected and four regions
are now delineated: (1) N1, the main N-terminal
rigid-body domain; (2) N2, the extended PE1
element, running from the active site to the distal
hinge point, which shows TADP at either end as it
undergoes an additional rotation into the active site
in response to substrate binding (PE1A-B, Figure 4a
and b); (3) C1, the main C-terminal rigid-body
domain, which rotates towards the N-terminal
domain about the axis shown in Figure 2e, giving
rise to TADP at the relative hinge-points (HP1-2,
Figure 4a and b) and (4) C2, the PE3-containing sub-
domain, which curls over the surface of C2, but is
constrained by linkages to PE1 causing it to
undergo an additional rotation around the fixed
axis generated by the retention of contact with PE1,
hence giving rise to flexion TADP at the distal sites
marked C2A, C2B and C2C (Figures 2e and 4a and
b). This probably also explains the splitting of helix
a7, allowing better accommodation of the stresses
thus engendered in the distal region connected to
the C2 sub-domain.
With quantitative HINGEFIND analysis, care had

to be taken in the selection of partition values, but
by keeping them relatively high a two-domain
single-axis result was obtained, indicating the gross
hinge movement is of significantly greater
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magnitude than the smaller changes in orientation
between the sub-domains. At first glance, the
results of this two-domain analysis also appear
similar to those of AnDHQS, with a hinge axis
running approximately parallel with the NAD-
binding site (Figure 2e). However, the effective arc
of rotation between domains with SaDHQS is only
about 88, as compared to 11–138with AnDHQS. The
axis has shifted substantially across the pocket
towards the C face, with concomitant changes in
overall domain structure (helix a7a and a8 (residues
199–229) now falling within the N-terminal rather
than C-terminal domain). Additionally, the axis
now passes through the protein chain at three
points rather than two. (1) At the proximal end of
the cleft the axis passes through helix a8a, which
undergoes direct conformational change when
substrate binds such that the HP2 and PE2 TADP
co-locate in SaDHQS’s flexion plot (Figure 4a).
(2) At the distal end of the cleft the axis passes
through the C-terminal end of helix a7a, giving rise
to TADP in the composite flexion plot (HP1, Figure
4a). (3) In the middle of the cleft the axis passes
through the centre of helix a6, but a6 is almost
orthogonal to the axis, and the corresponding TADP
occur at the end of the helix where it connects to
helix a8a and DE6 (DE6A, Figure 4a and b), not
where the axis passes through a6. Such features
therefore indicate that this region forms a central
pivot, about which a6 rotates during domain
closure, rather than a true hinge-point.
Evolutionary differences between prokaryotic
and eukaryotic DHQS and significance for drug
design

Overall then, we see that both AnDHQS and
SaDHQS undergo domain closure and have
evolved highly complex mechanical systems to
facilitate the rearrangements involved. The two
systems are also similar, in that the closed form
represents a strained conformation with both the
bound substrate and protein structural elements
being under tension. In the former case, the patterns
of tension are the same between the two species,
lending additional weight to the hypothesis that the
application of these mechanical tensions to the
bound substrate may actually increase turnover
rates by directly lowering the energy required for
bond cleavage. In the latter case, however, whilst
the restoring forces from PE1 and PE2 will be
similar, those associated with other elements will
not. The counter-rotation of PE1/DE2 and PE3/C2
proximal to the active site probably exerts a
restoring force in SaDHQS, but not in AnDHQS.
Conversely, the tensioning of DE3–DE5 will create a
restoring force in AnDHQS, but not in SaDHQS.
Such differences in mechanical control of hinge
operation arise naturally from the retention of N
and C face contacts in the SaDHQS open form,
which changes the way strain can propagate
through the protein structure. Thus, the point of
evolutionary divergence from their common
ancestor was probably either mutation preventing
separation, as in SaDHQS, or mutation allowing
separation, as in AnDHQS, with the two species
then evolving divergent systems to optimise their
function. Obviously it is possible that this rep-
resents a random phenomenon with no particular
advantage, or disadvantage, being derived from the
differences in mechanical systems. However, if we
consider the following observations, an alternative
hypothesis presents itself. Firstly, if we examine the
potential effect of mutations on the functioning of
the two species’ mechanical elements, the AnDHQS
DE3–DE5 elements are further away from the point
where conformational change is initiated and
propagation must therefore occur over significantly
greater distances. This greater separation might
therefore be expected to have been selected against
by genetic drift, as mutations preventing effective
domain closure would cripple the resultant pro-
geny and, due to the increased separation, there are
simply more vulnerable residues in the AnDHQS
structure than in that of SaDHQS. Such selection has
obviously not occurred, as all three elements are at
the extremes of spatial separation from the sub-
strate-binding site, suggesting that an additional
selective pressure has operated to cause the changes
in organisation, leading to these distal elements
moving further away from the active site, and the
active site opening out to a far greater degree.

Secondly, in A. nidulans, fivefold gene fusion13

has led to DHQS becoming one part of the penta-
domain AROM complex rather than a stand-alone
enzyme as it is in S. aureus and, since the active site
of DHQS is only complete as a dimer, it must also be
dimerised within the active AROM complex.15 In its
native state, AnDHQS therefore probably has
numerous contacts to other domains of AROM,
which will naturally affect both the form of
conformational changes that can possibly be
accommodated and the way in which these changes
can then propagate through AnDHQS’s structure.
As such, it is a reasonable hypothesis that the
observed structural and functional differences
between AnDHQS and SaDHQS have arisen, and
been maintained, as a result of AnDHQS evolving
interactions with other portions of AROM in a way
that SaDHQS does not interact with the equivalent
stand-alone shikimate pathway enzymes. It is
obviously difficult to be certain of the consequences
of these interactions without a solved structure of
the full AROM complex but certain possibilities do
suggest themselves in the light of these and other
data.

Firstly, if we consider the metabolic flux analysis
experiments conducted with A. nidulans AROM,16

they show that there is a channelling effect but that
the flow of material through the AROM complex is
generally leaky as an up-regulation of catabolic
dehydroshikimate dehydratase can siphon DHQ
from the pathway. Thus, in the converse case where
suitable metabolites are available to the host, DHQ
produced as part of the quinate pathway would
also be expected to be able to diffuse into the AROM
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complex. There is therefore a need for the cell to
prevent substantial quantities of this material
flowing through the remainder of the shikimate,
rather than quinate, pathway and the mechanical
interlinking of different domains such that their
cycling is co-dependent would provide a very
elegant solution. In this context, it is also interesting
to note that EPSPS (the adjacent enzyme by primary
sequence, which also forms a sub-domain with
DHQS in the A. nidulans AROM complex,15 and
DHQase,17 both also show substrate-induced con-
formational changes. DHQase and EPSPS are there-
fore both potential candidates for a “see-saw”
interaction with DHQS. In the former case, this
would affect the flux through DHQase directly, by
reducing its turnover rate unless DHQS was also
cycling. In the latter case the effect would be similar,
but achieved more indirectly, as retardation of
EPSPS would lead to an accumulation of earlier
metabolites and hence also retardation of the
shikimate pathway enzymes intermediary to
DHQS and EPSPS.

Secondly, although the flow of material through
AROM was found to be generally leaky, substrate
channelling was demonstrated at a level that it is
believed would be physiologically significant in
times of poor nutrient and oxygen supply.16 Thus,
the differences in structure might also reflect the
evolution of this channelling effect with the positive
benefit of increased metabolic control in times of
stress providing a selective pressure to drive their
evolutionary divergence.

The implications of this comparison, of AnDHQS
and SaDHQS, for drug design are also significant.
Any drug designed to bind at the distal end of the
pocket, or that works by interrupting the propa-
gation of conformational change would be unlikely
to have broad-spectrum activity, as these regions
are highly divergent between AnDHQS and
SaDHQS. Conversely, any drug binding in the
proximal portion of the active site might be
expected to have broad-spectrum activity.
Additionally, if the hypothesis regarding the inter-
linking of turnover of separate domains of AROM
by contacts between their respective elements that
undergo conformational change is correct, then
combination therapies attacking both AROM
targets simultaneously might not be substantially
more effective than single therapy, as their binding
might thus be mutually exclusive.

As can be seen across the preceding analysis,
despite the mediocre quality of the initial crystals of
SaDHQS, a great deal of useful structural infor-
mation could still be obtained. The technique of
post crystal growth dehydration to substantially
improve data quality has again shown its general
utility, as with our earlier studies,18,19 to aid
effective generation of structural data. The use of
multiply averaged TAD flexion plots, as a guide to
delineation of structural elements, was critical to
the success of the structural analyses reported here
and follows similar lines to our earlier analyses of
AnDHQS alone9 and E. coli aspartate b-
semialdehyde dehydrogenase.18 It can therefore be
seen that this kind of detailed TAD analysis
provides an extremely powerful tool for elucidating
the often complex interplay of structural elements
that occur during the cycles of domain movement
concomitant to an enzyme catalytic cycle.
Experimental Procedures

Cloning and protein purification

The S. aureus DHQS coding sequence was PCR
amplified and sub-cloned into the E. coli expression
vector pET3d to yield the recombinant plasmid
pMUT27, which was transformed into the E. coli
expression strain BL21 DE3 pLysS. Transformants
were selected using ampicillin. For large-scale
expression, cultures were grown in Luria broth at
37 8C and induced with IPTG for five hours. Cells
were harvested by centrifugation, resuspended in
phosphate (pH 7.0), 1 mM DTT, 10 mM ZnSO4,
1 mM benzamidine and sonicated with cell debris
removed by centrifugation. All subsequent steps
were carried out at 4 8C. The protein was purified
by Q-Sepharose column chromatography,
ammonium sulphate fractionation between 30%
and 55% saturation, followed by Sephacryl S-300
gel-filtration and separation on hydroxyapatite
columns. Active fractions in the eluate were
analysed by SDS-PAGE using a 10% (w/v) separ-
ating gel, and suitable fractions pooled.

Crystallisation and post-growth processing

For all SaDHQS crystallisations, aliquots were
concentrated and buffer-exchanged into 10 mM Tris
(pH 7.4), 40 mM KCl using Vivascience Vivaspin2
concentrators with polyethersulphone membranes.
Enzyme was filtered through AmershamNAPTM 25
columns, re-concentrated to 40 mg mlK1, flash-
frozen and stored at K80 8C. For some experiments
involving CBP-only co-crystallisation, residual co-
purified NAD levels were reduced by incubating
SaDHQS at 0.5 mg mlK1 for 12 hours with 1 mM
ADP, 20% (v/v) glycerol, 0.1 M Tris (pH 7.4),
250 mM KCl, followed by buffer exchange to
remove salts, glycerol and nucleotides.
For crystallisation trials, sparse matrix and Grid

screening kits were used, i.e. Crystal Screen I,
Crystal Screen II, Crystal Screen Cryo, PEG/Ion,
Natrix, MembFac, PEG/LiCl Grid, NaCl Grid,
PEG6000 Grid and A/S Grid (Hampton Research
Corporation), with SaDHQS at 20–40 mg mlK1, a
1 : 1 mixing ratio and 6 ml total initial droplet size.
Sitting-drop, vapour-diffusion crystallisations were
set up at 277 K utilising microbridges.20 Optimis-
ation of hits used finer intervals of pH/precipitant
concentration and the introduction of additives.
With the exception of the single MPD-derived

crystal used in dataset I, all SaDHQS crystals used
were grown from 7–18% PEG3350, 0.2 M KCl or
K2SO4 and 0.1 M Hepes or Tris at pH 7–8. After
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initial growth, crystals were partially dehydrated
by transfer to their well solution, followed by
successive washes with increasing DMSO and
ethylene glycol (final concentrations being 15–30%
DMSO and 7.5–15% ethylene glycol). This protocol
improved diffraction limits and scaling statistics.
Datasets were collected in-house using a Mar345
image plate system on a Rigaku generator equipped
with a Cu anode and Osmic multilayer optics to
give Ka radiation (lZ1.5418 Å) and at ESRF:
beamline ID14EH4 (lZ0.9333 Å), in all cases at
100 K.

Data processing, molecular replacement and
model refinement

Indexing, integration and merging of data images
used DENZO and SCALEPACK.21,22 In some
instances datasets collected from more than one
crystal of a particular complex were merged to
improve data quality. Rotation function and trans-
lation searches together with rigid-body refinement
were carried out using CNS.23–25 Molecular replace-
ment solutions were checked using O.26 Residues
70–330 of AnDHQS (pdb 1NR5) were used as the
search model for rotation function searches with
dataset I. CNS was also used for further refinement
of models using positional, B-factor and simulated
annealing refinement and initial water picking.
Manual model rebuilding was carried out using
O. The overall scheme of structure solution was:
two to four rounds of rigid-body refinement with
increasing resolution range and subdivision into
smaller fragments, followed by positional refine-
ment; B-factor refinement; simulated annealing;
fitting of ligands and 6–12 rounds of rebuilding in
O, alternated with positional and B-factor refine-
ment. Dataset III was solved using the structure
determined from dataset I. Datasets IV and V were
similarly solved using the structure determined
from dataset III. Auto-indexing with DENZO
indicated tetragonal symmetry for all SaDHQS
crystals. The initial dataset (dataset I) was solved
and refined satisfactorily as P43212. However, some
later datasets showed the presence of h00 reflections
with odd indices, indicative of a lower-symmetry
space group. Each dataset was then processed in the
various space group options from P1 to P43212 and
the separation of R-factors and quality of final
model geometry assessed for each, leading to the
assignment of form A as P43212 and form B as P43.

Model analysis

A full analysis of the SaDHQS domain closure
mechanism required careful comparison with data
from AnDHQS, using a combination of data from
several sources. (1) Model fitness was evaluated
during rebuilding using PROCHECK,27 r.m.s.d.
variation between structures was evaluated with
the program TOP3D28 and EDPDB was used to
evaluate mean B-factors.29 (2) The VMD STRIDE30

plugin was used to delineate SSEs for both proteins
and the results visualised in VMD for comparison.31

Where possible, SaDHQS b-strands and aa-helices
were given the same designations as in AnDHQS.
Cartoon-format representations of open and closed
form SaDHQS Ca-traces, showing SSE designations
together with their “all-atom” SURF plots are
shown in Figure 1d and e, respectively. (3) TOP3D
was also used extensively to align different struc-
tures with different ligand sets from both proteins
and the resultant overlays analysed visually using
VMD and O. (4) Ca torsion angles (TAs) for each
residue i, defined as the dihedral angle
CaðiK1ÞKCaðiÞKCaðiC1ÞKCaðiC2Þ, were calcu-
lated as described by Flocco & Mowbray.32 Using
programs supplied by the authors, TAD sets were
then calculated for every available pair of chain
comparisons, including those within the same
crystal, with the following direction of comparison
to prevent cancellation of domain movement-
related TAD peaks: NAD/CBP/NAD/CBP(d)/
CBP soak of NAD(d)/CBP(d)/NAD(d), (the first
structure in the list was used as the reference, the
second as the comparative and final mean TAD
values for each set ranged from 5–118). All TAD sets
were then averaged together to obtain a composite
flexion plot, flattening lattice strain-induced dis-
tortions of normally rigid sections, variations due to
inherent flexibility and positional uncertainties
(final mean TAD for composite flexion plotZ
2.138). The same general approach was also applied
to the AnDHQS TAD data to facilitate direct
comparison and, since the full set of TADP for all
AnDHQS comparisons was already known, to test
the concept that all flexion points should be visible
in a single plot of this kind. Additional flattening
was seen for the inclusion of TADs from the
comparison of chains within the same crystal in
Figure 3c but here, the higher resolution, lower
overall flexibility and greater magnitude of change
gives a much better signal-to-noise ratio anyway
and the TADP are completely interpretable, even for
single-chain comparisons. (5) Quantitative assess-
ment of the effective arcs of rotation and hinge-axis
points in SaDHQS’s substrate binding-induced
domain closure was carried out with the TCL script
HINGEFIND (final statistics presented are
calculated with a partition valueZ1.0 and
max_domainsZ2, where partition value is a user-
determined variable controlling the allowed level of
deviation of an individual residue’s arc of move-
ment from that calculated for the bulk domain,
before it is no longer counted as being part of that
bulk domain), run and visualised with the graphics
package VMD.31 (6) Crystal contacts were identified
with the program contacts, cluster groupings
evaluated with the program cluster, (kindly sup-
plied by R. Esnouf), and visualised with VMD.
(7) Solvent-accessible surfaces were calculated with
the SURF33 plugin and also visualised in VMD.

With the exception of Figures 1 and 2a (screen-
shots from NCBI blast-p alignment, and O,
respectively), and 4a and c (graph outputs from
EXCEL), all other Figures feature modified VMD
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screenshots. All final Figures were arranged using
Corel Graphics Suite 11.
Protein Data Bank accession codes

Coordinates for crystals I to V have been
deposited with the RCSB Protein Data Bank under
accession codes 1XAG, 1XAH, 1XAI, 1XAJ and
1XAL, respectively.
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