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Crystal Structures of Helicobacter pyloriType Il Dehydroquinase Inhibitor Complexes: New
Directions for Inhibitor Design
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The crystal structures of the type Il dehydroquinase (DHQase) fiefitobacter pyloriin complex with

three competitive inhibitors have been determined. The inhibitors are the substrate analogue 2,3-
anhydroquinate (FAL), citrate, and an oxoxanthene sulfonamide derivative (AH9095). Despite the very
different chemical nature of the inhibitors, in each case the primary point of interaction with the enzyme is

via the residues that bind the C1 functionalities of the substrate, 3-dehydroquinate, i.e., N76, H102, 1103,
and H104. The DHQase/AH9095 complex crystal structure shows that sulfonamides can form a scaffold
for nonsubstrate-like inhibitors and identifies a large conserved hydrophobic patch at the entrance to the
active site as a locus that can be exploited in the development of new ligands.

Introduction Scheme 1Reaction Catalyzed by Type Il Dehydroquinase

. . Together with the Structures dfthe Transition State Analogue
The enzyme 3-dehydroquinate dehydratase (dehydroqu'nasez,3-Anhydroquinic Acid (FAL1), Citrate @), and

DHQase; EC 4.2.1.10) catalyses the reversible dehydration OfN-Tetrazo|-5-y|-9-0x0-9|-xanthene-2-suIfonamide (AH9098)
3-dehydroquinate to form 3-dehydroshikimate (Scheme 1), a gentified from Compound Library Screening
reaction common to the biosynthetic shikimate pathway and the

catabolic quinate pathway. The shikimate (pre-chorismate) HO, CO2 7%
pathway presents an ideal target for the development of novel Q DHQase b\
antimicrobial agents, as it is present in bacteria, fungi, plants, 0P ~"Yoq -H0 07 ™" “OH
and apicomplexan parasites but not present in maminalkhe OH OH
importance of the pathway in bacteria is highlighted by the use 3-Dehydroquinate 3-Dehydroshikimate
of disruption mutants of typicallaroA (EPSP synthase) and

aroD (type | dehydroquinase) (produced in the presence of )

suitable media supplements) as attenuated live vaccines in a HO, SO, HO COy
number of pathogenic bacteria suchBagmonella typhimuriufn C\ g

and Bacillus anthraci$® The attenuation of the bacteria is ~"“OH €O, COy
thought to be the result of depletion of folic acid of which the OH

p-aminobenzoic acid (PABA) is derived from the shikimate 2 3-anhydro Citrate
pathway. Disruption ofaroQ (type Il dehydroquinase) in quinic acid (FA1)

Corynebacterium pseudotuberculosigass more problematic,

showing reduced growtim vitro (in complex media) and loss o] 0.0 N,'N\\N

of virulence® However, in Mycobacterium tuberculosighe “S’W ‘@N'
construction of viablero gene disruption mutants has proved O O H

to be unsuccessful and has been attributed in part to the slow 0

growth of mycobacteria. Recently, Parish and Stoker have AHS095

successfully disruptedroK, the gene for shikimate kinase, and

shown it to be essential for viability of the organism, even in to that of triose phosphate isomerase. The reaction catalyzed
the presence of media supplemehi&hey propose, therefore, by the type | enzyme is synelimination of water, proceeding
that the shikimate pathway is essential for the viabilityMdf ~ Vvia an imine (Schiff base) intermediate, formed with a lysine
tuberculosis. residue within the active sitg.

Two structurally and mechanistically distinct forms of de- ~ The monomers of the type Il enzymes are smaller (ap-
hydroquinase, the third enzyme in the shikimate pathway, have proximately 16 kDa) and possess a flavodoxin-like fold; the
been characterizet1 This presents a significant opportunity ~€nzymes are active as dodecamers. The type Il reaction has been
for the development of selective antimicrobials. The type | Shown to proceed via an enol/enolate intermediate, resulting in
enzymes are typically of monomer mas&5 kDa and active anti elimination of wate? Type | enzymes are found in plants,
as homodimers, each monomer possessinghsg(fold similar fungi, archaea, and bacteria exclusively associated with the
shikimate pathway, while the type Il enzymes operate in both
* To whom correspondence should be addressed. Tel.: 0141-330-5940.the shikimate pathway and the catabolic quinate pathway and
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acid (FA1, Scheme 1) was identified as a generic inhibitor of =~ Table 1. Crystallographic Data and Refinement Statistics

type Il DHQase, whereas the ligand 3-dehydroquirtatedme Details of Data Collection

showed selectivity between type Il DHQases from different data set AH9095 FA1 citrafte

species. Both inhibitors showed low micromolar inhibition of ~wavelength (&) 0.870 1.00 1.00

the type Il enzymes while they were millimolar inhibitors of Eﬁﬁcc‘zﬁ]g’i;pensions A szb: . Z?i b= 108.9c= 2‘2‘12: o

the type | enzyme. 131.37 2175 98.9
Crystal structures of several type Il inhibitors complexes with resolution range (&) 50615  46.5-3.1 44.2-25

DHQases have been elucidated frétneptomyces coelicol§rt” observations 334701 145 663 239 220

andM. tuberculosigunpublished PDB codes 1HOR and 1HOS). (%‘?Ourﬁggtlgﬁgggs 2170802 g%im 2(1)36

The active site of th&. coelicolorDHQase in complex with Rmergd (%) 4.4 92 8.6

included both an ordered glycerol and tartrate molecule derived

from the crystallization conditions (PDB code 1GU1). This Refinement Statistics

; X L : .2 resolution range (A) 300155 25.6-3.1 30.0-2.5
structure, and in part_lcul_a_r the glycerol binding site, which is g factop (Ryon/Rree) 15.6/19.3  20.7/23.7 17.00/21.16
3.7 A away from the inhibitor, has been the focus of attempts number of atonfs 1165/40/177 14224/144] 1227/13/40
to combine these two ligand binding sites and therefore enhancerms Eong lenglthddeviation(g&) ) 0.014 0.024 0.027

inhibiti i _ ; rms bond angle deviation (deg) 1.56 2.07 2.24
the inhibition of a series of second generatlo'n cpmpod?téﬁ. meanB factor (Ay ailoras 617601 1/23/95/38
To further understand the extent of the binding pocket for cogrdinate error ) 0.0929 0.5105 0.2847

design of tyﬁe Il DHQa}se'; ||Ijh|kﬂtors, weI h_a\|/_(|e turlne__d our Rooge— 511 — D5 00° R factor= 5 |Fo — Fol/3Fo. © Number of
attention to t € enzyme romme 'CF’ acter py _0”' - pyloris atoms of protein, heteroatoms and water molecules, respectiidigan

a slow-growing bacterium found in the gastric mucous layer or B factor for protein, inhibitor and water atoms, respectiveigalculated
attached to the epithelial lining of the stomach. The bacterium using the method of Cruickshark. Statistics from ref 21; structure factors
has been shown to be the causative agent of more than 90% ofrom PDB entry 1J2Y.

duodenal ulcers and up to 80% of gastric ulcers. A crystal

. Table 2. Inhibition of Type Il Dehydroquinases by Different Ligarids
structure of the type Il DHQase fromd. pylori has recently

been reported (PDB code 1J2¥¥howing the enzyme to have DHOase (ub) ( m2M) (uﬁ/l) pr(‘fns,\ﬁ)r},ate
the same folded structure as the previously described type Il .
H. pylori 370£50 25+0.2 20+3 9+ 0.6

enzymes. Dlslrupuon of dehydroqumaseHn pylprl results in S coslicolor 30+ 10F 73409 230425 7106
severely impaired growth even in complex media (C. L. Clayton, 1 wuberculosis 200+ 266 d e complex pattern

personal communication). A —
. e . . The values shown are th&:; values for the three inhibitors that show
Type Il dehydroquinase inhibitors might have potential use competitive inhibition with respect to the substrate, 3-dehydroquinate. The
as novel antibiotics for human therapy, as they would be kinetic parameters for the three enzymes are as follawispylori, kea =
expected to have a restricted spectrum of antimicrobial activity 1 s*andKm = 2054M; S. coelicolor keat = 125 s+ andKm = 100uM;
to those human pathogens expressing the type Il enzyme suctfndM. tuberculosiskea =5 s * andKp = 24uM, as reported in Evans et

H lori andM. tub losis A high-th hout f al23 b Data from Evans et & ¢ Data from Frederickson et &. 9 <10%
asH. pylori andM. tuberculosis A high-throughput SCreen of - ippinition observed upon addition of 20 mM ligand, at a substrate

some 150 000 compounds against purified recombinant type Il concentration of 20@M. ¢ <10% inhibition observed upon addition of 200
dehydroquinase fromil. pylori expressed irEscherichia coli uM ligand, at a substrate concentration of 2a4.

was used as a starting point to identify novel type Il dehydro-

quinase inhibitors. This provided approximately 100 chemical coelicolorDHQase over th#/. tuberculosieenzyme Kg, values
inhibitors giving more than 50% inhibition oH. pylori of 30 uM and 200uM respectively). In the case ¢i. pylori
dehydroquinase enzyme activity at a concentration oftg0 DHQase, FA1 was found to act as a competitive inhibitor with
mL and with little or no structural similarity to substrate. aKg of 370uM. Compound? inhibited bothS. coelicolorand
Surprisingly, none of these compounds had equivalent activity H. pylori DHQases, albeit with relatively low affinity (thi€g,
against the recombinant type Il dehydroquinase frivin values were 7.3 and 2.5 mM, respectivelly). tuberculosis
tuberculosis Furthermore, none of these compounds had potent DHQase was not significantly inhibited by compoudwith
antimicrobial activity. We report here the crystal structure of less than 10% inhibition in the presence of 20 n#vat a
one of these compoundsl-tetrazol-5-yl-9-oxo-8i-xanthene- substrate concentration of 2@®. Compound3 shows strong
2-sulfonamide (AH9095) (Scheme B)in complex with H. inhibition of H. pylori DHQase Kg = 20 uM), whereas against
pylori DHQase to 1.5 A resolution. This structure shows how S. coelicolorDHQase the inhibition is an order of magnitude
sulfonamides can inhibit DHQases and identifies new regions weaker Kg; = 230 uM). This compound shows negligible
of the active site that could be exploited in inhibitor design. In inhibition of M. tuberculosisDHQase; thus, at a substrate
addition, we have solved the crystal structure of the type Il concentration of 20@M, there was less than 10% inhibition in
DHQase fromH. pylori in complex with1 and reinterpreted  the presence of 200M inhibitor.

the structure 1J2Y, identifying the ligand as citr@eCom- Whole Cell Inhibition Studies. The Asos measurements for
parison of the inhibition oH. pylori, S. coelicoloy and M. native E. coli, the control growth experiments with minimal
tuberculosistype |l DHQases by the three ligands is reported e qia and minimal media supplemented with 1 mM shikimate,
and the structural basis of ligand specificity discussed. showed equivalent values, which were used as the reference
level of growth. The correspondindsgs measurements fdE.
coli strain AB2848 (-DHQase) withH. pylori DHQase-
Kinetic Analysis. The effects of the inhibitoré—3 on type containing plasmid (petl19) showed a 20% decrease in absor-
Il DHQases are summarized in Table 2. All three ligands bance with 5Q:g/mL (0.145 mM) AH9095 compared to 100%
showed competitive inhibition toward the type Il DHQases from of the reference level obtained when supplementing the media
S. coelicolorandH. pylori. The inhibition ofS. coelicolorand with shikimate. Of 30 compounds screened in this way, 17
M. tuberculosisDHQase byl has been characterized previ- showed some level of selective growth impairment, which could
ously!3 with the ligand showing 7-fold selectivity towar§. be removed by supplementing the media with shikimate. The

Results
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A son with the structure reported by Lee et?dlhoth Ry and

Riee have been improved by 4.8% and 6%, respectively, while

in the refinement reported here all data to 2.5 A resolution (6146
reflections) have been used, as opposed to data to 2.6 A with

anl > 20 cutoff (5133 reflections).

In the complexed structures of DHQase inhibitérand 3,
the C-terminus is disordered and only visible to Asn158 and
Glul53, respectively, while both have extended N-termini due
to the presence of a 6xHis tag. The structure of DHQ@ase
inhibitor 2 has an ordered catalytic lid loop, while in the
DHQase-1 complex residues 1622 are not seen. The lid loop
in the DHQase-3 complex structure is disordered with only
the main conformation modeled with occupancy 0.8 between
residues 17 and 23 and side chains for Arg20 and Leu21 and
Met24 not modeled. The lid loop in this structure adopts
essentially the same conformation as the DHQ@dsstructure
with the exception that Pro19 could not be fitted in the weak
electron density asteansproline. The xanthene ring of inhibitor
3 occupies the same space as the side chains of Arg17 and Tyr22
in the DHQase-2 structure, and as a result, the lid loop is moved
arourd 5 A out of the active site by a hinged movement at
residues Leul4 and Val25 in the DHQasehibitor 3 structure.

The protein used for crystallization in this work included an
N-terminal 6xHis tag, which includes a thrombin cleavage site
(additional N-terminal sequence MGSSHHHHHHSSGLVPRG-
SH) to aid purification. In contrast, the protein used by Kwak
and co-workers was the native form of the enzy#hén the
DHQase-inhibitor 3 structure, 12 residues (numberedl to
0) of the N-terminal tag are visible as an extended structure.
The chain is disordered between residuesand 1 and adopts
two different main chain conformations. The tag makes crystal
contacts with two subunits of a related dodecamer, lying across
the dimer interface. In the DHQas@nhibitor 1 structure, which
consists of a complete dodecamer, the tag appeared to be visible

; . only to Ser-1. However, additional electron density was
structure colored according to secondary structure and the ligand b df hains A D. G dJ ding t id
represented as stick and colored according to atom type. (B) The OPServed ior chains A, U, &, and J, corresponding to residues

dodecameric quaternary structure Idf pylori DHQase colored by ~ from the N-terminal 6xHis tag and linker region (residues8
monomer. Diagrams were produced using PyMol (DeLano, W. L. The to —9). Comparing these structures with the native structure of
PyMOL Molecular Graphics System (2002) DeLano Scientific, San Kwak and co-worke&@ shows little evidence of any difference
Carlos, CA). in the structures caused by the N-terminal tag. The kinetic
. . properties of the N-terminally tagged enzymig.(= 0.9 s,
decrease in the Iev((]-:‘ls of growth was modest in all cases andKm = 2054M) were similar to those reported by Bottomley et
not greater th?n 30/°'| . | he final al. 22 for the native enzymekfy = 2.0 s'1, K, = 590 uM)
reﬁsr:rel:;tﬁqrg dgls ';'f 'ﬁ]yd?ln p@ggiiﬁeﬁ?rgﬁﬂz(:ssginiibli?:r under similar cqndition;. The differences b_etween the two sets
complexes have the sa;‘ne folded structure. and the monomerOf values most likely arise from differences in the measurement
. - of protein concentrations and the use of a more highly purified
has a flavodoxin typeo/$ fold, as seen in other type I ) 7
DHQase%16(Figure 1a). A particular distinction in the. pylori preparatlon_of _substra T ) o
DHQase structures is a C-terminal helix that is much longer ~ Ligand Binding. H. pylori DHQase interacts with in a
than that observed in any other type Il DHQase, extending 12 manner similar to the previously reportsdcoell_c_olorcomple_‘x
residues (3.5 turns) beyond the main body of the monomer. The ™ (Figure 2a). The carboxylate at the C1 position of the ligand

quaternary structure is a dodecamer with 23 symmetry as seerforms four hydrogen bonds to the protein. Atom O1 interacts
for all type Il DHQases; in théi. pylori DHQase-inhibitor 1 with the backbone N atom and the OG1 atom of Thr104 while

structure, a dodecamer is present in the asymmetric unit, whileatom O2 forms H-bonds with the backbone N atom of Leu103
in the structures of the other two inhibitor complexes the and ND2 of Asn76. The C1 hydroxyl group forms two hydrogen
dodecameric quaternary structure is generated from crystal-bonds to the protein, with atom ND2 of His102 and with atom
lographic symmetry (Figure 1b). OD1 of Asn76. In addition to the hydrogen bonds formed at
The structure oH. pylori DHQase-inhibitor 2 contains one  the C1, the hydroxyl group at C5 of the ligand hydrogen bonds
monomer per asymmetric unit, and the protein chain extendswith NH1 of Arg113 and NE2 of His82. In complex structures
from Metl to Asn158 (residues 15967 are not ordered in  of 1 with S. coelicolorandM. tuberculosisDHQase, there is a
the structure) and is essentially identical with that described by further interaction between the C4 hydroxyl of FA1 and an
Lee et ak® Several rounds of refinement and model building active site aspartate residue. The distance between the O4 atom
of this structure and reinterpretation of the active site ligand and the OD2 atom of Asp 89* in thid. pylori DHQase/FAl
have resulted in a significantly improved structure. In compari- inhibitor structure is 3.28 A and does not appear to be as strong.

Figure 1. A ribbon representation of (A) thel. pylori DHQase-1
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hydrogen bonds to the protein via main chain and side chain
atoms. Atom O1 forms two H-bonds with the amide group ND2
of Asn76 and with the backbone N atom of Leu103, atom O2
forms hydrogen bonds with the OG1 atom and the backbone N
atom of Thr104, and atom N4 interacts with the side chain of
His102. Residues 162105 form the H-X-S/T-N motif common

to all type Il dehydroquinases. These interactions are analogous
to those formed between sulfate and phosphate ions with type
Il DHQases* and more importantly they mimic the proposed
interaction between the hydroxyl and carboxylate functionalities
at the C1 position of the substrate and the proteitt. is
noticeable that the atom N4 of the sulfonamide actually matches

the position of the C1 carbon of inhibitors such as FA1 and
substrate, and as a result, the imidazole ring of His 102 moves
0.7 A via a 20 rotation of the side chain to form the favorable
B hydrogen bond. It would be expected that the His-Glu salt bridge
with Glu100 would be broken; however, this side chain rotates
to maintain the interaction. The only significant change in the
structure accompanying this movement is that the side chain of
Ser81 rotates 85and adopts a new rotamer conformation.

The tetrazole moiety occupies the area of the active site where
the main body of the substrate dehydroquinate has been shown
to bind inS. coelicolotDHQase!® The tetrazole ring is smaller
than dehydroquinate and lies perpendicular to the plane of
dehydroquinate ring. H-bonds are formed between the conserved
active site residues Arg113 and His82 to atoms N1 and N2 of
3, respectively. Both these residues interact with the C5 hydroxyl
of dehydroquinate, a group that has been shown to be critical
for activity.2* An additional H-bond is formed from atom N to
a bound glycerol molecule from the cryoprotectant solution.

The oxoxanthene moiety of the ligand packs against the
hydrophobic surface of the active site entrance. One face of
the planar ring system packs against a flat surface formed by
the side chains of Leu residues 11, 14, and 103. The other face
of the ligand packs against main chain and side chain atoms
from Asnl10 and Metl13 and against the side chain of Leu93*
from a neighboring subunit. The glycerol molecule that hydro-
gen bonds to the tetrazole moiety also packs against this face
of the inhibitor.

In the H. pylori DHQase-inhibitor 2 structure the ligand
makes 10 hydrogen bonds to the active site of the enzyme, with
every oxygen atom in the ligand making at least one contact
with the protein (Figure 2c¢). The central carbon C3 of the citrate
molecule has a hydroxyl (atom O7) and carboxylate group,
which is equivalent to the chemical moieties at C1 of inhibitor
1. As a result, these groups adopt the same conformation in
complex with2 as seen irl, fully coordinated to Asn76 and
the H-X-S/T-N motif (102-105). In addition, the comprises
two acetate moieties bonded to the central carbon C3. One of
these acetate moieties (acetate 1) forms two hydrogen bonds;
Figure 2. Detailed views of the active sites of the threle pylori one interacts with Arg113 (atom O1) and the second with His82

DHQase/inhibitor crystal structures, namely DHQase in complex with (&tom O2). These interactions are equivalent to those formed
(@) 1, (b) 3 with glycerol, and (c)2, with key amino acid residues by the C5 hydroxyl ofl, although neither of the acetate 1 oxygen
represented in stick, labeled, and colored by atom type. Hydrogen bondspositions is coincident with the hydroxyl oxygen. The second
between the inhibitor and protein3.2 A in length are shown as dashed  gcetate moiety (acetate 2) forms two hydrogen bonds with
lines colored magenta and labeled. Difference electron density wasresidues from the lid loop, one with Arg17 (atom O3) and a
calculated after one round of refinement with all the active site waters second short contact with the hydroxyl of Tyr22 (atom O4).

and the ligand removed. This electron density is contoured between The int ti de b tate 2 d t dt
1o and 2 difference density and represented as wire mesh and colored € Interactions made by acetate 0 hot correspona to any

green. This diagram and Figure 3 were produced using DINO (http:/ Made withl or the substrate of the enzyme dehydroquinate.
www.dino3d.org).

Discussion

In the inhibitor 3—DHQase structure the inhibitor occupies In this paper, we report the structure of the type Il DHQase
the ligand binding pocket and the entrance to the active site from H. pylori in complex with three different inhibitors,
(Figure 2b). The sulfonamide moiety of the ligand makes five identified by random screening, rational design, and the
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serendipity of crystallization. Despite the different chemical
nature of each inhibitor, the primary point of interaction with
the DHQase is via the residues that bind the C1 hydroxyl and
carboxylate groups of the substrate, i.e., Asn76, His102, Leul03,
Thr104.

In the H. pylori DHQase-1 complex structure it is clear,
within the margin of error associated with the resolution of the
X-ray data, that the inhibitor interacts with the protein, as has
been observed previously for other type |l DHQa%e$he
inhibition constanKg, of 370uM determined for this inhibitor
against theH. pylori DHQase shows that is ~5—10 times
weaker an inhibitor of this enzyme than of tBe coelicolor
and Aspergillus nidulangtype Il DHQase$3 The H. pylori
enzyme is similar to the lovkes;: M. tuberculosisenzyme in

this respect, which suggests that the active site of these enzymes -
is not optimized for transition state stabilization as in the high

keat enzymes. An order of magnitude differencelp values A

between the two enzymes suggests that similarities between the

two enzymes do not extend further; this is confirmed by the /

inhibition data for2, 3, and phosphate (Table 2).
The discovery oR in the active site of thél. pylori DHQase
structure reported by Lee et#lwas of interest due to the large
number of hydrogen bonds formed between the ligand and the
protein. Although not suitable itself as an inhibitor, the large —
number of favorable interactions suggested a potential template
on which to build an effective inhibitor. The kinetic analysis of
the inhibition ofH. pylori DHQase by citrate shows it to be a
weak millimolar competitive inhibitor of the enzyme, showing

only 4-fold stronger inhibition than phosphagwas no better /
an inhibitor of theS. coelicolorenzyme than phosphate and \7'}
showed no inhibition of thé. tuberculosisDHQase. A2 is A

a flexible molecule, there is an entropic penalty for binding to ‘ﬁ\

the active site of DHQase compared to phosphate; however, it

would be expected that the favorable hydrogen bonding between B

inhibitor and protein would significantly offset this. Comparison  Frigyre 3. (a) The relative positions of the three inhibitors, within the
of all threeH. pylori DHQase-inhibitor structures reported here  H. pylori DHQase active site. The protein structure shown is that of
suggests further reasons for this disappointing level of inhibition the DHQase inhibitor2 complex with interacting residues shown
by 2. In particular, the carboxyl of the acetate 1 moiety binds colored according to atom typ&,(carbons colored purpl&, carbons
in an unusual conformation in the plane of the-625 bond of C?lt(;nre(fjl gr%ll; f’l‘_’c‘i‘% carbons ﬁ?"ﬂr.ed géee”df(?r Ct:]"’.‘”tyt)' T't‘e main Chha'”

. i L . [0} e fiexiple li omain, wnich IS ordered In this structure, IS shown
the FA1 ring and the oxygen DOSIt.Ic.)nS do not C0|n(_:|_de with in a ribbon colored orange. Hydrogen bonds between the citrate and
either the C4 and C5 hydroxyls positions of the transition state e jnvariant arginine and tyrosine residues from the lid domain are
analogue (Figure 3a). As a result, there is disruption in the shown in magenta. (b) A superposition®fith glycerol (atoms colored
position of the Arg113-Asp89* salt bridge, which moves1 according to atom type, carbons green) and3heoelicolorl inhibitor
A, and one of the two hydrogen bonds is lost. In addition, the complex+ tartrate and glycerol (pdb code 1GU1) (atoms colored
imidazole ring of His82 is shifted by 0.5 A, as is the main chain 2according to atom type, carbons white). Tepylori DHQase structure

. . . is shown in ribbon representation to delimit the active site. Three parts
of residues between Gly78 and lle87. These distortions to the of the active site are highlighted according to ieoelicolorstructure,

protein permit the formation of two short hydrogen bonds namely, A shows the core substrate binding pocket whesinds: B
(Figure 2c). The carboxylate of the acetate 2 moiety of the shows the glycerol pocket, which has been the focus of a series of
inhibitor forms hydrogen bonds with the side chains of the second-generation inhibitors; and C shows the tartrate binding pocket.
invariant residues of Tyr22 and Argl7 and thus closes the

catalytic lid loop. It does not distort the active site in the same pocket near the active site 8f coelicolorDHQase!® Building

way as the acetate 1 moiety, although the hydrogen-bondingon this approach, addition of groups at the C2 position would
distances are not optimal and there is a short contact with theappear to provide promising lines for further derivatization,
hydroxyl of Tyr22. The C4 atom of the acetate 2 moiety although this would present some significant synthetic chal-
superimposes well with the C2 atom bfsuggesting that this  lenges.

is a possible branch for further investigation. It can be envisaged Compound3 is superficially similar in structure to the
that the addition of a negatively charged branch from the C2 sulfonamide antibiotics, which are inhibitors of the enzyme
position could increase the potency of a new generation of dihydropteroate synthase and act by blocking folate biosynthesis.
transition state analogues of type Il DHQases. Recent work 3 has an oxoxanthene ring instead of the legminobenzyl
investigating the addition of functional branches at the C1, C4, group of these antibiotics. The structure of Hhepylori DHQase

and C3 positions of transition state analod@é$has shown inhibitor 3 complex illustrates how sulfonamides could form a
moderate success, with nitrobenzyl derivatives at the C4 position basic template for the development of nonsubstrate-like type Il
acting as potent inhibitors. This strategy was given impetus by DHQase inhibitors. The sulfonamide almost completely matches
the identification of a tightly bound molecule of tartrate in a the hydrogen-bonding pattern of the functional groups at the
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Figure 4. Sequence alignment of three type || DHQases with the secondary structure and numbering correspondikly pyltdrestructure.

Boxed residues are partially conserved between sequences, and blocks of red highlight invariant residues between sequences. The amino acid
residues with a bar beneath the alignment are contacted by the inhibitor molecules. Cyan represents common contacts made byleeBnpounds
(Argl7 and Tyr22 do not interact with, as they are part of the disordered loop in this structure, but they are included anyway), while blue
represents additional contacts made3byikewise, magenta represents common contacts made to the trimer-related subunit that closes the active
site, while green represents the additional contact residue made&uwithis diagram was produced using Clustd\nd ESPrigt.

C1 position of 3-dehydroquinate analogues; this is despite the hydrogen bonding of this group. The N of the tetrazole makes
absence of an atom in the position of the C1 hydroxyl. There a hydrogen bond to a glycerol found within the active site
is, therefore, no hydrogen bond to OD1 of Asn76; however, (Figure 2a), which packs against the large oxoxanthene ring of
the N4 atom of the sulfonamide that occupies the same positionthe inhibitor. This part of the active site is clearly amenable to
as C1 still hydrogen bonds to the side chain of His 102 due to further chemical investigation, as simple analysis using LUDI
a rotation of this residue. Substituted bis-sulfonamides have been(Accelrys, San Diego, CA) suggests that the hydroxyl of the
shown to act as inhibitors of type Il DHQase and dehydroquinate glycerol can be joined via a single carbon bond to the position
synthasé with ICsp values in the low micromolar range. In  of the tetrazole. This glycerol forms two strong hydrogen bonds
this paper, we have used tle pylori DHQase-3 complex with the invariant Arg109 (which is implicated in the catalytic
structure to show how at least one of the sulfonamide groups mechanism) and therefore would be desirable to include in the
could interact with the active site of type Il DHQases. With interactions made by the inhibitor. This glycerol binding site
respect to the potential binding mode of sulfonamide ligands overlaps the previously identified tartrate binding pocket (Figure
to dehydroquinate synthase (DHQS), the coordination of the 3b).6 which to date has not been fully exploited in inhibitor
substrate analogue carbaphosphonate boundsiergillus design.
nidulansDHQS?® (PDB code 1DQS) shows that the C1 carboxyl Compound3 is a competitive inhibitor of type Il DHQases,
is coordinated by an arginine side chain, while the hydroxyl shows 7-fold selectivity towardd. pylori DHQase overS.
functionality is coordinated by an asparagine and a ordered watercoelicolor DHQase, and no significant inhibition &. tuber-
molecule. Some of the interactions can readily be mimicked culosisDHQase. Sequence comparison of the three enzymes
by a sulfonamide group, as observed in the DHQase structurewith the footprint of the three inhibitors highlighted (Figure 4)
reported here; however, it is unclear how the N of the shows that the core inhibitor-binding site is highly conserved
sulfonamide will hydrogen bond, as there is less scope for the between the three enzymes. Superimposition ofMhéuber-
movement seen in the DHQase structure in the DHQS active culosisDHQase S. coelicoloDHQase, andH. pylori DHQase
site. structures shows that there is very little difference in the active
The oxoxanthene ring 08 makes extensive hydrophobic site topology between the enzymes. As stated previously, the
interactions with théd. pylori DHQase occupying a hydrophobic  primary site of proteir-ligand interaction is with the highly
surface exposed when the lid loop is in the open position. conserved residue Asn76 and the conserved H-X-S/T segment
Comparison with thé&. coelicoloDHQasel inhibitor structure (His102-Thr104); therefore, the stronger binding ®tby H.
shows that the oxoxanthene ring occupies in part the same sitepylori DHQase is intriguing.
as the ordered glycerol molecule in that structure (Figure 3b).  The differences in inhibition of th#&1. tuberculosisenzyme
The ring buries approximately 100 2Aof predominantly are not well understood and can be considered as a special case.
nonpolar surface accessible area in a segment between residugsor example the inhibition by phosphate is complex, and a
Pro9 and Tyr22. In addition, Leu93* from the symmetry-related crystal structure in complex with sulfate shows that sulfate does
monomer moves 2 A, relative to other type Il DHQase not bind optimally in the active site, as seen in ieoelicolor
structures, to pack against the oxoxanthene ring. structure?® The absence of observable inhibition by citrate
The tetrazole is well-known as a carboxylate isostere and is further supports the idea that the conserved H-X-S/T segment
used to improve permeability and cell penetration in a number of the enzyme is not as significant for inhibitor binding.
of drugs, notably nonpeptidic angiotensin Il type 1 receptor If the entrances to the active site in the structures of DHQase
antagonists3 occupies the active site cavity of DHQase in an from the three species are examined, differences that could
orientation perpendicular to that adopted by the ring @figure influence ligand specificity are found. In the casetbfpylori
3a). The N1 and N2 atoms of the tetrazole moiety are positioned DHQase, the tricyclic moiety o8 sits against a relatively flat
equidistantly from the position occupied by the C5 hydroxyl in hydrophobic surface, packing against a series of Leu side chains
the DHQase-inhibitor 1 structure and individually satisfy the  (Figure 5a). InM. tuberculosisDHQase, this surface is less
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In the whole cell inhibition studies reported here,/&mL
(0.145 mM) 3 weakly inhibits growth of ark. coli DHQase
deficient strain complemented with the. pylori DHQase.
Supplementing the media with 1 mM shikimate restored growth
to the control levels, suggesting that the inhibitor selectively
acts on the type Il DHQase. Given that the inhibition 3is
competitive in nature with &g of only 30uM, it is probable
that the buildup of substrate could overcome the inhibition rather
than clearance of the compound by the bacteria. The develop-
ment of more potent sulfonamide-based inhibitors should
confirm this.

Taking these observations together, it is clear that there is
significant scope for the generation of a range of nonsubstrate-
like compounds that selectively inhibit type Il DHQases from
different species. The complex &f. pylori DHQase with2
shows that there are additional H-bond partners within the active
site which if optimized could improve potency. The complex
with 3 indicates that sulfonamides can form a scaffold for
nonsubstrate-like inhibitors. It also shows that a large hydro-
phobic surface at the entrance to the active site, which forms
the binding surface for the invariant arginine and catalytic
tyrosine, can be exploited in the development of new ligands.
Designed inhibitors of type Il DHQase have been small highly
functionalized, hydrophilic compounds. The structure of the
DHQase in complex witl3 shows that it is possible to add bulky
nonpolar substituents to these compounds, thereby improving
the membrane permeability, and hence the delivery, of potential
inhibitors.

Experimental Section

Enzyme Purification. Type Il DHQases fromH. pylori, M.
tuberculosisandS. coelicolorwere overexpressed and purified as
described previousl§£2 The protein was dialyzed into 10 mM
Tris-HCI pH 7.0 and concentrated to 10 mg/mL using Centricon-
50 centrifugal concentrators (Amicon). Stock solutions (100 mM)
of the inhibitors1 and 3 were prepared in 10mM Tris-HCI (pH
adjusted to 7.0) and DMSO, respectively. The stock solutio® of
(50 mM) was prepared in 10 mM Tris-HCI and the pH adjusted to
7.0. For cocrystallization experiments, the inhibitors were diluted
to 4 mM in the concentrated protein solution and incubated at 4
°C with shaking overnight.

Kinetic Parameters. The DHQase activity was assayed by
monitoring the increase i3, accompanying conversion of
3-dehydroquinate to 3-dehydroshikima&té&ssays were performed
at 25°C using 50 mM Tris-acetate buffer, pH 7.0, in a total volume
of 1 mL. Reactions were initiated by addition of enzyme (0.011,
0.4, and 5ug for the enzymes fror. coelicolor M. tuberculosis
complementary to the ligand, as one of the Leu side chains andH. pylori, respectively). Kinetic parameters were obtained by
(Leul03) is replaced by an lle (lle102) and also favorable Varying the concentration of 3-dehydroquinate (synthesized as

interactions made by Leu (Leu93* in the. pylori enzyme)  Previously described) over the range from 50 to 4Q0M in the
are no longer possible, since this is replaced by a Giu residuePresence and absence of inhibitors. The concentrations of solutions

? . . - - . of substrate were calculated on the basis of the limiting change in
(Glu92*) (Figure 5b). This residue shows no conservation within Asss 0N addition of 1ug of S. coelicolorDHQase, taking into

type Il DHQases, though generally it is a nonpolar residue. The 4ccount that the equilibrium constant for formation of 3-dehy-
presence of this charged pgtch upon the binding surface wouldgroshikimate is 15.
repel the hydrophobic portion & The values oK., and Vs Were obtained by fitting the data to

In the S. coelicolorDHQase (Figure 5c) there is a neutral the Michaelis-Menten equation by nonlinear regression using
residue (Thr96*) in this position, which would not contribute Microcal (Northampton, MA) Origin software. Within a set of
to the interactions with the inhibitor. The surface that packs inhibition studies, the errors in these parameters were within 10%
against the lower face of the oxoxanthene moiety is exclusively gﬂiﬂgesst?rtfd ix?#:-p r'gg"etr’]'ggno fci?]?]?g?tgtrs _I‘_"r’]‘zrsaﬂfég’lzg vargrrg the
hydrophobic but not as complementary to the planar ligand as m . it
seen inH. pylori DHQase. The differences in binding are calculated using 16.5, 18.0, and 20.6 kDa for the subunit molecular

T : . masses from the enzymes frdn coelicolor M. tuberculosisand
probably due to a combination of effects. It is possible that the pylori, respectiveI)},. ' ®

lid loop, which is more ordered in th8. coelicolorenzyme, Whole Cell Antimicrobial Assay. Three cell lines were used,
interferes with the blndlng a3 or that HlSlOZ (H|S 106) IS th TG1 (W||d_type E. coli Strain), AB2848 (_DHQase strain)' and
able to move and coordinate the sulfonamide, as occurs in theAB2848 with a plasmid encoded (petl®). pylori DHQase.

H. pylori structure, thus weakening the binding. Samples were taken from plates containing the cell lines and

C

Figure 5. Views of the active site of (A) théd. pylori DHQase-
inhibitor 3 complex, compared with DHQase structures from KB)
tuberculosisand (C)S. coelicolorwith 3 superimposed. A CA trace
colored according to protein chain is shown for each protein structures,
and important amino acid residues are highlighted in stick and colored
according to atom type. A semitransparent surface is shown colored
by electrostatic potential (blue, positive; red, negative).
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cultured with shaking in L-broth at 37C for 4 h. The cells were retained and extended to the higher resolution. Water molecules
pelleted by centrifugation, washed three times (to remove any were added either manually using the X-SOLVATE module in
contaminating aromatic amino acids), and finally resuspended in QUANTA or automatically using ARP* Molecules of imidazole
PBS equivalent to the original culture volume. Three types of media from the crystallization media and glycerol from the cryoprotectant
were used, minimal media, minimal media plus 1 mM shikimate, solution were also added to the model. In the final stages of
and L-broth. Media was supplemented with 289mL ampicillin refinement, restrained anisotropic B-factor refinement was applied
and 0.1 mM IPTG for the plasmid containing cell line, and:10 as implemented in REFMACY.
of each PB_S-suspended cell Iine_ was added to 2.5 mL _of media  The structure of théd. pylori DHQase-1 complex was solved
together with the3 suspended in 12.L of DMSO (final by molecular replacement using the program AM#&Reith the
concentration SQig/mL, 0.145 mM) and incubated at 3T for trimer unit of theH. pylori DHQase-3 structure as the search model
~16 h. After incubation, 30@L was taken from each sample and 5 ysing data between 12- and 4.0-A resolution. AMoRe was run
the absorbance was measured at 595 nm. _ to find four trimers within the asymmetric unit; 12 peaks of identical
Crystallization and Data Collection. Crystallization experi- — pajght were found in the rotation search. The final MR solution
ments were carried out using the sitting drop vapor diffusion method 54”5 correlation coefficient of 69.9% amifactor 34.4% after
with a drop size of Ll of protein mixed with 1uL of precipitant. rigid body refinement. Thel. pylori DHQase-1 model was refined
Initial crystallization conditions were identified using commercial with REFMAC applying strict 12-fold NCS restraints relating to

sparse matrix screens and optimized by linear screening of each monomer within the asymmetric unit. A 12-fold aver
> - . . - ed
conditions. Octahedral-shaped crystalstbf pylori DHQase in — Fc map was used to fit wi);h the X-LIGAND module wi?lgn
complex with3 were grown usig 1 M Naacetate, 0.1 M imidazole- QUACNTA
f .

HCI, pH 8.0, appeared after 48 h, and grew to a maximum size o . . . .
For comparison with the othét. pylori structures, the coordinate

0.3 x 0.3 x 0.3 mm over 1 week. For X-ray data collection, the !
crystals were transferred to a solution of mother liqdor20% file and corresponding structure factors for the type Il DHQase

glycerol to act as a cryoprotectant and then frozen at 100 K in a from H. pylori (PDB code 1J2Y) were downloaded from the Protein
stream of gaseous nitrogen. These crystals were found to diffractData Bank. Ligand and water molecules were removed from the
to 2.5-A resolution in house, using a rotating anode source (Nonius Model, rigid body refinement was carried out using REFMAES5,
FR591) and a MacScience DIP2000 detector. Initial indexing of and weighted B, — Fc andF, — F. electron density maps were
the data showed that the crystals were cubic with unit cell calculated. The active site difference density was correctly identified
dimensionsa = 130.5 A, space groufF23, with one protein as 2; this was docked into the difference density map using
monomer per asymmetric unit. Data were integrated and scaledX-LIGAND within QUANTA. Five rounds of refinement and
using the HKL suite?® and were used for the initial structure ~model building were carried out in which four peptides in loops
solution. Subsequently, a 1.5 A resolution data set was collected were flipped, a number of side chain rotamers were corrected, and
on beamline 9.6 at the Daresbury SRS, which was used for the 40 water molecules were added.
refinement of the structure. The final models were analyzed using PROCHEC#nd were
Irregular hexagonal bipyramid crystals of tHepylori DHQase shown to have good geometry with 98% of residues in the allowed
1 complex were grown from 30% 1,4 butanediol, 0.1 M Na acetate, region of the Ramachandran plot. The refinement statistics for each
pH 4.5. The butanediol in the crystallization conditions proved to structure are summarized in Table 1. The DHQase structures have
be a good cryoprotectant; therefore, crystals were directly flash been deposited in the protein data bank (PDB) with accession codes

frozen at 100 K for data collection. The crystals were found to 2C4V for the citrate complex, 2C4W for the AH9095 complex,
diffract to 3.1-A resolution on beamline 9.5 at the Daresbury SRS and 2C57 for the FAL complex.

and indexed in a primitive trigonal space group with unit cell
dimensionsa= b = 103.86 A,c=217.53 A a=5=90°, y =

120°. Analysis of the systematic absences showed that the reflection
conditionh = 3n was obeyed; the data were therefore processed
in the P3; space group. Data were integrated and scaled using the
HKL suite of programs. Calculation of the Matthews coeffictént
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suggested the presence of one dodecamer per asymmetric unit foFAL and useful discussions.

this space group. Data processing statistics for the inhibitors
structures are summarized in Table 1.

Structure Solution and Refinement.The structure oH. pylori
DHQase-3 complex was solved by the molecular replacement
method using the program EPMRA polyalanine model of the
type Il DHQase fromM. tuberculosigPDB? 2DHQ) was used as
the search model, and the top ranked solution had a correlation
coefficient of 33.8% and aR factor of 55.4%.

Weighted phases were calculated from the molecular replacement

solution using SIGMAA from the CCP4 suite of prograf3hese
phases were subsequently modified using ®k decrease the
amount of model bias arising from the MR process. The figure-
of-merit-weighted &, — F. maps were clearly traceable, allowing
80% of the main chain to be built, and side chain density was visible
for 75% of the residues. Ten percent of reflections were set aside
for free R-factor calculation. Restrained refinement was carried out
using REFMACS? followed by manual alteration of the model
using QUANTA (Accelrys, San Diego, CA). After two rounds of
refinement and model building, cleky — F. density was visible

in the active site region corresponding3oA model of the ligand
was prepared using Insight 1l (Accelrys) and was docked into the
electron density using the X-LIGAND module within the QUANTA
package.

The 1.5-A data were used in the subsequent rounds of refinement

and model building, with the same fr&factor set of reflections
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