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Abstract: Tuberculosis (TB) remains the leading cause of mortality due to a bacterial pathogen, Mycobacterium tuberculosis However,
no new classes of drugs for TB have been developed in the past 30 years. Therefore there is an urgent need to develop faster acting and
effective new antitubercular agents, preferably belonging to new structural classes, to better combat TB, including MDR-TB, to shorten
the duration of current treatment to improve patient compliance, and to provide effective treatment of latent tuberculosis infection. The
enzymes in the shikimate pathway are potential targets for development of a new generation of antitubercular drugs. The shikimate path-
way has been shown by disruption of aroK gene to be essential for the Myvcobacterium tuberculosis. The shikimate kinase (SK) catalyses
the phosphorylation of the 3-hydroxyl group of shikimic acid (shikimate) using ATP as a co-substrate. SK belongs to family of nucleo-
side monophosphate (NMP) kinases. The enzyme is an o/ protein consisting of a central sheet of five parallel f-strands flanked by o-
helices. The shikimate kinases are composed of three domains: Core domain, Lid domain and Shikimate-binding domain. The Lid and
Shikimate-binding domains are responsible for large conformational changes during catalysis. More recently, the precise interactions be-
tween SK and substrate have been elucidated, showing the binding of shikimate with three charged residues conserved among the SK se-
quences. The elucidation of interactions between A#SK and their substrates is crucial for the development of a new generation of drugs

against tuberculosis through rational drug design.
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1. THE SHIKIMATE PATHWAY

The shikimate pathway was discovered as a biosynthetic route
through the studies of Bermnhard Davis and David Sprinson and their
collaborators [1,2]. The shikimate pathway links metabolism of
carbohydrates to biosynthesis of aromatic compounds through
seven metabolic steps, where phosphoenolpyruvate and erythrose 4-
phosphate are converted fo chorismic acid [3,4]. Chorismic acid is a
common precursor for the synthesis of aromatic compounds, such
as aromatic amino acids. folate, ubiquinone and menaquinones.
Amongst them, the only ones that can be synthesized by humans
are tyrosine, which is synthesized from phenylalanine through a
reaction catalyzed by phenylalanine hidroxylase enzyme, and
ubiquinone from tyrosine through a cascade of eight aromatic pre-
cursors [5].

The molecular organization of the shikimate pathway enzymes
varies between taxonomic groups [6]. Bacteria have seven individ-
ual polypeptides, which are encoded by separate genes. Plants have
a molecular arrangement similar to bacteria [7], with the exception
of dehydroquinase (DHQase, third enzyme) and shikimate dehy-
drogenase (fourth enzyme) which have been shown to be present as
separate domains on a bifunctional polypeptide [8]. In fungi and
apicomplexan parasites (Toxoplasma gondii) the shikimate pathway
has been shown to include monofunctional 3-deoxy-D-arabino-
heptulosonate 7-phosphate (DAHP) synthase and chorismate
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synthase (CS) enzymes and a pentafunctional polypeptide termed
AROM, which accounts for the remaining five shikimate pathway
reactions [9].

The shikimate pathway enzvmes are attractive targets for de-
velopment of non-toxic antibacterial [10] and herbicides [11], be-
cause this pathway is essential for algae, higher plants, bacteria,
fungi, whereas it is absent from mammals [12]. Thus, in the case of
bacterial diseases, inhubition of any of shikimate pathway enzymes
is unlikely to cause toxic side effects on the host. In addition, the
importance of shikimate pathway can be indicated by the finding
that deletion of the arad gene, which codes EPSPS, causes Strep-
fomyces pneumoniae and Bordetella bronchiseptica strains to be
attenuated for virulence [13,14].

The shikimate pathway has also been discovered in apicom-
plexan parasites providing several targets for the development of
new antiparasite drugs [15]. In vitre growth of apicomplexan para-
sites such as Plasmodium falciparum (malaria), Toxoplasma gondii
(toxoplasmosis), and Crypiosporidium parvum (cryptosporidiosis)
was inhibited by the herbicide glyphosate, a well-characterized
inhibitor [16] of the shikimate pathway enzyme S5-enolpyruvyl
shikimate 3-phosphate synthase (EPSPS), at concentration of 1-6
mM [15]. InP. falciparum and T. gondii, this inhibitory effect was
reversed by co-addition o p-aminobenzoate (PABA) or folate sug-
gesting that this pathway 1s essential for the biosynthesis of folate
precursors. Moreover, several shikimate pathway enzymes has been
detected in 7. gondii and P. falciparum extracts [15,17] and a gene
encoding a pentafunctional polypeptide AROM has been described
in T. goondii indicating that a complete shikimate pathway is pre-
sent in this parasite [18]. Whereas the shikimate pathway gives an
array of compounds in bacteria, fungi and plants, only its folate
biosynthesis function has been established is in apicomplexan para-
sites. All folate pathway enzymes, which convert GTP to deriva-
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Fig. (1). Overall strocture of Shilarmate knase fom AL auberculosis [61]. AR displavs an o8- fold and the precise ordering of the strands 23145 in the paral -
lel B-sheet clagafies MK as l:nslungingz tothe farnily as the BV lanases. The 3Kz are composed of three domaing: CORE, LID and Shilamate-binding (3B
dorraing. The positions of the ADP, Mg™ and shilirate are showm in the AFSE strichare,

tiwves of tetrahydrofolate, were found in Apicomplexa when the
complete genome was sequenced [13].

Two shikimic acid analogs  é-5fluorshikimate and 6-R-
fluorshikimate, have been shown to inhibit P flciparum growth
and inthihition shown to be specific to the shikimate pathway [20].
Despite the completion of P f@lciparum genome szequence [21],
only a single gene encoding the chonsmate synthase enzyme and a
potential hifunctional SKSEPSP synthase protein has been identified
in the genome annotation [22]. The coding DMNA sequence of P
Jadciparum chorismate synthase has been cloned and the protein has
heen shown to be located on cytosol by immunological studies [23].
Moreover, chorismate synthase, which catalyzes the last step of
shikim ate p athway, has been shown to be required for Plasm odium
Jedciparum growth, as distuption of expression by RNA interfer-
ence decreased parasite growth [19]. It has been proposed that the
missing shiloim ate pathway enzymes are either substituted by non-
homologous enzymes that catalyze the same reaction or that the
enzymes are homologous hut too divergentto beidentified [22].

In mycobactena, the chonsmic acid intermediate 15 a precursor
for the synthesis of naphthoquinones, menaguinones, and myco-
bactins, besides aromatic amino acids [24]. The salycilate-derived
mycobacting siderophores have been shown to be essential for A4
tuberenlosis growth in mactophages [25]. Particulatly, ih Adyeobac-
terium tubarculosis, the shikimate pathway has been shown to he
esgential for the bacteria wishility. The disruption of am& gene,
which codes for the shikimate kinase enzyme (3K), was only possi-
hle when the second functional copy of @rekl was integrated into
the chromosome. Moreover, excision of the second integrated copy
of araf by the L5 excisionase could not be achieved in aAf tuber-
cidosis strain cartying the disrupted copy of aref” gene but was
possihlein a strain carrying awild-type copy [26].

2. SHIKIMATE KINASE

The shilumate kinase (3K; EC 2.7.1.71), the fifth enzyme of the
pathway, catalyses the regiospecific phosphorylation of the 3-
hydroxyl group of dulomic acid (shikimate) using ATP as a co-
substrate. In Escherichia coli, the 5K reaction 15 catalyzed by two
1soforms: 5K I encoded by the aref gene [27] and 8K Il encoded
by the arol gene [28]. The major difference between the isoen-
zymes 15 theit £y for shikimate, 20 mM for the 8K [ and 0.2 mM
for the SK II enzyme [29]. The SK II isoform appears to play a
dominant role in the shikimate pathway, its expression 1 controlled
by the tyR regulator, and it 12 repressed by tyrosine and tryptophan
[30,31]. The physiologica role of 3K [ in B coli 15 not clear. Since
mutations i 3K [ are associated wath sensitivity to the antibiotic
mecillinam [32] it has been suggested that 5K [ may have an alter-
native biological role that iz distinct and unrelated to ite shikimate
kinase activity [29]. Az pointed out by Pansh and Stoker [26], 1f AL
tuherculasis arak-encoded SK [ possess a similar achivity it 15 pos-
sihle that disruption of this activity can account for the ohserved
inahility of A tuwbercwlnsis to grow in the absence of a functional
copy of ere& gene However, the actual nature of second activity of
arakl gene product remains to be established. Contraty to the pres-
ence of isoenzymes in B coli, complete genome sequences of a
number of bacteria, for example, Haemaphilus influenzae and Afy-
cobactarium tuberculosis, have revealed the presence of only one
SK-coding gene. Most of these 5Ks appear to be encoded by arok
rather than grol because their amino acid sequences have higher
degree of identity with Zeofi SK [ The kinetic parameters for
arak-encoded M tuberculasis SK (A5K) are more similar to those
of arel-encoded £ ooli SK 11 than to those of arok-encoded £ooli
3K I Thus, the MSK K, value (0.41mM) for shikimate suggests
that not all aref-encoded 5Kz have high K, vaues for shikimate
[33].
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Fig, (22 Interactions eeolved n the binding of shikimate to the MEK active site (FDB access code: 1WEZ) [61]. Hydrogen bonds are represented as hroken
lines. For clanty, the the seater320-me diate d hyrlrog ens bonds be tareen Gly79, GlyE0, GlyEl, Alald, brg5E, and Glud 1 protein residues and 3 -kyrdrozd group

of shikirate are not shown

21. The Enzyme Fold

Shikiroate kinase displays an of-fold and consists of five cen-
tral pardlel B-sheet with the strand order 23145, flanked by o-
hielices [34] (Fig. (1)) The three crystal structures of 5K from Er-
Wwinice chrpseptheri (Bre 5K [34,35] showed that 5K belongsto the
sarne struchural family of nucleoside monophosphate (HIVE)
ldnases for which struchires are known for adenylate ldnase (AK)
[36,37], guanylate linase [38], undylate kinase [39] and thymidine
linase [40].

The MNP kinases are corposed of three domains: CORE, L1D
and NWP-binding (NWVPBY domains [41]. A charactenstic feature
of the MWP lkinases 15 that they undergo large confonmational
changes during catalysis, for which AK is the most extensively
studied [41]. There are two i sdble regions of the stnictures that are
tesponsible for movement: one is the NWP-hinding site which is
formed by a series helices between strands 2 and 3 of patallel B-
sheet and the other 15 the LID domain, a region of vaned size and
structure following the fourth B-strand of the sheet [4243] In 2K,
the shilamate-hinding (3B domain corresponds to the NLWVFBR do-
tnain of MVIP kinases.

2.2. Functional Motifs

Thres functional motifs of nucleotide-hinding enzytnes are rec-
ognizable in shildmate kinase, including a Walleer A-rootif (A -
molif), a Walker B-motif (B-motif), and an adenine-binding loop.
The Walker A-motifis located between the first B-strand (1) and

first c-helis (eel), containing the GIXOODIGKT/S conserved se-
quence [44], where X represents any residue. This motif forms the
phosphate-binding loop (P-loop), a glant anion hole which accom-
modates the fphosphate of the ADP by donating hydrogen bonds
fotn several backbone amides [45]. The side chain of P-loop lysine
hawe a catalyticrole of stabilizing the pertavalent transition state of
the w-phosphoryl group az hasbeen shown for adenylate linase [46]
and p2 1™ [47].

It additiot to the Walleer A-motif it is ohserved a second con-
served sequence ZEDEKG called Walker B -motif [44], where £
represents a hydrophobic residue More recently, however, se-
gquence and stractural compansons for all P-loop-fold proteins cas-
sified Shikimate Kinaze i the Dxly group of enzymes [48], which
has a conserved DxD motif in strand 2. The Walker B motif con-
sensus in shikimate kinases is ZZETGGG and the second glycine
has been implicated in hydrogen bonding to the v phosphate of
ATP. This motif iz located on the C-terminal segment of the third
gtrand (P3) of the central p-shedt The adenine-binding loop motif
tray be described as a sequence stretch of VDEEEIZ0MEP [33).
This motif forms a loop that wraps around the adenine moiety of
ATP, connecting the p3-strand with the Cterminal o-helis,

3. TUBERCULOSIS AND MYCOBACTERIUM FUBERCULO-
AFS SHIKIMATE KINASE

Tubarculosis (TR remains the leading cause of mortality dueto
abadenal pathogen, Mycobacterium tuberculosis. The intemaption
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of centuries of decline in case rates of TB oceurred, in most cases,
in the late 1980s and involved the USA and some European coun-
tries due to increased poverty in urban settings and the immigration
from TB high-burden countries [49]. Thus, no sustainable control of
TB epidemics can be reached in any country without properly ad-
dressing the global epidemic. It is estimated that 8.2 million new
TB cases occurred worldwide in the year 2000, with approximately
1.8 million deaths in the same year, and more than 95 % of those
were in developing countries [50]. Approximately 2 billion indi-
viduals are believed to harbor latent TB based on tuberculin skin
test surveys [51], which represents a considerable reservoir of ba-
cilli. According to a recent report compiled by the World Health
Organization (WHQ), the total number of new cases of tuberculosis
worldwide in 2002 had risen to approximately 9 million [52]. A key
driver of the increase is the synergy with the HIV epidemic, which
is having a devastating impact on some parts of the world mostly in
the African Region, where 31% of new TB cases were attributable
to HIV co-infection [50]. Another problem is the proliferation of
multi-drug resistant (MDR) strains, defined as resistants to at least
isoniazid and rifampicin, which are the most effective first-line
drugs [53]. According to the 2004 Global TB Control Report of the
World Health Organization, there are 300,000 new cases per year of
MDR-TB worldwide, and 79 % of MDR-TB cases are now “super
strains”, resistant to at least three of the four main drugs used to
treat TB [52]. The factors that most influence the emergence of
drug-resistant strains include inappropriate treatment regimens, and
patient noncompliance in completing the prescribed courses of
therapy due to the lengthy standard “short-course™ treatment or
when the side effects become unbearable [54]. No new classes of
drugs for TB have been developed in the past 30 years, reflecting
the inherent difficulties in discovery and clinical testing of new
agents and the lack of pharmaceutical industry in investing money
and manpower for research in the area [55]. Hence, there is an ur-
gent need to developing faster acting and effective new antitubercu-
lar agents, preferably belonging to new structural classes, to better
combat TB, including MDR-TB, to shorten the duration of current
treatment to improve patient compliance, and to provide effective
treatment of latent tuberculosis infection [53].

In M muberculosis, the presence of the genes involved in the
shikimate pathway began to be elucidated in the early 90s, with the
cloning and characterization of aroA gene product, which codifies
the EPSPS synthase [36]. Nevertheless, the complete genome se-
quence from M. tuberculosis, strain H37Rv reported by Cole ef al.
in 1998 [57] allowed the identification by sequence homology of all
genes coding for shikimate pathway enzymes.

Four homologues to the shikimate pathway enzymes were lo-
cated in a cluster containing the arol-encoded type 1T DHQ dehy-
dratase (Rv2537¢), aroB-encoded DHQ synthase (Rv2538¢), arok-
encoded type I shikimate kinase (Rv2539c), and aroF-encoded
chorismate synthase (Rv2540c¢). The remaining homologues to
shilkimate pathway enzymes were ammotated as follows: areG-
encoded class II phenylalanine-regulated DAHPS (Rv2178c), aroE-
encoded shikimate dehydrogenase (Rv2552¢), and arod-encoded
EPSP synthase (Rv3227).

The aroK structural gene is composed by 531 bp and codes a
protein of 176 amino acids. The theoretical molecular mass of
MISK enzyme subunit is 18.58 KDa. The first report of cloning and
overexpression in soluble and functional form of AM#SK occurred in
2001 [58], where has been reported the PCR amplification arok
gene from genomic DNA of M. tuberculosis H37Rv strain, cloning
in the plasmid pET-23a(+), and overexpression of aroK-encoded
MSK protein in Escherichia coli BL21{DE3) host cells, without
IPTG induction.

The erystal structure of a protein complexed with its substrates
is of crucial importance for the rational design of inhibitors that
target the enzyme. Although two crystal structures of SK from
M nberculosis [33] have revealed the dynamic role of LID Domain

Pereira et al.

in catalysis and the position of Mg®* and ADP ligands in the strue-
ture, the precise positions and interactions between shikimate and
Mi1SK was not demonstrated because the shikimate-binding site was
not occupied by the substrate or the electron density was not suffi-
cient clear to position the shikimate molecule in the complex. In
case of SK enzymes, a likely drawback of ATP-binding-site-based
SK inhibitors would be their lack of specificity, owing to the com-
mon fold and similar ATP-binding site shared by many P-loop
kinases [48]. Hence, trying to obtain a description of molecular
interaction between A7SK and shikimate, molecular-modeling and
docking studies has been carried out and its results reported [59].
Despite these studies failed to predict all molecular interactions
between A7SK and shikimate [60], Asp34 and Argl36 residues and
its hydrogen bonds implicated on shikimate binding are in agree-
ment with the crystal structure of A#SK-MgADP-Shikimate ternary
complex reported afterwards [61]. The crystal structure of AMrSK-
MgADP-Shikimate was the first crystallographic structure of SK
with bound shikimate deposited in Protein Data Bank (PDB access
code: 1WE2) [61]. Crystals were obtained by the hanging-drop
vapour-diffusion method, and larger final concentration of ADP and
shikimate in the drop (8.0mM) were used than those used by Gu ef
al. (2002) to obtain the crystals (4.0mM), in order to accurately
determine the position of shikimate binding in the active site of
MSK. The structure has been determined at 2.3 A resolution,
clearly reveling the amino-acids residuss invelved in shikimate
binding. The molecular replacement methed was used, using as a
search model the structure of MSK-MgADP [33]. Almost at the
same time of publishing of our article describing the structure of
MiISK-MgADP-Shikimate ternary complex, another article describ-
ing a similar structure of the fernary complex has been published
(PDB access code: 1UBA) [60]. The ecrystal structures of A4rSK-
MgADP-Shikimate [61] and M#SK-ADP-Shikimate [60] ternary
complexes have unequivocally revealed in detail the interactions of
ammine acid residues with bound shikimate and conformational
changes upon substrate binding.

3.1. ADP/Mg”" Interaction

Essentially all kinases require a Mg” -nucleotide complex as
one of the enzyme substrates [62], an exception being the first par-
fial reaction catalyzed by nucleoside diphosphate kinase, which can
proceed independently of Mg™ [63]. Nucleophilic attack on the y-
phosphate group of ATP will be most facilitated by meta-ion bind-
ing (Mg to the p- and y-phosphoryl groups, whereas departure of
the leaving group will be most favoured in a structure with metal
binding to the a- and B-phosphoryl groups [64]. Presumably Mg™*
also assists in orienting the y-phosphoryl group of ‘inling’ with
respect to the second substrate, creating the correct geometry to
complete phosphoryl transfer [62]. The binding of this cation in
many P-loop proteins such as myosin [65], elongation factor EF-Tu
[66], p21-Ras [67] and the heterotrimeric G-proteins [68] involves
hexa-coordination of the Mg®™ by two oxygen atoms (from the p
and y-phosphates of the bound nucleotide), two water molecules,
and two protein ligands. As in the MiSK-MgADP structure (PDB
code 11.4Y) [33], a typical six-coordination has been observed for
Mg®" in the MISK-MgADP-Shikimate structure, with some minor
differences between the position of Mg®” in the structures. In the
MiSK-MgADP-Shikimate structure Mg®" interacts with a p-
phosphate oxygen of ADP, Serl6 OG of the Walker A motif and
four water molecules [61]. Superimposition of shikimate-free
MSK-MgADP structure on shikimate-complexed AMSK-MgADP
structure showed that in the ternary complex waterl and water4 are
in equivalent positions but that shifts of 1.32 and 2.75 A are ob-
served for water2 and water3, respectively. In the A/#SK-MgADP
structure, the interaction between Asp32 and Serl6 of the Walker A
motif is vie a bridging water molecule (water6), whereas in the
ternary complex structure this interaction occurs directly viz a hy-
drogen bond between the two residues [61], which accounts for the
exclusion of wateré from the magnesium-binding site in the ternary
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structure. In the ternary complex, the waterl molecule coordinated
to the Mg®" interacts directly with the chloride ion instead of inter-
acting with Asp34 vie a bridging water molecule (water5) as ob-
served in the A#SK-MgADP structure [33]. This chloride ion also
interacts with the 3-hydroxyl group of shikimate and the backbone
amide of Gly80 [61]. Thus, the different mode of interaction ob-
served for residue Asp34 arises from the presence of shikimate,
which leads to the exclusion of water5 from M¢SK active site [61].
The Mg™ cation was not included in the final structure of M#SK-
ADP-Shikimate ternary complex reported by Dhaliwal et. al .(2004),
since the best diffracting crystals grew in the absence of MgCl,
[60]. Accordingly, the chloride ion observed in the active sites of
both A##SK binary complex [33] and AM:SK-MgADP-Shikimate
temnary complex [6lis absent in the Mg**-free structure of M#SK-
ADP-Shikimate ternary complex [60]. Thus, the absence of MgCl,
in crystallization mixture probably have accounted for the small
differences observed in conformation, position and molecular inter-
actions of shikimate when the structure reported by Dhaliwal ez af.
is compared with M#SK-MgADP-Shikimate-Cl structure [61]. In
Mg -free MSK structure the 3-hydroxyl group of shikimate is
cloger to P-phosphorvl group of ADP than it is in the AJSK-
MgADP-Shikimate structure. Furthermore, two additional water-
mediated interactions between protein residues and shikimate have
been shown. The NZ atom of Lys15 residue forms a 2.6 A hydro-
gen-bond with oxygen atom of another water molecule, which in
turn interacts with the 3-hydroxyl group of shikimate, and the main-
chain nitrogen of Leull9 residue forms a 2.9 A hydrogen bond
with the oxygen atom of a water molecule, which in turn interacts
with S-hydroxyl group of substrate [60]. In the MISK-MgADP-
Shikimate structure, NZ atom of Lysl5 cannot form a water-
mediated interaction with 3-hydroxyl group of shikimate, since the
chloride ion is bound to the active site cavity between them. The
distance between NZ atom of Lys13 and the chloride ionis 3.94 A,
which in turn forms a 3.36-A hydrogen bond with 3-hvdroxyl group
of shikimate [61].

In the Af#SK-MgADP structures [33], Lysl5 forms a hydrogen
bond with a p-phosphate O1B atom and the chloride ion. The main-
chain NH of Gly80 is hydrogen bonded to the chloride ion the bi-
nary (1L4Y) [33] and ternary complex structures [60,61]. These
residues are located in vicinity of where the chemical reaction occur
amay thus-play a crifical role in the transition state stabilization.

The molecular interactions that describe the ADP binding mode
on enzyme are very similar in all available structures of M#SK. The
adenine moiety of ADP is sandwiched between Arg110 and Prol55
[33] and this interaction has also been observed in EreSK [34], and
in Adenilate kinase [69] and isoenzyme I1 [70]. Argl10 is located at
the C-terminus of ad where the LID domain starts. In AJ/SK,
Argll10 and Argl17 residues represent, respectively, the first and
the last residue of a conserved motif of LID domain observed for P-
loop kinases (typically RX3{(X)R) [48]. In P-loop shikimate kinases
the conserved motif of the LID domain has been proposed to be
R(X);cR [61]. The Argl17 has been shown to interact with the
a- and pB-phosphate groups of ADP [33,60,61], it generally inter-
acts with the y-phosphate of ATP bound to enzymes, and it may
stabilize the transition state by neutralizing the developing negative
charge on the p-y bridge O atom [71]. The Pro155 is the last residue
of the adenine-binding loop motif (residues 148-155 in M#SK),
which was first recognized in Adenilate kinase and ErcSK [34] and
has been described as an I/VDXXX(XXP sequence stretch [33].
However, the second (aspartate) residue and the last {proline) resi-
due are not conserved in the adenine-binding loops of aroK-
encoded SKs from Escherichia coli [72] and Campylobacter jejuni
(PDB acess code: 1VIA). However, they are recognizable from
structural alignment analysis using M#SK-MgADP as a reference
structure [61]. In fact, it has been pointed out that the main-chain
contacts with the adenine base and the presence of a structural motif
independent of sequence may be the most important features for
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adenine binding in kinases [62]. The adenine-binding loop motif
(residues 148-155 in M1SK) forms a loop that wraps around the
adenine moiety of ATP, comnecting the p5-strand with the C-
termminal a8-helix.

For catalysis, the three protein interacting residues LyslS,
Argl17, and Arg136 have been proposed to be the most important
[33]. Consistent with this proposal, the K15M mutant of EreSK
showed no detectable enzyme activity [35], although it was in facta
K15M/P115L double mutant. Contrary to the previously proposed,
analysis of the M#SK ternary complexes have revealed that Lysl5
and Argl17 are the only positively charged residues located in the
vicinity of where the reaction may occur and may therefore play
critical roles in the stabilization of the transition state [33]. The
Argl36 residue, instead, appears to interact with the carboxyl group
of shikimate and probably, it is not involved in catalysis [60,61].

3.2. Interaction with Shikimate

The shikimate-binding domain, which follows strand B2, con-
sists of helices a2 and «3 and the N-terminal region of helix a4
(Fig. (1)). In particular for AftSK, the precise interactions between
shikimate and SK have been elucidated, showing that the guanidi-
nium groups of Arg58 and Arg136 and the NH backbone group of
Gly81 interact with the carboxyl group of shikimate, The 3-
hydroxyl group of shikimate forms hydrogen bonds with the car-
boxyl group of Asp34 and the main-chain NH group of Gly80 and a
water molecule. The 2-hydroxyl group of shikimate hvdrogen
bonds to the side chain of Asp34 (Fig. (2)). The Glu61 1s conserved
in both aroK and areli-encoded shikimate kinase enzymes. This
residue is not dircetly involved in substrate binding, but it forms a
hvdrogen bond and a salt bridge with the conserved Arg58 and
assists mn posifioning the guanidinium group of Arg58 for shikimate
binding. In the ternary structure, Gluél side chain also forms a
water-mediated interaction with the 3-hydroxyl group of shikimate.
Therefore, Gluél plays an important role in the substrate-binding
site [61]. The Glu54 carboxylate group also appears to anchor the
guamdinium group of Arg58 for interaction with the shikimate
carboxylate group, however, Glu54 is not conserved, except for
aroK-encoded shikimate kinases [61]. In the MzSK-ADP-shikimate
structure [60], the main-chain nitrogen of Leul19 forms a 2.9 A H-
bond with the water3 oxygen atom, which in turns interacts with the
5-hydroxyl group of shikimate, and the NZ atom of Lysl5 forms a
2.6 A H-bond with the oxygen atom of water2, which also interacts
with the 3-hydroxyl group of the substrate.

3.3. Conformational Changes Upon Substrate Binding

As painted out above, NMP Kinases undergoes large conforma-
tional changes during catalysis, because their LID domain and the
NMP binding-site are very flexible and can make large movements
upon substrate binding. These structural changes act to position
enzyme sidechains appropriately around the substrates and to se-
quester the substrates so as to prevent the hydrolysis of bound ATP
or other phosphoryl-containing substrates prior to catalysis
[41,62,64]. In addition, it has also been shown that these two do-
mains are capable to make independently moves towards each other
[41]. Previous studies have shown that hexokinases [73] and adeny-
late kinases [42,74], which are classified as NMP kinases, undergo
alarge conformational change during catalysis.

Several structural and spectroscopic studies have demonstrated
that SKs undergo conformational changes on ligand binding. Circu-
lar dichroism spectra of unliganded and liganded ErcSK enzyme in
the presence of 2mM shikimate or 2mM yN-ATP (an non-
hydrolisable ATP analogue) have shown that SK undergoes con-
formational changes upon ligand binding [34]. Moreover, fluores-
cence studies were performed using a single tryptophan residue
{(W54) as a report group, which is positioned close to the shikimate
binding site. The addition of shikimate to protein solution caused a
quenching in E»e¢SK protein fluorescence and a blue shift of 3 nm
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A

Fig. (3). Molecular suface of (A4) MBE-MgADF (1L4T) [33], (B) MEK-MeADP-Shikimate (1WED) [61], and (&) MSK- ADP-3hikimate (1TT84) [60] struc-
tures The molecular sutface areas have been caleulated using the frogram Swiss POBV iewer w3 7 (www expasy orgfspdbed), probe radius of 1 4 & and a fixed
radius for all atoms, Calevlated values are approximately 7246 A” for MK complexed with only MgADP (4), 6915 A for structure cum;nlexed with Mg ADP
and Shikimate (B), and 7040 A% for the Mgsj-free structure complexed with ADP and Shikimate. Thus, approximately 330 A% and 206 A% of solvent acessible
sutface ate butied on shikim ate binding to, respectively, MEK-MzADP-Shikimate and MESK-ADP-Zhikimate ternary complexes. The hikimate binding leads
to a counter movement of LID and 3B domains and consequently, to a partial closwrs of shikimate-binding pocket. Probakly, the Mg cation has a role in the

closure of MISK active site. All atomm s of shikimate and ADF, I\u'Ig+2 cation, and oxygen atoms of waters are colored grey.

it the ermzsion mazimum, consistent with the loop contaming the
tryptophan residue becoming more deeply buned within the protein
following ligand-binding [75]. In addition, the averaged S-factor
for all residues i crystal structure of BreSK showed clear evidence
of the flexibility of the molecule, where the temperature factors for
hoth EreSE molecules in the asyrumettic unit (one with bound
shildrnate and other with unbound shilzimate) indicate two regions
of high maobility, corresponding to the shikimate binding-site and
the LID domain and s flankang regions [34]. A comparizon of the
residue-averaged 5 factors between the crystal structures of EreSK -
MgADF, ASK-MgADF (1L4Y), and ASK-MgADE Pt-derivative
(1LAUTY binary complexes [33] shows that the enzvie from Af
tuberculosis follows the same pattem of fexibility in the LID and
5B domaing as previously observed for EreSE.

Another method used to evaluate conformational changes in
proteins is the superposition of stctures in order to compare dif
ferent complexes of the same protein. To demonstrate conforma-
tional chatiges upon shilimate binding in ARSK, alighment of C
positions of the MYZK -IgADP-Shildmate dead-end temary com-
plex and the AGSK -MgADP binary corplex structures were made
[61], showang that the LID and 5B domains undergoes noticeable
concetted movernents towards each other. In this aligrenent, which
inchided all residues, were venified rm 2 devation values of 056
and 0.54 A for 1L47 and 1147, respectively. Residues 112-124,
that comprizes the LID dotnain, showed a rm.e deviation of 1.33
A and the 5B doamin shift was somewhat small er, with an rm s
deviation value of 0.74 A for residues 33-61. Similar values were
found when the same procedure was applied to the binary complex
and the AtSK-ADP-Shikimate structure [60], with a value of 0.7 A
for the overall structure (excluding residues 114-1153, 1.5 A for the
LID domain and 04 A for the 3B domain, The residues directly
invaolved in these movements are Vall 16, Prol18 and Leul 19 (LID
domairny, leds, Aladd, Glus4, Phed7? and Arg58 (5B domain),
where itz aide chamns shifted upon shildmate hinding [61]. & com-
parizson of AASK-ADP-Shikimate ternary complex to ASE-
IMgADP binary complex showed, within of 5B region, a shift of 0.9
A of Arg58 residue towards the carboxylate group of shikimate.
Phed? residue moves approximately ~1.7 A away fom Phes7 and
closer to the substrate, trandating towards shilkdmate [60]. In addi-
tion, it has been proposed by Dhaliwal et o (20047 that the ohb-
served changes in the orientation and position of Phe4? and Phe57
residues disrupt their strong ring stacking interactions and probably
result from the Wan Der Waals contacts made between shilimate
with bhoth phenylalanines [60] However, in ASK-WgADP-
Shikimate the strong fing stacking interaction between the phenvyla-

lanines 15 not distupted in spite of the shift of Phed® and Phes7
residues towards shilimate of 049 A and 079 A, respectively.
Wloreower, there is a reduction in molecular surface area value the
tematy complex cotnpared to binaty complez. The caleolated value
for MEGK complexed with WgADP (1L4UY was approzimately
7246 A% and for ARSE complessed with MgADP and shikimate a
walue of 6915 &% was found. Based on'these results, the difference
between the complezes molecular surface areas iz 330 Ag, which
are huried on shikimate binding (Fig. (3 [61]. A reduction 1n mo-
lecular surface area walue has also been observed in the Mng'—free
crystal struchare of ASK -ADP-Shikimate ternary complex (Fig.
(3;). Mevertheless, in this complex a molecular surface of only 206
A% iz buried on shilimate binding, indicating that Mg binding has
a role in the dosure of MYSK active site. It is important to point out
that both the AMTSK-WgADP bynary complexes [33] and AMRE-
MgADP-Shilamate [61] and MSK-ADP-Shildmate [60] ternary
cotnplexes have been crystallized in the same space group with
sitnilar unit-cell parameters and residues from LID and 5B dommains
form no crystal contacts with symmetryrelated AGZK molecules.
Thuz, the conformational changes that have been described for
ASK cannot merely be a reflection of the different crystal-packing
arrangements.

The incomplete LID-domain closure observed in crystal stric-
tures of both ARSK -MgADP-Shikimate [61] and AdSK-ADP-
Shilcimate [80] ternary complexes suggests that y-phosphate of ATP
is necessary for the completion ofthe dotnain movernent [34]. This
find iz not unexpected, since total active-site closure upon dead-end
temary complex formation would result in locking the enzyme ac-
tive ste in an inactive form in which shildmate substrate binding to
MISKE enzyme prior to MgADP dissociation fom itz active ate
would result in an inactive gbortive complex. Several previoudy
reported results are consistent with these structural data. Measure-
mentz of EreSK intrinsic tryptophan fluorescence (T34} on
shilamate binding to ether EreSK or the EreSEK-MgaDP binary
cotnplex showed a modest synergism of binding between thess
substrates, aince the dissociation constant walue for shikimate (X; =
0.72 ) decreased to 0.3 mh in the presence of 1.5 mh ADP
[75]. Inn addition, measurements of the quenching of protein fluo-
rescence ofthe arol-encoded Ere3K upon nudeatide binding dem-
onstrated the dissociation-constant walues for ADF and ATP to be
1.7 and 2.6 mlJ, respectively [35]. The Em for ATP (620 phi) was
found to be approxzimately four times lower than the dissociation
constant in the absence of shilimate [35]. These results prompted
the proposal that the confonmational changes in the BEre3K enzyine
associated with the binding of the first substrate led to an increase
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Fig. (4). Superposition of SK-MgADP-Shikimate ternary complex from
Iycobacterium tuberculosis [61] (red line) and apo-SK (K15M/P115L)
from Erwiia chrysanthemi [34] (blue line).

in the affinity for the second substrate. However, this synergism on
substrate binding does not appear to hold for 48K since the appar-
ent disgociation-constant values for ATP (89uM) and shikimate
{440 pM) are similar to their £, values, 83 uM for ATP and 410
uM for shikimate congsidering either a rapid equilibrium random-
order bi-bi enzyme mechanism or a steady-state-ordered bi-bi en-
zyme mechanism [33]. Moreover, no evidence for synergism be-

Cigrvent Drng Targets, 2007, Vol 3, No. 3 465

tween shikimate and ATP could be observed in substrate binding to
EreSK in a chloride buffer system [76].

The K15M Fro8K mutant has been crystallized in an open con-
formation that is proposed to presumably be equivalent to an apo-
enzyme structure in which neither ADP {or ATP) nor shikimate
would be bound [35]. This mutant was produced to evaluate the
role of the conserved Lysl3 of the Walker A motif. However, an
unwanted mutation point mutation in the LID domain (Prol13Leu)
was detected during the refinement of the model. Furthermore, the
enzyme was crystallized with two independent molecules in the
asymmetric unit and extensive contacts of neighboring LID do-
maing lead to a stabilization of this part of the molecule that iz not
visible in the native crystal structure [34,35]. It therefore appears
unwarranted to consider the double K13M/P115L FreSK mutant a
model for the apo enzyme. Since a better model for the apo-enzyme
is not cumrently available, here we considered the double
K13M/P113L FroSK mutant as a model for the apo-SK. The super-
position of AASK-MgADP-Shikimate and apo EnSK (K15M+
P115L) show the large conformational changes in the LID and SB
domains associated with the binding of ADP and shikimate on
MSK (Fig. (4)).

4. MOLECULAR DYNAMICS SIMULATIONS OF THE
SHIKIMATE KINASE STRUCTURE

Molecular dynamics (MD) simulations are playing an importent
role in a wide area of research, which includes structural biology,
condensed matter physics, material science, and biomformatics.
The use of molecular dynamics simulations allow monitoring the
dynamics of individual atoms, thereby giving a unique insight into
the molecule behavior that cannot be easily extracted from labora-
tory experiments. The application of molecular dynamics simula-
tion allows prediction of structural flexibility features of complexes
of enzyme and ligands. We performed molecular dynamics simula-
tiong of the complex MtSK-ADP-shikimate (system 1) and apoen-
zyme MtSK (system 2) in order to elucidate the influence of the
shikimate on the overall structure of the MtSK. The root-mean
square deviation (RMSD) of the positions for all backbone Ca. at-
oms from their initial configuration as a function of simulation time
for both systems are shown in Fig. (5). Analysiz of the molecular
dynamics simulations indicates the LID domain undergoes confor-
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Tig. (5). Time-dependent Ca RMSD of both complexes with respect to the initial structures for MtSK-ADP-shikimate (system 1)(grey linc) (a), MtSK, apocn-
zyme (system 2) (black line) (b). Molecular dynamies simulations were performed using the program GROMACS [97]. The starting geometries for the simula-
tions of the systems 1 were generated from the X-ray structure obtained from the Protein Data Bank (PDB access code: 1WE2). For the simulations of the
system 2 the atomic coordinates for the shikimate, ADP and ions were deleted from the PDB file of system 1.
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Fig, (6} Superposition of the atomic coordinates of the matial (light grew)
and final (grey) stactues for systern 2. The atomic coordinates for the final
stcture were those at the end of Sms moleculardynaraics siveolation.

mation change in the system 2 (without shildmate). The strocture
without the molecule of WIEE presents high flesbility for the resi-
dues ivolved in the LD domain in the system 2. Analyss of the
tesidues marticipating in the LID dotrain in the systan | indicates
the presence of a hydrogen bond networls insolving residues 112-
124 and the shilornate, which promotes the sabilimtion of the LID
doman in the closed confornation. Maoleoular dynarmics sirmila-
tions of the systern 2 for 5ns show the movement of the LID do-
tnain in the WASKE structure. Superposition of the atomic coordi-
natez of the initial and final sttuctures for systern 2 afier Sns of
moleoilar dynamics srmlation iz shown in Fig (6). The LID do-
A 18 rooved towards the solvent in the stracture at the final of the
onz molecular dynamics simulaion, demonstratng that the molecu-
lar dynamics sirmilation results are in agreement with exzperimental
Hray crystallographic data (Fig (47, oonfinming that the binding
of the shiltitnate to the 3K structare is enough to promote the clo-
sure of the LID domain. On the other hand, the lacking of the
shildmate in the WMEEK promotes the opening of the LID domain.
This stractural feature shouwld be considered in any stucture-based
design of 5K inhibitors, which are competitive against shildmate A
detailed analysis of the molecular dynamics sinmlations for WSE
with different igand iz underway and will be published elsewhere.

5. CONCLUDING REMARKS

The disruption of gene arok, which codes for the shilamate
lanase, haz been shown to be essential for the snahility of M fuber-
culosis. The evidence that shildmate pathway is essential for AL
tuberculosis even in the presence of exogenous supplements as p-
atninobenzoate, p-hydrozibenzoate and aromatic amino acds rein-
forces its attractiveness as a drug target [26]. It is interesting to note
that shikdric acid can be used to supply the aromatic amine acid
and aromatic witarmin requirements of £ coli blodced in any of the
first three steps of the shikimate pathway [77]. This ability hasbeen
related to the presence of the shildmic acid transport system en-
coded by the gene shid [78]. Thus, there iz the possibility that
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chikirmic acid could be used as a supplement to allow the growth in
vitro of mutant AL Mberculosiz drains disnupted on arols, avol
arol) or aroX genes, which code for first four shikimate pathway
eeymes i A tubarewlosis. These aro-distupted AL tuberculosis
srains could be used in experitnents to deteraine if shikdrate
pathsay 15 essential to invivo growth of AL fuberculosis.

A commprehensive stractural picture of the interactions betwesn
M wheveulosis SK enzyme and Me, ADP and shikimate agh-
strates have been obtained from crystallographic stadies [33,60,61].
In addition, the LID and 3B domains conformational changes upon
ADP and chilimate substrates binding, which result in a pattial
dosure of and solvent ezpulsion from ARSI active site, has been
described.

There tas been considerable debate within the literature as
whether enzyme-catalyzed phosphoryl transfer reactions operate
prmarnily wath an assocative (Syp2-like) or dissociabive (Syl-like)
transition state [62]. & criterion that has been used for distinguish-
ing hetween these mechanizms 12 based on the geometry and reac-
tion coordinate distances between the tetminal phosphoryl group of
ATP and the acceptor substrate in ground state enzyme-substrate or
enzyme miubitor complexes [79]. For the transtion state to have
some degree of associative character, these distances are expected
10 he less than the sum of a P-0 van der Waals contacts and a P-0
sitigle bond (1. ein the order of approzimately 4.9 A) [62]. In disso-
dative mecham ams these distances would be expected to be longer
than this to allow space for the intermediate monomed ¢ metaphos-
phate to exist between the leaving group (ADF) and the entering
group [79]. A crystal structure of ABSE in compler with MgADP,
shikirpate, and ALF; (2 structwal analog of y-phosphory]l group
transfered in the reaction) could pertrut a snapshot of the transition-
state like structure of AGSE. Az it has been shown to other kinases
[80-93], thiz structural study could distingiish between assodative
andl dissociative transtion states in the reaction catalyzed by AEEEL

It has been recently described the structural alterations caused
by binding of the shikimate, magnesiumn and chlofide ionsin the 3K
from Adpcobacterirn tuberculosis (WEK) These new findings
indicate that both ionz and the shilirate influence the stnictural
conformation of MESE. The magnesiurm 1on also appears to mflu-
ence both the hydrozyl groups of shikimate molecule and some
residues from active site. The duloride ion can influence the affinity
of shikimate for Mt3K, in the binding postion of ADP in MiSE
active site and also in the opening length of LID domain of the
MIESE structure. The shikimate binding causes a closing of LID
dormnatn, which appears to mfuvence dimstically the crystallogrmphic
packing of the protein [94-95],

Sttuctures of SKs deposited in the protein data bank (FDB)
were supenmposed and positions of residues wvolved in binding
(Lysl5, Aspsd, ArgSs, Gludl, Glyr9, Glyil, Glydl, Argl36) be-
tween shilamate and 3K are highly conserved [61]. The precse
ittetactions betwesn AMSE and shikitnate have been elucidated,
chowing the residues inwvolved in the binding of substrate and the
conformational changes upon substrate binding, Accordingly, the
availahility of the AL tuberculosis shilamate larase structures com-
plexzed with shikimate provide crudial information for the design of
non-proruiscuous B inhibitors that target both the shikimate- and
ATP-binding pockets o uniquely, the shildmate-binding ste
Morecver, the kmowledge of functional factors that lead to active
gite closure could be used for designing inhibitors that force ARSE
to a closed conformation that would be unable to catalyze the phos-
phoryl transfer to shildmate. These inhibitors could block the hio-
synthesis of aromatic aminoacids [96] and other compounds (folate,
tricobacting, etc), which are essential for the growth and wability of
the o croorgani s,
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ABBREVIATIONS

TB = Tuberculosis

Mt = Mycobacterium tuberculosis

SK = Shikimate kinase

DAHPS = 3-deoxy-D-arabino-heptulosonate-7-phosphate

synthase

CS = Chorismate synthase

EPSPS = S5-enolpyruvylshikimate-3-phosphate synthase

PABA = p-aminobenzoate

GTP = Guanosine triphosphate

ATP = Adenosine triphosphate

ADP = Adenosine diphosphate

Km = Michaellis-Menten constant

NMP = Nucleoside monophosphate

AK = Adenylate kinase

WHO = World Health Organization

HIV = Human immunodeficiency virus

MDR = Multidrug-resistant

DHQ = Dehydroquinase

PCR = Polymerase chain reaction

IPTG = TIsopropyl-beta-D-thiogalactoside

Mg = Magnesium

r.ms. = Rootmean square

Ere = Erwinia chrysantemi

AMP-PCP = Adenosine -f.y-methylencadenosine 5'-triphosphate

AMP-PCP = pBy-imidoadenosine 5'-triphosphate
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Abstract

The resumption of tuberculosis led to an increased need to understand the molecular mechanisms of drug action and drug resistance,
which should provide significant insight into the development of newer compounds. Isoniazid (INH), the most prescribed drug to treat
TB, inhibits an NADH-dependent enoyl-acyl carrier protein reductase (InhA) that provides precursors of mycolic acids, which are com-
ponents of the mycobacterial cell wall. InhA is the major target of the mode of action of isoniazid. INH is a pro-drug that needs acti-
vation to form the inhibitory INH-NAD adduct. Missense mutations in the inhA structural gene have been identified in clinical isolates
of Mycobacterium tuberculosis resistant to INH. To understand the mechanism of resistance to INH, we have solved the structure of two
InhA mutants (121V and S94A), identified in INH-resistant clinical isolates, and compare them to INH-sensitive WT InhA structure in
complex with the INH-NAD adduct. We also solved the structure of unliganded INH-resistant S94A protein, which is the first report on
apo form of InhA. The salient features of these structures are discussed and should provide structural information to improve our
understanding of the mechanism of action of, and resistance to, INH in M. tuberculosis. The unliganded structure of InhA allows iden-
tification of conformational changes upon ligand binding and should help structure-based drug design of more potent antimycobacterial
agents.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Mycobacterium tuberculosis; InhA; Crystal structure; Isoniazid; Drug resistance; Enoyl-ACP reductase

1. Introduction

Tuberculosis (TB), which is caused mainly by Mycobac-
terium tuberculosis, is a global human health emergency
that remains the leading cause of mortality among infec-
tious diseases. It has been estimated that 8.2 million new

" Corresponding authors. Fax: +55 17 51 3220 3629.
E-mail addresses: walter.junior@pucrs.br (W.F. de Azevedo Jr.).
diogenes(@pucrs.br (D.S. Santos).

1047-8477/§ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jsb.2007.04.009

TB cases occurred worldwide in the year 2000, with
approximately 1.8 million deaths in the same year, which
translates into more than 200 deaths per hour, and more
than 95% of these were in developing countries (Corbett
et al., 2003). In the same year, 3.2% of the world’s new
cases of TB were multidrug-resistant tuberculosis (MDR-
TB), defined as strains resistant to at least isoniazid and rif-
ampicin (Espinal, 2003; Ormerod, 2005). Treatment of
MDR-TB strains requires the administration of second-line
drugs that are more toxic and less effective, and are given
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for at least three times as long as, and 100 times as expen-
sive as basic chemotherapeutic regimens (Pablos-Mendez
et al., 2002). More recently, a survey of the frequency
and distribution of extensively drug-resistant (XIDR) TB
cases, which are defined as cases in persons with TB whose
isolates were resistant to isoniazid and rifampicin and at
least three of the six main classes of second-line drugs,
showed that during 2000-2004, of 17,690 TB isolates,
20% were MDR and 10% of these were XDR (CDC,
2006). XDR-TB has a wide geographic distribution, poses
a public health threat, is an impediment to TB control, and
opens up the possibility that epidemics of virtually untreat-
able TB may develop (Anon, 2006). New antimycobacterial
agents are thus needed to improve the treatment of MDR-
and XDR-TB, as well as to provide more effective treat-
ment of drug-sensitive TB infection. An understanding of
drug resistance mechanisms in this pathogen should con-
tribute to the rational design of new chemotherapeutic
agents to treat TB.

The modern, standard “short-course™ therapy for tuber-
culosis is based on a four-drug regimen of isoniazid, rifam-
picin, pyrazinamide, and ethambutol or streptomycin for
two months, followed by treatment with a combination
of isoniazid and rifampicin for four months (Mitchison,
1985). Isoniazid (INH, isonicotinic acid hydrazide) was
first reported to be effective in the treatment of TB in
1952 (Bernstein et al., 1952) and, scon after, the first
INH-resistant M. fuberculosis strains were isolated (Mid-
dlebrook and Cohn, 1953}, Genetic and biochemical stud-
ies have shown that the imkd-encoded protein is the
primary target for isoniazid (Banerjee et al., 1994; Quém-
ard et al., 1995; Larsen et al., 2002; Kremer et al., 2003).
InhA was identified as an NADH-dependent 2-frans-
enoyl-ACP (acyl carrier protein} reductase enzyme that
exhibits specificity for long-chain thioester substrates. InhA
is a member of the mycobacterial type II fatty acid syn-
thase system {FAS-1I), which elongates acyl fatty acid pre-
cursors yielding the long carbon chain of the meromycolate
branch of mycolic acids, the hallmark of mycobacteria
(Schroeder et al., 2002). INH is a pro-drug that is activated
by the mycobacterial catalase-peroxidase enzyme KatG in
the presence of manganese ions, NAD{H) and oxygen
(Johnsson and Schultz, 1994; Johnsson et al., 1995; Basso
et al., 1996; Zabinski and Blanchard, 1997). The KatG-
produced acylpyridine fragment of isoniazid is covalently
attached to the C4 position of NADH forming an INH-
NAD adduct, which, in turn, forms an inhibitory binary
complex with the wild-type (WT) enoyl reductase of M.
tuberculosis (Rozwarski et al., 1998) with an equilibrium
dissociation constant value lower than 0.4 nM (Lei et al.,
2000). The isonicotinyl-NAD adduct has been shown to
be a slow, tight-binding competitive inhibitor of WT InhA
with an overall inhibition constant value of 0.75nM
(Rawat et al., 2003).

The mechanism of action of isoniazid is complex, as
mutations in at least five different genes (kat G, inh A, ahpC,
kasA, and ndh) have been found to correlate with isoniazid

resistance (Schroeder et al., 2002; Blanchard, 1996; Basso
and Blanchard, 1998; Glickman and Jacobs, 2001; Basso
and Santos, 2005; Oliveira et al., 2007). Consistent with
InhA as the primary target of INH mode of action, INH-
resistant clinical isolates of M. tuberculosis harboring
inhA-structural gene missense mutations, but lacking muta-
tions in the inhd promoter region, katG gene and oxyR-
ahpC region, were shown to have higher dissociation
constant (Ky) values for NADH than INH-sensitive WT
InhA, whereas there were only modest differences in the
steady-state parameters (Blanchard, 1996). We have
recently reported the crystal structures of binary complexes
formed between NADH and INH-sensitive WT InhA, and
INH-resistant S34A, T47T, and 121V InhA mutant enzymes
(Oliveira et al., 2006). Even more recently, both specialized
linkage transduction has been used to introduce S94A sin-
gle point mutation within the inhd structural gene and
X-ray crystallographic on INH-resistant S94A ITnhA pro-
tein has been reported (Vilchéze et al., 2006). However,
even though there are several crystal structures of InhA
in complex with a variety of ligands, there has been no
report on unliganded InhA structure and, thus, no high res-
olution information on the InhA structure before ligand
binding. In our efforts to understand the molecular basis
for the reduced inhibition of the INH-NAD adduct to
InhA mutants, here we report co-crystallization of IINH-
resistant 121V and S94A InhA mutant enzymes, which
were identified in IINH-resistant clinical isolates of A
tuberculosis (Blanchard, 1996; Morlock et al., 2003), with
the INH-INAD adduct, and compare them to the INH-sen-
sitive WT InhA structure. This is the first report on the
crystal structure of the complex formed between INH-resis-
tant 121V InhA and INH-NAD adduct refined to 2.2 A.
We also report the crystal structure of INH-resistant
S94A InhA and INH-sensitive WT InhA both in complex
with INH-NAD adduct to 2.0 and 2.2 A of resolution,
respectively. Moreover, we report, for the first time, the
crystal structure of apo INH-resistant S94A InhA refined
to 2.15 A, which shows the protein conformational changes
upon ligand binding. It is hoped that the data presented
here will provide structural insight into an understanding
of the drug resistance mechanism, which, in turn, should
aid the rational design of chemical compounds to efficiently
inhibit both INH-resistant and -sensitive InhA enzymes
with potential antimycobacterial activity.

2. Materials and methods

2.1, Crystallization

WT, I21V, and S94A InhA enzymes were expressed and
purified to homogeneity as described elsewhere (Quémard
et al., 1995; Basso et al., 1998). INH-NAD synthesis was
carried out as described elsewhere (Rozwarski et al,
1998). Crystals of binary complex InhA:INH-NAD were
obtained by the hanging-drop vapor-diffusion method
under similar conditions as described by Dessen et al
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(1995) and Rozwarski et al. (1998). InhA enzymes were
dialyzed against 50 mM Hepes, pH 7.5 and concentrated
to 5-10mg/mL. Enzyme-inhibitor complexes were
obtained at room temperature by incubating 5-10 mg/mL
InhA proteins with NADH, MnCl, and isoniazid for 1 h
using molar ratios of 1:50, 1:10, and 1:100, respectively.
The complexes InhA:INH-NAD were crystallized in hang-
ing droplets containing 1 pL of inhibited-protein solution
and 1 pl. of crystallization solution containing 50 mM
Hepes, pH 7.2; Sodium citrate buffer and 5-10% MPD.

The apoenzyme S94A InhA mutant was dialyzed against
50 mM Hepes, pH 7.5, 10% glycerol and 300 mM of KCL
The protein was concentrated to 10 mg/mL and crystal-
lized in hanging droplets containing 1 pL. of protein solu-
tion and 0.5 pl. of crystallization solution containing
100 mM sodium citrate, pH 5.6, 200 mM ammionium ace-
tate and 20-30% of PEG 4000.

2.2. Data collection and processing

All data sets were collected at a wavelength of 1.427 A
using Synchrotron Radiation Source (Station PCr, LNLS,
Campinas, Brazil; and a CCD detector (MARCCD) (Poli-
karpov et al., 1998). Data collection were performed in
cryogenic conditions at 100 K in a cold nitrogen stream
generated and maintained with an Oxford Cryosystem.
Prior to flash-cooling, glycerol was added to the crystalliza-
tion drop up to 20% (v/v). The data sets were processed
using the program MOSFLM (CCP4, 1994) and scaled
with SCALA (CCP4, 1994).

2.3. Structure determination

The crystal structures were determined by standard
molecular replacement methods using the program
AMoRe (Navaza, 1994). Initially, atomic coordinates for
binary complex WTInhA:INH-NAD to 2.7 A resolution
were used as search model for the structure of WT
InhA:INH-NAD (PDB Access code: 171D} (Rozwarski
et al., 1998}. Our atomic coordinates for WT InhA:INH-
NAD at 2.2 A resolution were then used as search model
to solve the other structures. The structure of apoenzyme
S94A InhA mutant was solved using as search model the
structure of binary complex InhA:Genz-10850 at 2.6 A res-
olution (PDB Access code: 1P44) (Kuo et al., 2003). The
atomic positions, which generated the higher correlation
coeflicient magnitude obtained from molecular replace-
ment method, were used for the crystallographic refine-
ment. The refinements of structures were performed using
REFMAC 5.2 program (Murshudov et al, 1997). The
XtalView/Xfit (McRee, 1999) was used for visual inspec-
tion and addition of water molecules. The water molecules
were also checked based on B-factor values. The stereo-
chemistry correctness of the models was checked using
PROCHECK program (Laskowski et al., 1993) and PAR-
MODEL (Uchoa et al., 2004). The final atomic models

were superposed using the program LSQKAB program
from CCP4i package (CCP4, 1994).

3. Results and discussion

The crystals of apo S94A InhA are triclinic. These crys-
tals diffracted to 2.15 A resolution. The asymmetric unit
presents four monomers forming the characteristic tetra-
mer of InhA. This structure presents final R-factor and
R-free values of 16.2% and 25.5%, respectively. The crys-
tals of WT, 121V, and S94A InhA in complex with the
INH-NAD adduct are hexagonal and crystallized in the
space group P6,22, having one molecule in the asymmetric
unit. Table 1 summarizes the data processing, crystallo-
graphic refinement statistics and structural quality for the
four structures presented here. Analysis of the crystallo-
graphic refinement for the structures here described
indicates that WtInhA:NADH:INH, 121V InhaA:NADH-
INH and 894Inha:NADH-INH present difference between
R-factor and R-free ranging from 3.9% to 5.5%, which indi-
cates fairly good overall refinement statistics, and the struc-
ture S94A InhA presents a difference of 9.3%, below 10% ,
which makes this structure also acceptable for structural
comparisons. These structures present good geometry,
although some residues are located in regions not permit-
ted in Ramachandran plots.

InhA belongs to the short chain dehydrogenase/reduc-
tase (SDR} family of enzymes. The main characteristic of
this family is a polypeptide backbone topology in which
each subunit consists of a single domain with a central core
that contains a Rossmann fold supporting an NADH bind-
ing site. The structure displays a «/p folding consisting of a
central B-sheet composed of parallel strands and flanked by
a-helices (Fig. 1a). The structure presented here is in accor-
dance with the homotetrameric quaternary structure in
solution determined by analytical size-exclusion chroma-
tography, and possesses an internal 222 symmetry
(Fig. 1b).

3.1 Influence of INH on the structure of MilnhA

The activated form of INH consists of an isonicotinic-
acyl group attached through its carbonyl group to the C4
of the nicotinamide ring, replacing the 4S5 hydrogen of
NADH, which is the same position invelved in the hydride
transfer that occurs during reduction of enoyl-ACP sub-
strates (Quémard et al., 1995).

We compared the structure of INH-sensitive WT InhA
presented here and the structure previously solved by Roz-
warski et al. (1998) at 2.7 A of resolution. Although Vil-
cheéze et al. (2006) have solved two structures of InhA in
complex with NAD-INH (WT InhA and S94A mutant
at 2.0 and 1.9 A at resolution, respectively} it was only
observed one structure deposited in the Protein Data Bank
(S94A InhA mutant). This way, the S94A InhA solved by
Vilcheze et al. (2006} is argued to be related to effect of this
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Table 1

Crystallographic data, refinement statistics and analysis of the quality of InhA structures

Crystallographic data WilnhA'NADH:INH 121V InhA'NADH INH S94A InhA:NADH INH S94A InhA
a(A) 97.09 96.59 06.83 54.63
bA) 97.09 96.59 96.83 63.52

c (&) 136.94 136.35 136.42 65.18

o 90 90 90 97.21

B 90 90 90 85.81

¥ 120 120 120 102.87
Space group P6222 P6222 P6222 Pl
Number of image 80 &0 80 160
Number of measurements with 7> 2 ¢ (J) 245,823 134,890 185,407 71,775
Number of independent reflections 26,409 19,563 19,782 44,054
Completeness (%) {outermost shell) 99.9 (100} 98.7 (91.6) 99.8 (99.5) 98.6 (85.2)
Rym® (%) (outermost shell) 9.8 (83.0) 7.2(59.1) 9.5(77.4) 58(29)
Redundancy 9.3 6.9 9.4 1.6
Refinement statistics

Resolution range (A) 40.19 2.0 3041 2.2 45.64 2.2 42.26 114
Reflections used for refinement 25,045 18,527 18,193 41,818
Number of atoms 2283 2261 2257 8682
Number of residues 267 267 267 1068
Nutnber of water molecules 239 216 212 701
Final R-factor © (%) 18.7 18.4 17.9 16.2
Final R-factor free® (%) 226 23.6 234 25.5
Correlation coefficient (%) 96.0 958 95.8 958

B values (A9

Main chain 30.56 36.69 34.08 27.52
Side chain 32.19 37.70 3533 28.59
NADH INH 32.19 31.93 29.85

Waters 40.93 43.39 42.13 33.23
Ramachandran plot

Favorable 86.2 87.1 88.9 88
Additional allowed 9.8 9.8 93 10.3
Generously allowed 0.0 0.0 0.0 0.7
Disallowed 4.0 31 18 1.0

* Ry = 100 PIh) _ AKR)2/PIh) with I{#), observed intensity and AI(#)z, mean intensity of reflection A overall measurement of (/).
b R-factor = 100 3¢ S (Fops — Foat)/ S (Fobe), the sums being taken over all reflections with F/o{F) > 2a(F).

¢ R-free = R-factor for 10% of the data that were not included during erystallographic refinement.

Fig. 1. Ribbon diagram of InhA. (a) Monomeric structure of the wild-type InhA:INH NAD binary complex, and (b) Tetrameric structure of the
unliganded InhA. The figures were drawn using program MolMol (Koradi et al., 1996).
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mutation on the binding process of the INH-NAD at a
later stage.

The structure of the INH-sensitive WT InhA presented
here shows differences when compared with the structure
determined by Rozwarski et al. (1998}, mainly in important
residues located in the binding site of INH-INAD (Tyr158,
Phel49, Trp222, Leu2l8, and Phed4l) and in the INH-
NAD molecule. There is a difference of approximately
15% in the position of Tyrl58 side chain of WT InhA in
comparison with the structure solved by Rozwarski et al.
{1998), and the Tyr158 side chain moves closer to INH.
Interestingly, a conformational change involving rotation
of Tyrl58 side chain upon binding of the enoyl substrate
to InhA has been invoked to account for the observed
inverse solvent isotope effect (Parikh et al., 1999). These
authors have proposed that Tyr158 functions as an electro-
philic catalyst, stabilizing the transition state for hydride
transfer by hydrogen bonding to the substrate carbonyl
The Phe4l side chain of WT InhA:INH-NAD structure
presented here underwent 30° torsion as compared to the
structure solved by Rozwarski et al. (1998). This residue
appears to be important in anchoring the adenine moiety
of NADH. The side chain of Phel49 and Leu218 residues
move closer to INH molecule (Fig. 2a). Although it could
be argued that these differences are due to the lower reso-
lution of the previously published structure, these residues

gL Tyr158

)\
& INH-NAD

appear to play an importance role in the enzyme-ligand
interaction and should be considered in structure-based
drug design.

The main effect of INH moiety of INH-NAD adduct on
WT InhA is a 90° rotation of Phel49 side chain (Fig. 2b),
which provides room to accommodate the INH moiety.
Owing to this rotation, a water molecule, which has been
identified in the InhA structures without the isonicotinic-
acyl group (Oliveira et al., 2006), was removed from the
InhA active site {not shown in Fig. 2}. Furthermore, it is
observed alterations in the Met155, Leu218 and Ile215,
Metl199, probably due to alteration in the side chain posi-
tion of Phel49. The 1le215 moves away from the active site
due to rotation of the side chain of the Tyr158 (Fig. 2b).
The side chain of Met199 underwent a rotation of approx-
imately 30° away from the active site. Two water molecules
are present in the structure of InhA:INH-NAD complex,
but absent from the structures between WT and S94A,
121V, and I47T mutants InhA proteins in complex with
NADH (Oliveira et al., 2006}. The isonicotinic group also
causes the expulsion of one water molecule next to C4 of
NADH molecule. This causes a rotation of approximately
20° of nicotinamide group of NADH molecule, when com-
pared with other InhA:NADH structures, but the phos-
phates, ribose and adenine are highly superposed among
the analyzed structures. This change results in a more

Fig. 2. Superposition of active site residues of InhA. (a) It is shown the superposition of the active site structure of wild-type InhA:INH NAD solved by
Rozwarski et al. (1998) at 2.7 A resolution (in green) and wild-type InhA:INH NAD at 2.0 A resolution presented here (in grey). (b) It is shown the
superposition of the structure of wild-type Inh A:NADH complex binary solved by Oliveira et al. (2006) (in blue) and the structure of wild-type InhA:
INH NAD presented here (in grey). The figures were generated with MolMol (Koradi et al., 1996). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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snugly fit of the INH moiety of INH-INAD in the active  reported by Rozwarski et al. (1998} nvolving oxygen atom
site of InhA. from Glyl4 and O2 from the pentose of NADH, which

There is one intermolecular hydrogen bond that is con-  strongly indicates the importance of this hydrogen bond
served in the present structures and in the structure  for the interaction of NADH and the InhA.

Table 2

Effect of the mutations [21V and $94A on the binding process of the NADH on the InhA

Mutation Mutation effect Consequence

221V Lose of Van der Waals interaction between NADH and the CD1 Decrease of the stability of the binding of the NADH in the active
atom present in the valine residue site of the protein

SO4A Alteration in the binding network involving a conserved water Increase of the flexibility of the conserved water molecule and
molecule and 09 atom of molecule of NADH decrease of the affinity of NADH by protein

INH-NAD

Fig. 3. Ribbon diagrams for InhA structures, showing the electronic density for INH NAD and mutated residue. (a) Wild-type InhA, (b) I21V mutant,
and (c) S94A mutant. The figures were generated using program SpdbView (Guex and Peitsch, 1997).
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3.2, Influence of mutations 121V and S94A4 on INH-NAD
binding to InhAs

Van der Waals contacts between Val21 side chain and
the nicotinamide ring, nicotinamine ribose, and phosphate
oxygen atoms are missing in the INH-resistant 121V InhA
structure as compared to WT-sensitive InhA. These inter-
actions do not occur due to the absence of the CD1 atom
in the mutated residue Val21 (Oliveira et al., 2006), which
appear to play an important role in stabilizing bound
NADH or INH-NAD in the InhA active site (Oliveira
et al., 2006; Basso et al., 1998).

The crystal structure of S94A InhA showed that a con-
served hydrogen bond to a water molecule is lost owing to
mutation to Ala94 (Oliveira et al., 2006), which has been
proposed to account for the reduction in affinity for NADH
observed for the INH-resistant S94A InhA enzyme (Basso
et al., 1998). Vilchéze et al. (2006) have solved the structure
of INH-resistant S94A InhA enzyme (PDB code 2NV6) and
INH sensitive InhA in complex with INH-NAD (data do
not deposited in the PDB). These authors propose the loss
of the serine causes a shift in position of water molecule that
promotes a disruption in hydrogen binding network. Anal-
ysis of the structure of S94A InhA enzyme present here does
not present the disruption between this water molecule and
the atom O9 of the molecule of INH-NAD. Analysis of
other structures of S94A InhA, such a ones solved by Oli-
veira et al. (2006}, shows a binding between this conserved
water molecule and the O9 of the molecule of INH-NAD.
Thus, we believed that the mutation S94A can cause
increase flexibility or decrease affinity of this molecule due
the loss binding between this water molecule and the OG
atom of the Ser%4, which is observed in the structure wild-
type. The influence of the mutation on this water molecule
could cause a reduction in the affinity of INH-NAD or
NADH by InhA 894A. Thus, the movement observed in
the water molecule by Vilchéze et al. (2006) can be due an
increase of flexibility of this molecule carrying a false
impression of an ordered movement.

The effect of the mutations 121V and S94A on binding
process of the NADH on protein is summarized in the
Table 2. Analysis of contact area between the InhAs
and INH-NAD reveals that the INH-sensitive WT
enzyme presents larger contact area than the INH-resis-
tant mutants. The value for WT enzyme is 467.4 A?
while for 894A and 121V mutants the values are 464.2
and 461.9 A% respectively. The smaller value observed
for 121V mutant can be due the absence of the contact
between the CD1 of Ile2l that is missing in the 121V
mutant. The 121V and S94A mutations do not seem to
alter the position of the isonicotinic-acyl group because
there are no significant changes when the mutant struc-
tures are compared with WT structure (Fig. 3a—). These
results are in agreement with the proposal that TNH
resistance is due to reduction in NADH affinity for
mutant InhAs (894A and 121V} thereby hampering bind-
ing of INH-NAD adduct.

3.3 Effect of INH-NAD on the binding of substrate in the
InhA

The isonicotinic-acyl group of INH-NAD adduct
replaces the 4S8 hydrogen of C4 of NADH, which is the
same position involved in the hydride transfer catalyzed
by InhA. As a member of the family of SDR enzymes,
the catalytic triad formed by Phel49, Tyrl58, and Lysl165
(Rozwarski et al., 1999} is present in InhA (Fig. 4). The
Phel49 may play a role in anchoring the nicotinamide moi-
ety of NADH for hydride transfer to the fatty acyl sub-
strate. Lysl65 interacts with the 3'-hydroxyl oxygen of
the nicotinamide ribose of NADH, in agreement with a
previous proposal that Lysl65 plays a role in cofactor
binding (Parikh et al., 1999).

The proposed mechanism of how InhA catalyzes the
reduction of the 2-frans double bond of the fatty acyl sub-
strate consists of the formation of an enolate intermediate
through the direct transfer of a hydride ion from NADH
to position C3 of the substrate, followed by protonation
of position C2 (Rozwarski et al., 1999}. It is noteworthy
that the Tyr158 occupies approximately the same position
for S94A: INH-NAD and apo 894A, whereas there is a con-
formational change upon binding of NADH to S94A, and
NAD"' and a C16 enoyl substrate to WT InhA resulting
in position of Tyrl58 to similar positions in these latter
structures (Fig. 4). A comparison between the WT InhA-
NADH structure and an inactive ternary complex formed
by WT InhA, NAD™, and a C16 enoyl substrate revealed

Fig. 4. Catalytic triad for InhA. In green is shown the residues of S94A
InhA in complex with INH NAD, in grey is shown the residues of S94A
InhA unliganded, in orange is shown the residues of S94A in complex with
NADH, and in blue is shown the residues of WT InhA in complex with
(16 enoyl substrate and NAD™ (Rozwarski et al., 1999). The figure shows
conformational changes in these residues due to different ligands. The
figure was generated using program MolMol (Koradi et al., 1996). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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that upon binding the enoyl substrate there is a 60° rotation
about the Tyr158 Ca—Cp bond that enables the Tyrl158 to
hydrogen bond to the substrate carbonyl group (Parikh
et al., 1999). It has thus been suggested that Tyr158 provides
electrophilic stabilization of the transition state(s) for the
reaction by hydrogen bonding to the carbonyl of the sub-
strate. However, the InhA:NAD:C16 enoyl substrate is a
non-productive ternary complex and is likely not part of
the reaction course, which is in agreement with the strue-
tural results presented here for apo S94A InhA. The isonic-
otyl-acyl group causes a large change in the position of the
Phel49 side chain (Fig. 4), and appears to be involved in
stacking interactions with the INH-NAD adduct.

3.4, INH-resistant S94.4 mutant in an uncomplexed form

The structure of unliganded S94A InhA reveals that the
protein undergoes three noticeable conformational changes
in its main chain upon NADH binding. The main altera-
tions occur between the residues 99 and 112, between the
residues 197 and 213 (Fig. 5a), and in the Phe4l
(Fig. 5b). It appears that NADH binding is sufficient to
cause a closure of the active site of InhA. Analysis of B-fac-
tor for three different structures of Inh A (Fig. 6) shows that
in the absence of both substrate and cofactor or in the pres-

ence of ones, the protein presents the substrate binding
loop (residues 196-219) more disordered than the structure
in the presence of cofactor. By analysis of these three struc-
ture, we can observe that in the uncomplexed structure,
part of the substrate binding loop is closed (197-203) and
part is opened (205-214) for InhA:NAD" :substrate struc-
ture (Fig. 5a). In the S34A:NADH structure, part of the
substrate binding loop is more open (197-203) whereas
part is more closed (205-214). The conformational change
of InhA:NAD" :substrate ternary complex is due to the
geometry of the a-helix of the longer substrate binding
loops that could sterically hinder the loop from folding
downward into the substrate binding cavity, leaving a lar-
ger opening for the fatty acyl substrate between residues
205-214 (Rozwarski et al., 1999). The residues 205214
of the substrate binding loop moves approximately 6A
away from the active site in the unliganded InhA, while
the substrate of InhA:NAD :substrate presents the same
loops away approximately 4 A. The opening of the sub-
strate binding loop for these structures are consistent with
apoenzyme providing access to substrates to enter the
enzyme active site and non-productive ternary complex
providing access to solvent for product release. Analysis
of molecular surface shows the effect of the substrate bind-
ing loop on the active site of InhA (Fig. 7).

NADH

Fig. 5. Conformational changes observed in the structure of S94A InhA upon binding of NADH or both NADH and substrate. (a) Ce traces of S94A
InhA unliganded (purple), $94AInhA in complex with NADH (orange), and WT InhA in complex with both NAD" and substrate (green). (b)
Conformational changes of residues 41 43 (coloring was the same as in a). The figures were generated using program MolMol (Koradi et al., 1996). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Residue-averaged B-factor for S94A resistant mutant apoenzyme (red line), WT InhA in complex with NAD™ and C16 substrate (black line), and
S94.A resistant mutant in complex with NADH (purple line). (For interpretation of the references to color in this figure legend, the reader is referred to the

Web version of this article.)

In this manner, the binding of NADH in the active site
of the protein can cause the partial closure of substrate
binding loop, however, arranging a conformation for the
binding of the substrate. In the presence of the cofactor
and substirate the protein presents the active site newly
opened for liberation of the product of the reaction. Thus,
in according with this hypothesis the molecule of NADH is
the main responsible by closure of the active site of InhA.

The Van der Waals interactions between the Phe4l and
NADH molecule may play in NADH binding to the
enzyme active site, since Phe4] moves closer to the adenine
moiety upon cofactor binding (Fig. 5b). Asp42 and Argd3
side chains also undergo conformational changes upon
binding of NADH or both NADH and substrate
(Fig. 5b}. However, the absence of substrate does not seem
to alter the oligomeric state of InhA because the tetrameric
form in the asymmetric unit and the contact area among
the monomers in the unliganded structure are similar to
the other structures (InhA:NAD :substrate ternary com-
plex and InhA:NADH binary complex) {data not show).
Thus, the movement of substrate binding loop appears
not to interfere with the protein oligomeric state.

4. Conclusion

Here, we present four structures of InhA from M. fuber-
cufosis: three structures for complexes of InhA:INH-NAD

and one in the unliganded form. The structures in complex
with INH-INAD are: INH-sensitive WT and two INH-
resistant mutants (I21V and S94A). Comparison between
our WT InhA:INH-NAD structure and the structure pre-
viously determined by Rozwarski et al. (1998) reveals that
there are changes in important residues in the active site
that were not previously observed. Moreover, the compar-
ison of our structures in complex with INH-NAD shows
that there is no large influence of mutation in the binding
of INH-NAD. The INH-NAD adduct has been shown
to be a slow, tight-binding competitive inhibitor of WT
and TNH-resistant InhA mutant enzymes (Rawat et al.,
2003). Interestingly, the kinetic and thermodynamic
parameters for the interaction of isonicotinyl-NAD"
adduct with INH-resistant 121V, I47T, and S94A InhA
mutant enzymes were found to be similar to those of the
WT enzyme (Rawat et al., 2003). These results prompted
the authors to suggest an alternative hypothesis to explain
for INH resistance mechanism in strains harboring inhA-
structural gene mutations, in which InhA may interact
directly with other components of the FAS-IT system.
Accordingly, the resistance-associated mutations in the
inhA-structural gene would affect the susceptibility of InhA
to INH inhibition only in the context of the multienzyme
complex, and not when InhA is tested in isolation as in
in wvitro assays. Several protein—protein interactions
between FAS-II enzymes have been detected by yeast
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Substrate binding loop

Fig. 7. Molecular surface for (a) Unliganded S94A InhA, (b) S94A InhA in complex with NADH, and (¢) WT InhA in complex with both NADH and

substrate. The figures were generated using program Pymol (DeLano, 2004).

two-hybrid and co-immunoprecipitation studies and pro-
posed that either these complexes might coexist or the qua-
ternary structure of a “unique” FAS-IT might change from
one coniposition to another during the time and according
to the degree of elongation of the substrate (Veyron-Chur-
let et al., 2004). In particular, M. tuberculosis InhA was
shown to interact with KasA (p-ketoacyl synthase A) and
this protein—protein interaction has been suggested as a
probable explanation to occurrence of INH-resistant
mutant in KasA, even if InhA is indeed the only primary
target of INH. However, it remains to be shown whether

inhA structural gene mutations identified in INH-clinical
isolates of M. fuberculosis will affect the inhibition of InhA
by INH in the context of, for instance, InhA-KasA multi-
enzyme complex. In agreement with InhA as the primary
target for INH mode of action, recessive mutations in
Mycobacterium smegmatis and Mycobacterium bovis BCG
ndh gene, which codes for a type II NADH dehydrogenase
(NdhII), have been found to increase intracellular NADH/
NAD ratios (Vilchéze et al., 2005). Increasing NADH lev-
els protected InhA against inhibition by the INH-NAD
adduct formed upon KatG activation of TNH. Hence,
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mutations in mycobacterial ndh gene resulted in increased
intracellular NADH concentrations, which competitively
inhibits the binding of INH-NAD adduct to InhA, in
agreement with the higher dissociation constant values
for NADH found for INH-resistant clinical isolates har-
bouring inhd-structural gene mutations as compared to
WT InhA (Basso et al., 1998). Moreover, it has been shown
that subtle structural changes result in increased values for
the limiting dissociation rate constant for NADH from
INH-resistant mutants (Oliveira et al., 2006). These obser-
vations are in agreement with the results described here.

The unliganded structure presented here shows confor-
mational changes that occur upen binding of substrates
(NADH and/or fatty acyl substrate). The structure pre-
sents movements in the substrate binding loop and a strik-
ing change in the position of Phe4l, which may play an
important role in NADH stabilization in the enzyme active
site. NADH or substrate binding causes no apparent
change in the oligomeric state of InhA.

The results presented here provide structural informa-
tion that should better our understanding of the mecha-
nism of action of, and resistance to, isoniazid in M.
tuberculosis. The unliganded structure of InhA allows iden-
tification of conformational changes upon ligand binding
that are important for substrate anchoring. We hope that
these results will help structure-based drug design of more
potent antimycobacterial agents.

5. PDB Accession codes

Protein Data Bank: Atomic coordinates and structure
factors have been deposited with Accession codes: 2idz,
2ie0, 2ieb, and 2ied.
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ABSTRACT
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4,7-Disubstituted benzothiadiazoles containing 1-arylethynyl and 4-methoxyphenyl groups are selective photoluminescent “light up” probes to
duplex DNA with unprecedented sensibility in both spectrophotometric and spectrofluorimetric measurements.

Biosensor technologies that focus on the direct detection of
nucleic acids are currently an area of tremendous interest as
they play a major role in clinical, forensic, and pharmaceuti-
cal applications.? The molecular probes that cause an
increase in both absorbance and emission intensity (“light
up” probes) by association with the host biomacromolecules
(e.g., DNA, RNA, and proteins) are very useful photolumi-
nescent markers in genomics and proteomics.’ These simple
and straightforward spectroscopic methods are especially
advantageous because small organic dyes absorb and emit
at wavelengths that do not interfere with the absorption of
the DNA bases (4 max = 260 nm). Indeed, spectrophoto-
metric and spectrofluorimetric titrations are direct method-
ologies that indicate the association of a specific dye with
DNA.*
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The ability of planar polycyclic aromatic molecules to
intercalate, i.e., to be inserted between two consecutive base
pairs of DNA, is the basic molecular geometry of many
intercalators that are used in antitumor chemotherapy,’ as
DNA cleavage agents® and fluorescent DNA intercalators,’
and for various other purposes.® However, in the case of
small molecular organic fluorophores, this association is not
very clear, mainly because of the great diversity of the
possible resulting structures.’ Cationic organic dyes normally
enhance the propensity of a small probe to bind to DNA,
most via an interaction of the positive charge with the
phosphate backbone in the double-strand DNA macromol-
ecules.'®!" However, these charged dyes have some draw-
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backs especially in electrophoresis purification, due to the
concomitant migration of the cation and the anion along the
gel. Therefore, the DNA bands in the agarose gel some-
times get poorly resolved as in the case of the commercially
available ethidium bromide, which is widely used for DNA
visualization in agarose gel electrophoresis.'?> Furthermore,
the design of new small molecular organic fluorophores is
not a simple task.® Higher selectivity, sensitivity, shorter
assay times, and greater simplicity in performing the assay
are trends that must be taken into account in the design of
new intercalators that may be commercially viable."

Neutral and highly polar dyes as DNA intercalators are
rare examples,' but they can be also used for visualization
of biomacromolecules. In this respect, fluorophores such as
quinoxalines,'s benzimidazoles,'® and 2,1,3-benzothiadia-
zoles'” have widespread use in scientific and technological
areas,'® mainly in light technology applications.! In this
respect, we have recently shown that the photophysical
properties of 2,1,3-benzothiadiazoles (BTD) can be tuned
by proper choice of the nature of the ;r-extension in positions
4 and 7.20-22

These molecules possess the geometry and electronic
properties desirable for DNA duplex intercalators. Here, we
demonstrate that new neutral and highly polar BTD are
outstanding light up probes for human DNA.

In order to check both electronic and geometrical param-
eters on the properties of BTD as light up probes to DNA,
we have changed the groups attached to the 4,7-BTD core
(Chart 1).

Chart 1.  Tested BTD Dyes la—¢, 2a,b, and 3a—c¢

S e S alacs P

1a Ar = 2Py 3a Ar = 2Py
1b Ar = 4MeOPh §;ﬁ ;ﬂeoph 3b Ar = 3Py
1¢c Ar=Fh 3¢ Ar=Fh

The dyes la—c and 2a,b were synthesized using a
methodology previously described.??> The BTD 3a—c were
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synthesized combining both Sonogashira and Suzuki cou-
pling reactions (see the Supporting Information for details).

The photophysical properties of compounds 1a—c, 2a.b,
and 3a—c were performed in phosphate buffer solutions (100
mM, pH = 7.0), and the results obtained are summarized in
Table 1.

Table 1. UV—vis and Fluorescence of the BTD Dyes la—c,
2a.b. and 3a—c in Phosphate Buffer 100 mM (pH = 7.0)
Stokes shift
dye log € () Aape (nm) A0 (nm) (nm) hea
la 4.35(22342) 365 471 106 0.86
1b  3.76 (5790) 429 563 134 0.29
le 3.81(6482) 438 552 114 0.37
2a 3.22 (1644) 411 535 124 0.51
2b  3.33 (2150) 367 506 139 0.80
3a 3.97(9152) 444 544 100 0.40
3b 3.78 (6076) 401 547 146 0.44
3¢ 4.01(10208) 426 525 99 0.47

@ Quantum yield of fluorescence [quinine sulfate in 1 M HaSOy, f =
.55, as standard].

In phosphate buffer (100 mM, pH = 7.0), the lowest
energy absorption bands for compounds la—e, 2a,b, and
Ja—c (see the Supporting Information) are assigned to 7—a*
transitions by virtue of their large molar extinction coef-
ficients (log € values in the range of 3.22—4.35). The
absorption (4y;. ) and emission (47, ) maxima lie between
365 and 444 nm and 471—563 nm, respectively. It is worth
noting that all dyes (1a—c, 2a,b, and 3a—c) have large Stokes
shifts in solution, 99—146 nm, allowing unambiguous
detection without reabsorption effects and not interfering with
the background fluorescence of biomolecules. These high
values also indicate a very efficient intramolecular charge
transfer (ICT) in the excited state between the terminal
aromatic group (phenyl ring or a methoxyphenyl group) and
the BTD moiety.

Spectrophotometric Titrations. All synthesized dyes
showed A% in the near-UV region of the spectrum (~390
nm), well separated from the one of the nucleic bases (~260
nm). Negative results were obtained during titration using
the systems 2a,b since it is necessary to use a high concen-
tration of the intercalating agent and high concentrations of
DNA. However, all compounds having a C=C sz spacer
la—c and especially 3a—c, were successfully tested as sensi-
tive probes for selective DNA detection (Figure 1(A) and
Figures S4 and S6, Supporting Information). This fact indi-
cated the necessity of the triple bound spacer C=C in order
to facilitate the intercalation binding between the dyes and
DNA duplex. All compounds (1a—c, 2a,b, and 3a—c) were
also tested against human and Mycobacterium tuberculosis
purine nucleoside phosphorylase (PNP) enzymes with nega-
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Figure 1. Spectrophotometric (A) and Spectrofluorimetric (B)
titrations of DNA to compound 3a (10 4M in a phosphate buffer
(100 mM) in all measurements) (ppm = ng/mL).

tive results, indicating their sensitivity and selectivity toward
DNA.

The addition of DNA (10—100 ppm) to the buffered
solutions of the BTD 1a (50 uM) causes a significant
decrease of the absorbance (hypochromic effect) and a blue
shift (3—5 nm) of the long wavelength absorption maxima.
The exponential decay of the relative absorbance intensity
furnishes a quantitative detection of the DNA using BTD
1a. Note that using spectrophotometric titration, this com-
pound is the only one that acts as a “light off” probe, and
this clearly indicates the importance of a donor group
(PhOMe) attached to the BTD core.

Compound 1b (50 uM) is not a good candidate due to the
pronounced rotational bands that result in a poorly resolved
spectra. Moreover, it indicates that the interaction occurs,
increasing the absorbance intensity exponentially upon
binding with DNA, and the correlation with the biomacro-
molecules is almost perfect. Among compounds 1a—¢, BTD
1¢ showed the best results using spectrophotometric titration.
Upon addition of DNA (5—75 ppm) to the buffered solutions
of the BTD 1e¢ (50 uM), a significant increase of the
absorbance (hyperchromic effect) and a red shift (5—12 nm)
of the long wavelength absorption maxima was observed.

The dyes 3a—c gave the best results among all compounds
(Figure 1(A) and Figures S4 and S6). The molecular arch-
itecture designed for these sensitive dyes indicates the
efficiency of our strategy of combining in the organic systems
a donating group (4-MeOPh) directly attached to the BTD
nucleus on one side and the presence of C=C 7z spacer on
the other.

Compounds 3a—c possess high sensitivity to DNA detec-
tion, i.e., down to 1 ppm of DNA (the hyperchromic effect
observed were very pronounced, especially observed for
compound 3c¢). A red shift between 2 and 7 nm of the long

Org. Left, Vol. 9, No. 20, 2007

wavelength absorption maxima was observed for compound
3a, 2—5 nm for 3b, and impressive 5—19 nm for BTD 3c.
To the best of our knowledge, these series (3a—¢) are among
the most sensitive light up probes for DNA detection using
spectrophotometric titrations reported to date.

Spectrofluorimetric Titrations. Spectrofluorimetric titra-
tions of DNA to the BTD derivatives la—e, 2a.b, and
3a—c were performed in an aqueous buffer solution at a
ligand concentration of 10 #M. Under these conditions, no
precipitation was observed. No significant results were
obtained using the BTD systems 2a,b, which indicates that
even in a more sensitive technical analysis (fluorescence),
the presence of a C=C x spacer is fundamental to allow
the binding of the dye to the DNA duplex. All compounds
(1a—c, 2a,b, and 3a—c) were equally tested against human
and M. tuberculosis purine nucleoside phosphorylase (PNP)
enzymes with negative results indicating once more their
sensitivity and selectivity to DNA.

Compounds 1a—c showed interesting results (see Figure
S6 in the Supporting Information). In particular, 1b presents
a very different behavior than all other BTD. This compound
decomposes upon irradiation at 429 nm. Compounds 1a and
1c, however, apparently could be useful as light up probes
to DNA detection using fluorimetric titration. In both cases,
the dyes used in very low concentration (10 #M) could detect
even | ppm of DNA in phosphate buffer solutions. Never-
theless, after a few weeks in the stock solution, we observe
degradation of compound le. Compound 1a presented its
long wavelength emission maximum below 500 nm (473 nm
for 1a, see Table 1) and therefore not suitable for the
detection of fluorescence without distortion by autofluores-
cence of the cell matrix.* However, dyes 3a—c present the
best results for fluorescence detection and quantification
(Figure 1 (B) and Figures S4 and S6). The insertion of one
4-MeOPh group on the molecular architecture of compounds
3a—c increases the thermal, electrochemical, and excited-
state stability of the small fluorescent organic systems.

In all cases, the dyes used in very low concentration (10
uM) could detect even 1 ppm of DNA in phosphate buffer
solutions. BTD 3a showed a significant increase of the
fluorescence intensity (hyperchromic effect) and a red shift
(2—5 nm) of the long-wavelength emission maximum. The
exponential increase of the relative fluorescence intensity
enabled us to carry out a quantitative detection of the
DNA using BTD 3a in an almost perfect match as seen in
Figure 1.

Compounds 3b and 3¢ presented similar results with a
significant increase in the fluorescence intensity and a slight
red shift (1—4 nm and 2—3 nm, respectively) of the long
wavelength emission maxima. Both fluorescent systems also
presented an exponential increase of fluorescence upon
increasing the DNA concentration. It is interesting for a
comparison that commonly used florescent probes normally
possess a detection limit that is equal to or above 10 ppm**
(see Table T1 in the Supporting Information) such as the
widely used ethidium bromide.?** In fact, BTD 3a—c¢

(23) Patonay. G.; Antoine, M. D. Anal. Chem. 1991, 63, 321A-327A.
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fluorescent light up probes, especially, are among the most
sensitive probes ever described.

Upon binding with DNA, compounds 3a—c maintain their
high Stokes shift, with a red shift after the association with
DNA, indicating a more efficient ICT process. If the
association proceeded through the electron-donating group,
the ICT process would not be expected to be so efficient.
All results indicate that the intercalation occurs at the C=C
side of the BTD, and as a consequence, the PhOMe portion
would be free to perform the ICT process with the BTD core,
as rationalized in Figure 2. Preliminary stopped-flow kinetic

I—- requisited
3a, Ar=2Py for DNA

3b, Ar=3Py SCEC intercalation Charge-transfer
pacer
3c, Ar=Ph process
DNA

BTD core electron
(electron acceptor ) q—l donor

Figure 2. Proposed architecture upon DNA binding.

experiments indicate high binding constants (immediately
binding to DNA).

A comparative and qualitative experiment of resolution
and sensitivity to DNA was performed with dye 3a,
comparing with the commercially available ethidium bromide
(Figure 3). The commercially available DNA plasmid
(pCINeo) at different concentrations (200, 100, 50, 20, 10,
5 ng) was submitted in two different agarose gels (1%) to
electrophoresis purification using commercial 1 kb plus as
a control. It is clear from Figure 3 that the agarose gel A
(used with compound 3a) reveals DNA in the six different
concentrations, while agarose gel B (used with ethidium
bromide) reveals only the most concentrated DNA channel
(200 ng). It is also worth noting that there is no migration
of compound 3a, as commonly occurs using charged dyes
such as ethidium bromide. We can also note that using
compound 3a, we were able to reveal the bands with small
mass (see the control band in Figure 3), while it is not
possible with ethidium bromide (see Supporting Information
for 3b).
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Figure 3. UV irradiation at 360 nm: (A) dye 3a (1 uL of 1 mM
solution) and (B) ethidium bromide (1 #L of 1 mM solution). Gel
channels, left to right: control. 1 Kb plus; pCINeo. 200 ng; pCINeo,
100 ng: pCINeo, 50 ng: pCINeo. 20 ng: pCINeo. 10 ng: pCINeo,
5 ng.

In summary, BTDs containing a PhOMe donating group
on one side associated with an Ar—C=C group is a suitable
molecular architecture for the spectroscopic selective detec-
tion and quantification of DNA. The new dyes are among
the most sensitive probes for the DNA detection in solution
by spectrophotometric and spectrofluorimetric titrations. A
full intercalating model study with completely kinetic and
binding model with stopped-flow, surface plasmon reso-
nance, real time PCR, electrochemical, and theoretical
approach will be published in due course.
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