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Crystal Structure and Function of the Isoniazid
Target of Mycobacterium tuberculosis

Andréa Dessen,* Annaik Quémard,* John S. Blanchard,t
William R. Jacobs Jr., James C. Sacchettinif

Resistance to isoniazid in Mycobacterium tuberculosis can be mediated by substitution
of alanine for serine 94 in the InhA protein, the drug’s primary target. InhA was shown to
catalyze the B-nicotinamide adenine dinucleotide (NADH)-specific reduction of 2-trans-
enoyl-acyl carrier protein, an essential step in fatty acid elongation. Kinetic analyses
suggested that isoniazid resistance is due to a decreased affinity of the mutant protein
for NADH. The three-dimensional structures of wild-type and mutant InhA, refined to 2.2
and 2.7 angstroms, respectively, revealed that drug resistance is directly related to a
perturbation in the hydrogen-bonding network that stabilizes NADH binding.

Isoniazid has been a first-line chemothera-
peutic in the treatment of tuberculosis since
1952 (1) but is ineffective against newly
emergent strains of Mycobacterium tubercu-
losis that have shown themselves to be drug-
resistant. Such strains cause mortality in 70
to 90% of AIDS-stricken patients who de-
velop tuberculosis (2). Isoniazid is believed
to kill mycobacteria by inhibiting the bio-
synthesis of mycolic acids—long-chain
a-branched B-hydroxy fatty acids that are
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critical components of the mycobacterial
cell wall (3). In 25 to 50% of isoniazid-
resistant strains, drug resistance is associat-
ed with a loss of catalase and peroxidase
activities, both of which are encoded by the
katG gene (4, 5). These activities are
thought to participate in the drug sensitiv-
ity mechanism by converting isoniazid in
vivo into its biologically active form, which
then acts on its intracellular target (6).
Genetic studies have identified the pro-
tein product of the inhA gene as the primary
target for the action of isoniazid and ethio-
namide, a closely related chemical analog.
Notably, 20 to 25% of isoniazid-resistant
clinical isolates display mutations in the
inhA locus, and substitutions within the inhA
open reading frame have been shown to
express the Ser®™ — Ala®* (S94A) and
SCIENCE
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Ile'® — Thr'® (I116T) InhA enzymes (5, 7, 8).
InhA from M. tuberculosis displays 32%
amino acid identity with enoyl-acyl carrier
protein (ACP) reductase of Brassica napus
and 40% identity with EnvM from Esche-
richia coli (5, 7-9). EnvM is the target of a
group of antibacterial compounds, the di-
azaborines (9, 10), and has been shown to
catalyze the reduction of crotonoyl-ACP
(11). A Gly*® = Ser”® mutation in EnvM,
which maps four amino acids from Ser’* in
the corresponding InhA sequence (7), leads
to a diazaborine-resistant phenotype (10).
Thus, Gly*? (EnvM) and Ser®* (InhA) may
lie in analogous regions of the proteins, and
the drug resistance mechanisms may share
some similarities. A mechanism for diaza-
borine inhibition of EnvM has recently
been proposed (11). Here we describe bio-
chemical and structural features of InhA
that provide insight into the molecular
mechanism of isoniazid resistance.

To determine the biochemical proper-
ties of InhA, we subcloned the inhA gene
into a T7-based vector, overexpressed the
protein product in E. coli, and purified the
product by classic protein purification
methods done at 4°C. The purity and size of
recombinant InhA were determined by lig-
uid chromatography—electrospray  mass
spectrometry (LC-MS) (12). By following
the oxidation of NADH by means of a
spectrophotometric assay, we showed that
InhA catalyzed the reduction of 2-trans-
octenoyl-ACP, thus identifying the inhA
gene product as an enoyl-ACP reductase
(Table 1). This result is consistent with the
suggestion that InhA participates in mycol-
ic acid biosynthesis (7). Enoyl-ACP reduc-
tion was linearly dependent on the concen-
tration of added InhA. The kinetic values
for InhA were similar to steady-state
Michaelis constants for NADH and crot-
onoyl-ACP exhibited by the B. napus
enoyl-ACP reductase (13). Neither isonia-
zid nor ethionamide bound to InhA, as
assessed by titration microcalorimetry (14),
which suggests that the drugs must be acti-
vated before binding.

We also expressed and purified the S94A
form of InhA in an identical manner to that
used for the wild-type protein. Kinetic eval-
uation of the S94A InhA-catalyzed reduc-
tion of 2-trans-octenoyl-ACP by NADH re-
vealed that the values for the K and V__of
the enoyl substrate did not differ significant-
ly from the wild-type values; however, the
Michaelis constant for NADH was five times
higher in the S94A mutant (Table 1). This
observation suggested that the mechanism of
drug resistance may be related to specific
interactions between enzyme and cofactor
within the NADH binding site.

To explore the structural basis of this
difference, we prepared crystals of recombi-
nant wild-type and S94A InhA in the pres-
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ence of NADH. Crystals for both wild type
and mutant were hexagonal, space group
P6,22, with unit cell dimensions of a = b =
100.14 A, c = 140.45 A, and a = B = 90°,
vy = 120°, with one molecule per asymmet-
ric unit. The solvent content of the crystals
was ~60%. The crystal structures were
solved by multiple isomorphous replace-
ment (MIR) methods with the use of two
heavy-atom derivatives (15, 16). :l"he wild-
type structure was refined to 2.2 A and the
structure of S94A to 2.7 A (Table 2).

The polypeptide backbone of the InhA
subunit folds into a single structural domain
of 42 X 52 X 40 A (Fig. 1). Overall, the
enzyme structure has a “chairlike” appear-
ance and is composed of seven B strands
(B1 through B7) and eight a helices (Al
through A8). The core structure (the “legs”
and “seat”) is topologically similar to the
dinucleotide-binding fold of many dehydro-
genases (17). The cofactor binding site is a
shallow pocket between the back and the
seat of the InhA structure. NADH lies in an
extended conformation in the pocket, along
the top of the COOH-termini of the core B
sheet (with the exception of B4 and BS5,
whose COOH-termini extend beyond
NADH) (Fig. 1). The adenine ring is par-
allel to the seat of InhA, and the nicotin-
amide portion of NADH faces the back,
pointing deep into a cavity formed by B
strands B4, B5, and B6 and by « helices A5,
A6, and A7. Because this cavity is com-
posed primarily of aromatic and hydropho-
bic side chains, we propose that it makes
up the lipid binding site in enoyl-ACP
reductase.

The structure of the NADH binding site
of InhA suggests that recognition of NADH
is mediated by interactions with an array of
polar amino acids and backbone atoms. The

nucleotide forms hydrogen bonds with Asp®*
(OD2 — N6A), Ser®® (OG — O2PA), and

Table 1. Kinetic parameters for wild-type and
S94A mutant InhA proteins measured by following
NADH oxidation at 340 nm with a Uvikon 93310
spectrophotometer (Kontron Instruments). All re-
actions were done in 30 mM Pipes buffer (pH 6.8)
at 25°C. Standard reactions for the determination
of the K., of NADH contained 10 pwM 2-trans-oc-
tenoyl-ACP, variable NADH (10 to 40 pM), and 7.5
nM InhA. Standard reactions for the determination
of the maximum velocity and K, for 2-trans-oc-
tenoyl-ACP contained variable 2-trans-octenoyl-
ACP (4 to 25 pM), 100 pM NADH, and 7.5
nM InhA.
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Lys'®® (NZ — O2'N), as well as the main-
chain oxygen and nitrogen atoms of Val®
(N = NI1A), Gly'* (O — O3'A), lle!** (N
— O7N), Ile?! (N — O2PN), and six water
molecules within the pocket. The pyrophos-
phate moiety of NADH is near the loop
connecting Bl to Al. Although the geome-
tries of the active sites and the position of
NADH in the wild-type and mutant en-
zymes are very similar, a striking difference is
found in the position of the backbone atoms
of Gly'4, the first residue in loop 1. In the
wild-type structure, O2 of the Py, phosphate
of NADH forms hydrogen bonds with the
main-chain nitrogen atom of Ile?! and a
well-ordered water molecule. This water
molecule, in turn, hydrogen bonds to the
hydroxyl group of Ser®, the main-chain ox-
ygen of Gly'4, and the main-chain nitrogen
atoms of Ala*? and Ile?! (Fig. 2A). In the
S94A mutant, however, the carbonyl group
of Gly'* faces away from the nucleotide,

Fig. 1. Schematic ribbon
drawing of InhA com-
plexed with one NADH
molecule. Secondary
structure elements are la-
beled. The NADH binding
fold can be further subdi-
vided into two sections,
the first formed by resi-
dues 2 to 54 and consist-
ing of B1, A1, B2, and
A2. Strand B3 is the
crossover connection to
the second part of the
fold, formed by residues
57 to 192 and consisting
of A3, B4 (a 14-residue B
strand), A4, B5, A5 (a21-
residue a helix), and B6.
Helices A6 and A7, to-
gether with the COOH-
termini of B sheets B4
and B5 and the NH,-ter-
mini of a helices A4 and
A5, compose the ‘‘back’’
of the InhA chair. The last
two structural elements
in the fold, B sheet B7
and a helix A8, are part of
the “legs” of InhA. NADH
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disrupting the hydrogen bond made with the
water molecule in the wild-type structure
(Fig. 2B). In S94A this water molecule is
disordered, as indicated by weak density in
IF,| — |F|(db.) calculations (18), and forms
only a single long hydrogen bond with OZ of
Py of NADH (3.2 A). Hence, the net dis-
ruption of two hydrogen bonds near the
pyrophosphate moiety of NADH which
could account for a loss of 2 to 3 kcal/mol of
binding energy and result in the mutant’s
fivefold reduced affinity for NADH. Nota-
bly, the side chain of Ile'$, which is replaced
by Thr in an isoniazid-resistant clinical
strain of M. tuberculosis (5, 8), is also con-
tained in the NADH-binding cleft and is in
close proximity to the adenine ribose of
NADH. It is likely that the substitution of
the alkyl chain of Ile!® by a hydroxyl group
also perturbs the hydrogen-bonding pattern
of the cofactor binding site, leading to dif-
ferences in NADH binding.

is shown as a smooth joint model in blue. Ser®* is shown in orange. The image was computed with the

program SETOR (25).

Table 2. Phasing statistics for InhA from M. tuberculosis. Riso = 100Exllen(n”) — Ie@)IER1PHEY) + 16D,
where I, and I, are derivative and native intensities, respectively. Phasing power = [(F(;”))l/E, where
(F;)) and E are average structure factor and lack of closure error, respectively. R go = 100 [0 5mo A [{[ )
— IWEZZIE), where (7)) is the average of symmetry equivalents.

Km (wM)

Number of Extent of

v . . . § R, Number  Phasing  Complete-
Enzyme 2-trans- ('f%a_(x): pata set rezgg?:)is dlﬁr? c)t|on ZGZ )ge (%s;)) of sites power ness (%)
octenoyl- NADH ::mq)
ACP 9 Wild-type enzyme 18462 22 96 - - - 81.0
Hg(C,H,0,), 21915 2.5 143 10.6 1 1.55 83.0
Wild-type 2+1 8+0 22*04 PCMPS 22261 25 139 107 4 1.60 84.5
S94A 3+1 38*2 31x06 S94A enzyme 9044 2.7 10.1 - - - 76.5
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Fig. 2. Stereo view of the atoms in the binding site of NADH in wild-type (A) and mutant (B) structures. 16. S94A InhA was purified in the same fashion and
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Only the regions proposed to be involved in acquisition of isoniazid resistance are shown, for clarity. crystallized under the same conditions as the wild-
Nitrogen atoms are depicted in blue, oxygen in red, and phosphate in green. Carbon atoms of NADH are type enzyme. Rigid body refinement of the monomer
yellow, and protein carbon atoms are gray. Only the backbones of residues 12 to 16 are shown, but all with X-PLOR (18) yielded an R factor of 24% for the

x-ray diffraction data between 12 and 3.5 A. Several

atoms are displayed in residue 94. Ramachandran angles for Gly'# in the wild-type structure are @ = cycles of TNT (24) and manual mode! building sub-
84.1° and ¥ = 40.8°; in the mutant they are & = 117.4° and ¥ = —74.5°. The images were generated sequently decreased the R factor to a final value of
with the program MOLSCRIPT (26). 19.3% for data up to 2.7 A. Simulated annealing
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Evidence from 18S Ribosomal DNA That
the Lophophorates Are Protostome Animals
Kenneth M. Halanych, John D. Bacheller,

Anna Marie A. Aguinaldo, Stephanie M. Liva,
David M. Hillis, James A. Lake

The suspension-feeding metazoan subkingdom Lophophorata exhibits characteristics of
both deuterostomes and protostomes. Because the morphology and embryology of
lophophorates are phylogenetically ambiguous, their origin is a major unsolved problem
of metazoan phylogenetics. The complete 18S ribosomal DNA sequences of all three
lophophorate phyla were obtained and analyzed to clarify the phylogenetic relationships
of this subkingdom. Sequence analyses show that lophophorates are protostomes closely
related to mollusks and annelids. This conclusion deviates from the commonly held view

of deuterostome affinity.

Understanding the phylogenetic affinities
of the lophophorates (brachiopods, bryozo-
ans, and phoronid worms) is a major unre-
solved issue of metazoan phylogenetics. The
lophophorate taxa are thought to constitute
a monophyletic subkingdom, superphylum,
or phylum (I, 2) because they possess a
similar suspension-feeding apparatus, the lo-
phophore [a ciliated ring of tentacles, invad-
ed by the mesocoelomic cavity, that sur-
rounds the mouth but not the anus (I, 3)].
Because of their unusual morphologies, the
phylogenetic relationships of lophophorates
may provide important clues about the evo-
lution of morphology and development in
protostome and deuterostome animals.
Many phylogenetic hypotheses have
been proposed for the lophophorates. They
have been classified as protostomes, as deu-
terostomes, as members of both groups, or as
an independent metazoan lineage. Earlier
researchers often allied lophophorates with
protostome taxa on the basis of the pres-
ence in both lophophorates and deuteros-
tomes of chitin, the lack of sialic acids, and
several embryological features (1, 4). Anal-
yses of incomplete 18S ribosomal DNA
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(rDNA) data from an inarticulate brachio-
pod are also consistent with protostome af-
finities (5). However, the most recent re-
analyses of embryology (including blastopore
fate, coelom formation, and cleavage pat-
terns) (6, 7) and morphology have led most
researchers to believe that lophophorates are
basal deuterostomes (1, 2, 4). The deutero-
stome hypothesis has been supported by re-
cent phylogenetic analyses of morphology
and embryology (8, 9) on the basis of the
presence in both lophophorates and deutero-
stomes of a tripartite coelomic arrangement,
a modified radial cleavage, a ciliary food-
collecting system that captures particles up-
stream relative to the ciliary beat, a lo-
phophore-like apparatus (also present in
echinoderms and pterobranch hemichor-
dates), and a U-shaped adult digestive tract.

We used molecular sequence analyses
to circumvent several problems associated
with the interpretation of morphological
and embryological characters. To recon-
struct the evolution of the lophophorates,
we sequenced complete 18S rDNAs from
representative lophophorate taxa, aligned
them with existing data from other meta-
zoan taxa (10), and analyzed them with
standard phylogenetic techniques. We
chose tDNA to examine metazoan origins
because it has evolved at an appropriate
rate (5, 11). Anemonia sulcata (an antho-
zoan) and Tripedalia cystophora (a scypho-
zoan) were used as the outgroups to trip-
loblastic animals, which are thought to

SCIENCE e« VOL.267 « 17 MARCH 1995
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Fig. 1. Phylogenetic analyses of 18S rDNA se-
quence data to determine the position of the lo-
phophorate metazoans (70). Lophophorate taxa
are indicated in boldface. The consensus topolo-
gy shown here is a consensus of the best trees
given by four different methods: maximum likeli-
hood analysis, bootstrap analysis of parsimony,
bootstrap analysis of neighbor-joining with maxi-
mum likelihood estimates of Kimura two-parame-
ter distances, and bootstrap analysis of paralinear
distances. The numbers next to the nodes repre-
sent the bootstrap proportions (out of 500 itera-
tions) for the parsimony analysis (top, bold num-
bers), the neighbor-joining analysis (middle, italic
numbers), and the paralinear distance analysis
(bottom, roman numbers).

be monophyletic on the basis of morpho-
logical and molecular data (12).

The consensus tree derived from our re-
constructions is shown in Fig. 1. In all of
the reconstructions (including likelihood,
parsimony, and distance methods), the lo-
phophorate taxa clustered within the pro-
tostomate clade along with the annelid and
molluscan taxa (13). The clade containing
the lophophorates, the annelids, and the
mollusks is present in 91.8, 99.8, and 100%
of the trees derived from bootstrap recon-
structions of data obtained through maxi-

1641





