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Abstract: Thioredoxin (Trx) plays a critical role in the regulation of cellular redox homeostasis.

Many disease causing pathogens rely on the Trx redox system for survival in conditions of

environmental stress. The Trx redox system has been implicated in the resistance of
Mycobacterium tuberculosis (Mtb) to phagocytosis. Trx is able to reduce a variety of target

substrates and reactive oxygen species (ROS) through the cyclization of its active site dithiol to the

oxidized disulphide Cys37–Cys40. Here we report the crystal structure of the Mtb Trx C active site
mutant C40S (MtbTrxCC40S) in isolation and in complex with the hydroxycyclohexadienone

inhibitor PMX464. We observe PMX464 is covalently bound to the active site residue Cys37 through

Michael addition of the cyclohexadienone ring and also forms noncovalent contacts which mimic
the binding of natural Trx ligands. In comparison with the ligand free MtbTrxCC40S structure a

conformational change occurs in the PMX464 complex involving movement of helix a2 and the

active site loop. These changes are almost identical to those observed for helix a2 in human Trx
ligand complexes. Whereas the ligand free structure forms a homodimer the inhibitor complex

unexpectedly forms a different dimer with one PMX464 molecule bound at the interface. This 2:1

MtbTrxCC40S-PMX464 complex is also observed using mass spectrometry measurements. This
structure provides an unexpected scaffold for the design of improved Trx inhibitors targeted at

developing treatments for tuberculosis.
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Introduction

Mycobacterium tuberculosis (Mtb) is the causative

agent of tuberculosis, a disease which latently

affects over 1.7 billion people worldwide.1 The patho-

genesis of Mtb still remains an expanding global

health problem that compels new therapeutic and

preventative measures, with the emergence of multi-

drug-resistant strains creating a worldwide emer-

gency.2 An obligate aerobe, Mtb resides within the

well-aerated upper lobes of the lungs, where it is

contained, but not necessarily eradicated, by mono-

nuclear phagocytes.3 The pathogen endures phagocy-

tosis by utilizing a variety of peroxidases and perox-

iredoxins.4,5 These include, but are not limited to,

the catalase-peroxidase enzyme, KatG, and alkyl

hydroperoxidase, AhpC. The antituberculous pro-

drug Isoniazid is catalytically activated by KatG,

resulting in a chemical that is a key component in

the inhibition of ketoenoyl reductase.6 Resistance to

Isoniazid was reported soon after use,7 pointing to

mutations in the KatG gene and a consequent inac-

tive catalase.8 Isoniazid resistant strains of the bac-

terium compensate for the loss of KatG by up-regu-

lating AhpC.9 The thioredoxin (Trx) redox system

has been implicated in the resistance of Mtb to

phagocytosis.10,11 The role Trx plays in donating

reducing equivalents to AhpC, along with its own

inherent ability to reduce reactive oxygen species

(ROS), suggests Trx is a potentially attractive target

for therapeutic intervention.12

We recently reported the crystal structure of

oxidized M. tuberculosis thioredoxin C (MtbTrxC).13

The overall structure of Trx remains conserved

across all phyla and the sequence identity varies in

the range 27–69%.14 The active site of Trx is located

in a loop region between the strand b2 and helix a2.

Trx uses a cyclic reduction-oxidation reaction, gov-

erned by an active site reduced dithiol (Cys37–

Cys40) interaction, to reduce target substrates.15,16

Hydroxycyclohexadienone analogues, of which

PMX464 is the parent compound, have encouraging

results in inhibitory trials against Mtb H37Rv

strains in vitro17 and studies showed that MtbTrxC

catalyzed reduction of insulin is inhibited by

PMX464 in a potent and dose-dependent manner

consistent with irreversible inhibition of Trx (IC50 <

6 lM).18 To investigate how the inhibitor binds and

thus provide a template for design and development

we have determined the structure of PMX464 in

complex with a catalytically inactive MtbTrxC.

Results

MtbTrxCC40S ligand free and PMX464

bound structures
Initial attempts at crystallization of the wild type

MtbTrxC with PMX464 were not successful and only

crystals of the oxidized unliganded form resulted.13

The normal recognition of substrates for Trx oper-

ates through a hydrophobic groove which extends ei-

ther side of the reactive thiol forming pockets A and

B. Trx-ligand complex crystal and NMR structures

have been successfully determined with peptides

and proteins binding into this groove utilizing the

two pockets. In each case, an active site mutant was

used to trap the complex and prevent formation of

the oxidized Trx.19–21 We therefore adopted a similar

approach and generated an active site mutant C40S

of MtbTrxC (MtbTrxCC40S).

Recombinant MtbTrxCC40S protein samples

were initially crystallized in the absence of PMX464,

from 0.2M potassium thiocyanate, 2.0M ammonium

sulfate and the structure determined by molecular

replacement with a refined Rfactor of 18.6 to 1.6 Å re-

solution (Supporting Information Table S1). The

asymmetric unit contains two molecules, which

form a noncovalent dimer due to hydrophobic con-

tacts in the region around the active site involving

pockets A and B [Fig. 1(A)]. In this interaction

Trp36, from one molecule sits in the hydrophobic

Pocket B of the second molecule formed by Val65,

Ala72, Val77, and Ile80 [Supporting Information

Fig. S1(A)]. The MtbTrxCC40S dimer arrange-

ment is surprisingly identical to that observed in

crystals of human Trx [Supporting Information

Fig. S1(B)].

The MtbTrxCC40S–PMX464 inhibitor complex

crystallized from a mixture of protein to inhibitor ra-

tio of 1:2 with a final protein concentration of 5 mg/

mL. Crystals were characterized as spacegroup C2

and the structure determined by molecular replace-

ment using the oxidized MtbTrxC crystal structure

and the refined Rfactor was 20.4 to 2.4 Å resolution

(Supporting Information Table S1).13 In the asym-

metric unit four MtbTrxCC40S and two PMX464

molecules are observed and PMX464 is covalently

bound to the nucleophilic thiol Cys37 [Fig. 1(B)].

The Michael addition of Cys37 onto the cyclohexa-

dienone ring leads to the formation of a half chair

conformation, with the cysteine residue attacking

from the benzothiazole side of the ring resulting in

an anticonformer along the a-b bond and it is this

conformation that is observed in the electron density

[Supporting Information Fig. S1(C)].22 The carbonyl

group of the cyclohexenone ring points away from

the protein surface and forms no interactions,

whereas the hydroxyl group points into pocket A of

the hydrophobic groove. The heteroaromatic benzo-

thiazole ring lies perpendicular to the cyclohexenone

ring and forms a face-edge interaction between the

benzothiazole ring and the Pro39 sidechain. The sul-

fur atom points into the peptide binding groove,

packing against the Ile80 main chain carbonyl oxy-

gen at a distance of 3.0 Å. This is a unique orienta-

tion and exchange of the nitrogen and sulfur atoms

by 180� rotation of the benzothiazole ring results in
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a poorer fit of the density with additional positive

and negative density appearing in the difference

map. This orientation may be dictated by the loss of

planarity in the cyclohexenone ring resulting in a

steric conflict with the larger sulfur atom, rather

than a favorable interaction with the Trx surface.

An unexpected observation from the crystal

structure was that one PMX464 is bound at the

interface of two molecules of MtbTrxCC40S and two

identical copies of this ternary complex are defined

in the asymmetric unit [Fig. 1(C)]. PMX464 cova-

lently binds to the active site cysteine but does not

Figure 1. MtbTrxCC40S structures. (A) Cartoon diagram of the uncomplexed MtbTrxCC40S homodimer shown with chain A

(helices blue) and chain B (helices orange). (B) Electron density map (blue) calculated using refined phases and 2Fo-Fc

coefficients and contoured at 1r, surrounding the active site Cys37 and bound PMX464 is shown as stick. (C) Cartoon

diagram of the MtbTrxCC40S–PMX464 complex, chain A (blue) and chain B (orange). (D) Charged surface representation of

MtbTrxCC40S with bound PMX464 shown as stick occupying pocket A and residues Asp66 to Ile80 (chain B) shown in

cartoon. (E) Superposition of the active site residues of the MtbTrxCC40S–PMX464 complex (blue) with the unliganded

structure (white). An interactive view is available in the electronic version of the article.
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occupy the breadth of the peptide binding groove

and instead packs against Pro39 and in this struc-

ture one face of the aromatic benzathiozole ring

structure is exposed and parallel to the groove. A

second MtbTrxCC40S molecule interacts here using

two loops, with residue Asp66 prominently contact-

ing one side of the groove and inserting the side-

chain carboxyl underneath PMX464, forming a

hydrogen bond to the main-chain nitrogen of Ile80

[Fig. 1(D)]. The aliphatic Cb and main-chain atoms

of Asp66, in addition to the sidechain of Thr67, form

further contacts burying the PMX464 benzothiazole

ring in the ternary complex (Supporting Information

Movie S1). Further extensive contacts are made

with residues from continuation of the sequence

from Asp66 around the a3 helix to residue Ile80.

Perhaps more significantly, the Val78 sidechain from

the a3b4 loop is inserted into Pocket B to form con-

tacts with Ile80 and Val65 [Fig. 1(D), Supporting In-

formation Fig. S1(D)]. The total surface area of the

interaction is 1200 Å2, and yet the second subunit

active site Cys37 does not make any contacts nor is

any density for bound PMX464 evident. This con-

trasts with the MtbTrxCC40S homodimer where it is

Trp36A, rather than Val78A that packs into pocket

B. Figure 1(A) displays the homodimer left subunit

(orange helices) with the equivalent orientation to

the heterodimer left subunit in Figure 1(C) illustrat-

ing the large difference in angle between the sub-

units in each dimer (these are superposed and illus-

trated in Supporting Information Movie S2).

Mass spectrometry was used to further examine

the stoichiometry of PMX464 binding to

MtbTrxCC40S. A mass spectrum of the free protein

was first obtained, with the significant peak at m/z

12,671, corresponding to MtbTrxCC40S. The mass

spectrum from the MtbTrxCC40S–PMX464 sample

showed a peak for the free protein together with an

m/z 12,915, relating to the weight of a 1:1

MtbTrxCC40S–PMX464 complex. The largest peak

had a molecular mass of m/z 25,588 corresponding to

a 2:1 complex of MtbTrxCC40S and PMX464, which

is consistent with the dimer complex observed in the

crystal structure and no 2:2 species is evident (Sup-

porting Information Fig. S2).

Conformational changes in MtbTrxCC40S
Superposition of the oxidized MtbTrxC structure

with the reduced MtbTrxCC40S ligand free structure

reveals they are essentially identical (r.m.s.d. 0.60

Å) with only a small movement of the position of the

Cys37 SG atom. Superposition of the MtbTrxCC40S–

PMX464 complex with the unliganded MtbTrxCC40S

structure reveals extensive conformational changes,

not just localized to the area of Cys37, but encom-

passing the backbone and side-chain atoms for the

b2a2, b3a3, and a3b4 loops at the top of the fold,

which form the borders of the peptide binding

groove. Residues Thr35-Met42 show the largest

changes with a two component switch in conforma-

tion observed such that (i) Trp36 and the b2a2 loop

translates by 3.0 Å in the direction of Asp66; (ii) res-

idues Gly38-Pro39 at the top of helix a2 shift by 2.2

Å, breaking two a-helical hydrogen bonds [Fig. 1(E),

Supporting Information Movie S3]. This conforma-

tional alteration to the a2 helix is not recovered fully

until Val43. The NMR solution structures of NF-jB

(PDB:1MDI)20 and Ref-1 (PDB:1CQH)21 bound to

human Trx and the crystal structure of 30-phospho-

adenosine-50-phosphosulfate reductase in complex

with E. coli Trx 1 (PDB:2O8V)19 have been reported.

In each case a comparison with the unliganded

structure reveals a conformational change in helix a2

similar to those observed in the MtbTrxCC40S upon

binding PMX464. Furthermore, these bound ligands

occupy both pockets A and B, with residues equiva-

lent to Ile80 (Thr74, human; and Ile75, E. coli) each

making conserved hydrogen bonds with the ligand,

through a backbone carbonyl to the backbone amine

which is also observed for PMX464 binding.

Discussion

Thioredoxins play a critical role the regulation of

cellular redox homeostasis for many pathological

micro-organisms. Mtb is an example of a micro-orga-

nism with a high dependence on redox homeostasis

as it resides largely in mononuclear phagocytes,

where it relies on redox proteins to mitigate the

damaging effects of toxic ROS to survive. Unlike

humans, there is a total absence of the glutathione

system in the Mtb genome, and this implies a

greater degree of dependence on the Trx system rep-

resenting a lucrative target for selective therapy.23

We have previously reported the antitubercular

properties of PMX464 and related substituted

hydroxycyclohexadienones and shown in vitro that

PMX464 inhibits MtbTrxCC40S.17 Here the crystal

structure of MtbTrxCC40S in complex with PMX464

reveals this is mediated by both a covalent bond

between the active site Cys37 thiol and the cyclohex-

adienone ring together with additional noncovalent

contacts with the Trp36 sidechain and between the

benzothiazole ring and Ile80 mainchain and Pro39

sidechain mimicking contacts made in other native

Trx ligands. Comparison with the unliganded

MtbTrxCC40S structure reveals conformational

change in helix a2 and the Cys37 loop. Interestingly

these changes are similar to those observed in other

Trx structures that have a thiol containing ligand

covalently attached to the active site and bound in

the groove. Although PMX464 binds directly to

Cys37, the peptide binding groove remains largely

unoccupied allowing the unexpected formation of an

active site occluded heterodimer with a second

MtbTrxCC40S molecule contributing further interac-

tions with a single PMX464 to form an inactivated
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ternary complex. The inhibitor complex structure

and unexpected heterodimer described here repre-

sents a scaffold which can be utilized for future

design of more potent and selective derivatives of

PMX464. The area of the A pocket and the hetero-

dimer interface has significant variability between

human and MtbTrx and thus modification or substi-

tution of the benzothiazole ring is one strategy that

can be employed to achieve selectivity.

Materials and Methods

Protein expression and purification

The open reading frame for M. tuberculosis Trx C

(MtbTrxC) wild-type was amplified from genomic

DNA, using standard PCR protocols and cloned into

the expression vector pGAT (EMBL). The mutation

of Cys40Ser was carried out using the Quickchange

site-directed mutagenesis kit (Stratagene). The

resulting plasmid was transformed into E. coli BL-

21 (DE3) pLysS cells for expression and induced at

295K overnight. The cells were harvested by centrif-

ugation and resuspended in Tris-buffered saline, pH

7.4 and 5 mM imidazole before lysis by sonication

(Branson). His-tagged MtbTrxCC40S was purified

from the supernatant by Ni2þ affinity chromatogra-

phy using a precharged nickel-chelate affinity col-

umn (GE Life Sciences). The His-tag was cleaved

overnight at 4�C using thrombin (HTI) at an enzy-

me:substrate ratio of 1:100 (w:w), resulting in an

extra two N-terminal residues Gly and Ser prior to

the start of the native protein sequence. The protein

was further purified using gelfiltration and concen-

trated to 5 mg/mL�1.

Crystallization, data collection,

structure determination
Crystallization conditions were screened by sitting

drop vapor diffusion at both 4 and 19�C, using

Qiagen 96-well block screens. Optimal crystals of

MtbTrxCC40S grew at 4�C in 0.2M potassium thio-

cyanate and 2.0M ammonium sulfate. Crystals of

MtbTrxCC40S–PMX464 grew at 19�C in 0.1M Na

MES buffer (pH 6.5), 1.6M ammonium sulfate and

4% (w/v) PEG 400. In both cases, a cryoprotectant

consisting of 20% glycerol in mother liquor was

used. X-ray diffraction data were collected at the

E.S.R.F. (Grenoble) using beamlines ID14-3 and

ID29. Both sets of data were indexed and integrated

in MOSFLM and scaled using SCALA.24 All crystal

structures were determined using the molecular

replacement program PHASER,25 with the MtbTrxC

wild-type structure (PDB:2I1U) as the search model.

In each case, the model building and structural

refinement was carried out with Coot,26 PHENIX,27

and REFMAC 5.0,28 using restrained refinement

and isotropic B-factors.

Mass spectrometry
The MtbTrxCC40S and MtbTrxCC40S–PMX464

samples were desalted using C18 ZipTipVR pipette

tips (Millipore Co.) and eluted into 50% acetonitrile,

0.2% formic acid. An electrospray Q-TOF2 tandem

mass spectrometer (Waters Co.) allowed the accurate

mass of the whole protein and complexes to be deter-

mined. The resulting spectra were deconvoluted

using the MaxEnt1 maximum entropy software.
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