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Mycobacterium tuberculosis harbors three protein splicing
elements, called inteins, in critical genes and their protein
products. Post-translational removal of the inteins occurs
autocatalytically and is required for function of the respective
M. tuberculosis proteins. Inteins are therefore potential targets
for antimycobacterial agents. In this work, we report that the
splicing activity of the intein present in the RecA recombinase
ofM. tuberculosis is potently inhibited by the anticancer drug
cisplatin (cis-diamminedichloro-platinum(II)). This previously
unrecognized activity of cisplatin was established using both
an in vitro intein splicing assay, which yielded an IC50 of �2
�M, and a genetic reporter for intein splicing in Escherichia
coli. Testing of related platinum(II) complexes indicated that
the inhibition activity is highly structure-dependent, with cis-
platin exhibiting the best inhibitory effect. Finally, we report
that cisplatin is toxic towardM. tuberculosis with a minimum
inhibitory concentration of �40 �M, and in genetic experi-
ments conducted with the relatedMycobacterium bovis bacil-
lus Calmette-Guérrin (BCG) strain, we show that cisplatin tox-
icity can be mitigated by intein overexpression. We propose
that cisplatin inhibits intein activity by modifying at least one
conserved cysteine residue that is required for splicing. To-
gether these results identify a novel active site inhibitor of in-
teins and validate inteins as viable targets for small molecule
inhibition in mycobacteria.

Tuberculosis remains a leading cause of death worldwide
(1, 2), and the global emergence of multidrug-resistantMyco-
bacterium tuberculosis portends further challenges in TB3
control (3). Considerable effort has been devoted to the devel-
opment of new drugs in the treatment of tuberculosis, and the
World Health Organization (WHO) launched a new Stop TB

Strategy in 2006 to support these initiatives (4). However, no
new antitubercular drugs with novel mechanisms have ap-
peared in the clinic in over 30 years (5). The discovery of new
antituberculosis drugs is clearly an urgent need.
Several microbial pathogens, includingM. tuberculosis,

contain protein self-splicing elements called inteins, which
interrupt critical genes and their protein products. These in-
teins are therefore potential novel targets for antibiotic devel-
opment, particularly because no inteins are present in the
human genome. In addition toM. tuberculosis, self-splicing
inteins reside in critical proteins ofMycobacterium leprae,
Coxiella burnetii, and Cryptococcus neoformans, the etiologi-
cal agents of leprosy, Q fever, and cryptococcosis, respectively
(6–8). For these pathogens to survive, the inteins must cata-
lyze a multistep reaction in which they are excised from the
precursor protein and the two flanking sequences, called ex-
teins, must be ligated to form a functional product protein
(9–11). Because inteins exert control, via splicing, over the
function of pathogen-specific proteins, these self-splicing ele-
ments are attractive candidates for inhibition studies. The
pursuit of intein inhibitors, whether as mechanistic probes or
as an avenue for developing antibacterials, does face a unique
challenge; unlike a conventional enzyme inhibitor, an effective
antagonist of intein splicing must outcompete a substrate that
is covalently tethered to the enzyme.
M. tuberculosis has inteins in three distinct genes: in the

dnaB helicase gene, in the recA recombinase gene, and in the
sufB gene, which encodes a vital function that is likely in-
volved in iron metabolism (12). Because the processed pro-
teins carry out essential and non-redundant cellular functions
inM. tuberculosis, an intein inhibitor has the potential to
serve as a powerful and mechanistically novel antimycobacte-
rial agent. Moreover, given the conservation of putative active
site residues among the threeM. tuberculosis inteins, it is tan-
talizing to speculate that a molecule that inhibits one intein
will produce similar effects against the remaining two homol-
ogous elements.
We used the RecA intein as the model in this study because

of the wealth of structural and functional information avail-
able for this intein (13–15) and because intein inhibitors iso-
lated against the RecA intein are also active against the DnaB
intein (16), which is required for viability. Furthermore, RecA
is one of the proteins associated withM. tuberculosis drug
resistance (17), and mutation of RecA causes sensitivity to
DNA-damaging agents and increased susceptibility to met-
ronidazole (18).
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It has been reported that the intein activity can be sup-
pressed by Zn2� and Cu2� ions (19–21). Our previous studies
revealed that Zn2� and Cu2� ions coordinate to key residues
in the active site of the RecA intein, presumably preventing
peptide bond rearrangements required for intein splicing (22,
23). Encouraged by these results and with a view to advancing
our studies toward clinically significant metals, we carried out
a screen for RecA intein inhibitors among selected platinum
complexes. Platinum(II) complexes are widely used as chemo-
therapeutic agents and greatly improve survival rates of
cancer patients. Although the antineoplastic activity of
platinum(II) complexes is attributed to DNA damage, only
�1% of cellular platinum can reach the target DNA (24). Pro-
teins and peptides can also form platinum(II) adducts in vivo,
particularly thiol-rich molecules such as metallothionein and
glutathione (25).
Mechanistic studies on the RecA intein show that the thiol

group of cysteines (Cys1, the first residue of the intein, and
Cys�1, the first residue of the C-terminal extein) at the splic-
ing junctions plays a critical role in the peptide bond rear-
rangements (9–11). Functional studies also indicated that
several other conserved residues in theM. tuberculosis RecA
intein are required for protein splicing, including His-73 and
His-439. Crystal structures suggest that these residues are
close in space and form the active site core of theM. tubercu-
losis RecA intein (13). Because cysteine and histidine residues
are favored sites for platinum(II) binding in proteins, we hy-
pothesized that platinum(II) complexes would be particularly
suited to intein inhibition. Here we report that cisplatin (cis-
diamminedichloro-platinum(II)) is a potent inhibitor of RecA
intein splicing in vitro and in Escherichia coli. Furthermore,
the compound produces intein-specific toxicity in mycobacte-
ria. The results provide a new use for this United States Food
and Drug Administration (FDA)-approved molecule not only
as an active site probe for intein studies but also as an intein-
directed lead antimicrobial.

EXPERIMENTAL PROCEDURES

In Vitro Inhibition Assay—The splicing assay was per-
formed on a green fluorescent protein (GFP) with the RecA
intein inserted before residue 129 of GFP in E. coli strain BL21
(DE3), as described previously (26). The protein expression
plasmids were generous gifts from Henry Paulus. Various
concentrations of platinum(II) complexes were added to the
renatured protein, and then 5 mM EDTA and 2 mM tris(2-
carboxyethyl)phosphine were added to the solution to trigger
the protein splicing. Protein splicing was also monitored on a
12% SDS-polyacrylamide gel. For details, see the supplemen-
tal material.
In Vivo Inhibition Assay—The assay was performed on a

thymidylate synthase (TS) reporter system in which an E. coli
thyA (TS�) mutant was used. The plasmid-borne TS gene
with or without the intein was transformed into the thyA
E. coli (27). Cells were grown in minimal medium containing
various amounts of platinum(II) at 37 °C for 9 h. Inhibition
was analyzed by measuring the cell density at A600.
Protein Expression—For cisplatin binding studies, the in-

teins were overexpressed in E. coli host strain JM101 in Luria-

Bertani medium as described previously (28). The proteins
were expressed in a fusion with chitin binding domain at the
N terminus. The purification of the inteins was performed
using affinity chromatography with chitin beads (New Eng-
land Biolabs). After washing out impurities, the inteins were
released from the chitin beads by 200 mM dithiothreitol
(DTT). For additional details on materials, see the supple-
mental material.
Electrospray Ionization Mass Spectrometry—Electrospray

ionization mass spectrometry (ESI-MS) measurements were
performed on a Finnigan LCQ ion trap instrument (Thermo
Finnigan) equipped with a nanoelectrospray. The reaction
between 0.1 mM cisplatin and 1 mg/ml intein (�I-SM) (28)
was carried out at 25 °C for 48 h. The salts and cisplatin ex-
cess were ultrafiltered before mass spectrometric
measurements.
Construction of Mycobacterium bovis BCG Strains and Cis-

platin Susceptibility Measurements—PCR-amplified frag-
ments encoding active and inactive (C1A) RecA intein (�I),
flanked by 10-amino acid N- and C-exteins, were cloned as
EcoRI-HindIII fragments into the mycobacterial expression
vector pMV261 (29) and introduced intoM. bovis var. bacillus
Calmette-Guérrin (BCG) by electroporation. Cisplatin sus-
ceptibility experiments were conducted in Middlebrook 7H9
broth or 7H10 agar supplemented with 10% (v/v) oleic acid-
albumin-dextrose-catalase and kanamycin (25 �g/ml), with
growth at 37 °C monitored by absorbance readings at 600 nm
or by visual inspection, respectively.

RESULTS

In Vitro Inhibition of the Mtu RecA Intein by Cisplatin—
Splicing activity of the RecA intein was determined in the
presence and absence of potential platinum(II) inhibitors us-
ing a fluorescent reporter assay. The assay utilizes a modified
GFP with the RecA intein (GFP-RecA-In) inserted in-frame
adjacent to GFP residue 129. Placement of the intein at this
position imposes a temporary block on GFP chromophore
formation that is relieved upon splicing (26). The recovery of
GFP fluorescence is therefore a direct measure of protein
splicing and provides the basis for an inhibition assay (16).
An initial screen was performed using divalent copper, zinc,

and platinum(II) complexes with different ligands. Zinc and
copper demonstrated reasonable inhibition toward the RecA
intein; however, neither metal ion showed activity in an in
vivo splicing reporter system (see below) and were not pur-
sued further. Platinum(II) complexes generally showed better
inhibitory activities in vitro and in vivo, and therefore, three
classes of platinum(II) complexes were evaluated: cis geome-
try complexes (compounds 1–4), monofunctional complexes
(compounds 5–7), and trans geometry complexes (com-
pounds 8 and 9) (Fig. 1).
The inhibitory activity (IC50) of various platinum(II) com-

pounds with different coordination geometries was tested on
the GFP-RecA-In fusion with a minimized intein (26) (Table
1). The IC50 values were determined by plotting the extent of
fluorescence recovery (Fig. 2A) in the presence of 0–10 �M

cisplatin against inhibitor concentration (Fig. 2B). To exclude
the possibility of fluorescence quenching by platinum(II)
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complexes, parallel experiments were performed on the na-
tive GFP protein without an intein insertion. No effect of
added platinum(II) complexes was detected (Fig. 2B). Addi-
tionally, the inhibition of protein splicing by cisplatin detected
with the GFP reporter system was independently confirmed
by SDS gel electrophoresis (Fig. 2C).
Of the platinum(II) complexes examined, cisplatin was the

most inhibitory, with an IC50 of 2.5 �M, whereas several other
cis-platinum(II) complexes were less efficient inhibitors
(Table 1). The in vitro inhibition activity generally follows the
trend of cis compounds being more inhibitory to intein activ-
ity than monofunctional platinum(II) complexes, which are in
turn more effective inhibitors than the trans-platinum(II)
compounds tested.
It was reported that 2 mM ZnCl2 can inhibit RecA intein

splicing using the same in vitro assay system (26). Zinc could
also inhibit the trans splicing of the RecA intein (19). The zinc
inhibition was reversed by EDTA in both studies. Although
cisplatin shows considerably higher in vitro inhibitory effi-
ciency in this work (IC50 � 2.5 �M), EDTA did not affect the
inhibition result. Indeed, all inhibition assays were performed
in 5 mM EDTA solution. Together these results indicate that
platinum(II) compounds have higher inhibitory effects on the
intein than zinc.
Cisplatin Binds to the Intein—To verify binding of cisplatin

to the RecA intein, ESI-MS was employed. As the molecular

weight can be accurately read from the spectra, ESI-MS has
emerged as a powerful tool to monitor the formation of pro-
tein adducts of metallo-drugs and to identify the resulting
metallic fragments attached to proteins (30). Prior to ESI-MS,
the RecA intein and cisplatin were mixed at a 1:1 ratio and
incubated for 48 h. Two major peaks for the platinated intein
were observed, corresponding to binding of 1 mol of
Pt(NH3)2Cl� or 1 mol of [Pt(NH3)2]2� to the protein (Fig. 3).
Supplemental Table S1 gives the assignment of the major
mass peaks shown in the spectrum and the theoretically cal-
culatedm/z (mass/charge). The presence of two adducts sug-
gests that cisplatin coordinates to the intein first as a mono-
dentate complex [Pt(NH3)2Cl]�, with displacement of one
chloro, and then undergoes further reaction to yield a biden-
tate complex [Pt(NH3)2]2�, with displacement of the second
chloro group, likely to two different residues in the protein.
Based on the hard-soft acid-base principle, cysteine sulfur

and imidazole nitrogen are favorite coordination sites of plati-
num(II). Furthermore, for platinum coordination, sulfur bind-

FIGURE 1. Structure of platinum(II) complexes used in this work. cis-
DDP, (cis-diamminedichloro- platinum(II); trans-DDP,
trans-diamminedichloro-platinum(II); phen, phenanthroline; cDPCP, cis-
diammine(pyridine)chloroplatinum(II); im, imidazole; trans-EE, trans-di(E)
iminoetherdichloroplatinum(II).

TABLE 1
Inhibition of the RecA intein by different classes of platinum(II)
compounds

Number Complexes Class IC50

�M

1 Cisplatin cis 2.5
2 Pt(Phen)Cl2 cis 10
3 Oxaliplatin cis 23
4 Carboplatin cis 30
5 cDPCP Mono 50
6 Pt(NH3)2(im)Cl Mono 77
7 Pt(NH3)2(3-py-CH2OH)Cl Mono 120
8 trans-DDP trans �200
9 trans-EE trans �200 FIGURE 2. Inhibition of GFP-intein fusions in vitro. A, fluorescence assay.

Fluorescence spectra in the presence of cisplatin from 0 to 10 �M are
shown. The arrow indicates decreasing fluorescence intensity with succes-
sively higher cisplatin concentrations. B, relative fluorescence intensity as a
function of cisplatin concentration. Measurements were performed on GFP
(E) and the GFP-intein fusion protein (F). Data are average values from
three parallel experiments, and error bars correspond to the standard devia-
tions. C, gel assay of cisplatin inhibition. The concentration of cisplatin (�M)
is shown above the lanes of a 12% SDS-polyacrylamide gel, with precursor,
spliced GFP, and excised intein labeled. The relative amount of splice prod-
ucts at different cisplatin concentration is shown in Fig. S1.
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ing is much more kinetically favored than nitrogen (31, 32).
As mentioned above, the active site of the RecA intein is
formed by a conserved N-terminal cysteine (Cys1), B-block
histidine (His-73), the penultimate histidine (His-439), and
Cys�1 in the C-extein. These residues serve as good candi-
dates for platinum(II) coordination, although it should be
noted that the RecA intein used in these experiments did not
have a Cys�1 residue, whereas all other key residues are pres-
ent. Preliminary NMR results confirm the coordination of
sulfur to platinum(II), implicating Cys1 in the binding (sup-
plemental Fig. S2). The role of Cys1 has also been confirmed
by the inhibition results, in which the RecA intein with a C1A
mutation lost the complementation effect on cisplatin inhibi-
tion (see below). Although this result cannot rule out cisplatin
chelation at key intein residues other than cysteine, such as
histidine, the cysteine is likely the first binding site due to its
high kinetic reactivity toward Pt(II). To verify the binding
affinity of cisplatin to inteins, the competition effect of gluta-
thione (GSH) in the inhibition was measured. Results showed
that the presence of 2 mM GSH could prevent the inhibition
of cisplatin (supplemental Fig. S3); however, adding 2 mM

GSH to the cisplatin-pretreated intein could not release the
inhibition effect (data not shown).
Inhibition of the Mtu RecA Intein by Cisplatin in E. coli—

The first in vivo inhibition assay was in E. coli, based on a TS
reporter. Cells with a thyA (TS�) mutation can survive on
minimal medium in the absence of thymine when harboring a
plasmid expressing TS (33). To examine protein splicing ac-
tivity, the RecA intein sequence was fused internally to the
plasmid-borne TS gene; thus survival of thyA E. coli will rely
on intein splicing (27). Two RecA intein sequences were used
in this work; one was the full-length 440-amino acid intein
sequence (pK-TS-I440), with an appended endonuclease do-
main, and the other was a minimized 168-amino acid intein
sequence (pK-TS-I168). The majority of inteins possess two
domains, the homing endonuclease domain and the splicing
domain. These two domains are functionally independent,
and minimization studies have indicated that the homing en-
donuclease domain is not required for the protein splicing
activity (34). The control was a plasmid containing the TS
gene without an intein insertion (pK-TS).

Growth of E. coli transformed with plasmids containing
TS-intein fusions was significantly slowed by cisplatin,
whereas cells with pK-TS were much less affected (Fig. 4).
The IC50 was about 7.8 �M for the cells with pKT-TS-I440.
Similar inhibition was observed with cells containing pK-TS-
I168, which implies that the interaction of cisplatin is with the
splicing domain, whereas the endonuclease domain has negli-
gible influence on the inhibitory activity. Not only is the
growth of the TS and TS-intein-containing strains identical in
the absence of cisplatin, but also, the addition of thymine
to the medium completely rescued the TS-intein fusions from
the inhibitory effect of cisplatin (Fig. 4). Therefore, it can be
concluded that the in vivo intein splicing can be inhibited by
this platinum(II) complex.
Among several other platinum(II) complexes tested in the

in vivo splicing assay (supplemental Table S2), only oxaliplatin
demonstrated a measurable, albeit weak, inhibitory activity.
All monofunctional and trans geometry platinum(II) com-
plexes were ineffective inhibitors (IC50 � 200 �M), raising the
possibility that these latter compounds are not taken up by
the cells or are detoxified by bacterial cells.
Inhibition of M. tuberculosis and M. bovis Growth by

Cisplatin—The growth ofM. tuberculosis H37Rv was tested
in Middlebrook 7H9/oleic acid-albumin-dextrose-catalase
medium on plates. Cells were significantly inhibited by 20 �M

cisplatin, whereas 40 �M inhibited growth almost completely
(Fig. 5A). A quantitative inhibition value was obtained by
growing H37Rv cells in liquid medium, yielding an IC50 of
�10 �M. (Fig. 5B). The inhibition assay forM. tuberculosis
cell growth was also performed with trans-diamminedi-
chloro-platinum(II), which did not exhibit obvious inhibition
up to 80 �M (data not shown). This observation shows the
consistent results between the in vitro intein splicing assay
and theM. tuberculosis cell growth assay.
The inhibitory activity of cisplatin on mycobacteria was

related to intein targeting by complementation experiments
inM. bovis var. BCG.M. bovis BCG is a more easily manipu-
lated, slow growing mycobacterium that harbors identical
inteins in recA, dnaB, and sufB toM. tuberculosis (12) and
responds similarly to cisplatin (data not shown).M. bovis
BCG was transformed with either a plasmid expressing an

FIGURE 3. ESI-MS detection of the intein interaction with cisplatin. The
�I-SM intein was incubated with cisplatin for 48 h. Labeled peaks refer to
�I-SM (a); �I-SM � [Pt(NH3)2]2� (b); and �I-SM � [PtC1(NH3)2]� (c). Charges
(23� and 24�) are labeled in the spectrum.

FIGURE 4. Inhibition of intein splicing in E. coli using the TS reporter.
Cell growth was measured at various cisplatin concentrations by optical
density at 600 nm in the absence of thymine (blue lines) and in the presence
of thymine (red lines). The thyA (TS�) E. coli host was transformed with the
plasmids pK-TS (E), pK-TS-I440 (�), or pK-TS-I168 (‚). The calculated IC50 is
7.8 �M. Error bars correspond to the standard deviations.
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active RecA intein or an empty vector and exposed to cispla-
tin concentrations of 0–9 �M, and growth was monitored for
up to 10 days (Fig. 6A). Growth of cells with empty vector was
decidedly slowed relative to the intein-bearing strain at 1.5 and 9
�M cisplatin. The sparing effect of intein overexpression is con-
sistent with drug sequestration by the splicing domain and sup-
ports inteins as intracellular targets of cisplatin. This result also
suggests the possibility that mycobacteria could acquire partial
resistance to cisplatin through target amplification. It will there-
fore be of great interest to pursue intein inhibitors more potent
than cisplatin, and this work is underway.
We next compared the growth on solid media ofM. bovis

BCG expressing an active RecA intein with an inactive C1A
RecA intein lacking the Cys1 catalytic cysteine residue or an
empty vector (Fig. 6B). Again, we observed relative cisplatin re-
sistance in theM. bovis strain expressing the active intein, but no
resistance above the vector control was apparent using the inac-
tive C1A intein variant. These results are consistent with the
hypothesis that effective cisplatin binding requires coordination
to this catalytic thiol residue at Cys1 of the intein.

DISCUSSION

This work provides a proof of principle for developing anti-
microbials that target the self-splicing activity of inteins, and
it has uncovered a novel role of cisplatin as an active site in-
hibitor of the Mtu RecA intein. Although the toxicity of cis-
platin makes its therapeutic utility questionable, synergy with
co-administered drugs remains to be tested. This work there-
fore supports inteins as viable therapeutic targets for antibi-
otic development.
Comparison with different platinum(II) complexes indi-

cates that intein inhibition is structure-dependent, with cis-
platin demonstrating a superior inhibitory effect over mono-

functional platinum(II) complexes followed by oxaliplatin and
carboplatin. Transplatin was inactive as an inhibitor of the
RecA intein. The greater activity of cis-platinum(II) com-
plexes than the trans geometry compounds is consistent with
the general structure/activity relationship of the antitumor

FIGURE 5. Inhibition of M. tuberculosis H37Rv by cisplatin. A, cell growth
on plates. The concentration of cisplatin is given in the figure. B, cell growth
in liquid culture. Data are mean values from three experiments, and error
bars correspond to the standard deviations. Cisplatin concentrations were
as indicated, yielding an IC50 of �10 �M.

FIGURE 6. Intein overexpression can mitigate sensitivity to cisplatin. A,
intein-mediated rescue of mycobacterial inhibition by cisplatin. M. bovis
BCG with RecA intein-expression plasmid (triangle) or empty vector (square)
was grown in liquid broth with kanamycin in the presence and absence of
cisplatin at the concentrations shown. B, rescue is Cys1-dependent. M. bovis
BCG expressing the RecA intein shows enhanced cisplatin resistance when
compared with a vector control and M. bovis BCG expressing a RecA intein
with the C1A mutation. Mycobacteria were grown to stationary phase in
medium lacking cisplatin and then plated at a 10�6-fold dilution onto agar
with the indicated concentration of cisplatin.
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activity of platinum(II) drugs. The lower reactivity of carbo-
platin than that of cisplatin results in less efficacy in both tu-
mor cells and TB cells (35). However, the higher inhibitory
effectiveness of cisplatin than oxaliplatin is in contrast to anti-
tumor activities of platinum(II) compounds (36). This is not
surprising given the different mechanism of these two
applications.
The observed antimycobacterial activity of cisplatin opens a

new prospect for TB chemotherapy. The minimal inhibitory
concentration of �40 �M for cisplatin is in the same range as
the antimycobacterial agent ethambutol, which is the anti-TB
drug in clinical use (37). If combination therapy were success-
ful or if one of the less toxic cisplatin analogs were potent in-
tein inhibitors (38), cisplatin could join other antineoplastic
agents that have been repurposed to treat infectious disease.
Miltefosine (hexadecylphosphocholine), for example, devel-
oped as an antitumor agent in the 1980s, has been licensed in
India to treat visceral leishmaniasis (39), and preclinical stud-
ies with the antitumor agent, Taxol, also show promising anti-
parasitic activity (40).
Recently, it was discovered that the platinum(II) complex

with 1,10-phenanthroline ligand can inhibit the aggregation
of amyloid-� peptide, suggesting the potential therapeutic
application for Alzheimer disease, whereas cisplatin demon-
strated no effect on amyloid formation (41). Platinum com-
plexes have also been used as kinase inhibitors (42). Together,
our findings expand the therapeutic potential of platinum(II)
complexes.
We have shown that cisplatin binds to the RecA intein and

targets the catalytic Cys1 residue. According to our mechanis-
tic understanding (9–11), the coordination of platinum(II) to
the thiol group will prevent the formation of the thioester
intermediate at the first step of protein splicing and conse-
quently prevent expression of enzymatically active RecA. We
suspect that in addition to Cys1, cisplatin also binds Cys�1,
and potentially to other conserved catalytic residues, includ-
ing the B-block histidine, His-73, and the penultimate histi-
dine, His-439. Ongoing structural analyses will reveal whether
inteins are in fact mechanistically predisposed to cisplatin
inhibition.
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