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Peptide deformylase (PDF) is an essential bacterial metalloprotease involved in deformylation of N-formyl group from nascent poly-
peptide chains during protein synthesis. Iron-containing variants of this enzyme from Salmonella enterica serovar Typhimurium
(sPDF) and Mycobacterium tuberculosis (mPDF), although inhibited by oxidizing agents like H2O2, exhibited strikingly different 50%
inhibitory concentrations (IC50s) that ranged from nanomolar (sPDF) to millimolar (mPDF) levels. Furthermore, the metal dissocia-
tion rate was higher in sPDF than mPDF. We hypothesized that a restriction in entry of environmental oxygen or oxidizing agents into
the active site of mPDF might be the cause for such discrepancies between two enzymes. Since the active-site residues of the two pro-
teins are similar, we evaluated the role of the oxidation-prone noncatalytic residue(s) in the process. Amino acid sequence analysis re-
vealed that Cys-130 of sPDF corresponds to Met-145 of mPDF and that they are away from the active sites. Swapping methionine with
cysteine in mPDF, the M145C protein displayed a drastic decrease in the IC50 for H2O2 and an increased metal dissociation rate com-
pared to the wild type. Matrix-assisted laser desorption ionization (MALDI) analysis of a trypsin-digested fragment containing Cys-145
of the M145C protein also indicated its increased susceptibility to oxidation. To incorporate residues identical to those of mPDF, we
created a double mutant of sPDF (C130M-V63C) that showed increased IC50 for H2O2 compared to the wild type. Interestingly, the
oxidation state of cysteines in C130M-V63C was unaffected during H2O2 treatment. Taken together, our results unambiguously estab-
lished the critical role of noncatalytic cysteine/methionine for enzymatic sensitivity to H2O2 and, thus, for conferring behavioral dis-
tinction of bacterial PDFs under oxidative stress conditions.

Translation initiation involves an additional step of formylation
of methionyl-tRNA, which is a distinctive feature in protein

synthesis of prokaryotes and eukaryotic organelles, such as mito-
chondria and chloroplasts (1–3). As a consequence, throughout
the eubacterial lineage, N-formylated methionine is the first
amino acid to incorporate at the amino terminal end of nascent
polypeptide chains (4). The formylated methionine is often not
retained and is subsequently excised from nascent polypeptide
chains by a specialized hydrolytic process, known as N-terminal
methionine excision. The enzyme, peptide deformylase (PDF), is
responsible for the removal of the N-formyl group of methionine
by hydrolyzing its amide bond (5, 6). In fact, removal of the formyl
group of the first methionine is mandatory for its subsequent ex-
cision in the process of maturation of the polypeptide chain (7);
therefore, PDFs are known to be essential for bacterial survival
(8–10). Also, in pathogenic bacteria, PDF is a promising and well-
explored drug target (11–13).

The def gene in bacteria encodes PDF. X-ray and nuclear mag-
netic resonance (NMR) structures of different bacterial PDFs have
been determined in recent years (14–18). They are categorized in
two groups; type I has a long C-terminal tail such as in Gram-
negative bacteria, while type II contains insertion sequences such
as have been noted in Gram-positive bacteria (18). In spite of these
differences, bacterial PDF proteins have three highly conserved
motifs, motif I (GXGXAAXQ), motif II (EGCLS), and motif III
(QHEXXH) (where X is any hydrophobic residue), forming an
active site. Since it is a metalloprotease, the metal atom has been
reported to be tetra- or pentahedrally coordinated (19, 20) with
the cysteine in motif II and two histidines in motif III within the
conserved enzyme active site (21–24). Any mutation in these res-

idues led to inactivation of the enzymatic activity of the protein
(21, 25).

In its naturally occurring form, either iron (Fe2�) or zinc
(Zn2�) is present in different bacterial PDFs (5, 15, 25–28). Iron-
containing Escherichia coli PDF was found to be enzymatically
active but very labile because of conversion of Fe2� to Fe3� by
atmospheric oxygen, and the conserved coordinating cysteine of
the enzyme is reported to be oxidized in the process (16, 29). On
the other hand, PDFs from Staphylococcus aureus and Mycobacte-
rium tuberculosis did not show such oxygen sensitivity despite
having iron as a metal ion (9, 15, 25, 26). These contradictory
observations are really puzzling since bacterial PDFs exhibit con-
siderable amino acid sequence homology and they are structurally
similar to each other (9, 15, 16). Therefore, the data argue that if
the iron oxidation status leading to modification of the conserved
active site cysteine were the sole factor in governing the activities
of bacterial PDFs against oxidative stress, it would have affected
the functionality of any bacterial PDF protein in a similar fashion.
However, there has been no detailed investigation to date explain-
ing such distinctions in the behavior of bacterial peptide deformy-
lases in response to oxidative stress. This is an important aspect to
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elucidate in the context of intracellular bacteria like M. tuberculo-
sis, which as a successful pathogen often adopts varied survival
tactics to cope with such stress.

In this study, we assessed the enzymatic activity of recombi-
nant PDF proteins from Salmonella enterica serovar Typhimu-
rium (here referred as S. Typhimurium; sPDF) and M. tuberculosis
(mPDF) following exposure to oxidative stress utilizing H2O2, a
well-known oxidizing agent. In spite of iron-containing proteins
having a conserved metal-ion-coordinating cysteine (Cys-90 in
sPDF and Cys-106 in mPDF) at the active site, we found that sPDF
and mPDF displayed differences in enzymatic activity in response
to H2O2 exposure. The IC50 (the concentration causing 50% inhi-
bition in enzyme activity) for H2O2 was considerably higher (i.e.,
in the millimolar range) in mPDF than in sPDF (nanomolar
range). To account for such a discrepancy in the enzymatic activ-
ities, our results of mutational analyses of both proteins unambig-
uously established the crucial role of oxidation-prone amino acids
in mPDF. Interestingly, these residues are neither in the enzyme
active site nor participating in metal ion coordination but are
involved in conferring such a behavioral distinction in mPDF.

MATERIALS AND METHODS
Materials. Restriction/modifying enzymes were procured from New Eng-
land Biolabs. Different kits (PCR DNA/gel band purification, plasmid
DNA preparation, Western blotting detection), dithiothreitol (DTT), and
protein molecular weight markers were obtained from GE Healthcare.
H2O2 (Merck), Herculase fusion DNA polymerase (Stratagene), sucrose,
and HEPES buffer (MP Biomedicals) were commercially available. Other
chemicals and reagents, including ammonium bicarbonate, acetonitrile,
CelLytic B cell lysis reagent, �-cyno-4-hydroxy cinnamic acid, diethylene-
triaminepentaacetic acid (DTPA), EDTA, ferrous sulfate, N-formyl-Met-
Ala, trinitrobenzene sulfonic acid, and trypsin were from the Sigma
Chemical Company. Oligonucleotides used in this study were custom
synthesized (IDT/Sigma). Different media for bacterial cultures were ei-
ther from Himedia or from Difco.

Site-directed mutagenesis and recombinant constructs. Genomic
DNA from S. Typhimurium (30) was used for PCR amplification of the
510-bp def gene (STM3406) using sequence-specific primers (CK1 [5=-G
GAATTCCATATGTCAGTTTTGC AAGTGTTACATATT-3=] and CK2
[5=-CCCAAGCTTTTAAGCCCGGGCGTTCAG-3=]) incorporating re-
striction sites (NdeI in CK1 and HindIII in CK2) and Herculase fusion
DNA polymerase per a standardized protocol (denaturation at 95°C for 5
min followed by reaction at 95°C for 1 min, 59°C for 30 s, and 72°C for 30
s for 29 cycles and, finally, extension at 72°C for 10 min). The amplified
fragment following NdeI-HindIII digestion was ligated to the corre-
sponding sites of pET28c. The construction of pET-mPDF (isolation of
the M. tuberculosis def gene, Rv0429c, and its subsequent cloning in ex-
pression vector) is described elsewhere (25). Two external primers (CK1
and CK2 for sPDF and CR26 and CR27 for mPDF) and two internal
(incorporating mutation) primers (see Table S1 in the supplemental ma-
terial) were designed for creating each site-directed mutant of sPDF
(V63C, C130M, and C130M-V63C) or mPDF (C59S, C68S, M145C, and
M145S) employing a PCR-based overlap extension method (31). PCR
products containing desired mutations following cloning in pET28c and
wild-type constructs (pET-sPDF or pET-mPDF) were individually trans-
formed into E. coli strain DH5� to build up the DNA and also into
BL21(DE3) for expression and purification of recombinant proteins. All
mutations were confirmed by sequencing using an automated DNA se-
quencer.

Expression and purification of recombinant proteins. A fresh cul-
ture of BL21(DE3) cells harboring pET-sPDF or pET-mPDF or different
mutant constructs was set up in LB broth containing 50 �g/ml kanamycin
at 37°C in a shaker (shaking speed, 200 rpm) with �1% inoculum (from
the overnight cultures), grown until an optical density at 600 nm (OD600)

of �0.85 was reached, induced with 0.4 mM IPTG (isopropyl-�-D-thio-
galactopyranoside), and incubated a further 12 to 14 h at 18°C (except the
M145C mutant, which was grown for 2.5 h at 37°C). It is worth mention-
ing here that, unlike urea solubilization as reported previously (25), a
slight alteration of the culture conditions (as mentioned above) yielded
recombinant mPDF or its mutants (except M145C) as a soluble protein.
Following harvesting, cells were resuspended (1 gm cell pellet/5 ml) in
lysis buffer (50 mM HEPES [pH 7.0], 100 mM NaCl, 5 mM DTT, 0.1 mM
phenylmethylsulfonyl fluoride [PMSF], 1 �g/ml pepstatin, 1 �g/ml leu-
peptin) for sPDF or its mutants. Cells containing mPDF or its mutants
(except for M145C), on the other hand, were resuspended (1.5 g/10 ml) in
lysis buffer supplemented with 6% sucrose. This was followed by sonica-
tion (each cycle of 10 s on/10 s off over ice for 15 min). BL21(DE3) cells
with the M145C mutant of mPDF were solubilized in CelLytic B cell lysis
reagent (1.5 g cell/20 ml) and incubated for 30 min at 25°C. The superna-
tant fraction was loaded in a nickel-nitrilotriacetic acid (Ni-NTA) column
and washed in 10 bed volumes with 50 mM HEPES (pH 7.0) containing
100 mM NaCl and either 20 mM imidazole for sPDF or 50 mM imidazole
and 6% sucrose for mPDF. The protein was eluted with 50 mM HEPES
(pH 7.0) containing 100 mM NaCl and 200 mM imidazole with (mPDF)
or without (sPDF) 6% sucrose. The protein concentration (32), at this
step was �1.5 mg/ml for mPDF or �11 mg/ml for sPDF. To remove
imidazole (carried out if it was an experimental need), the purified pro-
tein(s) was dialyzed (4°C for �14 h in dialysis buffer containing 50 mM
HEPES (pH 7.0) and 100 mM NaCl for sPDF or the same buffer supple-
mented with 6% sucrose for mPDF (protein/buffer ratio of 1:100 [vol/
vol]; buffer changed four times). Recombinant proteins were stored in
aliquots (protein concentration of �1.5 mg/ml for mPDF or �11 mg/ml
for sPDF) at �80°C until used. They were utilized in assays following
dilution in the same buffer. In experiments where apo-enzyme was used,
starting from cell lysis and proceeding to protein purification, 1 mM
EDTA was added in buffers. Apo-enzymes were always made imidazole-
free by dialyzing in buffers (see above) supplemented with 1 mM EDTA
and used on the same day as the day of preparation. HEPES was replaced
with Tris-HCl as the buffer in protein preparations used for circular di-
chroism (CD) experiments.

Enzyme assay. The ability of the enzyme (sPDF or mPDF) to de-
formylate N-formyl-Met-Ala was assessed through a spectrophotometric
assay as described earlier (25) with slight modification for carrying it out
in a microtiter plate. Briefly, PDF protein (50 ng of mPDF or 125 ng of
sPDF, 50 mM HEPES buffer, pH 7.0, containing 100 mM NaCl) was
incubated with the substrate (5 mM for the single-point assay or 0 to 20
mM for enzyme kinetics; total reaction volume � 10 �l) at 30°C for 30
min. The reaction was terminated by addition of 4% HClO4 (10 �l), and
the reaction mixture was further incubated (37°C for 2 h) with trinitro-
benzene sulfonic acid (TNBSA) reagent (0.01% in 0.1 M NaHCO3 buffer,
pH 8.4; 130 �l). This was followed by addition of 10% SDS (50 �l)–1 M
HCl (25 �l), and absorption of the highly chromogenic derivative gener-
ated due to the reaction of primary amine with TNBSA was monitored at
340 nm in an enzyme-linked immunosorbent assay (ELISA) reader (Mo-
lecular Devices). The readings were corrected by subtracting the blank (all
ingredients except enzyme) values, and the specific enzyme activity (nmol
of free amino group produced/min/mg of protein) was calculated from
standard curves prepared with L-methionine (0 to 21.4 nmol). Km and
Vmax values were obtained from non-linear-fit plots, and for calculating
kcat, the molecular mass of recombinant enzyme was considered 21 kDa
(for sPDF) or 23 kDa (for mPDF). We have noted that irrespective of the
methods used for cell lysis (sonication and use of CelLytic B cell lysis
reagent), there was no difference in the specific activity values determined
for the mPDF enzyme. Unless mentioned otherwise, data for enzyme
activity represent means 	 standard deviations (SD) of the values from at
least three independent experiments.

Atomic absorption spectroscopy. Recombinant His-tagged dialyzed
protein (mPDF or sPDF or their mutants; 500 �g protein/assay) was di-
gested with 5% HNO3 (150°C for 2 h), filtered (0.45-�m-pore-size filter),
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and injected into an atomic absorption spectrophotometer (Shimadzu) to
determine the metal content. The readings were corrected by subtracting
the blank (buffer containing 5% HNO3), and, finally, the metal ion con-
centration of samples was calculated from a standard curve calculated
with known metals (nickel, iron, and zinc). Under our experimental con-
ditions, the metal content of different purified preparations (mPDF and
sPDF and their mutants) revealed iron as the coordinating ion (�1 mol of
iron/mol of polypeptide) with no detectable amount of nickel or zinc
contamination, even when recombinant His-tagged proteins were puri-
fied in Ni-NTA columns.

Western blotting. Purified proteins (1 �g of protein/slot) were re-
solved in 12% SDS-PAGE and transferred to nitrocellulose membranes
(0.45-�m pore size) using a Mini Trans-Blot apparatus (Bio-Rad). Mem-
branes were stained with Ponceau S to ensure transfer, processed using
anti-His antibody, and detected through an ECL detection system follow-
ing the recommended protocol of the manufacturer (GE Healthcare).

CD spectroscopy. CD spectra of wild-type and mutant proteins were
compared using a Jasco J-810 spectropolarimeter. Measurements in the
far UV region (250 to 190 nm) were carried out on protein solutions (0.25
mg/ml) employing a cell with a path length of 0.1 cm at 25°C. The mean
residue ellipticity, (
), was calculated using a mean residue molecular
mass of 110 Da. Each spectrum reported represents an average of 5 scans.

Matrix-assisted laser desorption ionization (MALDI)–MS. Purified
recombinant protein (mPDF or M145C; 1 �g/assay) was incubated (4°C
for 15 min) with or without H2O2 (10 mM) and diluted 10 times with
buffer (20 mM Tris buffer [pH 7.0] containing 75 mM NaCl). Samples
were then concentrated (6,500 � g for 30 min) in a Microcon filter (YM-
10), washed twice in same buffer, mixed (1:1) with 40 mM ammonium
bicarbonate (pH 8.2) containing 9% acetonitrile, and digested with tryp-
sin (37°C for 18 h). Following mixing of trypsin-digested samples with an
equal volume of the matrix (�-cyno-4-hydroxy cinnamic acid), mass
spectra for peptide mass fingerprint analysis and, subsequently, amino
acid sequences of the fragments (tandem mass spectrometry [MS/MS];
carried out under collision-induced dissociation [CID] “off” conditions
in 1-kV positive mode) were obtained (AB Sciex tandem time of flight
[TOF/TOF] 5800 spectrometer). The isotope abundance for peptides was
calculated using Protein Prospector (http://prospector.ucsf.edu), and the
peptide sequences were identified utilizing the Mascot server.

Assessment of thiol modification. 7-Chloro-4-nitrobenz-2-oxa-1,3-
diazole chloride (NBD-Cl; 20-fold molar excess of protein) was added to
dialyzed protein (500 �g of sPDF or C130M-V63C in 20 mM Tris [pH
7.0] containing 75 mM NaCl) following incubation (25°C for 15 min)
with or without H2O2 (100-fold molar excess), and a thiol modification
reaction (total volume � 600 �l) was allowed to proceed in the dark for 45
min. This was followed by removal of unbound NBD by washing through
a Microcon (YM-10) centrifugal filter (three washes with 20 mM Tris [pH
7.0] containing 75 mM NaCl), and the labeling was detected by a spectral
scan (260 to 600 nm) using a spectrophotometer (Shimadzu).

Bioinformatics and structural analysis. Multiple sequence alignment
was carried out using the Clustal X program (33) with default input pa-
rameters for gap opening and extension penalties. We observed �100%
sequence identity (except for three amino acids) in the nucleotide-derived
amino acid sequences of PDFs from E. coli and S. Typhimurium. There-
fore, the crystal structure of PDF from E. coli (Protein Data Bank identi-
fication no. [PDB ID] 3K6L) was considered a model for S. Typhimurium
and compared to that of the M. tuberculosis (PDB ID 3E3U). Analysis was
performed by displaying the structures in the PYMOL (www.pymol.org)
graphics program.

RESULTS
Assessment of the H2O2 sensitivity profiles of sPDF and mPDF.
Iron-containing PDFs are known to be sensitive to treatment with
oxidizing agents because of oxidation of Fe2� to Fe3� at the metal
binding core (29, 34). To have an insight on this aspect, deformy-
lation abilities of sPDF and mPDF were compared following pre-

incubation (15 min at 4°C) of proteins (50 ng for mPDF or 125 ng
for sPDF) with different concentrations of H2O2 (0 to 100 mM).
As with other bacterial PDFs, the enzyme activities of sPDF and
mPDF were affected. Surprisingly, while 10 �M H2O2 completely
inhibited the deformylase activity of sPDF, �100 mM was re-
quired for mPDF (Fig. 1). The IC50s of H2O2 for sPDF and mPDF
were �46 nM and �16.1 mM, respectively (Table 1). Since the
buffers used may contaminate with traces of metal ions and con-
sidering the fact that bacterial PDFs are able to confer enzymatic
activity in the presence of divalent cations such as Ni2�, Co2�, and
Zn2� (35, 36), we compared the deformylation abilities of mPDF
following H2O2 treatment in the presence or absence of DTPA, a
metal ion chelator that entraps dissociated metals without actively
extracting the prosthetic group of an enzyme (34). Interestingly,
no significant alteration in mPDF activity due to addition of
DTPA was noticed and its (200 �M) presence did not affect H2O2

sensitivity (inset, Fig. 1A).
To ensure that iron occupied the active site of the enzyme

FIG 1 Deformylation abilities of mPDF and sPDF in response to exposure to
H2O2. (A) The enzyme assay was carried out with mPDF (50 ng/assay) or sPDF
(125 ng/assay) following incubation with H2O2 (15 min at 4°C). The inset
shows the peptide deformylase activities of mPDF in the presence of DTPA
following incubation with H2O2. (B) Effect of H2O2 on peptide deformylase
activity of apo-enzyme (mPDF or sPDF) following reconstitution with iron
(Fe2�). Apo-proteins were prepared by inclusion of 1 mM EDTA in cell lysis
buffer, purified, dialyzed, and used for reconstitution of enzyme subjected to
metallation as mentioned in the text.

Kumar et al.

92 jb.asm.org Journal of Bacteriology

http://prospector.ucsf.edu
http://www.rcsb.org/pdb/explore/explore.do?structureId=3K6L
http://www.rcsb.org/pdb/explore/explore.do?structureId=3E3U
http://www.pymol.org
http://jb.asm.org


throughout the experimental procedure, we prepared apo-pro-
teins of both mPDF and sPDF by inclusion of 1 mM EDTA in the
lysis buffer (see Materials and Methods). The apo-enzyme was
purified in Ni-NTA columns and dialyzed to remove imidazole in
the buffer containing EDTA. The apo-enzyme prepared in this
way was found to be enzymatically inactive. The enzyme was then
reconstituted with the Fe2� ion utilizing a method described else-
where (34). Briefly, the apo-protein was diluted 1:1 with buffer
containing 3 mM Fe2SO4 such that the Fe2� concentration was
600 �M, which exceeds the carryover EDTA concentration. The
reconstituted enzyme was further diluted to 1:100 in assay buffer
(50 mM HEPES buffer [pH 7.0], 100 mM NaCl) containing 100
�M Fe2�. This was followed by addition of 200 �M DTPA, and
the reaction mixture was utilized either for assessing deformyla-
tion ability directly or for monitoring the effect of H2O2. The
reaction following preincubation with or without H2O2 was ter-
minated by adding catalase (�550 units/ml; see reference 34), and
the reaction mixture was incubated with the substrate for deter-
mining enzyme activity. We found that the inactive apo-enzymes
became active and exhibited behavior patterns in response to
H2O2 treatment (Fig. 1B) similar to those observed with recom-
binant mPDF or sPDF (the IC50 for H2O2 was in the nanomolar
range for sPDF, whereas it was in the millimolar range for mPDF).

The striking difference between sPDF and mPDF in their levels
of sensitivity to oxidative stress might be the consequence of alter-
ation in their rates of iron dissociation from the enzyme active site
(37). Therefore, the deformylation abilities of mPDF and sPDF
were compared following incubation with DTPA for 0 to 8 h at
25°C. Iron (Fe2�) oxidation by environmental oxygen would lead
to dissociation of the metal (Fe3�) from the enzyme active site.
The free metal released in this way would be trapped by the DTPA
and thus result in a decrease in the enzymatic activity of both
proteins, as the passage of time would reflect their rates of metal
dissociation. Interestingly, the values corresponding to the half-
life (t1/2) of enzyme inactivation in the presence of DTPA were
�47 min and �330 min for sPDF and mPDF, respectively (Table
2). Thus, these results showed that the rate of metal dissociation
from the enzyme was higher in sPDF than in mPDF.

The low rate of metal dissociation compared to that of sPDF
suggested a restriction in entry of environmental oxygen or oxi-
dizing agent into the active site of the mPDF enzyme. Since the
active-site residues of the two proteins are similar, we further eval-

uated the role of oxidation-prone noncatalytic residue(s) in the
process. Generally, cysteines in proteins are known to be vulner-
able to oxidation (16, 29, 34, 38–40). In amino acid sequence
comparisons, we observed that sPDF and mPDF have two (Cys-90
and Cys-130) and three (Cys-59, Cys-68, and Cys-106) cysteines,
respectively (Fig. 2A). Interestingly, except for the metal-ion-co-
ordinating cysteines in the EGCLS motif (Cys-90 in sPDF and
Cys-106 in mPDF), the cysteines are not conserved and are located
away from the active site (Fig. 2A).

TABLE 1 IC50s for H2O2 exhibited by mPDF and sPDF mutants

Protein IC50 (mM) 	 SD No. of expts

sPDF 4.6 	 1.1 � 10�5 5
C90S NAa 3
C130S 4.9 	 0.5 � 10�5 3
C130 M 16 	 2.7 � 10�5 3
V63C 15 	 3.0 � 10�5 3
C130 M-V63C 144 	 29 � 10�5 5

mPDF 16.1 	 3.1 5
C59S 13.6 	 0.8 3
C68S 0.5 	 0.05 3
C106S NA 3
M145S 0.07 	 0.01 3
M145C 0.06 	 0.01 5
a NA, no activity.

TABLE 2 Half-life of the enzyme activity at 25°C in the presence of
DTPA

Protein t1/2 (min) 	 SD No of expts

sPDF 47 	 6 3
mPDF 330 	 21 3
M145C 0.5 	 0.01 7

FIG 2 Sequence alignment and structural analysis of mPDF and sPDF. (A)
Pairwise alignment of nucleotide-derived amino acid sequences of mPDF and
sPDF. Cysteines are highlighted in boxes. Notations used: st, S. Typhimurium;
mt, M. tuberculosis; double dots, conserved substitutions; single dots, semicon-
served substitutions; stars, identical residues. (B) Positioning of different cys-
teines in protein structures. A superposition of the mPDF structure (pink;
PDB ID 3E3U) with the E. coli PDF (EcPDF) structure (gray; PDB ID 3K6L) is
shown. Important residues are labeled for EcPDF, and the corresponding res-
idues in mPDF are indicated within parentheses. The metal ion from EcPDF is
represented as a sphere (red).
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To assess the positioning of cysteines in mPDF and sPDF, we
analyzed their protein structures. The mPDF structure was al-
ready available (17); for sPDF, however, we used the E. coli struc-
ture since the two proteins exhibited 100% similarity in their pri-
mary sequences (data not shown). Superimposition of the two
structures revealed that the positioning of the conserved metal ion
coordinating Cys-106 of mPDF was identical to that of the Cys-90
of sPDF. It is well established that oxidation of Fe2� leading to
modification of this active site cysteine in E. coli PDF affected
enzymatic activity (29, 34). Among other cysteines in mPDF,
Cys-59 is surface exposed in the structure and Cys-68 is in a loop
in close proximity (4.5 Å) to Met-145. Interestingly, Met-145 and
Cys-68 of mPDF can be superimposed on Cys-130 and Val-63 of
sPDF, respectively (Fig. 2B).

Amino acid sequence as well as structural analyses of sPDF and
mPDF led us to generate mutants of both proteins by replacing
cysteines with serines (one at a time), to address the question of
the distinction in their sensitivities for H2O2. Substitution of cys-
teines with serine in the PDF from S. Typhimurium yielded pro-
teins that were either defective (C90S; no activity) or without any
significant alteration (C130S; 1.3 	 0.1 �mol/min/mg protein
versus 2.0 	 0.6 �mol/min/mg protein for the wild type), and the
H2O2 sensitivity profile was indistinguishable from that of the
wild-type sPDF (Table 1). In sequence comparisons, Cys-130 of
sPDF aligned with Met-145 of mPDF (Fig. 2A). Interestingly, the
C130M mutant protein was found to have decreased sensitivity
for H2O2 (Table 1). Similarly, the V63C mutant protein, where
Val-63 of sPDF corresponded to Cys-68 of mPDF (Fig. 2A), dis-
played a decrease in sensitivity for H2O2 (Table 1). Therefore, it is

tempting to speculate that the decrease in sensitivity for H2O2

exhibited by these mutant proteins of sPDF might be an amino
acid- or position-specific effect.

In mPDF, consistent with our earlier reports, mutation at Cys-
106 (C106S protein) showed hardly any deformylase activity (Ta-
ble 1; see also references 25 and 26). To our surprise, the C68S but
not the C59S mutant protein exhibited altered IC50s (�32-fold
decrease) for H2O2 compared to wild-type mPDF results (Table
1). Thus, it is apparent that in addition to conserved iron-coordi-
nating cysteine, mutation at nonconserved residues might affect
the deformylation abilities of both sPDF and mPDF in response to
H2O2 exposure.

Effect of mutation at Met-145 of mPDF on its H2O2 sensitiv-
ity. Comparisons of amino acid sequences and structures indi-
cated the alignment of Cys-130 of sPDF with Met-145 of mPDF
(Fig. 2). This observation further led us to create the M145C mu-
tant of mPDF, and we monitored the effect of this substitution on
the enzyme activity. Compared to the wild type, the mutant pro-
tein (M145C) was found to be deficient in deformylation ability,
as indicated in its kcat/Km values (Table 3). In fact, calculation of
enzymatic activity as a function of protein concentrations yielded
curves which emphasized the need to use increased amounts of
protein (�3-fold more than the wild-type level) to obtain activity
in a comparable range (Fig. 3A). The authenticity of the mutant
protein was established by Western blotting using anti-His anti-
body (inset, Fig. 3A). Interestingly, M145C exhibited a significant
increase in sensitivity to H2O2 (the IC50 of M145C was �6.0 �
10�2 mM as opposed to �16.1 mM for the wild type; Table 1)
compared to that of the mPDF (Fig. 3B). We also noticed that
replacement of Met with Ser (M145S) resulted in a deficient mu-
tant (1.3 	 0.4 �mol/min/mg protein for the M145S mutant com-
pared to 3.9 	 0.9 �mol/min/mg protein for the wild type) and
exhibited an IC50 for H2O2 that was similar to that observed with
M145C (Table 1). To gain an insight into the rate of iron dissoci-
ation from the active site of the M145C protein, the culture was
incubated at 25°C with DTPA (200 �M). Interestingly, we ob-
served a drastic decrease in the half-life of inactivation (t1/2 � 0.5

TABLE 3 Kinetics of deformylase activities of mPDF and sPDF proteins

Protein
Km

(mM) 	 SD
kcat

(s�1) 	 SD
kcat/Km

(M�1 s�1) 	 SD
No of
expts

sPDF 8.0 	 0.5 4.1 	 0.5 0.5 	 0.01 � 103 3
C130 M-V63C 7.7 	 0.8 0.8 	 0.05 0.1 	 0.02 � 103 3
mPDF 2.9 	 0.5 8.8 	 0.8 0.3 	 0.03 � 104 3
M145C 4.7 	 0.5 3.1 	 0.5 0.7 	 0.1 � 103 3

FIG 3 Peptide deformylase activities of M145C protein. (A) Effect of increasing protein concentrations on the deformylase activity of M145C. The enzyme assay
was carried out with the indicated amounts of mutant protein with formylated Met-Ala as the substrate (5 mM/assay). The inset shows Western blotting of
M145C using anti-His antibody. (B) Effect of H2O2 on the M145C enzyme activity. Following preincubation (15 min at 4°C) with the indicated concentrations
of H2O2, the deformylation activity of the mutant (150 ng protein/assay) was compared with that of the wild type (50 ng protein/assay).

Kumar et al.

94 jb.asm.org Journal of Bacteriology

http://jb.asm.org


min) of the enzymatic activity of M145C in the presence of DTPA
compared to that of the mPDF (Table 2).

To elucidate the oxidation status of Met-145 in mPDF as well as
Cys-145 in M145C, both proteins were digested with trypsin follow-
ing treatment with or without H2O2 and analyzed by MALDI. The
expected trypsin cleavage patterns for both proteins (mPDF and
M145C) were generated using PAWS (http://www.softpedia.com
/progDownload/Genomic-PAWS-Download-178463.html) and
Protein Prospector (http://prospector.ucsf.edu) software for
predicting the isotope abundance of the peptides. The peptide
mass fingerprinting results determined for mPDF within the
m/z range of 2,040 to 2,070 exhibited ion patterns centered on
m/z values of 2,045 and 2,062 (Fig. 4A). Among them, the
Met-145-containing fragment (spanning amino acids 145 to
161) and another tryptic fragment (spanning amino acids 124
to 144) exhibited the expected m/z values of 2,045 and 2,062
(Fig. 4A). Interestingly, upon H2O2 treatment the trypsin-di-
gested fragment of mPDF at m/z of 2,045 disappeared and
slight changes in ion patterns around the m/z of 2,062 were
noticed (Fig. 4B; see appearance at the m/z of 2,061 and the
increased intensity of the m/z 2,062 fragment). MS/MS spectra
of m/z 2,061 and 2,062 (Fig. 4C) revealed a mixture of popula-
tions (amino acid residues spanning 124 to 144 and an oxidized
methionine-containing fragment of 145 to 161). In M145C
protein, on the other hand, irrespective of H2O2 treatment,

trypsin digestion exhibited ion patterns of very low intensity
(�5%) at m/z 2,017, which is expected for a Cys-145-contain-
ing unoxidized fragment. The majority of the tryptic fragment
was around m/z of 2,062 to 2,065 (Fig. 4D and E). Since the
expected mass of the hyperoxidized form of cysteine (Cys-SO3)
in the Cys-145-containing tryptic fragment of M145C is 2,065
Da, we carried out MS/MS analyses of peaks of 2,062 to 2,065.
Interestingly, irrespective of H2O2 exposure, the MS/MS spec-
tra at m/z 2,062 to 2,065 indicated the presence of a Cys-145-
containing tryptic fragment of M145C protein within the mix-
ture of isotopic peaks (Fig. 4F). All these lines of evidence
indicated that replacement of Met-145 with Cys (M145C) in
mPDF increased the susceptibility of the protein to oxidation.

H2O2 sensitivity pattern following alteration of noncon-
served cysteine residues of sPDF. Met-145 and Cys-68 of mPDF,
in sequence alignment as well as in structural superimposition,
corresponded to Cys-130 and Val-63 of sPDF, respectively (Fig.
2). To incorporate residues identical to those of mPDF, we gener-
ated a double mutant, C130M-V63C, of sPDF. CD analysis of
C130M-V63C did not show any significant alteration in the sec-
ondary structure of the mutant protein (Fig. 5A), and it was also
recognized by an anti-His antibody in Western blotting (inset in
Fig. 5A). However, determinations of enzyme activity as a func-
tion of increasing protein concentrations illustrated that an excess
amount of C130M-V63C protein was necessary to exhibit de-

FIG 4 Mass spectroscopy of M145C protein. (A, B, D, and E) MALDI analysis following trypsin digestion of mPDF (A and B) and M145C (D and E) proteins
before and after H2O2 treatment, respectively. Fragment m/z values and corresponding amino acid sequences are indicated. (C and F) MS/MS spectra of oxidized
methionine (C)- and cysteine (F)-containing peptides. b and y ions are indicated by arrows.
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formylation ability in a range comparable to that seen with sPDF
(Fig. 5B and its inset). Although there was no significant alteration
in its Km value (Table 3), C130M-V63C exhibited an �5-fold de-
crease in its kcat/Km value compared to that of sPDF (Table 3 and
Fig. 5C). As with mPDF (25), the deformylation ability of sPDF
and C130M-V63C proteins was found to be inhibitory at substrate
concentrations beyond 20 mM (insets in Fig. 5C). However, the
enzyme activity of this mutant protein showed a decrease in its
sensitivity to H2O2 compared to that of sPDF (Fig. 5D). Interest-
ingly, the calculated IC50 for H2O2 also showed a significant in-
crease for C130M-V63C (1.4 	 0.3 �M) compared to that of the
sPDF (Table 1).

NBD-Cl is known to conjugate with sulfenic acid (Cys-SO-
NBD), an intermediate oxidation product of cysteine, and re-
duced thiol (Cys-S-NBD), which have UV-visible absorption
properties at 347 and 420 nm, respectively (38–40). Capitalizing
on this aspect, we treated sPDF and C130M-V63C mutant pro-
teins with NBD-Cl following incubation with or without H2O2

and compared their behavior patterns. As shown in Fig. 6A, NBD
conjugated with both the Cys-SO and Cys-SH was present in sPDF

protein and exhibited two populations. However, after the H2O2

treatment, due to oxidation of cysteine(s) in sPDF, the Cys-SH
population mostly disappeared and absorption of the NBD-la-
beled conjugate (the sPDF-SO-NBD adduct) shifted from 420 to
347 nm. In the C130M-V63C mutant protein, as with the wild-
type sPDF, both populations were evident upon the reaction of
NBD-Cl. Interestingly, C130M-V63C protein did not show any
alteration in the distribution of Cys-SO and Cys-SH populations
on exposure to H2O2 (Fig. 6B). Thus, our spectral data were also
consistent with our findings about the role of Met, which is in the
place of Cys-130 in the double-mutant protein, as a determinant
for its H2O2 sensitivity.

DISCUSSION

PDF, responsible for deformylation of formylated initiator methi-
onine during bacterial protein synthesis, is an essential enzyme
throughout the bacterial lineage. Although our knowledge on this
iron-containing metalloenzyme from E. coli dates back to 1968
(41), its so-called extreme oxygen sensitivity resulting in conver-
sion of active Fe2� to the inactive Fe3� form and, ultimately, oxi-

FIG 5 H2O2 sensitivity profile of C130M-V63C protein. (A) Effect of mutations on the secondary structure of sPDF. Ni-NTA-purified protein samples were
dialyzed (overnight at 4°C with 4 changes of buffer) to remove imidazole and were used (at 0.25 mg/ml) for spectroscopic studies. Far-UV CD spectra of the wild
type and the double mutant in 20 mM Tris buffer (pH 7.0) were obtained between wave lengths of 250 and 190 nm. [
]degcm2dm�1, molar ellipticity. (B)
Enzyme activities as a function of the amounts of proteins. The inset shows the deformylase activity of the wild-type sPDF with increasing amounts of protein.
(C) Kinetic analysis of the deformylase activity of the double mutant. The inset shows the deformylase activity of sPDF and C130M-V63C, revealing their identical
behavior patterns in response to substrate at concentrations beyond 20 mM. (D) Effect of H2O2 on the deformylase activity of C130M-V63C. Following
preincubation (15 min at 4°C) with the indicated concentrations of H2O2, the enzyme activity of the mutant (1,600 ng protein/assay) was monitored.
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dation of active site cysteine prevented its isolation as well as char-
acterization for more than 2 decades (41, 42). However, in
subsequent years, with the advancement of recombinant DNA
technology and, recently, in the postgenomic era, studies on iron-
containing PDFs from different bacterial species, particularly S.
aureus (15) and M. tuberculosis (25), revealed that this enzyme is
not that short-lived. Despite having conserved active-site residues,
including a cysteine, these iron-containing PDFs exhibited dis-
crepancies in their responses to oxidative stress. To address this
issue in greater detail, we initiated this study with the PDFs from S.
Typhimurium and M. tuberculosis.

We observed that the sPDF has 100% amino acid sequence
similarity to that of the E. coli protein. It was catalytically active
and displayed biochemical characteristics similar to those re-

ported earlier for the mPDF (25). However, comparisons of enzy-
matic activities showed a disparity between these two proteins in
their sensitivities to H2O2 that was reflected in their IC50s (Fig. 1A;
see also Table 1). Since Fe2� easily dissociates from many en-
zymes, particularly when oxygen is available to oxidize it, one may
infer that the decreased H2O2 sensitivity of mPDF was the effect of
“metallation” (i.e., metal addition) with a metal other than iron.
To rule out such a possibility, we prepared apo-proteins and re-
constituted the enzyme activity with Fe2�. The reconstituted en-
zymes, when exposed to H2O2, behaved similarly to what was
observed with wild-type mPDF (Fig. 1B).

We further compared the rates of metal dissociation for mPDF
and sPDF. Interestingly, as reflected in the half-life of enzyme inacti-
vation in the presence of DTPA (Table 2), mPDF protein exhibited a
low metal dissociation rate compared to sPDF. Such an observation
suggested a restriction in the entry of environmental oxygen or oxi-
dizing agents into the active site of the mPDF enzyme. This is a pos-
sibility, if we presume an enclosed active site of the mPDF enzyme.
Such a proposition does not seem to be unrealistic since a surface-
exposed “RRR” sequence within the insertion sequence (absent in
type I bacterial PDFs), together with glycine in its conserved motif
III, was ascribed to modulation of the active site of the mPDF
enzyme in the “action-at-a-distance” mode (9, 43).

In studies of amino acid sequence alignment as well as structural
superimposition of mPDF and sPDF, we noted that the amino acid
corresponding to Cys-130 of sPDF is methionine (Met-145) in
mPDF (Fig. 2). Although swapping cysteine for methionine (M145C)
in mPDF resulted in a deficient mutant, the results showed a drastic
increase (�250-fold) in sensitivity to H2O2 as indicated by IC50s (Fig.
3B and Table 1). Interestingly, the metal dissociation rate of M145C
protein was remarkably high compared to that of the wild-type en-
zyme (Table 2). Thus, a common attribute of the M145C enzyme
underlies the increased H2O2 sensitivity as well as rate of metal disso-
ciation from the active site due to the replacement of noncatalytic
residue Met-145 with Cys. We further monitored the oxidation status
of the M145C protein. Under our experimental conditions, MALDI
analysis of the mPDF protein following trypsin digestion revealed
that the fragment containing Met-145 had the ability to be oxidized
(16 Da added to form methionine sulfoxide) in response to exposure
to H2O2 (Fig. 4B). However, the M145C protein had increased sus-
ceptibility to oxidation as evident by peptide mass fingerprinting as
well as MS/MS data, where in our experimental setup cysteine was
converted to cysteine sulfonic acid (Cys-SO3) even without H2O2

treatment (Fig. 4D). These observations, therefore, strongly argued
the association of Met-145 in mPDF with exhibiting resistance to
oxidative stress.

To have a second line of evidence in support of our findings
with M145C protein, we generated a double mutant of sPDF,
C130M-V63C, by incorporating residues identical to those of
mPDF. Compared to the wild type, the double mutant, although
deficient (�5-fold) in its enzyme turnover rate, showed that its
affinity for the substrate or its secondary structure was not signif-
icantly altered (Fig. 5A and C and Table 3). Compared to the wild
type, C130M-V63C exhibited an �30-fold increase in IC50 for
H2O2 (Table 1; see also Fig. 5D). Under our experimental condi-
tions, E. coli cultures harboring a pET-sPDF or pET-C130M-
V63C construct were grown in aerobic conditions as reported
elsewhere (5, 16, 29). As a result, the recombinant proteins (sPDF
and C130M-V63C) exhibited two populations with different oxi-
dation states of cysteines (Cys-SO-NBD and Cys-S-NBD) when

FIG 6 UV-visible spectra of NBD-Cl-modified sPDF (A) and C130M-V63C (B)
proteins in response to H2O2 exposure. NBD-Cl (20-fold molar excess of protein)
was added to dialyzed protein following incubation with or without a 100-fold
molar excess of H2O2. Unbound NBD-Cl was removed by washing, and the label-
ing was detected by a spectral scan (260 to 600 nm) as described in Materials and
Methods.
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treated with NBD-Cl. Interestingly, the oxidation state of cys-
teines in sPDF indicated the predominance of the Cys-SO-NBD
population of the protein in response to H2O2 treatment (Fig. 6A).
On the other hand, H2O2 was unable to affect Cys-SO-NBD and
Cys-S-NBD populations in C130M-V63C mutant protein (Fig.
6B). Since the sPDF and the C130M-V63C variant have equal
numbers of cysteines (Cys-90/Cys-130 in sPDF and Cys-90/
Cys-63 in C130M-V63C), this observation strongly insinuates the
involvement of Met-130 (replacement of Cys-130) in regulating
the deformylation ability of the double-mutant protein in re-
sponse to H2O2 treatment.

In iron-containing E. coli PDF, the metal atom in the active site of
this metalloprotease is exposed in order to bind substrate, and there-
fore, when treated with H2O2, it is vulnerable to inactivation by mo-
lecular oxygen through two different mechanisms (29, 34, 44). First,
oxygen can oxidize the ferrous atom to the ferric form, causing it to
dissociate. This event is reversible, and enzyme activity is restored
when ferrous ion is added back (34). Second, oxygen can oxidize the
metal-coordinating Cys residue when the enzyme is in the apo-pro-
tein form (34). sPDF is governed by a mechanism similar to that seen
with the E. coli PDF, yielding an IC50 for H2O2 in the nanomolar
range (Table 1), and the enzyme is completely inactivated at 10 �M
(Fig. 1). This is very likely to be the case in all type I PDFs, since a
BLAST search using sPDF as the query sequence with the nonredun-
dant database revealed that they have two cysteines aligning with the
Cys-90 and Cys-130 positions (of sPDF).

A BLAST search performed with mPDF as the query sequence
identified all type II PDFs, the majority of them having 2 cysteines
(ranging from 3 to 5) in alignment with Cys-68 and Cys-106 (of
mPDF); Met-145 is also highly conserved. Interestingly, the position-
ing of these residues (Cys-68/Cys-106/Met-145) is similar in the PDF
from the minimal genome of M. leprae (45). Thus, based on our
experimental evidence determined with M145C (Figs. 3 and 4 and
Table 2), it is tempting to speculate that besides the conserved metal-
coordinating Cys-106, Met-145 in mPDF was crafted in such a way
that it exhibited characteristics enabling it to withstand a high level of
stress upon treatment with H2O2. This is at least reflected in the M.
tuberculosis physiology, where the bacterium efficiently copes with
oxidative stress to be a successful pathogen.

Finally, it is evident from our results that type I and type II PDFs
have distinct means to cope with oxidative stress. Given the experi-
mental data provided here, with respect to the mPDF or a type II PDF,
it seems logical to postulate that the low metal dissociation rate com-
pared to sPDF or a type I PDF is definitely a factor (Table 2) contrib-
uting to H2O2 sensitivity. Such an observation is very likely indicative
of an enclosed enzyme active site of mPDF that might prevent Fe2�

being affected by H2O2 through a gating mechanism. In such a cor-
ollary, treatment with H2O2 would oxidize available oxidation-prone
noncatalytic amino acids like Met-145 and Cys-68 in mPDF (Table
1). Since a role of methionine in protection against oxidation and in
endogenous antioxidant defense of proteins has already been re-
ported (46–49), Met-145 would shield mPDF from oxidative stress to
some extent. This corroborates well with our findings determined
with M145C protein, which exhibited faster metal dissociation as well
as an increased sensitivity to H2O2 (Tables 2 and 3; see also Fig. 3B).
Intriguingly, our peptide mass fingerprinting studies also indicated
considerable change in the oxidation status of fragments containing
Cys-145 in M145C protein compared to Met-145 in the wild type
even without treatment with H2O2 (Fig. 4; compare panels A and D).
Further studies in this direction would unravel how oxidation/reduc-

tion of methionine, which is a reversible process (49), could regulate
the event. Nonetheless, we present here for the first time firm evi-
dence that bacterial PDFs might display disparity in their sensitivities
to H2O2 because of the involvement of noncatalytic amino acids such
as cysteine/methionine in mPDF or in type II PDFs.
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