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Abstract

Peptide deformylase (PDF, E.C. 3.5.1.88) catalyzes the removal of N-terminal formyl groups from
nascent ribosome-synthesized polypeptides. PDF contains a catalytically essential divalent metal
ion, which is tetrahedrally coordinated by three protein ligands (His, His, and Cys) and a water
molecule. Previous studies revealed that the metal cofactor is a Fe2* ion in Escherichia coli and many
other bacterial PDFs. In this work, we found that PDFs from two iron-deficient bacteria, Borrelia
burgdorferi and Lactobacillus plantarum, are stable and highly active under aerobic conditions. The
native B. burgdorferi PDF (BbPDF) was purified 1200-fold and metal analysis revealed that it
contains ~1.1 Zn2* ion/polypeptide but no iron. Our studies suggest that PDF utilizes different metal
ions in different organisms. These data have important implications in designing PDF inhibitors and
should help address some of the unresolved issues regarding PDF structure and catalytic function.

Keywords
Peptide deformylase; hydrolase; iron; zinc; metal specificity; catalysis

Peptide deformylase (PDF) catalyzes the removal of N-terminal formyl groups from nascent
ribosome-synthesized polypeptides [1]. This co-translational event takes place on essentially
all bacterial proteins and is essential for bacterial survival [2-4]. Since N-formylation is not
involved in eukaryotic cytoplasmic protein synthesis, PDF has been heralded as one of the
most promising targets for the development of novel antibacterial agents [5,6]. More recent
studies indicate that active PDF is present in some eukaryotic organelles including human
mitochondrion [7-12]. The human PDF gene contains a mutation at a highly conserved active-
site residue and the purified recombinant human PDF is weakly active in vitro [10-12]. While
the function of eukaryotic PDF is currently under debate, a large number of PDF inhibitors
have been synthesized and two of them have been advanced to phase I clinical trials [13].

Early biochemical characterization of PDF was hampered by its extreme instability [14-16].
Later studies revealed that PDF is a metalloenzyme and contains a ferrous ion (Fe2*) in the
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active site of E. coli PDF (EcPDF) [17,18]. The instability is caused by oxidation of the Fe2*
ion into Fe3*, which is catalytically inactive [19]. Since PDFs isolated from many other
bacterial species shared the instability of ECPDF, it is generally accepted that bacterial PDFs
utilize Fe2* as the metal cofactor. Interestingly, substitution of Ni2* or Co2* for the Fe2* ion
in ECPDF gives highly stable PDF variants that retain essentially full catalytic activity, whereas
the Zn2*-substituted PDF form is highly stable but catalytically compromised (>100-fold less
active than the native enzyme) [18,20-22]. More than 30 high-resolution structures of various
metal-bound PDF forms (Zn2*, Fe2*, Co2*, and Ni2*), either free or bound with inhibitors and
reaction products, have been determined [20,23-33]. In the free enzyme, the metal ion is always
tetrahedrally coordinated with the side chains of a cysteine (Cys-90 in ECPDF) and two
histidines (His-132 and His-136 of an HEXXH motif), plus a water molecule/hydroxide. The
proposed mechanism involves a nucleophilic attack of the metal-bound hydroxide onto the
formyl carbonyl group to form a tetrahedral intermediate [21,34]. A highly conserved
glutamate residue (Glu-133 of the HEXXH motif) acts as a general acid to donate a proton to
the leaving amide ion during the subsequent decomposition of the tetrahedral intermediate.

The above observations raise the question of what metal ion, if any, would serve as PDF metal
cofactor in bacteria that grow under Fe-limited conditions or contain limited intracellular
concentrations of Fe. For example, Borrelia burgdorferi, the spirochete that causes Lyme
disease, has bypassed a critical, innate host defense (Fe sequestration) by eliminating the need
of iron. It has been reported that the intracellular concentration of iron in B. burgdorferi was
less than 10 atoms per cell, a level well below physiological relevance [35]. Likewise, the lactic
acid bacterium Lactobacillus plantarum is also deficient in iron [36]. Recently, mitochondrial
PDF1A of Arabidopsis thaliana (AtPDF1A) and Leptospira interrogans PDF (LiPDF) have
been proposed to use Zn?* as the catalytic metal ion, based on observations that their
recombinant Zn%*-containing forms are catalytically proficient [37,38]. However, these studies
did not examine whether Zn2* is the metal cofactor in their native forms. In this work, we
describe the biochemical and kinetic characterization of PDFs from B. burgdorferi (BbPDF)
and L. plantarum (LpPDF). We show that native BbPDF contains a Zn2* ion as the catalytic
metal cofactor and, unlike PDF from other bacteria, it is both extremely stable and catalytically
active.

Materials and methods

Materials

Buffers

Formate dehydrogenase, thiamine, glucose, and Aeromonas aminopeptidase (AAP) were
purchased from Sigma (St. Louis, MO.). All other chemicals including isopropyl-p-D-
thiogalactopyranoside (IPTG), phenylmethanesulfonyl fluoride, kanamycin, biotin, tris(2-
carboxyethyl)phosphine (TCEP) were purchased from Aldrich (Milwaukee, WI1). High purity
casamio acids were from Difco (Detroit, MI). Talon resin was purchased from Clontech
(Mountain View, CA). B. burgdorferi strain B31 and L. plantarum (ATCC BAA-793) genomic
DNAs were obtained from American Type Culture Collection (Manassas, Virginia).

Buffer A: 25 mM Tris, pH 8.0, 5 mM NaCl; Buffer B: 25 mM MES, pH 6.5, 5 mM NaCl;
Buffer C: 50 mM HEPES, pH 7.0, 100 mM NaCl; Buffer D: 50 mM HEPES, pH 7.0, 150 NaCl;
Buffer E: 20 mM HEPES, pH 7.0, 10 mM NaCl.

Cloning, expression, and purification of recombinant BbPDF and LpPDF

BbPDF contains three N-terminal methionine residues at positions 1, 8, and 10 [39]. Previous
gene annotation by others predicted Met-1 as the translational start site (http://pedant.gsf.de/
cgi-bin/wwwfly.pl?Set=Borrelia_burgdorferi_B31&Page=index). Open-reading frame
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BB0065 encoding amino acids 1-172 of BbPDF (designated as “BbPDF1”) was amplified by
polymerase chain reaction (PCR) with B. burgdorferi genomic DNA as template and using
primers 5'-GGAGTTACATATGAAAGGGGGATGGGTTTTTATGG-3 and 5'-
TCCGCCTCGAGTTTTGCCTTAAGCCCCCTTTCTC-3'. The PCR product was digested
with Ndel and Xhol and cloned into prokaryotic expression vector pET-22b to give plasmid
PET22b-BbPDF1-HT. This cloning procedure resulted in the addition of a six-histidine tag
(HT) to the C-terminus of BbPDF. Construction of N-terminally truncated BbPDF variants,
BbPDF2 (amino acids 8-172) and BbPDF3 (amino acids 10-172), was similarly performed
with the same 3’ PCR primer but using 5'-
GCCGTGGTGCATATGGAAATGGTATTTTATCCT-3" and 5'-
GCCGTGGTGCATATGGTATTTTATCCTAATGATTT-3' as the 5’ primers, respectively.
The resulting plasmids were designated as pET22b-BbPDF2-HT and pET22b-BbPDF3-HT.
To express BbPDF2 without a C-terminal histidine tag, a 3’ primer 5'-
TCCGCCTCGAGTCATTTTGCCTTAAGCCCCCTTTCTC-3" was used in conjunction with
the above 5' primer to amplify the BbPDF coding sequence by PCR and the resulting DNA
fragment was cleaved with Ndel and Xhol and cloned into pET-22b to produce plasmid pET-
BbPDF2. The gene coding LpPDF (LP2155) was similarly amplified by PCR using primers
5-GGAGTTACCATATGATTAAAATGCGCGACATTATCCGC-3 and 5'-
ACCGACTCGAGAGAAATTAGAACTAAATCATCATCAGC-3'and cloned into pET-22b
(pPET-LpPDF-HT). All DNA constructs were confirmed by dideoxy sequencing and
transformed into E. coli BL21(DE3) Rosetta cells (Novagen).

To prepare BbPDF or LpPDF enriched in a specific metal (Zn, Co, and Fe), recombinant E.
coli cells were grown in minimal media to an ODggg nm 0f 0.6 and induced for 3 h at 28 °C by
the addition of 60-100 uM IPTG (final concentration) and 100 pM of the desired metal
(ZnCl,, CoCly, or FeClg). Cells were harvested by centrifugation, lysed and the crude protein
sample was fractionated by metal affinity chromatography on a cobalt affinity column (Talon
resin, Novagen) as previously described [21]. The fractions with PDF activity from the Talon
column were pooled and precipitated by ammonium sulfate (80% saturation). The precipitate
was dissolved in a minimal volume of buffer C and loaded on an FPLC equipped with a
Superdex G-75 10/300 column (Pharmacia) that had been equilibrated in buffer C. The protein
was eluted with buffer C at a flow rate at 0.5 mL/min. Fractions containing active PDF were
pooled, rapidly frozen, and stored at —80 °C. For the purification of Fe-BbPDF and Fe-LpPDF,
500 uM TCEP was included in all buffers and the gel-filtration step was omitted. Metal contents
were analyzed by inductively coupled plasma emission spectrometry (ICP-ES) at the Chemical
Analysis Laboratory at the University of Georgia, Athens, GA. Protein concentration was
determined by Bradford assay using bovine serum albumin as a standard and corrected by a
factor of 0.77 on the basis of absorbance at 280 nm of pure Zn and Co-BbPDF proteins (actual
concentration = 0.77 x concentration as measured by Bradford).

Zn-BbPDF2 (which has no C-terminal histidine tag) was similarly overexpressed in E. coli
Rosetta cells. The crude lysate was loaded on a Q-Sepharose column (2.5 cm x 10 cm,
Pharmacia). The column was washed with two column volumes of buffer A and eluted with
buffer A plus a linear gradient of 10 mM-500 mM NacCl. Fractions containing deformylase
activity were pooled and precipitated with ammonium sulfate (80% saturation). The pellet was
dissolved in a minimal volume of buffer E (20 mM HEPES, pH 7.0, 10 mM NaCl) and loaded
on a Superdex G-75 column (3.6 cm x 60 cm, Pharmacia) and eluted with the same buffer at
a flow rate of 0.5 mL/min. The PDF fractions were pooled and loaded on an FPLC equipped
with a mono Q column (Pharmacia) that had been pre-equilibrated in buffer E. The column
was washed with 5 volumes of buffer E and elution was carried out with a linear gradient of
10-500 mM NaCl in buffer E. PDF fractions were pooled, concentrated, and stored at —80 °
C.
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of native BbPDF

B. burgdorferi strain B31A was grown in modified Barbour-Stoenner-Kelly (BSK-11) medium
at 34 °C under atmospheric oxygen as previously described [40]. When the cell density reached
approximately 1 x 108 cells/ml, bacteria were harvested by centrifugation (5,000 g, 15 min),
washed 2x with HEPES buffer (20 mM HEPES; 50 mM NaCl, pH 7.6) and cell pellets were
stored at —80 °C. Cell density was determined using dark-field microscopy. Before purification,
all glassware was cleaned with 2% HNO3. All buffers were prepared with Millipore purified
water with a dissipation resistance at 18.3 MQ. B. burgdorferi cells from a 10-L culture were
lysed in 25 mL of buffer A containing 1% triton X-100, 0.5% protamine sulfate, and a protease
inhibitor cocktail consisting of 40 ug/mL trypsin inhibitor, 180 ug/mL phenylmethylsulfonyl
fluoride, 10 uM pepstatin A, and 5 uM bestatin. After centrifugation to remove any cell debris,
the crude lysate was fractionated with ammonium sulfate precipitation (30-45% saturation).
The protein pellet was dissolved in buffer A and loaded on an FPLC Mono Q HR 5/5 column
(Pharmacia) pre-equilibrated in Buffer A. The column was washed with 5-column volumes of
buffer A and then eluted with buffer A plus a linear gradient of 5-1000 mM NaCl. The PDF
active fractions were pooled (3 mL), diluted into 9 mL of buffer B, and loaded on an FPLC
Mono S GL 5/50 column (Pharmacia) that had been equilibrated in buffer B. After being
washed with 5-column volumes of buffer B, the column was eluted with buffer B plus a linear
gradient of 5-1000 mM NaCl. The PDF-containing fractions were pooled, concentrated, and
loaded on an FPLC Superdex G-75 10/300 gel-filtration column (Pharmacia) and eluted in
buffer C. The purified BbPDF was quickly frozen and stored at —80 °C until use.

Two assay methods were employed. When f-ML-pNA was used as substrate, the PDF reaction
was coupled to that of Aeromonas aminopeptidase (AAP) [41]. A typical assay reaction (total
volume of 600-pL) was carried out in buffer D containing 500 uM TCEP, 0-125 pM f-ML-
pNA, and 0.5 units AAP. The reaction was initiated by the addition of 0.030 ug of PDF. The
reaction was monitored continuously at 405 nm on a Perkin-Elmer UV/Vis Lambda 25
spectrophotometer. The initial rates were calculated from the first 60 s of the reaction progress
curves. A formate dehydrogenase coupled assay was used with f-MAS as substrate and the
assay reactions were performed as previously described [42,43]. PDF inhibition assays were
similarly performed. Typically, Zn- or Co-BbPDF1-HT (10 nM) was preincubated with an
inhibitor (0-150 nM) in buffer D for 2 h on ice. The solution was then warmed to room
temperature and f-ML-pNA was added to a final concentration of 100 uM. The reaction was
allowed to proceed for 15 min before being terminated by heating to 95 °C for 15 min (the
inactivation process is usually complete within the first 30 s) and cooled to room temperature.
After the addition of AAP (1 unit) and incubation for 15 min, the absorbance increase at 405
nm was measured on a UV-Vis spectrophotometer. The inhibition constant (K,) was calculated
by using the equation:

v=(v,  XISD[ Kyt +11 ] K)+IS.

PDF stability

At time zero, 20 uL of a purified Zn-, Fe, or Co-BbPDF1-HT stock solution (typically 0.3-1.0
mg/mL) was diluted into 1.0 mL of buffer D containing 0, 100, or 300 uM H,05. The resulting
solution was incubated at room temperature with exposure to air. At varying time points, 10-
uL aliquots were withdrawn and added into a reaction mixture containing buffer D, 125 uM
f-ML-pNA, and 0.5 U of AAP (total volume of 500 uL). The PDF reaction was monitored
continuously at 405 nm on a UV-Vis spectrophotometer. The initial rates (relative to that at
time 0) were plotted as a function of time. For native BbPDF, 25 pL of partially purified B.
burgdorferi cell lysate (after Mono S column) was treated with 0 or 100 uM H,O,, for varying
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lengths of time and used to initiate the PDF reaction as described above. To assess the stability
of PDFs in crude cell lysates, E. coli BL21(DE3) Rosetta cells harboring plasmid pET-
BbPDF1-HT or pET22b-EcPDF [43] were grown in 100 mL of media (LB medium or minimal
medium plus 100 uM ZnCl, and/or FeCls) to an ODggg of 0.6 and induced at 28 °C with 100
UM IPTG. After 3 h, the cells were spun down at 5000 rpm (GS-3 rotor, Sorvall), resuspended
in 2.5 mL of lysis buffer (20 mM Tris, pH 8.0, 250 mM NacCl, and 1 mM TCEP), and lysed
by sonication. After centrifugation at 16,000 rpm (SS-34 rotor, Sorvall) for 15 min, the clear
supernatant was used in activity assays as described above.

Metal analysis of native BbPDF

Results

The metal content in native BbPDF was analyzed by atomic absorption spectrometry. Prior to
use, all glassware, tubes, and tips were washed with 6 g/L EDTA and 2% HNO3. A Barnstead
“EASYpure LF” filtration system was used to purify water with a resistance at dispensation
of 18.3MQ. Ammonium dihydrogen phosphate (ADHP, GFS 99.999% pure) was used as the
matrix modifier. In a typical analysis, the sample (1 mL) contains 1 g/L ADHP, 10 g/L
HNOj3, and the diluted protein samples. Twenty pL aliquots were loaded with an AS40 auto
sampler. Atomic absorption was carried out on a Perkin EImer Z5000 graphite furnace atomic
absorption spectrometer equipped with an HGA500 graphite furnace controller. The furnace
was programmed to stay at 150 °C for 60 s to dry samples, at 1000 °C for 60 s to clear inorganic
ash, at 1800 °C for 8 s for atomization, and at 2700 °C for 5 s to clean graphite tube [44-46].
Purge was performed with argon gas (4.8 grade) at a flow rate of 300 mL/min. Absorption at
213.9 nm was measured for Zn, 248.3 nm for Fe, and 242.5 nm for Ni and Co. Background
correction was performed by a Zeeman (transverse) method. Each analysis was carried out in
triplicate and the average value was calculated. Zinc concentrations from protein samples were
calculated by comparison against a known zinc standard curve.

Overexpression and purification of recombinant BbPDF and LpPDF

The genes encoding BbPDF1 (BB0065, amino acids 1-172) and LpPDF (LP2155, amino acids
1-183) were amplified from their respective genomic DNAs by PCR and overexpressed in E.
coli with a C-terminal six-histidine tag (BbPDF1-HT and LpPDF-HT, respectively). Both
enzymes were prepared in various metal-substituted forms (Fe, Co, Zn) by growing the
recombinant cells in minimal media supplemented with the desired metal ion. The majority of
the expressed BbPDF1-HT protein was found in the insoluble fraction, regardless of the identity
of the metal cofactor. Our attempts to purify BoPDF1-HT by metal affinity chromatography
always resulted in two species of ~60 and ~22 kDa, respectively, on SDS-PAGE gels (Figure
1a). The 22-kDa is presumably BbPDF1-HT, which has a calculated molecular weight of
20,986 Da. The 60-kDa band was excised from the gel, digested by trypsin, and analyzed by
LC-MS/MS. The 60-kDa protein was identified as E. coli chaperonin GroEL. Further
purification by gel filtration chromatography produced two protein fractions. The first fraction
contained a GroEL-BbPDF complex and the relative levels of the two proteins were consistent
with one BbPDF molecule bound to each functional GroEL tetradecamer (Figure 1b). The
second fraction contained apparently homogeneous BbPDF1-HT protein (Figure 1c, lanes 1
and 2). Both Zn2*-and Co?*-substituted BbPDF1-HT were purified in this manner yielding ~1
mg of pure protein from 1 L of culture. The Fe2*-substituted BoPDF1-HT could not be
subjected to the gel filtration chromatography due to its extreme instability (vide infra).
Therefore, the most active fractions from the metal affinity column, which contained a mixture
of BbPDF and GroEL-BbPDF complex (Figure 1c, lane 3), were used directly in biochemical
and kinetic studies. The protein samples were analyzed for the presence of 20 common divalent
metal ions and elements (e.g., Ba, Ca, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn). Both Zn-BbPDF1-
HT and Co-BbPDF1-HT contained 1.0 atom of the desired metal ion/polypeptide (Table 1).
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The cobalt protein also contained a trace amount of Zn (0.02 atom/polypeptide) but no
detectable amounts of the other metals tested. The Fe-BbPDF1-HT sample had a lower metal
content of 0.59 Fe atom/polypeptide plus a small amount of Zn (0.08 atom/polypeptide). The
lower metal content is likely due to some loss of Fe2* during purification and the fact that the
Fe protein sample was less pure (Figure 1c, lane 3).

In light of the folding problems associated with the BoPDF1, we considered the possibility of
alternative translational initiation sites. The putative BbPDF open reading frame contains three
methionine residues at position 1, 8, and 10 [39]. We therefore constructed two “truncation
mutants” that lack the N-terminal 7 (BbPDF2-HT) or 9 amino acid residues (BbPDF3-HT).
Both truncation mutants were expressed in the soluble form with high yields. Moreover, we
did not observe any association between the truncated proteins and GroEL. These proteins
were prepared in Zn-substituted form and purified to apparent homogeneity (Figure 1c, lanes
4 and 5). To ascertain that the C-terminal six-histidine tag does not affect BbPDF properties,
we also expressed and purified Zn-BbPDF2, which lacks the C-terminal histidine tag.
Likewise, Fe, Co, and Zn-substituted LpPDF-HT variants were readily produced as a soluble
protein and purified to near homogeneity.

Catalytic properties of BbPDF and LpPDF

The catalytic activities of BoPDF and LpPDF variants were assessed with f-ML-pNA and f-
MAS as substrates [41-43] and the results are summarized in Table 1. First, Zn-, Co-, and Fe-
substituted BboPDF1-HT were all highly active and had similar kinetic constants toward f-ML-
PNA (kear/Kpm = 2.0-2.6 x 10 M~1s71). These activities are comparable to that of Fe-EcPDF
(keat/Kp OF 3.5 x 108 M~1s71) [17,21]. Similar activities were also observed for Zn- and Co-
substituted enzymes when f-MAS was used as substrate. Second, removal of the N-terminal 7
amino acids from BbPDF1 resulted in a soluble, stable protein with no reduction in enzymatic
activity (compare Zn-BbPDF1-HT and Zn-BbPDF2-HT). However, further truncation of 2
amino acids from the N-terminus produced a much less active variant (K.o/Kpm = 1.0 x 104
M~1s71 toward f-ML-pNA for Zn-BbPDF3-HT). We propose that the translational starting site
for BbPDF had been incorrectly annotated in the database (http://pedant.gsf.de/cgi-bin/
wwwily.pl?Set=Borrelia_burgdorferi_B31&Page=index) and that BoPDF2 (amino acids
8-172) represents the authentic BbPDF. Note that Zn-BbPDF2-HT (which contains a C-
terminal histidine tag) and Zn-BbPDF2 (no histidine tag) have the same catalytic activity,
indicating that the C-terminal histidine tag does not affect the catalytic properties of BoPDF.
Fe2*- and Co?*-substituted LpPDF variants had similar activities, although the Zn-LpPDF had
a 5-fold lower activity (Table 1).

Stability of metal-substituted BbPDF forms

We compared the stability of recombinant BbPDF1-HT containing different metal ions
(Zn?*, Fe?*, and Co?*) and native BbPDF (partially purified B. burgdorferi lysate) under
ambient conditions (room temperature and with exposure to atmospheric oxygen) or in the
presence of H,O,. Under ambient conditions, the catalytic activity of recombinant Fe-
BbPDF1-HT rapidly decreased with a half-life (t.,) of ~18 min and was nearly completely lost
after 120 min, presumably due to oxidation of the Fe2* ion into Fe3* (Figure 2a). In contrast,
the native BbPDF and recombinant Zn- and Co-BbPDF1-HT forms were highly stable. When
treated with 100 uM H,0,, the recombinant Fe-BbPDF enzyme was completely inactivated
within 8 min while the native BbPDF, the recombinant Co- and Zn-BbPDF1-HT retained full
catalytic activity after 16 min (Figure 2b). These results indicate that native BbPDF contains
a metal ion other than Fe2*.
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Purification and metal analysis of native BbPDF

To determine the physiological metal cofactor of BbPDF, we purified the native enzyme
~1200-fold from B. burgdorferi cells. The crude cell lysate was fractionated by ammonium
sulfate precipitation, followed by ion exchange (Mono Q and Mono S) and gel-filtration
chromatography (Table 2). Approximately 100 pug of BbPDF was obtained from a 10-L B.
burgdorferi culture. The purified protein showed predominantly a single band of ~22 kDa on
SDS-PAGE gels (Figure 3, lane 5) and had an apparent k4 value of 4.5 571, a Ky value of 3.3
M, and a keai/Kpy value of 1.4 x 106 M~1s71 toward f-ML-pNA (Table 1). This activity is
slightly lower than that of the recombinant Zn-BbPDF2 (in k¢4; value), likely reflecting the still
heterogeneous nature of the enriched protein sample (estimated 80% purity on the basis of
specific activity). As expected, the purified native BoPDF was highly stable under both ambient
conditions and upon treatment with H,O, (data not shown). The purified protein sample was
analyzed by atomic absorption spectroscopy for the presence of Zn, Fe, Ni, and Co. Significant
amounts of Zn (corresponding to ~1.1 Zn atom/polypeptide) but no Fe, Ni, or Co were found
in the sample. Attempts of N-terminal sequencing of the native BbPDF were not successful so
the proposed translational start site could not be confirmed experimentally.

Metal preference of BbPDF

The use of Zn as the metal cofactor by native BoPDF may be a result of iron deficiency in B.
burgdorferi [35]. Alternatively, the active-site structure of BbPDF may bind Zn2*
preferentially for thermodynamic or kinetic reasons (e.g., enzyme-catalyzed metal insertion
during protein folding). To test these possibilities, E. coli cells harboring the BbPDF-
overproducing plasmid (pET-BbPDF1-HT) were grown in LB media or minimal media
supplemented with ZnCl, and/or FeCl3 and the PDF activities in the crude cell lysates were
determined after varying times of incubation in the presence of H,O5,. Regardless of the growth
media (LB, minimal + Zn, and minimal + Zn + Fe), the overproduced BbPDF had virtually
identical stability profiles (Figure 4). In the absence of H,O5, the crude lysates retained ~90%
of the original PDF activity after incubation at room temperature for 12 h. Treatment with 300
uM H,0, for 12 h resulted in ~30% decrease in enzyme activity. As a control, a crude ECPDF
preparation lost 40% of its catalytic activity after incubation for 4 h under ambient conditions
(no H,05) and all of the catalytic activity immediately after the addition of 300 uM H,0,
(Figure 4). It has previously been shown that overproduction of ECPDF in rich media gives a
mixture of Fe-and Zn-EcPDF [17]. It was proposed that ECPDF binds Fe2* preferentially and
Zn-EcPDF is formed when the overproduced polypeptides deplete the Fe supply in rich media.
The observed instability of ECPDF activity is consistent with this notion. The insensitivity of
the crude BbPDF samples to H,O, indicates that BbPDF contained mostly Zn?* and little
FeZ* (if any) in the active site under the conditions tested. Therefore, when heterologously
expressed in E. coli, BoPDF bound preferentially to Zn?* during protein expression and
folding. The slight loss of activity after 12 h is likely due to enzyme inactivation via other
mechanisms (e.g., proteolysis).

Absorption spectra and inhibition of BoPDF

The absorption spectrum of Co-BbPDF1-HT was recorded at pH 7.4 and compared with that
of Co-EcPDF. The two proteins have remarkably similar spectra, both showing two d-d
transition bands at 565 and 650 nm and a ligand-to-metal charge transfer (LMCT) band at 325
nm (Figure 5). The intensity of the LMCT band is consistent with the ligation of a single
cysteine side chain to the metal ion. The apparently stronger absorption at 325 nm of BbPDF
is due to overlap with absorption peaks by its aromatic side chains (BbPDF has a Trp and 9
Tyr as opposed to just 2 Tyr in ECPDF). The extinction coefficient of ~500 M1 cm™ (at 565
nm) suggests that the metal ion in BbPDF is tetrahedrally coordinated [47]. On the basis of the
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spectral data as well as the sequence conservation, we conclude that the metal ion in BbPDF
has the same ligand environment as other structurally characterized PDFs [20,23-33].

Two previously reported PDF inhibitors (Table 3, compounds 1 and 2) [48,49] were tested
against Zn- and Co-BbPDF1-HT to determine whether their potencies are affected by the metal
identity. Compound 1 is a competitive inhibitor against ECPDF (K, = 7-11 nM), while
compound 2 is a tight, slow-binding inhibitor (K; =109 nM and K;* =0.33 nM against ECPDF).
Both compounds are broad-spectrum antibacterial agents and bind bidentately to the catalytic
metal ion of PDF through their N-formylhydroxylamine moiety. Compounds 1 and 2 inhibit
both Co- and Zn-BbPDF1-HT with similar K| values of 17-39 nM (Table 3). Thus, as
previously observed with other bacterial PDFs, the nature of the metal cofactor has minimal
effect on the inhibitor potency. Unlike its slow-binding behavior with ECPDF, compound 2
did not exhibit any time-dependent inhibition toward BbPDF1-HT.

DISCUSSION

Several reasons prompted us to conduct this work. First, in contrast to the majority of
metallopeptidases, which are most frequently zinc enzymes [50], ECPDF utilizes Fe?* as the
catalytic metal. It was not clear why Fe has been selected to “replace” Zn in ECPDF. It was
tempting to suggest that Fe2* might be required for high catalytic activity, since Zn-EcPDF is
catalytically compromised. Second, the large difference in catalytic efficiency between Fe-
EcPDF and Zn-EcPDF is itself an interesting, unresolved mechanistic puzzle. Finally, PDF is
an important target for antibacterial drug design and the metal identity might be critical for
designing high-affinity inhibitors. It was recently reported that metal-chelating inhibitors
inhibited different metal-substituted forms of methionine aminopeptidase with dramatically
different potencies [51,52].

Determination of the physiologically relevant metal ion of a metalloprotein can be a
challenging task, especially when the metal ion is loosely bound. A case in point is methionine
aminopeptidase, whose metal identity is still under debate after decades of research [51]. We
were able to demonstrate that ECPDF is an iron enzyme by comparing the activity and stability
profiles of the native enzyme (in fresh cell lysates) with those of purified recombinant proteins
enriched in various metal ions [17]. The properties of recombinant Fe-EcPDF (e.g., extreme
instability) matched all of the properties of native ECPDF, whereas Zn-, Co-, Cu, or Ni-EcPDF
did not. In this work, we applied the same strategy to BbPDF. Unlike EcPDF, native BoPDF
(and recombinant Zn-BbPDF) is very stable in the presence of O, and/or H,O5. This property
allowed us to purify the native BbPDF to near homogeneity. The purified native BoPDF
contained approximately one Zn%* per polypeptide but no detectable levels of iron. The
presence of high levels of PDF activity in the fresh cell lysate and its resistance to O, and
H,05 rule out the possibility that Zn2* had replaced Fe2* during the purification process. It
was previously shown that ECPDF binds its metal cofactor tightly and it is not possible to
replace the metal cofactor by simple dialysis [21]. Furthermore, our studies show that BbPDF
selectively binds zinc when zinc and iron are both abundant in the medium, whereas EcPDF
binds preferentially Fe2* when overexpressed in rich medium and recruits Zn?* into its active
site only when iron is depleted from the medium [17]. Thus, we conclude that Zn?* is the
physiological metal cofactor in BbPDF. To our knowledge, this is the first time that a native
PDF has been purified to any significant extent and conclusively shown to be a zinc enzyme.
Previously, Meinnel and coworkers showed that the recombinant Zn-PDF1A from A.
thaliana mitochondrion could function effectively with a Zn2* ion in the active site [37]. Gong
et al. also reported that recombinant L. interrogans Zn-PDF was catalytically quite active
[38]. It was suggested that the physiological metal cofactor in AtPDF1A and LiPDF might be
zinc; however, neither study addressed this issue experimentally.
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Our results demonstrate that PDF uses different metal cofactors in different organisms. Besides
EcPDF, native PDFs from Haemophilus influenzae [17], Bacillus stearothermophilus [14], and
A. thaliana (PDF1B) [37] have been reported to be extremely labile under aerobic conditions.
Recombinant Zn-PDFs from Staphylococcus aureus [32], B. stearothermophilus [22], and
Thermus thermophilus [22] have catalytic activities that are deemed to be too low to sustain
bacterial growth. Recombinant PDFs from S. aureus, Streptococcus pneumoniae, and
Thermotoga maritima underwent spontaneous oxidation of their metal-binding cysteine
(corresponding to Cys-90 in ECPDF) into cysteic acid, when the proteins were overproduced
in LB medium [33]. We propose that PDFs from these organisms are likely Fe2* enzymes. On
the basis of iron deficiency in L. plantarum [36] and the high catalytic activity of Zn-LpPDF,
we believe that native LpPDF is also a Zn2* protein. A. thaliana PDF1A and L. interrogans
PDF may also be zinc proteins [37,38]. The use of different metal ions by a protein in different
organisms has other precedence. For example, human MetAP2 is believed to be a Mn2* enzyme
[51], whereas yeast and bacterial MetAPs have been reported to contain Zn2*, Co%*, or Fe2*
as cofactor [53-55]. Human and yeast Glyoxalase | have been shown to be a Zn2* enzyme, but
the enzyme from E. coli has maximal activity when Ni2* is bound to the active site [56]. Recent
work by Fierke and coworkers [57,58] suggested that many previously reported “zinc”
hydrolytic enzymes might actually use iron as the cofactor in vivo.

Why do organisms use different metal ions in their PDFs? For B. burgdorferi and L.
plantarum, the answer may simply be that these organisms do not have significant intracellular
iron concentrations. Another reason may be the fact that Zn?* generally binds to a tetrahedral
binding site (especially ones that do not undergo substantial structural changes upon metal
binding) more tightly than other divalent transition metals with partially filled 3d orbitals
[59]. This may explain why BbPDF preferentially bound Zn?* when it was expressed in E.
coli, even when both zinc and iron were readily available in the medium. What is puzzling is
the utilization of Fe2* by E. coli PDF, given that EcCPDF binds Zn2* much more tightly than
Fe2* [17] and both metal ions are available inside the cell. We hypothesize that Fe2* insertion
during PDF folding in E. coli and other bacteria is catalyzed by a specific protein(s) (an
insertase) and that BbPDF is a poor substrate of the E. coli Fe2* insertase. This hypothesis is
consistent with the recent finding that the intracellular concentrations of free divalent metal
ions are extremely low [60]. Although the identity of the putative PDF iron insertase is yet
unknown, assembly of heme and iron-sulfur proteins has been shown to require an iron
chaperone (e.g., frataxin) and/or iron insertase (e.g., ferrochelatase) [61,62]. It has been
suggested that Fe2* may be selected because of its availability and its ability to impart high
catalytic activity (as opposed to Zn-PDF). Our finding that Zn-BbPDF is highly active argues
against this notion, as it should have been possible for E. coli and other bacteria to evolve a
more active Zn-PDF. We propose that Fe-PDF may offer other advantages, for example, it may
serve as a regulatory mechanism. It is conceivable that under oxidative stress, Fe-PDF would
be quickly inactivated. Because of its essential function during protein synthesis and
maturation, inactivation of PDF would stop cells from further growth, until the oxidative stress
is relieved.

Our study also sheds some new light on the activity difference between Fe-EcPDF and Zn-
EcPDF. Previous investigators attributed this difference to the ability of Fe2* (also Co?* and
Ni2*) to form pentacoordinated transition states [25,26]. In light of the high catalytic activities
of Zn-BbPDF, Zn-LpPDF, and Zn-AtPDF1A, we conclude that the activity difference cannot
be due to the intrinsic properties of Zn2* vs Fe2* (or Co?*, Ni2*) ions. Rather, we believe that
the combination of the metal ion and its ligand environment (especially the outer shell ligands)
is responsible for their different catalytic activities. It is likely that binding of Zn2* and Fe?*
(or Co?*, Ni2*) to ECPDF results in slightly different metal-ligand bond lengths [25] and/or
ligand geometry, which in turn produce active sites of slightly different dimensions and/or
shapes. Consequently, Zn-EcPDF and Fe-EcPDF may bind to the same substrate differently
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such that the formyl group is less optimally aligned against the Zn-OH for nucleophilic attack
(in terms of distance and/or orientation). Although such subtle structural differences have
eluded detection by X-ray crystallography, they clearly exist, since Zn-EcPDF and Fe-EcPDF
were completely separated into two different fractions on a phenyl-Sepharose column [17].
Finally, our study suggests that metal usage by metalloenzymes such as PDF is more
complicated than we have previously anticipated and may be quite different in different
organisms in order to adapt to their natural environments.
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B. burgdorferi PDF

E. coli PDF

L. plantarum PDF

N-formylmethionylleucyl p-nitroanilide

six-histidine tag

tris(carboxyethyl)phosphine
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Figure 1.

SDS-PAGE gels showing the purified BbPDF variants. Panel a: M, molecular weight markers;
lane 1, Zn-BbPDF1-HT after Talon column. Panel b: Purified GroEL-BbPDF1-HT complex
(after gel-filtration chromatography). M, molecular weight markers; lane 1, 5 pg of the
complex; lane 2, 10 ug of the complex. Panel c: Purified recombinant BbPDF variants. M,
molecular weight markers; lane 1, Zn-BbPDF1-HT; lane 2, Co-BbPDF1-HT; lane 3, Fe-
BbPDF1-HT; lane 4, Zn-BbPDF2-HT; lane 5, Zn-BbPDF3-HT.
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Figure 2.

Stability profile of native BbPDF (partially purified B. burgdorferi cell lysate) and recombinant
Zn-, Co, and Fe-substituted BboPDF1-HT under ambient condition (panel a) and upon treatment
with 100 uM H,0, (panel b).
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Figure 3.

SDS-PAGE gel showing the purification of native BbPDF. Lane M, molecular weight markers;
lane 1, purified recombinant Co-BbPDF1-HT; lane 2, pooled active fractions after Mono Q
column; lane 3, active fraction after Mono S column; and lane 4, active fraction after G-75
column.
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Figure 4.

Stability profiles of recombinant ECPDF and BbPDF1-HT produced in LB medium (LB),
minimal medium plus 100 uM ZnCl, (MM + Zn), or minimal medium plus 100 uM ZnCl, and
FeCl3 (MM + Zn + Fe). Panel a, under ambient condition; panel b, upon treatment with 300
}/LM Hzoz.
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Figure 5.
Absorption spectra of Co-EcPDF and Co-BbPDF (100 uM in buffer C).
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Table 2

Purification of native BbPDF from Borrelia burgdorferi

Page 19

Purification Step Total protein (mg) Specific Activitya Purification (fold) Recovery (%)
(nmol/min per mg
protein)
Crude lysate 1555 2.7 1 100
Ammonium Sulfate 1200 61 23 80
Mono Q 412 560 207 56
Mono S 60 1290 477 29
Gel Filtration 0.1 3235 1198 11

aLI'he substrate used to assess activity was f-Met-Leu-p-NA.
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Table 3

Inhibition Constants (K|, nM) of Zn- and Co-BbPDF1-HT

Zn-BbPDF1-HT]

Co-BbPDF1-HT]

39£6 25+3
ISy
N
H N> N ~
L2 H
OH o}
1 (BB-3497)
20£3 172
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