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ABSTRACT:. While protein synthesis in bacteria begins with a formylated methionine, the formyl group of
the nascent polypeptide is removed by peptide deformylase. Since eukaryotic protein synthesis does not
involve formylation and deformylation at the N-terminus, there has been increasing interest in peptide
deformylase as a potential target for antibacterial chemotherapy. Toward this end and to aid in the design
of effective antibiotics targeting peptide deformylase, the structures of the pratdiibitor complexes

of both the cobalt and the zinc containiggcherichia colipeptide deformylase bound to the transition-
state analogues-2-O-(H-phosphonoxy)-caproyl+ -leucylp-nitroanilide (PCLNA), have been determined.

The proteins for both deformylasénhibitor complexes show basically the same fold as for the native
enzyme. The PCLNA inhibitor adopts an extended conformation and fits nicely into a hydrophobic cavity
located near the metal site. On the basis of these structures, guidelines for the design of high-affinity
deformylase inhibitors are suggested. As our results show that the protein residues which interact with
the PCLNA inhibitor are conserved over a wide variety of species, we suggest that antibiotics targeting
deformylase could have wide applicability.

In prokaryotes, protein synthesis begins with a formylated and nickel 8, 11) containing Escherichia coliPDF. No
methionine, N-formylmethionine (fMet)(1). Following significant differences in either the overall or active-site
translation initiation, the formyl group at the N-terminus of structure were observed for either form. In each of these
the growing polypeptide is removed by peptide deformylase structures, the metal ion adopts a tetrahedral geometry formed
(PDF) 2—4). The deformylation process is necessary to by two histidine residues from a conserved HEXXH motif,
obtain the final mature protein and is essential for bacterial a cysteine residue from a conserved EGCLS motif, and a
survival (). As cytoplasmic protein synthesis in eukaryotic water molecule (or hydroxide ion). These structures have
cells does not use fMet in translation initiation, it has been yielded the first insights into the overall structure of
proposed that specific deformylase inhibitors could selec- deformylase and have provided a structural basis to address
tively block the growth of bacterial cells with minimal the mechanistic issues of the deformylation reaction.
toxicity to a eukaryotic hosty 6). The identification and In light of the key role that PDF plays in prokaryotic
structural determination of suitable inhibitors bound to protein synthesis and its potential application to antibacterial
deformylase would facilitate both the elucidation of the chemotherapy, we have been interested in the design and
deformylation mechanism and the design of powerful structural determination of high-affinity deformylase inhibi-
therapeutic tools. tors. In this paper, we present the three-dimensional crystal

PDF is a novel metallopeptidase which has been recently structures of the cobalt and zinc containing PDF complexed
shown to utilize iron as the catalytic metal for amide with a transition-state analogu&){2-O-(H-phosphonoxy)-
hydrolysis @). Biochemical or structural characterization of L-caproyli-leucyl{-nitroanilide (PCLNA) (2). The design
the iron form of the enzyme, however, has been hamperedof PCLNA is based on the structure of a potent substrate,
by its extreme instability. Through in vitro reconstitution or f-Met-Leu-p-nitroanilide (L3), and incorporates an additional
overexpression in bacterial cells, the iron metal can be H-phosphonate group to mimic the tetrahedral intermediate
replaced by zinc § 7), nickel @), or cobalt (P. T. R. implicated during formyl hydrolysis.-Caproyl was utilized
Rajagopalan and D. Pei, unpublished results) to give stablein place ofL-methionine to facilitate its synthesis. PCLNA
variants that retain partial (Zn form) or nearly full catalytic acts as a competitive inhibitor of both the zinc and iron forms
activity (Ni and Co forms). We and others have previously of PDF with K, values of 76 and 3zM, respectively 12).
reported the three-dimensional structures of the 2n& Q) These are the first structures of PDF bound to a inhibitor
that mimics the physiological substrate. The structures of

T This work was supported by funds from the Ohio State University, these PDFPCLNA complexes are compared with the
t&&gg;rso'%“g Ff‘;aseamh Fund (30850-G3 to M-K.C.), and the NIH ynliganded zinc form, and this information will be utilized

#The coordinates have been deposited in the Protein Data Bank. 0 Map out the important proteirsubstrate interactions that

PDB filenames: 1BSJ (cobalt) and 1BSK (zinc). could be critical for the design of new antibiotics.
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1 Abbreviations: PDF, peptide deformylase; PCLNA)-2-O-(H- . L . .
phosphonoxy)-caproylt-leucyl-p-nitroanilide; fMet, N-formylme- Isolation and CrystallizationE. coli PDF was purified as

thionine; p-NA, p-nitroanilide. previously describedr. The PCLNA inhibitor was chemi-
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Ficure 1: (a, left) Ribbons diagram of the. coli PDF—PCLNA complex as viewed toward the substrate cleft. The secondary structures

are color-coded witl helical regions as light blug-sheet regions as red, and the remainder as green. The metal and inhibitor are colored

by element, with carbon as gray, nitrogen as blue, oxygen as red, phosphorus as magenta, and the metal ion as green. (b, right) Electrostatic
potential surface of the PDF protein and stick diagram of the PCLNA inhibitor prepared using the program GRASP (

cally synthesized as reportetl?j. Crystals of both cobalt
and zinc PDFPCLNA complexes were grown using hang-
ing drop vapor diffusion method at 4C. The reservoir
solution contained 1 mL of 0.1 M Tris-HCI buffer (pH 8.5)
and 1.9 M NHH,PO,. Equal volumes of reservoir solution
and protein solution [14.4 mg/mL protein, 20 mM NaH
PO, buffer (pH 7.0), 10 mM NacCl, 0.86 M (Np.SO,, and

1 mM inhibitor] were mixed. Prior to data collection, the
crystals were treated stepwise with mother liquor solutions
containing increasing amounts of glycerol up to a final
concentration of 40% (v/v). The crystals were then mounted

Table 1: Data Processing Statistics

cobalt zinc
space group P6s22 P6s22
cell parameters a=h=98.38A, a=b=100.11 A,

c=109.37 A c=111.34A

molecules in asymmetric unit 1 1
effective resolution (A) 20.6-2.1A 20.0-2.4 A
number of reflections 118 933 58 431
number of unique reflections 16 692 10 960
Rmerge (%0)2P 7.4 (23.6) 7.9 (24.0)
completeness (%) 87.3(87.7) 85.2 (86.3)

8 Rmerge() = YnXilli—11/3nYil, wherel is the mean intensity of the

on nylon loops and then cooled to 100K under a stream of | observations of reflectioh. ® The numbers in parentheses are for

nitrogen.

Data Collection and Processing{-ray diffraction data
were collected at Beamline X4A of the National Synchrotron
Light Source, Brookhaven National Laboratory, using a
RAXIS 100 detector. Autoindexing and scaling were done
with version 1.9 of the HKL program suitd4). The cobalt
PDF—PCLNA complex crystal diffracted to 2.1 A resolution
with cell dimensions o = b =98.38 A,c = 109.37 A«
= f = 90.¢%, andy = 120.0. The zinc PDF-PCLNA
complex crystal diffracted to 2.4 A resolution with cell
dimensions o= b =100.11 Ac=11134 A a =8 =
90.¢°, andy = 120.C. The systematic absences indicated
that the space group was eithe®$,22 or P6s22. Each unit
cell contained one PDFPCLNA complex per asymmetric
unit.

Structure Determination and Refinemefihe twoE. coli
PDFPCLNA complex structures were solved by the mo-
lecular replacement method using the program X-PLOR
version 3.85115). The 2.9 A refined model of the native
zinc E. coli PDF @0) was used as an initial search model
over the resolution range 3.0 A. The correct solution

the highest resolution shell (2.42.10 A for the cobalt data and 2.48
2.40 A for the zinc data).

maps. TheR factor of the final model for the cobalt PDF
PCLNA complex was 19.9%R¢e. = 22.8%) and for the
zinc PDF-PCLNA complex was 19.9%Ree = 22.3%) (7).
Figures were prepared with the programs XtalVielB)(
MOLSCRIPT (9), and Raster 3D20).

RESULTS AND DISCUSSION

The Protein The structures of both the cobalt and zinc
PDF—PCLNA complexes are virtually identical. The zinc
form is shown in Figure 1a. Each model contains the PCLNA
peptide inhibitor, solvent water molecules, and the protein
molecule containing 166 out of a total of 168 amino acid
residues. The last two C-terminal residues were not observed.
The crystallographic data and refinement statistics are listed
in Tables 1 and 2.

Both PDF-PCLNA complexes retain essentially the same
fold as the native zinc PDF structure. The rms deviation
between the @ atoms of the zinc PDF and the zinc PBF

for each was the highest peak in the rotation and translationPCLNA complex is 0.50 A. Superposition of these structures

search in the space group6s22. The refinement was
performed with X-PLOR, using standard protocols and

reveals that the only significant main-chain conformational
change occurs in the loop region betweggstrand Il and

solvent correction15). Modeling of the electron density was  S-strand 1ll (residues Val-62 to Glu-68). In light of its

done using the program Q&). The structure of the PCLNA
inhibitor was determined based of2— Fc andFo — F¢

distance from the active site (18.5 A), this conformational
change is unlikely to be due to inhibitor binding, but most
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secondary structure prediction algorithm and as such our
assignments are based on the zinc model.

Table 2: Refinement Statistics

cobalt zinc ] ]
Refinement As was reported for the native nickel PDF structug (

no. of scattering atoms Pro-9 could be best modeled es-proline in both PDF

protein 1330 1330 PCLNA complex structures. This had been previously

inhibitor 29 29 defined as drans-proline in our native zinc PDF structure

Qﬁ\t/zlnt molecules 1%)0 176 (10). Reanalysis of th&o — Fc density indicates that Pro-9
resolution range 20-02.1 20.6-2.4 is acis-proline in the native zinc PDF structure as well.
reflections used 16 692 10 960 The Inhibitor Our main interest in the structure of the
R factor (%} 19.9 19.9 - . . . .
Riee (%6)° 208 223 PDFPCLNA complex is to elucidate the interactions which

contribute to the binding affinity of inhibitors. Such informa-
rms deviation tion is critical for the further design of more potent inhibitors.
bond distance (A) 0.014 0.015 The location and orientation of the PCLNA inhibitor have
bond angles (deg) 1.594 1.739 been determined from the, — F. and &, — F. maps and
2R factor= 100 x 5 |Fobs — Feaid/Y |Fond, WhereFops and Feac are reveal that it adopts @-strand conformation (Figure 2). The
the observed and calculated structure factors, respectiVé®ye. was PCLNA inhibitor inserts into a cleft formed by the active-
calculated using 8% of the reflections. site helix (125-136) on the bottom, thg-strand | (43-47)
] ) ) on one side, th@-strand IV (8791) on the other side, and
likely arises from crystal-packing forces. In the PBF  the 3, helix at the back. This binding pocket is similar to

PCLNA complex crystal, this loop contacts the side chains that determined from the interaction of poly(ethylene glycol)
of Arg-109, Lys-106, and Glu-119 of another symmetry- gt the active site§).

related PDF molecule. In the zinc native crystals, due to the . . . .
different space group and unit cell, this loop is exposed to . In light of the fact that the deformylase active site resides

the solvent in a hydrophobic cleft, one important factor contributing to
The secondary structure assignments for the zinc-PDF the binding affinity of the PCLNA inhibitor may be its ability
PCLNA complex as determined by PROCHECKI and to fill the hydrophobic cavity (Figure 1b). Enhanced protein

DSSP 2) are (using the same labeling scheme as for the stability has been shown to be associated with removal of
native structurei-helix, (1) 1114, (II) 25—40, (IIl) 124— cavities, resulting from the reduction of the unfavorable

137, (IV) 142-145, (V) 148-163; f-strand, (1) 45-47, (Il) surfa_ce energy and the incre_ase of the favorable hydroph_obic
57—60, (Ill) 7081, (IV) 87—90, (V) 93-99, (VI) 105- packing contacts. Calcylatlons of the solve_nt-acces&ble
111, (VII) 117-122 and 3 helix, 49-51. Overall, these surface areas of_ the native deformylase protein (8,350 A
assignments are identical to the zinc native structure. Thet® PCLNA inhibitor (700 &), and the PDFPCLNA
cobalt PDF-PCLNA complex has similar secondary struc- complex (8,21_0 A) using X-PLOR revgal that the binding
ture assignments except thastrands IV and V are each of the PCLNA inhibitor to PDF results in a lower molecular

three residues longer: residues-@0 and residues 93102, surfacze area for the protein in general, burying a total of
respectively. Analysis of these regions reveals no significant 840 A° of surface areal, 23). These results support the

differences in their structures and these assignments appeapOténtial importance of these effects on the PCLNA binding
to differ in different models generated at different resolutions. affinity.

The variation of the secondary structure assignments within  As PCLNA is a peptide-based transition-state analogue,
this region may be due to the arbitrary cutoff value in the our structures of the PDHPCLNA complexes also allow

Model Geometry

Ficure 2: Stereoview of thé&o — Fc electron density map of the active site with the inhibitor omitted (blagedénsity; red, 16 density).
The Go atoms of protein are colored in brown, while those for the inhibitor are colored in purple. The remaining atoms are colored by
element, nitrogen as cyan, oxygen as red, phosphorus as magenta, sulfur as yellow, and the metal ion as green.
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Ficure 3: Protein-inhibitor hydrogen-bonding interactions within
the zinc PDF-PCLNA complex. The hydrogen-bonding distances
for the cobalt containg enzyme are comparable withth2 A
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Table 3: Interactions between Inhibitor and Protein

inhibitor binding site residues forming the binding 8ite
H-phosphonate Q50, L91, E133
S/ G43, 144, G45, E88, C129, H132, E133
S/ E42, G43, G89, L91
S’ 144,186, E87, L125, GL24, L'125, 1128

aResidues located within 4.0 A of the inhibitor are listed.

cooperative interactions and likely contributes significant
stability to the peptide binding affinity. These considerations
suggest a potential role for these specific secondary structural
elements within the PDF protein.

There are, of course, other important interactions involving
individual residues of the PCLNA inhibitor and the PDF
protein (Table 3). For instance, thenitroanilide @-NA)
group at the C-terminal end of the PCLNA inhibitors(S
farthest from the metal ion) has been shown to be critical
for binding @3). For example, f-Met-Ley-nitroanilide is a
potent substrate of th. coli iron PDF g 0f 38 s°%, aKy,
of 20 uM, and akga/Ky of 1.9 x 10° M~ s71). Removal of
the C-terminap-NA group reduces the enzyme’s affinity to

for an understanding of how PDF recognizes nascentf-Met-Leu-NH, by ~40-fold (Keae= 194 s, Ky = 840uM,
peptides, its physiological substrate, and mediates the hy-k../Ky = 2.3 x 105 M~! s71). However, the mapping of the
drolysis of the N-formyl peptide bond. One important global interactions of the-NA group with the PDF protein in the
feature relevant to the binding of the PCLNA inhibitor may present study is complicated by the fact that phA also

be our observation that the PCLNA peptide, together with interacts with a symmetry-related molecule generated by a
pB-strands IV and V from the PDF protein, form an antipar- crystallographic 2-fold located near the active site. As a
allel 5-sheet. Three hydrogen bonds are formed between theresult, thep-NA of the PCLNA inhibitor interacts with

main-chain atoms of the inhibitor and tRestrand 1V of the

residues from both the protein to which it is bound as well

protein (Figure 3). The formation of this sheet involves as residues from the symmetry-related protein. One face of
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Ficure 4: Sequence alignment of the PDF residues which form the substrate binding site. The residues involved are colored by the region
of the inhibitor they interact with: H-phosphonate (violetjcaproyl (blue)L-leucine (green), and nitrophenylaniline (yellow). The color

is alternated for those residues which interact with more than one region. The sequences were obtained from the EBI databases (http://
www.ebi.ac.uk/dbases/topdata.html) and were aligned using the GCG package (Wisconsin Package Version 9.0, Genetics Computer Group

(GCG), Madison WI).
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FIGURe 5: (top) Stereoview of the structure of the active site of the zinc PBELNA complex. Hydrogen-bonds are indicated by dashed

lines. The atoms are colored by element as in Figure 1la. (middle) Superimposed stereoview diagram of the structures and interactions of
phosphonate inhibitors bound to thermolysin (brown) and PDF (blue). The inhibitors of thermolysin and PDF are colored as light yellow
and dark blue, respectively. The thermolysin coordinates were obtained from the Protein Data Bank (PDB file 6TMN). (bottom) Hypothetical
model for the transition state involved in the deacylation of acetylated peptides to illustrate the steric interaction of a methyl group (black)
with the backbone carbonyl.

the hydrophobic pocket around the boupdNA group is the side chain of this group is directed toward an open cavity,
formed by the side chains of three protein residues, lle-44, as shown in Figure 1b, the enzyme should be able to accom-
lle-86, and Leu-125, the backbone carbonyl of Glu-87, and modate a number of different amino acids at this position.
the caproyl side chain of the PCLNA inhibitor itself. The The N-terminal_-caproyl group (8, closest to the metal
other side of thg-NA group is in close contact with the ion), which mimics the methionine amino acid, sits in a
backbone and/or side chains of Giy24, Leu-125, and & pocket generated by residues Gly-43, lle-44, Gly-45, Glu-
128 of the symmetry-related protein. While there are 88, Cys-129, His-132, and Glu-133, as well as fRRA
undoubtedly additional interactions which stabilize the group of the PCLNA inhibitor itself. The carbonyl of the
protein—protein interface between the two molecules, no caproyl group is hydrogen bonded to the main-chain amide
other experiments we have performed to date support thenitrogen of lle-44. The most interesting feature, however,
presence of a dimer in solution. involves the caproyl group and tipeNA group. As a result

The second residue of the PCLNA inhibitarleucine of the s-strand conformation of the PCLNA inhibitor, the
(), is in van der Waals contact with Leu-91 and the main- p-NA group acts as a lid, burying the caproyl side chain in
chain carbonyl groups of residues Glu-42 and Gly-43 on one a hydrophobic cleft of the protein. These intimate hydro-
side, while the other side is exposed to solvent. The backbonephobic interactions between the protein and the inhibitor no
amide and carbonyl of the leucyl residue are also hydrogen-doubt contribute in an important way to the binding affinity
bonded to the corresponding carbonyl and amide of Gly-89. of this inhibitor and provide a potential explanation for the
These interactions are to be expected when the peptide issnzyme’s strong preference for a methionine residue at the
involved in the formation of an antiparallgtsheet. Since  N-terminus of peptide substrates) (
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Ficure 6: Proposed mechanism of PDF based on the native (top, left) and complex (bottom, right) structures.

Finally, the H-phosphonate moiety of the PCLNA inhibitor variety of organisms given the mode of inhibition inferred
also provides important interactions. As expected, this group from the present study. The important result is that these
binds to the zinc metal using one of its phosphonate oxygens,residues are highly conserved among all PDF proteins,
replacing the water in the native structure. Glu-133 also forms including those with low overall sequence homology. This
a hydrogen bond to the phosphate oxygen that binds theoutcome is not unexpected in light of the generality of the
metal, consistent with its potential importance in the catalytic deformylation reaction, and it suggests that drugs targeting
mechanism (Figure 5, top). Glu-133 is thought to act as a PDF will have broad applicability.
proton shuttle, receiving the proton from the metal bound Implications on the Catalytic Mechanisireviously, we
water and then donating it to the amide NH to facilitate bond compared the structure of the native zinc PDF with a
cleavage. The carbonyl group of GIn-50 is within hydrogen- thermolysin-inhibitor complex 24). With our present
bonding distance (3.1 A) of this phosphonate oxygen as well. structure of the zinc PDFPCLNA complex, a new com-

In the native protein, this carbonyl group could be used to parison is now possible and is depicted in Figure 5 (middle).
stabilize the metal hydroxide. While both inhibitors contain a bound phosphonate, one

The second phosphonate oxygen of the inhibitor, which surprising result is that the orientation of the phosphonate is
mimics to the carbonyl oxygen of the formyl group in the different between the PDFPCLNA and thermolysia
enzyme-substrate complex, forms hydrogen bonds to the inhibitor complexes. In the PDFPCLNA complex, the
main-chain amide NH of Leu-91 and the side-chain amide phosphonate oxygen, which does not bond to the metal,
NH2 of GIn-50. The third phosphonate oxygen, whose forms a hydrogen bond with the backbone amide NH of Leu-
position would correspond to the N-terminal methionine 91. For all other related metalloproteases bound to phos-
amide nitrogen of nascent peptides, is not involved in a phonate inhibitors that we have analyzed, this phosphonate
hydrogen bond in the PDFPCLNA complex. However, it ~ oxygen hydrogen bonds the catalytic glutamate (Glu-143 in
is within hydrogen-bonding distance (3.1 A) of the carbonyl thermolysin, Glu-133 ifE. coli PDF). Thus, there is a subtle
of Gly-45. Presumably, in the physiological reaction, the difference in the orientation of the transition state within the
formylated N-terminal amide NH of the nascent peptide active site of these metalloproteases.
hydrogen bonds to this carbonyl group. The different orientation of the transition-state analogue

All total, in addition to hydrophobic and metal binding may be used to support the notion that PDF represents a
interactions, the PDFPCLNA complex structure reveals new class of metalloprotease. More importantly, however,
seven hydrogen bonds that could account for the structurethese structural details yield insight into its catalytic mech-
of the bound inhibitor in the enzyme and its binding affinity anism. Previously, we have suggested that PDF utilizes a
(Figure 3). An important issue in the design of antibiotics hydrolytic mechanism in which a metal-bound hydroxide
is, of course, the generality of these interactions over different attacks the formyl group. In many hydrolytic enzymes,
organisms. Figure 4 summarizes the results of sequencenowever, a Lewis acid mechanism has been suggested in
analysis of the residues which must interact with the PCLNA which the metal ion is used to activate the amide bond. On
inhibitor (within 4.0 A) over PDF proteins from a wide the basis of the orientation of the transition-state analogue,
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however, the mechanism of PDF appears clear. Because théormylated peptide. Metal-based Lewis acid catalysis appears
Leu-91 amide NH can only act as a Lewis acid and not as less likely since the nucleophilic water is distant from Glu-
a base, the nucleophilic hydroxide must come from the metal. 133, the most likely catalytic base essential for PDF activity
Our observation that the Leu-91 amide NH hydrogen bonds (25).
to the phosphonate suggests that the NH group acts as a Finally, the present structural study of the PEFFCLNA
Lewis acid which helps to activate the formyl oxygen. complex has provided clues into the origin of specificity of

In summary, it is clear that our present structures of the PDF proteins for formylated peptides over acetylated sub-
native PDF and the PDFPCLNA complex bound to the  strates. On the basis of the orientation of the H-phosphonate
transition-state inhibitor, PCLNA, have helped to clarify the transition-state analogue in the active site, the additional
catalytic mechanism of the deformylase protein. On the basismethyl group in acetylated substrates would interfere steri-
of these structures, we now propose a revised mechanisngally with the backbone carbonyl of Gly-45 upon formation
for the deformylation by PDF shown in Figure 6. Further of the tetrahedral intermediate. In contrast, formylated
work to address other critical issues of this mechanism is peptides would direct a proton into this region.
underway.
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