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ABSTRACT. Series of substrates derivatives of peptide deformylase were systematically synthesized and
studied for their capacities to undergo hydrolysis. Data analysis indicated the requirement for a hydrophobic
first side chain and for at least two main chain carbonyl groups in the substrate. For instance, Fo-Met-
OCH; and Fo-Nle-OCHwere the minimal substrates of peptide deformylase obtained in this study, while
positively charged Fo-Nle-ArgNiiwas the most efficient substrate. /Ky = 4.5 x 1P M~1.s71). On

the basis of this knowledge, 3-mercapto-2-benzylpropanoylglycine (thiorphan), a known inhibitor of
thermolysin, could be predicted and further shown to inhibit the deformylation reaction. The inhibition
by this compound was competitive and proved to depend on the hydrophobicity at'tpesRion.
Spectroscopic evidence that the sulfur group of thiorphan binds next to the active site metal ion on the
enzyme could be obtained. Consequently, a small thiopseudopeptide derived from Fo-Njex@SH
designed and synthesized. This compound behaved as a competitive inhibitor of peptide deformylase
with K; = 52 4+ 5 uM. Introduction of a positive charge to this thiopeptide via addition of an arginine at

P’ improved the inhibition constant up to 2450.5uM, a value 4 orders of magnitude smaller than that

of the starting inhibitors. Evidence that this inhibitor, imino[(5-methoxy-5-0x0-4-[[2-(sulfanylmethyl)-
hexanoyllamino]pentyl)aminolmethanamine, binds inside the active site cavity of peptide deformylase,
while keeping intact the 3D fold of the protein, was provided by NMR. A fingerprint of the interaction

of the inhibitor with the residues of the enzyme was obtained.

In eubacteria, the formylation of initiator methionyl-tRNAs similar to that of other proteases displaying the HEXXH
by methionyl-tRNAYet transformylase results in N-formy-  motif, such as thermolysin and metzinciri2{14). More
lated nascent polypeptides (reviewed in1efTheN-formyl recent work has indicated that the second form of PDF
groups are then removed by peptide deformylase (PBE, corresponds to the apoenzyme and that it derives from a very
3.5.1.27), an essential enzyme in the bacterial kingddm ( active but unstable enzyme associated to an extraordinarily
3). PDF activity was evidenced 30 years ago, but PDF proved labile divalent metal ion different from zinclQ, 15, 16).
to be so unstable that it could not be purified any further This form is believed to correspond to the physiologically
(4, 5). The identification, cloning, and sequencing of the PDF active protein and the nature of the genuine ion was proposed
gene fmsor def) in Escherichia colrevealed that the protein  to correspond to a ferrous iod%—17). Interestingly, nickel
bears the HEXXH motif of the zinc metalloproteases can be exchanged with iron without any loss of specific
superfamily 8, 6—8). Purification to homogeneity of the  activity. The nickel form is much more stable than the iron
overexpressed enzyme was achieved. Two forms could beform, so that structural studies could be performed. The data
separated at the last step of purificatidh-(1). Form |, revealed, however, no significant difference with respect to
which retains a firmly bound zinc ion, was first characterized the zinc form {2, 18).

but proved poorly active. lts 3D structure revealed a unique  The metal cation is tetracoordinated by one water molecule
fold which, however, shares a secondary superstructureang py the side chains of the two histidines of the HEXXH
motif and of a cysteinel@). The secondary structure scaffold

" L.P. was the recipient of a postdoctoral fellowship from the Ecole @nd a complex network of hydrogen bonds in the active site
Polytechnique (Palaiseau, France). S.R. was the recipient of a scholarenable the presentation to the metal of the sulfur group of
ship from the French Ministe de I'Enseignement Supeur et de la that cysteine. Sequence comparisons, site-directed mutagen-
(R\,eiﬁgiri;‘:h,fraﬂg).the Institut de Formation Sigee Biomielicale o oy heriments, and biochemical characterization of several

* Corresponding author. Tel 33 1 69 33 48 80. Fax 33 1 69 33 30 PDF originating from various microorganisms suggested the
13-t E;g\c?rigtc}iiga@dtéog?gicsh?nali)étechnique-fr- conservation of the 3D structure and catalytic mechanism

s Département de Chimie ot Syt Organigue. for e_1||_ bactt_arlal PDF 12,.20). The side chgms thought to .

1 Abbreviations: Fo,N-formyl: Nle, norleucine; PDF, peptide Participate in the catalytic process are strictly conserved in

deformylase. the PDF family. Most of them belong to three signature
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sequences: GXGLAAXQ, EGCLS, and QHEXDHX 20). 2D homonuclear and 3D heteronuclear experiments
In addition, two carboxylate groups of the last two motifs were recorded and processed as described previoligly (
make salt bridges with the guanidinium groups of an isolated 13).

but strictly conserved arginine. Peptides, Peptide Deratives, and Chemical Syntheses.
Although many of the intimate features of PDF have been Commercially available peptides were purchased from
revealed for the past 5 years, the problem of substrateBachem. The custom syntheses of Fo-Leu-Ala-Ser, Fo-Nva-
recognition and hydrolysis within the active site is still Ala-Ser, Fo-Phe-Ala-Ser, Fo-Nle-Arg-NH-0-NleNH;, Fo-
unsolved. In a previous work where NMR experiments could Nle-NHCHs, and Fo-Nle-Gly (Table 1) were made at
be carried out13), the use of Fo-Met as a ligand showed Neosystem (98% purity). The other peptides were synthe-
that the chemical shifts of only a few NH of PDF in the sized in the laboratory as follows. The substrates Fo-Met-
vicinity of the metal were affected. This suggested that the (OCHs;) and Fo-Nle(OCH) were synthesized from the
N-formyl group was in the vicinity of the amide of the side commercially available chlorohydrates and trimethyl ortho-
chain of GIn50. However, because of slow hydrolysis of Fo- formate 3). Those esters were also reduced to the corre-
Met by PDF (0), finer experiments involving longer sponding alcohols Fo-Metol and Fo-Nleol using sodium
accumulation times could not be monitored. Clearly, to borohydride 24).
address the question of substrate recognition by PDF, a
nonhydrolyzable molecule is required. To date, the only >y
available analogues are product molecules of the reac-

tion, such as Met-Ala-Ser. Nevertheless, the very weak HC(OMe)s
binding constant of such ligands (50 mM) precludes o
their use in structural studie®1). The present study was HClHN ~
initiated with the aim of designing more efficient substrate 0
X=$
analogues. X=CHz
Ny
MATERIALS AND METHODS
NaBH4
MeOH
Peptide Deformylase Acity Measurements. E. caliep- )j\ )j\ 5\/
tide deformylase was purified as describ&@)( The standard o
peptide deformylase assay was coupled to formate dehydro- =S, 76%, Fo-Met(OCH,) X=S, 50%, Fo-Metol
X=CH, 8%, Fo- Nle(OCHs) X=CH2, 48%, Fo-Nleol

genase essentially as described in2&f PDF activity was
assayed at 37C as a function of time through the increase
of the absorbance at 340 nm of NADHy( = 6300 The substrate Fo-Met-Ala(OGHwas prepared using diazo-
M~1.cm™1). The standard assay was performed with 200 methane starting from the commercially available formamide
cells in a 1 cmoptical path. The reaction mixtures contained Fo-Met-Ala.

50 mM Hepes (pH 7.5), 1 mM Fo-Met-Ala (Bachem), 12

mM NAD™ (Boehringer), 1 mM NiCl and 4.5 units/mL Ns ~s

yeast FDH (Sigma). The reaction was started by the addition

of 5 uL of PDF diluted in 50 mM Hepes (pH 7.5), 1 mM o H G o W

NiCl,, and 200ug/mL bovine serum albumin (fraction V, H)kN N0 M:g: HJ\N N C0:Me

Boehringer). ol ool \r
When a non-formyl group was removed from the substrate, Fo-Met-Ala Fo-Met-Ala(OCHy)

the activity was measured by monitoring the unprotection
of primary amines with the ninhydrin assay as previously The thioformamides Tfo-Met and Tfo-Met(OGH were
reported 9, 19). In this case, the deformylation reaction was synthesized from the corresponding amino acid with thiol-

usually carried out at 37C in an Eppendorff tube for varying  formate1 which was synthesized using a known procedure
times (0.5-120 min). The standard assay contained 50 mM (25).

Hepes (pH 7.5), 1 mM NiG) and the indicated substrate.

Each reaction (final volume of 50L) was triggered by the ~g s ~g

addition of purified PDF. The reaction was quenched by the H)Lo,\

addition of 0.5 mL of 5% trichloroacetic acid and chilled 1 s

on ice. The tubes were centrifuged for 5 min, and 26®f oR oR
the supernatants was collected to determine the concentration H,n R=H, 37%, Tfo-Met  H N

. . . _ o " H
in primary amine 22) R=Me, 17%, Tfo-Met(OCHjz)

NMR Spectroscopythe NMR sample of the mixture of
TNR and PDF was prepared in 20 mM perdeuterated Tris- The inhibitor TN was readily available starting from the
HCI (pH 7.2) and 0.02% Nai(w/v), in either HOH,O commercially available methyl hexanoate. In a first step the
(9:1 viv) or 100%2H,0. 2D and 3D NMR spectra were enolate reacts with formaldehyde in a poor yield to form
recorded at 318 K on a Bruker DRX600 spectrometer, using the 5-hydroxy este2. This alcohol is then converted to the
a doubly labeled 2 mM fC>N]Ni-PDF sample 12). thiol using a Mitsunobu-like reaction. The use of thiolacetic
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as follows. A 16-80% acetonitrile (Baker) gradient at a flow
rate of 0.4 mL/min was performed for 60 min to elute the
column.

The detailed procedure as well as the full characterization
of the products is given as Supporting Information.

RESULTS

The Minimal Chemical Requirement for a Molecule To
Be a Substrate of PDFTo identify the chemical functions
supporting substrate recognition by PDF, we first attempted
to synthesize the smallest possible substrate. UNkHp-
Met-Ala-Ser orN-Fo-Nle-Ala-Ser as starting substrate pep-
tides, we shortened the moleculed\:¢-0-Met-Ala orN-Fo-
Nle-Gly. Both exhibited similar deformylation efficiencies
within a factor of 2 (Table 1). The substrate was then
progressively trimmed from the carboxylate toward the
N-formyl end. CompoundN-Fo-NleNH(CH), which is
deprived of one carboxylate group compared\t&-o-Nle-
Gly, andN-Fo-NleNH,, which further lacks one methyl group
and the carboxylate, were nearly as good substratissFas
Met-Ala (Table 3). This strongly suggested that the chemical
groups of the main chain at'Rvere not recognized by PDF.
The catalytic efficiencies of deformylation &f-Fo-Nle or
N-Fo-Met were also measured. They were reduced by 3
orders of magnitude as comparedNe~o-Nle-Ala (Table
1). This result might indicate that the NH group &2 Rvas
crucial for catalysis and/or substrate recognition. However,
we noticed that peptide derivatives with an acidic function

The inhibitor TNR was synthesized in four steps from methyl \yere systematically less efficient substrates of PDF whatever

hexanoate. The reaction of the enolate with bromomethy! the location of the acidic group in the peptide. For instance,
tert-butyl sulfide 7) produces to the estdr This product

was then hydrolyzed to give intermedidieAfter coupling
and deprotection, we were able to obtain the inhibitor TNR reduced deformylation efficiencies compared to the control
as a trifluoroacetate sal2®) (see Scheme 1).

TNR was finally purified by HPLC on a C18 5U column
(32 x 150 mm; Alltech) in 0.1% trifluoroacetic acid buffer

two peptides with acidic groups at'For Py (N-Fo-Met-
Leu-Glu and\-Fo-Met-Ser-Asn-Glu) displayed significantly

and less acidic peptidéN{Fo-Met-Ala-Ser; Table 1). Con-
sequently, the reduced deformylation efficiency HSf
Fo-Nle compared ttl-Fo-Nle(NH;) might be caused by the
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Table 1: Determination of the Chemical Functions That PDF Requires for a Molecule To Be Deformylated

KealKm x 1073 relative

peptide Keat (S71)P Km (MM)® (M~L.g1)b Keal Kmd
Fo-Met-Ala-Ser 216k 10 3.9+ 0.6 54+ 5 100
Fo-Met-Ser-Asn-Glu 18a- 30 5.541.8 32+ 3 60
Fo-Met-Leu-Glu 47+ 3 4+ 1 12+ 1 21
Fo-Ala-Ala-Ala 61 52+ 15 0.11+£0.01 0.20
Fo-Nle-Ala-Ser 220t 40 35+1.1 62+ 8 115
Fo-Leu-Ala-Ser nrf >15° 6+2 11
Fo-Phe-Ala-Ser 10610 8+1 13+ 1 24
Fo-Nva-Ala-Ser 1506t 20 10+ 1 15+ 2 28
Fo-Met-Ala(OCH;) 360+ 30 2.5+ 0.4 1404+ 20 267
Fo-Nle-Arg-NH 2904+ 20 0.7+0.1 4504 60 839
Fo-Met-Ala 230440 6.2+ 1.5 37+ 3 69
Fo-Nle-Gly 1804 20 5.440.9 34+ 4 63
Fo-Nle-NH(CH;) 1304+ 20 12+ 2 114+1 20
Fo-Nle-NH 444+ 6 75+ 15 5.9+ 0.6 11
Fo-Nle(OCH) 2004+ 20 6.3+:0.9 32+ 2 59
Fo-Met(OCH) 180+ 30 12.0+ 2.8 15+ 1 27
Fo-Metol 0.8£0.2 24+7 0.035+ 0.002 0.06
Fo-Met 0.214+0.02 2.5+ 0.7 0.08+ 0.01 0.16
Fo-Nle 0.124-0.02 42+ 1.4 0.03+£0.01 0.05
Tfo-Met(OCH) >0.003 >20° 0.0007+ 0.0001 0.01
Tfo-Met >0.0007 >20° <0.000% <0.001
Fo-Asp nm nm <0.00003 <0.00005
Fo-Gly nn¥f nnf <0.00003 <0.00005

a Peptides were purchased from Neosystem or Bachem AG or synthesized as described in Materials and Methods. Metol means methioninol, i.e.,
a methionine with its carboxylate group replaced by methanol. Tfo miethgoformyl. Nva, means norvaline (the side chaimipropyl). nm
means not measurablelnitial velocities of deformylation were usually measured by using the formate dehydrogenase-coupled assay. The kinetic
parameters were derived from iterative nonlinear least-squares fits of the Mietideligen equation to the experimental valuéd)( Confidence
limits on the fitted values were determined by 100 Monte Carlo simulations, using the experimental standard deviations on individual measurements.
¢ Deformylation rates were measured with the ninhydrin aséAwalue of 100 was given to thie./Kn value obtained with Fo-Met-Ala-SéThe
low solubility of this peptide in water<20 mM) prevented us from determining the catalytic parameters.

acidic character of the free C-terminal function. To test this methionine side chain at,Pin the substrate strongly
possibility, N-Fo-Nle(OCH), with a methyl ester at the contributed to the efficiency of hydrolysis by PDREQ].
C-side, was synthesized. This molecule was as efficient aAccordingly, shortening of the chain to a single methyl led
substrate of PDF as-Fo-NleNH;,, the amide derivative. To  to a dramatic decrease of the deformylation rate (500-fold).
ascertain that the relatively low catalytic efficiency f However, substitution of the methionine side chain by that
Fo-Nle as substrate was indeed caused by its acidic charactemf norleucine (Nle; i.e., an-butyl chain) had no consequence
N-Fo-Met-Ala(CH;) was synthesized and comparedNe on the hydrolysis rate (Table 1). This indicated that the sulfur
Fo-Met-Ala. The neutral peptide was a much more efficient of methionine is not required for PDF action and that the
substrate than the acidic one (Table 1). At this stage, it shouldhydrophobic character of the methionine side chain was
be noticed thalN-Fo-Met-Ala(CH) was the best substrate enough to govern substrate recognition. We therefore studied
for PDF we had ever assayed. the effects on enzyme activity of the substitution of the P
To assess the importance of the second carbonyl group ofposition of Fo-Met-Ala-Ser by other hydrophobic residues.
the substrateN-Fo-Metol, with a hydroxyl instead of the — The deformylation catalytic efficiencies of Fo-Nle-Ala-Ser,
C-terminal carboxylate, was synthesized. The associaiéd  Fo-Leu-Ala-Ser, Fo-Nva-Ala-Ser (with Nva corresponding
Km was reduced by 3 orders of magnitude compared to theto norvaline, i.e. an unnatural amino acid with ipropyl
reference peptide, indicating thereby the role of the secondside chain), and Fo-Phe-Ala-Ser were measured. Ktkle
carbonyl group in the reaction. To finally investigate whether Kn values were nearly identical to those obtained with the
the carbony! function of thé&l-formyl group was important  control peptide (Fo-Met-Ala-Ser), within a factor of at most

for catalysis, a thioformy! derivativéy-thioformyl-Met(CHg), 9 (Table 1). This suggested the occurrence of 'a S
with the oxygen replaced by a sulfur, was synthesized. This hydrophobic binding pocket in PDF, with little specificity
molecule was not a substrate of PDF (Table 1). for a given side chain. An-butyl side chain atR appeared,

From the above results, we concluded that (i) the binding however, to be preferred.
to PDF of an acidic substrate is disfavored compared to that A Positiely Charged Group at £ and an Aromatic Ring
of a nonacidic one, (ii) the carbonyls of the two first peptide at Py’ Strongly Impree the Affinity of a Peptide to PDF.
bonds are essential for catalysis, and (iii) the NH of the Since all peptides displaying an acidic group were apparently
second amino acid in the substrate is not recognized by thebadly recognized by PDF, we hypothesized that the introduc-
enzyme. Actually, the absence of recognition of the secondtion of a positive charge into a formylpeptide derivative
amide proton could be expected siné&Fo-Met-Pro- might improve the affinity to PDF. To probe this idea, the
peptides, which are featured by the absence of such an amideleformylation of peptide Fo-Nle-Arg-NHwas studied.
proton, must be substrates of PDF in vivo. Remarkably, this peptide behaved as a particularly efficient
Importance of the Hydrophobic Character of the First Side substrate for PDF (Table 1), withlka./Kn value improved
Chain. It was previously reported that the presence of a by 12.2-fold compared to that of Fo-Met-Ala. Interestingly,
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Table 2: Binding Constants of Several Peptide Derivatives to PDF increases of the association constant by32orders of

. magnitude.
N tczrpguni)H 5:'0(36'\2)9 500 Design of a Substrate Analogue of PDFhe resemblance
NH;_Pﬁe_GE‘/ _Oe|_r| 150000 between the active sites of PDF, thermolysins, and metzincins
NHa-Phe-Gly-NH 150 000+ 50 000 (12, 13) can be used_to design a sqbstrate analogue capable
NH,-Phe-Arg-OH 18 00@: 5 000 of resisting hydrolysis by PDF. Thiol, phosphonate, sulfo-
NH,-Met-Arg-OH 3800+ 400 diimide, carboxylate, or hydroxamate groups have been
m:r’,\\lﬂlet':fg'lfﬁeﬁg 4372% gg already introduced at the scissile bond of the substrates of
NHz_M:t_Ar%_Phi_Ala 400L 100 thermolysin and metzincins29, 30). In many cases, the
NH,-Phe-ArgANA 95+ 10 resulting peptide derivatives displaying strong inhibitory
NH_(Nle-OCHy) 45 0004 10 000 potencies were obtaine@1—39). In the course of the design
OH-CHy(Nle-OCH,) 68 000+ 7 000 of substrates analogues of PDF, the substitution of such
g;ig%'ﬁg:m :lé ggg groups for theN-formyl appeared therefore very promising.
SH-Ala-Pro-OH >10 006 Because of the aforementioned, repulsion between PDF
SH-Phe-Gly-OH 189 20 and substrates by negative charges, phosphate, or carboxylate
SH-CHy(Nle-OCH) (TN) 52+5 groups were discarded a priori. By assuming that the potency
SH-CH-Nle-Arg-CHs (TNR) 25+0.5

of an inhibitor is governed by the strength of its coordination
*Peptides were purchased from Neosystem or Bachem AG or tg the metal 81), the thiol derivatives, which are known to
synthesized as described in Materials and MethgA means — ape tight complexes with nickel or ferrous ions, appeared
B-naphthylamide® the deformylation rates were measured at 1 mM . ’
Fo-Met-Ala, a value much smaller than tKe value (6.2 mM; Table most attractive _tO us. '_\IOt.e{ however'_that 2-mercaptqethano|
1) in the presence of various concentrations of each peptide derivative.Up to 10 mM did not inhibit PDF activity (Table 2; Figure
Under those conditions, the plots of the inverse of the measured rate1A). To fit a thiol extremity next to the nickel ion of PDF,
};egsuuiath: COTV;]‘?er_‘tfagogafl thﬁ Egge% Co'ﬂﬁogzgn%ieg_‘t?déiﬁﬁﬁfl')%?gxes\me imposed that the structure of the putative analogue closely
| Ses. IS IS I | | Wi Itve iInnioit H H
mechanism. Inhibitign con}étants vehigh corresponpd to dissociation resemb_le that Of. the best substrate of PDF. To aCh!eve thI_S,
constant were directly derived from the linear plstslot soluble above  the minimal requirements were the occurrence of a side chain
2 mM and could not be assayed at a concentration higher than 1 mM. displaying a hydrophobic character atlPand that of a
dCould not be assayed above 2 mM because it complexes nickel ionscarbonyl group. In this context, it was striking that the
and precipitates in the optical cell chemical structure of 3-mercapto-2-benzylpropanoyliglycine,
a commercially available molecule known as thiorphan,
this property was mostly caused by a decrease ofkihe  satisfied these requirements. Accordingly, we found that it
value. To assess the effect of the arginine side chain, thewas a competitive inhibitor of PDRK{ = 189 + 40 uM;
inhibition constant of dipeptide Phe-Arg was compared to Figure 1).
that of Phe-Gly and found was 8 times better (Table 2).  Captopril (3-mercapto-2-methylpropanoylproline) also in-
Furthermore, the affinity of Met-Arg was measured and hibited PDF activity. Nevertheless, the associdgwvas 2
found to be 4 times as high as that of Phe-Arg, as expectedorders of magnitude higher than that of thiorphan (Table 2).
from the respective behaviors of Fo-Met-Ala-Ser and The main difference between captopril and thiorphan is at
Fo-Phe-Ala-Ser (Table 1). the level of the nature of the first side chain (a methyl instead
It was recently reported that the introduction ofpa of a phenyl). We concluded, therefore, that the phenyl group
nitroanilide group in Fo-Met-Leu caused a decrease of the of thiorphan directly participated in the binding to PDF
Km value by 2 orders of magnitude, while tkg; parameter through recognition by the;Shinding pocket. In addition,
was kept nearly unmodifiedl). This strong effect was, peptides Phe-Gly (same as thiorphan but with the;$HH
however, unlikely to only result from the removal of the replaced by NH) and Phe-GlyNHbehaved as weak inhibi-
negative charge in the peptide since the catalytic efficiency tors of PDF, therefore indicating a direct participation of the
of hydrolysis of Fo-Met-Ala(Ch) by PDF was improved thiol group in the stabilization of the complex. When peptide
only 4 times compared to that of Fo-Met-Ala. This rather deformylase was saturated with thiorphan, two additional
suggested that the addition of an aromatic ring at the C-endabsorbance maxima, at 317 and 403 nm, respectively, were
of a dipeptide could also bring supplementary affinity toward observed in the electronic spectrum of PDF (Figure 2A,B).
the protein. When an aromatic ring was added #t We This feature is strong evidence in favor of a charge transfer
indeed noticed a 10-fold decrease of the binding constant tofrom the nickel of PDF to the sulfur of thiorphan. Such sulfur
PDF (Met-Arg-Phe vs Met-Arg; Table 2). More remarkably, to metal charge transfer was already noticed in the case of
when gB-naphthylamide was added at the C-end of the same cobalt-substituted thermolysin incubated with analogous
peptide, the dissociation constant was decreased by 200-foldhiol-containing substrate analogue). Upon titration of
(Phe-Arg compared to Phe-AfgNA; Table 2). Finally, the PDF by thiorphan, the intensity of the absorbance at both
effect of the C-blocking of a formyltripeptide could be 317 and 403 nm increased in a hyperbolic manner (Figure
assessed through the study of the binding of peptides Nle-2C). A binding constant of 17& 20 uM was deduced from
Arg-PheNH and Met-Arg-Phe-Ala. The corresponding bind- this experiment, in keeping with th§ value deduced from
ing constants were near identical compared to that of thethe inhibition study (189+ 40 uM, see above). When

control peptide (Nle-Arg-PheNj Table 2). compared to that of Zn-PDF, the electronic spectrum of Ni-
From the above results, we concluded that the combinationPDF is characterized by an additional absorbance maximum
of a hydrophobic side chain at'Pa basic side chain at®, at 350 nm. This peak was interpreted as resulting from a

and a C-terminal hydrophobic blocking group gave an charge transfer from nickel to the sulfur of the metal-
N-formyl peptide the highest affinity to PDF, with potential coordinating cysteine, Cys9Q(), a feature indicative of the
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FIGURE 1: Thiol derivatives are competitive inhibitors of PDF.  (plue), 0.2 mM PDF (green), and a mixture of both (pink) were
Panel A: Kinetics of deformylation were performed in the presence performed in 50 mM Hepes (pH 7.5) with a UV2101-PC spectro-
of 1 mM Fo-Met-Ala and of increasing concentrations in 2-mer- photometer (Shimadzu). The spectrum of 1 mM thiorphan plus 0.2
captoethanol (green open circles), captopril (light blue open mm NiCl, was identical to that of thiorphan alone. Panel B: The
squares), thiorphan (black circles), TN (dark blue triangles), or TNR characteristic electronic spectrum resulting from the binding of
(red squares). Relative deformylation rates are plotted as afunctlonthiorphan to PDF is shown. It was calculated as follows: the
of the compound concentrations. A rate value of 100 corresponds apsorbance value of the mixture of both thiorphan and PDF
to 32 s*. Panel B: Kinetics of deformylation were performed using measured at a given wavelength (see the experiment shown in panel
varying concentrations in Fo-Nle-ArgNHas the substrate and  A) minus the sum of the absorbances of thiorphan and PDF
increasing amounts of thiorphakie: and K values were derived  measured separately. Panel C: A PDF sample (0.2 mM) was mixed
from iterative nonlinear least-squares fits of the Michaelktenten with increasing concentrations in thiorphan and the resulting
equation to the experimental valué4. Confidence limits onthe  apsorbance measured at 403 nm. A saturation curve is shown.
fitted values were determined by 100 Monte Carlo simulations,
using the experimental standard deviations on individual measure-
ments. The catalytic constant was not modified within the standard _ .
error, a behavior which is indicative of a competitive scheme. The with a Wat?r m0|eCUIe', .
apparenK,, value is plotted as a function of the concentration in _ Synthesis of an Efficient Substrate Analogue of PDF.
thiorphan. In a competitive scheme, the slope is proportional to Thiorphan displays a phenyl group at,Rvhereas, as shown
the K| value. in Table 2, ann-butyl appears to be preferred by PDF at
o o _ this position. In addition, the C-terminus of thiorphan is
vicinity of the sulfur group of this ligand and of the nickel  ynplocked. We therefore chose to substitute a thiol for the
ion. We noticed that the intensity of the maximum at 350 N-formyl group of the shortest efficient substrate of PDF,
nm of PDF remained unaffected upon binding of thiorphan Fo-Nle-OCH, (Table 1). The thiol derivative corresponding
(Figure 2B). This suggested that the sulfur of Cys90 was to this molecule (TN) could be synthesized. TN exhibited a
not displaced by the sulfur of thiorphan. Finally, since the strong competitive inhibitory capacity of PDF activity. The
thiol group in thiorphan accounted for a significant part of associated inhibition constant (3212 M) was 4-fold lower
the affinity to PDF, we concluded that an ionic interaction than that measured with thiorphan. If the sulfur group of
between the sulfur group and nickel participated in the TN was replaced by either a hydroxyl, a thioformyl, or an

stabilization of the thiorphanPDF complex. Most likely, amino group, the inhibition constant always rose by at least

thiorphan ligates the missing valence of nickel by exchange
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Table 3: Main Changes of PDF Chemical Shifts Observed upon
Binding of TNR

AS N or
atom 13C (ppmYy atom A H (ppmYy

C90CA +7.2 C90HA +1.32
Q50NE —-5.5 Q50HNE1 +0.92
L91 NH —4.5 L91HN +0.83
V59 NH +3.0 G89HN +0.57
186 NH +2.0 H7HN —0.57
144 NH +1.5 Q50HNE2 +0.51
G45NH —-1.5 G43HA1 +0.45
A47 NH +1.5 E41HN +0.40

G45HN +0.35

C90HN —-0.34

G43HN —0.31

aThe complete set offC, 5N, and!H resonances of PDF mixed

with TNR (1:2 molar ratio) was assigned and compared to that of the
unbound protein sample (BioMagRes Bank accession number 4089 and
ref 12). Each chemical shift value obtained in the bound state was
subtracted from the value in the unbound state. The main changes are}
listed and ordered from the greatest to the smalfe®nly changes
greater than 1.0 ppm are reporté®nly changes greater than 0.25
ppm are reported.

2 orders of magnitude (Figure 1A; Table 2). Consequently,
as expected from the behavior of thiorphan, the sulfur group
of TN plays a crucial role in the binding free energy to PDF.

From the above results and given the positive effect of
the addition of an arginine atFon the affinity of a peptide
to PDF, we expected that the thiol derivative of Nle-Arg-
OCH; (called TNR) would exhibit a binding constant to PDF
markedly improved compared to that of thiorphan or TN.
TNR was therefore synthesized and its binding constant for
PDF determined from inhibition experiments. Remarkably,
the TNR inhibition constant was 21-fold better than that of
TN (K, = 2.5+ 0.5uM; Figure 1A; Table 2). Furthermore,
compared to thiorphan and TN, TNR displayed a high ALAAT
solubility in water, most likely due to the hydrophilicity
brought by the arginine side chain.

NMR Study of the Interaction between PDF and TNR.
an attempt to get further information on the specificity of
the interaction between TNR and PDF, an NMR analysis of , .

a 1:2 (molar ratio}*C/*N PDF/unlabeled TNR mixture was %GUL;ZEV\%S Z[Zf;?egavrjﬁﬁ r;h%f ,ﬁgﬁ"p“Q,?{ﬁ‘;“ﬁgﬁ‘,ﬂ,%ﬁig{tv‘jfﬂg(The
performed. First, it was noticed that, upon mixing the protein using the coordinates of the crystallographic model of the full-
and the inhibitor, the chemical shifts of some protons of the length protein {4). Negatively and positively charged regions are
inhibitor were clearly affected, with broadening and shifting Cgllc())rv?/dsmh?r% ag‘;ﬁé‘f% rch)p$Ct¥ﬁéyéL2$r£$;%L|o%;Z nst?;"‘(’)r; ?ﬁea
of a few well-defined peaks as evidenced aftéf filtering . gide of PpDF corresponding t% the entry of the activ% site of PDF is
of the 1D spectrum of the mixture (data not shown). This shown. Panel B (bottom): Close-up of the previous view. The

behavior was demonstrative of the formation of a complex residues exhibiting a strong change of one of their chemical shifts
between the two molecules. upon binding of TNR according to the NMR analysis (Table 3)

; 1 15 are displayed and labeled. The atoms undergoing such displacement
A nearly complete ass!gnment of thel, 1*C, ar.]d N . __of their chemical shifts are colored in green (C and N) or cyan
resonances of the protein could then be obtained using )

experimental conditions (2 mM PDF, 318 K, pH 7.2)

identical to those used with the free enzym@)( Interest- of the protein to the sulfur of thiorphan (Figure 2) or TNR
ingly, the comparison between the two data sets indicated(data not shown) indicated close vicinity of the metal and
that, while the majority (i.e., more than 1500) of the chemical of the sulfur group. Since the amino group of the GIn50 side
shifts were left unmodified, a small subset (i.e., less than chain, the Cl of Cys90, the amide group of Leu91, and
20) showed significant change (Table 3). Among them, the the metal lie withh a 4 Aradius sphere in the 3D structure
chemical shifts corresponding to the amino group of the side of the free enzyme, it was likely that the sulfur group of
chain of GIn50, the Ckl of Cys90, and the amide groups TNR was responsible for the chemical shifts observed.
of Leu91 and Gly45 were the most affected (Table 3). Such Regarding the remainder of the chemical shifts undergoing
modification of the chemical environment of these residues strong displacement (Table 3), we noticed that they all were
was most probably due to a donor or acceptor group of the clustered next to the active site cavity (Figure 3). The
ligand. The occurrence of a charge transfer from the nickel inhibitor appeared, therefore, highly specific for the catalytic
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site of PDF and mimicked the substrate, as expected. Theleads defined. Alternatively, and more rationally again, an
fingerprint of the interaction of TNR with PDF is shown in  optimized knowledge of the catalytic mechanism together
Figure 3B. with the help of the 3D structure of the target may be used
In addition to the above assignment, the nearly complete to design such molecules de nows), by-passing thereby
set of proteir-protein NOEs, including all of those charac- high-throughput screenings of random products. In this
teristic for the secondary structure, was redetermined. It wascontext, our work sheds light on what such a “lead” of PDF
found to not have been modified by the presence of the inhibitors could resemble to. Although the binding strength
ligand. This established that the 3D structure of the protein of TNR to PDF appears yet insufficient for this molecule to
was insensitive to the binding of TNR and that the inhibition be already used as an antibiotic, it provides promising bases
of PDF activity by this ligand resulted only from the for a future design of such a drug, using TNR as the lead.
occupation of the active site, and not from a structure As suggested in this paper (Table 2), the replacement of the

modification. OCH; at the C-terminus of TNR by A-naphthylamide, for
instance, could further improve the binding constant by 2
DISCUSSION orders of magnitude.
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