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ABSTRACT. Peptide deformylase (PDF) catalyzes the hydrolytic removal of the N-terminal formyl group
from nascent ribosome-synthesized polypeptides in eubacteria. PDF represents a novel class of mononuclear
iron protein, which utilizes an Fe ion to catalyze the hydrolysis of an amide bond. Thi$"Fenzyme

is, however, extremely labile, undergoing rapid inactivation upon exposure to molecular oxygen, and is
spectroscopically silent. In this work, we have replaced the nati¢¢ i@ with the spectroscopically

active C@" ion through overexpression in the presence of'C@c?*-substituted PDF (Co-PDF) has an
activity 3—10-fold lower than that of the P&-PDF but is highly stable. Steady-state kinetic assays using

a series of substrates of varying deformylation rates indicate that Co-PDF has the same substrate specificity
as the native enzyme. Co-PDF and Fe-PDF also share the same three-dimensional structure, pH sensitivity,
and inhibition pattern by various effector molecules. These results demonstrate that Co-PDF can be used
as a stable surrogate of Fe-PDF for biochemical characterization and inhibitor screening. The electronic
absorption properties of the €oion were utilized as a probe to monitor changes in the enzyme active
site as a result of site-directed mutations, inhibitor binding, and changes in pH. Mutation of Glu-133 to
an alanine completely abolishes the catalytic activity, whereas mutation to an aspartate results in only
~10-fold reduction in activity. Analysis of their absorption spectra under various pH conditions reveals
pKa values of 6.5 and 5.6 for the metal-bound water in E133A and E133D Co-PDF, respectively, suggesting
that the metal ion alone is capable of ionizing the water molecule to generate the catalytic nucleophile,
a metal-bound hydroxide. On the other hand, substrate binding to the E133A mutant induces little spectral
change, indicating that in the-& complex the formyl carbonyl oxygen is not coordinated with the metal

ion. These results demonstrate that the function of the active-site metal is to activate the water molecule,
whereas Glu-133 acts primarily as a general acid, donating a proton to the leaving amide ion during the
decomposition of the tetrahedral intermediate.

Protein synthesis in prokaryotes initiates with &k (5) andThermus thermophilu@) and more recently from a
formylmethionyl-tRNA, resulting in N-terminal formylation  variety of other organisms/f permitted its overexpression
of all nascent polypeptided); Peptide deformylase (PDF) in E. coli and subsequent purification to homogenegy-(
catalyzes the subsequent removal of the formyl group from 10). However, the purified enzyme remains unstabje ¢
the majority of bacterial protein@{4). Genetic studies have 1 min), complicating the kinetic characterization of this
shown that PDF activity is essential for bacterial survival enzyme 8, 9). Very recently, biochemical studies have
(5, 6). Since PDF is apparently absent in eukaryotic systems, established that PDF represents an new class of metallopep-
itis currently being pursued as a potential target for designing tidase, which utilizes a ferrous ion as the catalytic medal (
novel antibacterial drugs. 11). The extraordinary lability of PDF was shown to be due

Biochemical studies of PDF have been plagued in the pastto sensitivity of the catalytic P& ion to environmental
by its extreme lability in vitro, which prevented its isolation oxygen (2). To generate a stable PDF variant, several
or characterization for 3 decadez—4). Molecular cloning laboratories have replaced the ferrous ion witf*Z(8, 10,
of the deformylase genealé€for fmg from Escherichia coli 11) and NP* (9, 13 through in vitro reconstitution or

overexpression in defined media. While zZn(Il)-PDF has
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substituted peptide deformylase; Fe-PDF2'Feontaining peptide i Wi
deformylase; f-MLpNA, N-formylmethionylleucylp-nitroanilide; ML- probe. The Co(ll) enzyme has only slightly reduced activity

pNA, methionylleucylp-nitroanilide; thiaPhe,f-thiaphenylalanine; and is very stable. X-ray C_rVSta”()graphiC studies of Co(ll)-
LMCT, ligand—metai charge transfer. PDF as well as the 2n, Ni?*, and F&" forms revealed a
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virtually identical three-dimensional structuré, (14—18). Purification of Cé@"-Substituted PDF. E. coBL21(DE3)
The metal ion is tetrahedrally bound by a water molecule cells carrying plasmid pET-22b-de8)(were grown in the
and by the side chains of two histidines of the conserved minimal media containing 75 mg/L ampicillin at 3T until
HExxH motif and of a conserved cysteine. ODgoo reached~0.9 (approximately 3.5 h). The cells were
In this work, we report the detailed biochemical and collected by centrifugation (Sorvall GS-3 rotor, 10 min at
spectroscopic characterization of Co(ll)-substituted PDF of 5000 rpm) and resuspended in fresh minimal media at 25
Escherichia coli in comparison to the native Fe(ll)-PDF. °C. After shaking for 10 min, Cogland isopropy|s-p-
Our results demonstrate that the cobalt(ll)-substituted enzymethiogalactopyranoside were added to the medium to a final
can be used as a stable surrogate for studying the stracture concentration of 10@M. The resulting culture was shaken
function relationship in PDF. Site-directed mutagenesy ( at 30 °C for 18 h. The cells (3 L) were harvested by
and structural studie§( 14-18) have previously identified ~ centrifugation and resuspended in 50 mL of buffer A
the residues which are important for catalysis, and a catalytic containing 10Qug/mL chicken egg white lysozyme and a
mechanism has also been proposed. However, the precis@rotease inhibitor mixture (10@g/mL phenylmethanesulfo-
function(s) of each individual moiety during catalysis has nyl fluoride and 20ug/mL each of trypsin inhibitor,
(have) not been well established. By using the cobalt- leupeptin, and pepstatin A). From this point on, all of the
substituted enzyme coupled with site-directed mutagenesis steps were performed at°€, unless noted otherwise. The
we have elucidated the catalytic functions of the metal cells were lysed by incubation for 30 min, followed by brief
cofactor and a conserved glutamate residue (Glu-133) in thesonication (5x 10 s pulses). The crude lysate was centri-

enzyme active site. fuged (10 min at 15 000 rpm, Sorvall SS-34 rotor) to yield
a clear supernatant. The supernatarb@ mL) was loaded
EXPERIMENTAL PROCEDURES onto an SP-Sepharose column (Pharmacia Biotech,1®

cm) which had been equilibrated in buffer B. After washing
Buffers.Buffer A, 20 mM MES, pH 6.0, 10 MM NaCl, 1 yith puffer B (60 mL), the column was eluted by gravity

mM EDTA, % mM 1,10-phenanthroline, 10 mp%kmercap—. with 400 mL of buffer B plus a 161000 mM NaCl gradient
toethanol, 1% Triton X-100 (Sigma), and 0.5% protamine generated via a gradient mixer. Fractions containing signifi-

sulfate (Sigma); buffer B, 20 mM MES, pH 6.0, and10mM  .ant PDF (located by 12% SDSAGE analysis) were
NaCl; buffer C, 20 mM Tris, pH 8.5, and 10 mM NaCl;  qq1ed and concentrated in a Centriprep-10 apparatus (Ami-
buffer D, 50 mM potassium phosphate, pH 7.0, and 10 MM () The resulting solution was diluted 10-fold in buffer C
NaCl; buffer E, 20 mM Tris, pH 8.0, 0.5 M NaCl, and 5 41 |0aded onto a Q-Sepharose column (Pharmacia Biotech,
mM imidazole. 2 x 10 cm) preequilibrated in buffer C. Elution was carried
Growth Media. The minimal media contained 2.5 g/L  out with 200 mL of buffer C and a linear gradient of-10
D-(+)-glucose (Sigma), 5 g/L casamino acids (Difco), 10.8 500 mM NaCl at 4 mL/min. PDF active fractions were
g/L KzHPO, 5.5 g/l KHPQ,, 10.0 g/L NaCl, 1.0 g/l pooled, concentrated, and dialyzed against 20 mM+Fif@$
ammonium sulfate, 2 mg/L thiamine (Sigma), and 1 mg/L puffer (pH 8.0). Typically, the PDF was near homogeneity
(+)-biotin (Aldrich) and was supplemented with a metal (as judged by SDSPAGE analysis) at this stage and was
mixture [124 mg/L MgS@7H;0O, 74ug/L CaCb-2H;0, 20 ysed without further purification. Occasionally, the PDF was
#9/L MnClz*4H,0, 31ug/L HsBOs, 1.2ug/L (NH4)sM07O024 further purified on a Phenyl Sepharose column (Pharmacia
4H,0, 1.6ug/L CusQ). HR10/16) to remove a small amount of Zn(ll)-substituted
Construction of HisTag PDF and Site-Directed Mutagen- PDF. The separation between®d°DF and ZA"-PDF on
esis Plasmid pET-22b-def8], which contains the entire  this column is analogous to the separation between Zn vs
coding sequence @. coli PDF, was digested with restriction  Fe(ll) PDF (L1). After the purification was completed, the
enzymesSma (which cleaves at 8 bp upstream of the stop protein was dialyzed against a metal-free buffer (20 mMm
codon) andXhd [which cleaves immediately upstream of Hepes, pH 7.0, 50 mM NaCl) and stored frozer-&0 °C.
the (His) coding sequence]. The resulting vector DNAwas  Expression of the C-terminal His-tagged wild-type and
treated with the Klenow fragment of DNA polymerase |, mutant PDF was carried as described above. After SP-
gel-purified, and religated with T4 DNA ligase to give the Sepharose and Q-Sepharose purification, the G®DF-Hs
desired plasmid pET-22b-def-CHT. This construct directs the sample was dialyzed against buffer E and loaded by gravity
synthesis of a PDF variant which contains a C-terminal gHis) flow onto a Talon cobalt affinity resin column (Clontech, 2
tag (designated as PDFsHThe two C-terminal residues of ~ x 7 cm). The column was washed with 10 column volumes
wild-type PDF, Arg-167 and Ala-168, were replaced with of buffer E, and the bound proteins were eluted with 2
leucine and glutamate, respectively, as a result of this column volumes of buffer E containing 60 mM imidazole.
procedure. The eluted protein was dialyzed against 20 mM “HiGI
Site-directed mutagenesis was carried out using the buffer (pH 8.0) to remove the imidazole and any cobalt
QuikChange method (Stratagene). Mutagenesis primers usedbound to the histidine tag. For each sample prepared, metal
were the following: E133D,'sCCATCTGTATTCAGCAT- analysis was performed by inductively coupled plasma
GATATGGATCACCTGGTCGG-3 E1330Q, 5CTGTAT- emission spectrometry (ICP-ES) at the Chemical Analysis
TCAGCATCAGATGGATCACCTGG-3 E133C, 5GTTA- Laboratory of The University of Georgia.
GCCATCTGTATTCAGCATTGTATGGATCACCTGGTCGG-3 PDF AssaysCc*™-PDF and F&-PDF were assayed under
The E133A mutant was constructed by the Kunkel mutagen- ambient conditions using three different methods depending
esis method9) using the primer 5GGTGATCCATAGCA- on the substrate involved. Method A was employed for f-ML-
TGCTGAAT-3. The mutants were confirmed by sequencing pNA and Ac-ML-pNA, in which the deformylase reaction
the entire gene. was coupled to an aminopeptidase react®).(Method B
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was used for otheN-formylmethionyl peptides, and the uM was obtained for binding of 2-mercaptoethanol to E133A
release of the N-terminal amine was monitored with 2,4,6- PDF. To determine the binding affinity of f-MpNA to
trinitrobenzenesulfonic acid9). Method C was used for E133A PDF, the proteing, = 135 «M) was first mixed
N-formyl-S-thiaphenylalanyl peptides; deformylation of these with saturating amounts of 2-mercaptoethangi 1.2 mM),
peptides results in the release of a thiophenol molecule whichand the maximum absorbance increase at 670 AA}4Y
was quantitated using Ellman’s reageRt)( was measured. Next, increasing concentrations of faMIA
pH Profile. PDF activity was measured with f-MpNA (S = 40—-160 uM) were added to the above solution, and
(18 uM) (method A). The amount of PDF used in the assays the absorbance increaseA) at 670 nm was determined for
was 2.3 nM for wild-type Co-PDF and 6-®6 nM for each f-MLpNA concentration. Th&p value for f-ML-pNA
E133D Co-PDF, whereas the amountAdéromonasami- was determined by eq 2:
nopeptidase used was 6:5 units/mL. The reaction was
monitored continuously at 405 nm, and the initial rate was Kp = Kp'AA{§ — E[(AA . — AA)AA )
calculated from the early portion of the reaction progress [(AAL— AN} (2)
curve (30-300 s). The substrate to product conversion during
this period was kept at5%. All buffers contained 20 mM  whereKyp' is the dissociation constant of 2-mercaptoethanol
buffer material and 2.0 M NaCl. The buffers used were as (148 uM).
follows: pH 4.1-5.5, sodium acetate; pH 5%.5, Mes; pH To determine the binding affinity of chloride ion to the
6.6—7.5, Mops; pH 7.6-8.5, Tricine; pH 8.6-9.9, Ches; pH active-site metal, wild-type or E133 mutant Co-PDF was
10.0-11.4, sodium bicarbonate. The extinction coefficient dialyzed exhaustively against chloride-free buffers prior to
of p-nitroaniline at 405 nm was constant over the pH range use. The resulting protein sample {5800xM) was adjusted
tested ¢ = 1.06 x 10* M~* cm™%). The experimental data to contain 6-3.3 M NaCl. The pH value of the resulting
were fitted to eq 1: solution was checked on a pH meter and adjusted when
' necessary to ensure that there was no pH drift. The absorption
KeafKnn = (eaf ) ™[1 + HIKy, + KH] (1) spectra of the samples (120.) were recorded, and the
absorbance at 605 nm, was plotted against the chloride
where K.o/Ku)'™ is the pH-independent second-order rate concentration, [Cl]. The apparent dissociation consté&pt,
constantH is the proton concentration, aid; andK,, are was determined by fitting the experimental data against eq
the ionization constants of the free enzyme. The substrate3:
does not undergo any ionization event that affects the

catalytic rate in the pH range tested. A= Ag+ Ay ICIHI (K, + [CH]) 3)
To determine the effect of pH on the€y value, assay ) ]
reactions were similarly carried out with f-MpNA (5.8— whereAy is the absorbance at 605 nm in the absence of NaCl

180 uM). The same set of buffers as described above was@nd Amax iS the maximum absorbance at 605 nm in the
used but contained 50 mM NaCl (500 mM NaCl for wild- Présence of saturating concentrations of NaCl. The buffers
type PDF at pH 5.5). The amount of PDF used in the assayused were 100 mM Mes for pH 6.0, 100 mM Mops for pH
reaction was 2.0 nM for wild-type Co-PDF and 994 nM 6.7, and 100 mM Trisacetate for pH 8.0.

for E133D Co-PDF. Thé, and Ky values under various

pH conditions were obtained by fitting the observed initial RESULTS

rates against the Michaetid/lenten equation. Thie, values Preparation of Co(ll)-Substituted PDRVe initially at-

exhibited the same pH dependence askthéy value from tempted to substitute €b for Zn** by direct exchange

above. dialysis, but it was not successful because thé"Znetal
Absorption SpectroscopyAll absorption spectra were  was tightly bound and can only be removed by guanidine

recorded on a Perkin-Elmer Lambda 20 Ywis spectro- hydrochloride denaturation. Refolding of the denatured Zn-

photometer at room temperature. PDF samples were prepared®DF in the presence of €o did afford active Co(ll)-
in buffers of various pH as described above to give a final substituted PDF, but the highest T&Zn?" ratio obtained
concentration of 586250uM and transferred into a 100 was ~1:1. This is due to the difficulty in completely
quartz microcuvette. Buffers containing high salt concentra- denaturing Zn-PDF. Meanwhile, Groche et &) $uccess-
tions were prepared separately from the corresponding low-fully prepared large amounts of pure Fe-PDF by growing
salt solutions, and their pH values were carefully measuredthe overproducing cells in minimal medium supplemented
by pH meters. When PDF substrates or inhibitors were addedwith Fe#*. By using a similar growth medium enriched in
to the PDF samples, the pH values were again examined byCo** (100uM), we were able to produce predominantly Co-
either pH meter or pH paper to ensure that there was no pHPDF in large quantities (typical yield of 25 mg/L). The Co-
drift. PDF was purified in a fashion similar to that of Fe-PDF (see
Determination of Binding Constant®Vild-type or E133 Experimental Procedures). Metal analysis of the purified
mutant Co-PDF (56135 uM) was dissolved in 100 mM  samples shows that the &ocontent is typically 95% or
Tris*HCI buffer (pH 8.0) containing ©3.5 mM thiorphan higher, with the minor metal component being?Zi{Table
or 2-mercaptoethanol, and their absorbance values at 328 o). The presence of small amounts of?Zioes not pose a
670 nm were determined. The dissociation constait (  problem to our studies because the Zn-PDF is nearly 2 orders
were determined by fitting experimental data (absorbance of magnitude less active than the Co-PDF (Table 1) and zinc
increase AA) against the equationAA = AAna{l]/(Kp + is spectroscopically silent.
[11), where AAmaxis the maximum increase in absorbance at  Purification of PDF Mutants by Metal Affinity Chroma-
saturating concentration of the inhibitor.K¥y of 148 + 35 tography PDF mutants overexpressed n coli cells are
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Table 1: Metal Contents and Catalytic Activities of PDF Vari@nts

metal/polypeptide
Cu, Mn,

protein Fe Co Zn etc. kealKm (M~1s71)
Fe-PDF (WT) 1.03 0.00 0.07 0.07 (3.300.20)x 10°
Co-PDF (WT) 0.00 0.95 0.05 0.00 (1.110.18)x 10°
Zn-PDF (WT) 0.00 0.00 0.96 0.01 (3#0.7)x 10
Co-PDF-H (WT)  0.00 0.84 0.10 0.00 (1.120.07)x 10°
Co-PDF-H (E133D) 0.00 0.85 0.05 0.01 (1:50.1)x 1P
Co-PDF (E133A) 0.00 0.80 0.03 0.01 2230153
Co-PDF-H (E133A) 0.00 0.82 0.04 0.01 0.310.13

a Assay reactions were performed in 50 mM potassium phosphate
(pH 7.0) containing 10 mM NacCl.

often contaminated by the wild-type enzyme synthesized
from the chromosomatlef gene. To remove the wild-type
PDF contaminant, a six-histidine tag is placed at the N- and
C-termini of the plasmid-coded PDF, respectively. Addition
of an N-terminal histidine tag drastically reduced the catalytic
activity of PDF. The C-terminally histidine-tagged PDF
(PDF-Hs) is, however, well expressed and has identical
physical and catalytic properties as the wild-type enzyme.
For example, Co-PDF haslkay value of 19 s?, Ky of 18
uM, and keafKy of 1.1 x 10° M~* s7* toward f-ML-pNA.

The correspondind./Km value for Co-PDF-H toward
f-ML-pNA 1.2 x 10° M1 s 1 (Table 1). Meinnel et al. have
previously shown that the C-terminal 22 residues can be
removed with no effect on PDF activit?). The addition

of the C-terminal histidine tag permits its separation from
wild-type PDF on a cobalt affinity column28). This is
illustrated by the large difference in activity between Co-
PDF(E133A) and Co-PDF4{E133A) (Table 1), where the
former was contaminated with the wild-type activity. Unless
noted otherwise, all of the kinetic experiments in this work
used mutants that contained the C-terminal histidine tag,
whereas proteins without any histidine tag were used for
spectroscopic characterization (with the exception of E133D
Co-PDF-H).

Comparison of Fe-PDF and Co-PDF Propertié§e have
previously shown that native PDF is likely an %Fe
containing enzyme, which is highly unstabtg,(~ 1 min
at room temperature) due to oxidation of the catalyti¢'Fe
ion into the catalytically inactive Fé ion by molecular

Rajagopalan et al.

The catalytic properties of Co-PDF were evaluated with
a diverse set of substrates which have catalytic efficiencies
differing by 6 orders of magnitude (Table 2). Co-PDF is
highly active. For example, the./Ky for f-ML-pNA is 1.1
x 10° M~ s7% only 3-fold lower than that of Fe-PDF. The
cobalt enzyme shows the same substrate specificity as Fe-
PDF, with its catalytic activities toward all of the tested
substrates consistently-3.0-fold lower than those of the
iron enzyme (Table 2). Both Co-PDF and Fe-PDF show
similar pH dependence in their catalytic activities (see
below). Co-PDF was also inhibited by 1,10-phenanthroline
and a transition-state analogue inhibitol)-2-O-(H-
phosphonoxy)-caproyl+-leucylp-nitroanilide @4), with
similar inhibition constants<5-fold difference) to those of
Fe-PDF (data not shown). Taken together, the above results
suggest that substitution with €ohas not significantly
altered the catalytic properties of PDF. Therefore, Co-PDF
provides a reasonable surrogate for mechanistic investiga-
tions.

Catalytic Properties of E133 Mutantsslu-133 is the
second residue of the “signature” motif, HExxH, which is
universally conserved among all PDFs from over 2 dozen
distantly related bacterial organismg.(To assess its role
during catalysis, Glu-133 was mutated to alanine, aspartate,
cysteine, and glutamine. The E133A and E133D mutants
were well expressed and gave soluble proteins that were
purified to homogeneity, whereas the E133C and E133Q
mutants failed to produce soluble protein. Surprisingly,
mutation of Glu-133 to aspartate resulted in only a modest
reduction in activity, less than 10-fold for most of the
substrates tested (Table 2). The decrease in activity is
primarily due to a decrease in thg;value, whereas thi€y
value is essentially unchanged. In contrast to the high activity
of the E133D mutant, mutation of Glu-133 to alanine resulted
in 10°-fold reduction in activity, having &../Ky value of
0.31 M s ! toward f-ML-pNA (Table 1). We believe that
E133A PDF is catalytically inactive and the residual activity
observed is likely due to a small amount of active contami-
nant that was not removed by metal chelation chromatog-
raphy or was produced by translational misincorporation
during ribosomal protein synthesig%).

pH Profile AnalysisThe pH dependence of wild-type and
E133D PDF was studied using f-MA, f-MpNA, f-4-
thiaPhe-Lys-pNA 21), and f{-thiaPhe-OBn 21) as sub-

oxygen (L2). Therefore, a motivating reason behind this work  sirates, which all gave essentially identical pH profiles. These
is to find a PDF variant that is stable enough to permit stdies were somewhat complicated by the fact that PDF
detailed mechanistic investigations. To our delight, Co(ll)- yndergoes denaturation under acidic conditions, as evidenced

substituted PDF is highly stable; it can be stored for hours
to days at 4°C or at room temperature exposed to
environmental oxygen without any loss of activity. It is worth
mentioning that the Zn(ll)- and Ni(ll)-substituted PDF
enzymes are also highly stabl@«13). Thus, the extraor-
dinary lability of PDF appears to be uniquely associated with
the Fe-PDF form, providing further support that Fe-PDF is
most likely the physiological form. Co-PDF is denatured at
~2.2 M guanidine hydrochloride (Mig= 2.2 M), placing

its stability between those of Fe-PDF (MG= 1.7 M) and
Zn-PDF (MG = 2.6 M). The circular dichroism spectrum
of Co-PDF is identical to that of Fe-PDF (not shown).
Finally, the X-ray crystal structure of Co-PDF has been
determined to 2.1 A resolution and shows no structural
difference from the Zn-PDF, Ni-PDF, or Fe-PDF forms)

by loss of activity as well as protein precipitation at pt3.5.
Increase in the ionic strength of the buffer was found to
stabilize the protein, and therefore the pH profile studies were
carried out in the presencé M NacCl. Figure 1 shows the
pH profiles of wild-type Co-PDF, and E133D Co-PDk-H
determined with f-MLpNA as substrate. ThKy values of
the two enzymes are similar to each othe2(fold higher

for E133D PDF), and both are pH-independent (Figure 1A).
Therefore, the pH profile of the reaction velocity)(at 18

uM substrate represents the pH dependence dfthealue
(Figure 1B). Wild-type Co-PDF exhibits a flat pH profile
from pH 6.5 to 11.6. At pH<6.5, PDF activity decreases
with pH. Data fitting indicates the titration of a single active-
site group with an apparenkKpof 5.7. When the experiments
were carried out in the presence of 50 mM NacCl (instead of
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Table 2: Catalytic Activity of Various PDFs toward Peptide Substfates

enzyme substrate Keat (S71) Kwv (uM) KealKm x 1073 (M~1s7) relativekead Km®
Fe-PDF (WT) f-Met-LeupNA 70+2 20.3+ 1.3 3500+ 200
f-Met-Ala - — 8.82+ 0.86
Ac-Met-LeupNA - - 0.025+ 0.001
f-Met - — 0.0051+ 0.0006
f-Met-Leu-NH, 1320+ 40 2640+ 190 500+ 90
f-thiaPhe-OBn - - 6.20+ 0.30
f-thiaPhe-LeupNA - - 690+ 30
f-thiaPhe-LyspNA 86+ 6 27.1+5.9 32004 500
Co-PDF (WT) f-Met-LeupNA 19.1+1.9 17.8+ 3.3 11104180 0.32
f-Met-Ala - - 0.80+0.10 0.09
Ac-Met-LeupNA - — 0.0086+ 0.0004 0.35
f-Met - — 0.00029+ 0.00013 0.06
f-Met-Leu-NH, 1280+ 90 7360+ 800 170+ 60 0.35
f-thiaPhe-OBn - - 1.04+0.08 0.17
f-thiaPhe-LeupNA - - 62+ 1 0.09
f-thiaPhe-LyspNA 13.3+£0.4 29.9+ 0.8 445+ 2 0.14
Co-PDF (E133D) f-Met-LeipNA 4.24+0.1 28.1+ 0.6 150+ 10 0.14
f-Met-Ala - - 0.0075+ 0.0015 0.01
f-thiaPhe-OBn - - 0.494+0.01 0.50
f-thiaPhe-LeupNA - - 7.90+0.20 0.13
f-thiaPhe-LyspNA 0.99+0.01 18.2+ 0.7 55+ 1 0.12

a All assay reactions were carried out in 50 mM potassium phosphate (pH 7.0) containing 10 mM NacCl. Data presented arettt&niszam
three independent sets of experimeAtsMet-LeupNA, N-formylmethionylleucylp-nitroanilide; Ac-Met-LeupNA, N-acetylmethionylleucyp-
nitroanilide; f-thiaPhe-OBnN-formyl-g-thiaphenylalanyl benzyl ester;, no saturation under conditions used in this wérkor wild-type Co-
PDF, the activities are relative to those of wild-type Fe-PDF, whereas for E133D Co-PDF the activities are relative to those of wild-type Co-PDF.

1000 before reaching a plateau at pH 7.5 (Figure 1B). This again
A reflects the titration of a single group with an appareiks p
1o0L E133D of 7.3, which was shifted te-6.0 in the presence 50 mM
s ) n - » NacCl. Unlike the wild-type enzyme, the mutant exhibits a
S S— . . decreasing trend at pH9 (pKa = 9.5). This is likely due to
5 1o wT the deprotonation of D133 at basic pH, rendering the enzyme

inactive. The pH profile of E133A PDF could not be
1k determined due to lack of activity.

Absorption SpectroscopySubstitution of C&" for the
native metal in a metalloenzyme provides a useful spectro-
scopic probe of the enzyme active-site environment. This
technique has previously been employed to successfully
100 characterize numerous metalloenzynig).(Figure 2 shows
the electronic absorption spectra of Co(ll)-substituted wild-
type, E133D, and E133A PDF under various pH conditions.
The spectrum of wild-type PDF shows an intense absorption
at 325 nm é = 1100 Mt cm™), likely due to the ligand-
to-metal charge transfer (LMCT) from the ligating cysteine-
90 to the Cé". The magnitude of the extinction coefficient
is consistent with a spin- and symmetry-allowed transition
by the selection rules. In the visible region, PDF exhibits
three bands at 565, 640, and 660 nm which can be attributed
001 : : s ; : s to Co(lIl) d—d transitions. Empirical observations for Co(ll)
complexes with well-defined coordination spheres suggest

pH that the extinction coefficient of the—¢l transition absorp-
Ficure 1. Effect of pH on (A) theKy value and (B) thekalKw tions can be used as an indicator of the coordination number

value for wild-type (circles) and E133D PDF (squares). The lines (27): € > 300 M~ cmr for a four-coordinate complex: 50

drawn (in panel B) through the experimental data were based on - - . . o
the nonlinear least-squares fit to the equations described under< € < 300 M™* cm ! for a flVe'FOO"dlnate Site; and < 50
Experimental Procedures. M~1cmt for a six-coordinate site. The extinction coefficient

of 580 Mt cm™! (at 565 nm) for Co-PDF suggests that the
2 M NacCl), the pH profile was qualitatively similar, but the Cc?* ion in PDF is four-coordinate. This agrees with the
apparent K, decreased te-5.2 (this value was, however, crystal structure of Co-PDF, in which the metal ion is
complicated by partial denaturation of the enzyme at pH tetrahedrally coordinated by His-132, His-136, and Cys-90
<5.5). Wild-type Fe-PDF has the same pH profile as Co- from the protein and a water molecul&4(-18). A weak
PDF. For the E133D mutant, the activity increases with pH transition was also observed in the near-infrared regéon (

0.1 L 1 1 L 1 1

V, umol/mg/min
N S5

o
e
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FIGURE 2: UV-visible spectra of Co-PDF under various pH and salt conditions. (A) Wild-type PDF at pHL%.8, 50 mM NaCl; (B)
E133A PDF at pH 5.511.4, 50 mM NacCl; (C) E133D PDF at pH 6:31.4, 50 mM NacCl; and (D) E133A PDF in chloride-free buffers
(pH 5.3-9.5). Insets: plot of absorbance at 605 nm (675 nm in panel D) against pH.

~ 45 M7t cmt at 930 nm), corresponding to tHa, to value derived from the activitypH profile (~6.0). This
4T,(F) transition. Strikingly, the wild-type spectra show no transition has been assigned to the exchange of the metal-
significant changes when the pH of the solution was titrated bound hydroxide into metal-bound chloride ion (see Discus-
from 5.5 to 11.4 (Figure 2A), suggesting the absence of any sion). For both mutants, increase in pH also caused a blue
ionization event near the active site. This is, however, shift in the LMCT band, from 340 nm at pH6.5 to 310
consistent with the pH insensitivity of PDF activity in this nm at pH=9.0, but no change in the band intensity (Figure
range. 2B,C). The presence of the LMCT band over the entire pH

The absorption spectra of the E133D and E133A mutants Fange suggests that.pH changes di.d not disrupt the interaction
(in the presence of 50 mM NaCl) are similar to each other between the metal ion and the thiolate group of Cys-90.
but significantly different from that of wild-type Co-PDF To determine the actualikp value for the metal-bound
and are pH-sensitive (Figure 2B,C). At basic pH (pHO), water, E133A Co-PDF was dialyzed exhaustively against a
both spectra show absorption bands at 510, 550, and 675chloride-free buffer, and its absorption spectra were then
nm, and a shoulder at 650 nm. These spectra are very similarecorded at various pHs (Figure 2D). At pH 9.5, the chloride-
to that of Co(ll)-substituted carbonic anhydrase at high pH, free spectrum is identical to that obtained in the presence of
where the C&" ion is tetrahedrally coordinated by three 50 mM NaCl (same pH). However, at acidic pH (e.g., pH
histidyl residues and a hydroxide io28). At acidic pH (pH 5.3), a new spectrum emerged, with an absorption maximum
<6), the spectra are entirely different, showing three strong, at 570 nm and a shoulder at 645 nm. This spectrum is clearly
sharp bands at 565, 605, and 650 r»(600 M~ cm™1). different from that of the metal-bound chloride form or of
At intermediate pH, the spectra clearly represent the com- the metal-hydroxide form (Figure 2B) and is assigned as the
posite spectra of two independent species in varying propor-enzyme with a metal-bound water molecule (see Discussion).
tions. The presence of two isobestic points at 555 and 665The existence of two isosbestic points at 653 a0 nm
nm is indicative of the direct interconversion between two again indicates that the observed spectral changes with pH
species (no intermediates) as a function of pH. When the are caused by the interconversion between the metal-bound
absorbance change at 605 nm was plotted against pH, avater and metal-bound hydroxide forms. Plot of the absor-
simple sigmoidal curve was obtained for each mutant, bance at 675 nm against pH produces a titration curve with
corresponding to the change of a single functional group in a pK, of 6.5 (Figure 2D inset). This suggests that the active-
the active site (Figure 2B,C insets). Form the titration curve site metal ion is capable of generating a metal-bound
midpoints, apparent Ky, values of 8.0 and~6.0 were hydroxide under physiological conditions. Remarkably, the
obtained for the E133A and E133D mutants, respectively. E133A spectrum at pH 5.3 closely resembles the spectrum
The latter K, value (~6.0) agrees quite well with thekp of wild-type Co-PDF, suggesting that in the wild-type active
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We next determined the binding affinity of thiorphan to
wavelength (nm) wild-type and mutant PDF by titrating the enzyme with
Ficure 3: UV-—visible spectra of wild-type (panel A), E133A  increasing concentrations of the inhibitor and monitoring the
S it o ey Sas o o T s <oscrbance ot 28 nim. Dissociation constai 61 47
- - + 60 uM, 63 + 10 uM, and 73+ 27 uM were found for
Zééy.ples (52128 M) were prepared in 100 mM TRBICI (pH a1 e’ £133D, and E133A PDF, respectively. Based on
the fact that the two E133 mutants have similar absorption
site a water molecule is bound to the metal ion under pH spectra in both the free form and the thiorphan-bound form
5.5-11.4. Similar pH titration experiments were performed and have similar binding constants to thiorphan, and that
with E133D Co-PDF in chloride-free buffers, and an upper E133D PDF has significant catalytic activity, we conclude
pK, limit of 6.5 (pKa < 6.5) was obtained for the metal- that the E133D and E133A mutations do not result in
bound water (this mutant denatures at gid.5). significant structural perturbation in the active site.
Spectral Perturbations of Co-PDF by Effector Molecules/  Monovalent anions (e.g., CIBr~, and CN’) have been
lons. The availability of the spectroscopic probe in Co-PDF shown to perturb the spectra of Co(ll) complexes such as
permitted us to examine its interaction with substrates, carbonic anhydrase?8). Addition of 2 M NaCl had little
inhibitors, and other molecules/ions that may interact with effect on the spectrum of wild-type Co-PDF at pt¥ (data
the enzyme active site. Thiorphan is a weak, thiol-containing not shown). At pH<7, the addition 62 M NaCl resulted in
inhibitor of PDF K, = 189 uM to Ni-PDF) (29). We thus the replacement of the metal-bound water by a chloride ion,
employed thiorphan to probe whether the E133D or E133A as evidenced by the dramatic spectral changes (Figure 4A).
mutation has caused significant structural perturbation to the As the chloride-bound enzyme is likely catalytically inactive,
PDF active site. Figure 3 shows the spectral changes for bothwe believe that inhibition by chloride ion at acidic pH is
wild-type and mutant PDF upon the addition of excess partially responsible for the decreasing trend toward acidic
thiorphan. Although the overall spectra of the thiorphan pH observed in the activitypH profile (Figure 1). The
complexes are somewhat different between wild-type and E133D and E133A mutants underwent dramatic spectral
mutant enzymes, they all show similar changes with respectchanges upon the additiorf @ M NaCl, and the changes
to the free enzymes. First, the absorbance at 325 nm increasesccurred at any pH in the range of pH 5.01.4. Figure 4B
dramatically in intensity (it approximately doubled in the shows the spectral changes for the E133A mutant; similar
case of wild-type PDF), signifying the ligation of the changes were observed for the E133D mutant. At pH 7.8
thiorphan thiol to the C& ion. Second, the €d bands and in the absence of chloride ions, the E133A enzyme exists
exhibit both a red shift in absorbance wavelength and an primarily in the metal-hydroxide form. In the presence of 2
increase in intensity, a characteristic feature for sulfur binding M NaCl (pH 7.8), the 510 and 675 nm bands, which are the
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distinctive features of the Co(ll)-hydroxide species, com- Scheme 1
pletely disappeared. Three new bands appeared at 565, 605,

and 650 nm, with a concomitant increase in absorption I,((DD(:‘;;) = 1.8x10°
intensity. This spectrum (at pH 7.8 and in the presence of 2 N
M NacCl) is identical to that of EL33A PDF at acidic pH and Enz-Co-OH S Enz-Co-OH;
in the presence of 50 mM NaCl (Figure 2B). The same type pKa=6.5
of spectral perturbation by chloride ions was also observed
at pH 6.0, pH 9.6, and pH 11.4 (although at pH 9.6 and ~OH cr
11.4 the protein was only partially converted into the metal-
bound chloride form by the additionf @ M NacCl). In a Enz-Co-Cl
control experiment (at pH 7.8), the addition of 1 M Ko(cl) Ko
i 22 qax108 22D q7x104
ammonium sulfate had no effect on the E133A PDF Ko(oH) Ko@)

spectrum, demonstrating that the observed spectral changes
were not due to a simple change in the ionic strength. The
simplest explanation is that the hydroxide (water molecule)
and chloride ions compete for binding to the same coordina-
tion site on the metal ion and the addition of 2 M NaCl
shifted the equilibrium toward the metal-bound chloride form.

Hl)%i:ttélgage ?&OSS'S: Zgi?/in;?gy too bulky to be accom- respectively. As described above, the apparéht yalues
y : for the metal-bound water in E133D PDF at 50 mM and 2

The binding affinity .Of Cr ion to vyild.—type and mutant M NacCl are~6.0 and 7.3, respectively (Figures 1 and 2).
Co-PDF was determined by monitoring the absorbance Subtraction of the i, shift due to Ct inhibition therefore

increase at 605 nm upon the addition of varying concentra- _. o . o L
. ) gives an intrinsic g, of 5.6 in both cases. This is again in
gonzgnl:l3?;'3?0?;2fggﬁg{:ﬁé?;jggpéi /St7pkl,| %r?athe agreement with the experimentd{pvalue (<6.5) obtained
PP ' S from pH titration in the absence of NacCl.
1104 23 mM for E133D and E133A PDF, respectively; no S
binding to wild-type PDF was detected. Under weakly acidic The effect of substrate binding on the.spectra}l property
conditions, chloride ions bind much more effectively, with of the E133A mutant was assessed usmlg a high-affinity
apparenKp values of 88+ 14 (pH 6.7) and 2.5 0.4 mM S“bStra(;e'II;'\;'LpNAi Wh"]ih has dg;‘ of 19 5%, aK“ﬁjOf |1d8

) ot uM, and aka/Ky value of 1.1x 10° M~* s™* toward wild-
(pH 6.0) for E133D and E133A Co-PDF, respectively. The type Co-PDF (Table 2). Thip for the interaction between

affinity of chloride ions for wild-type PDF could not be .
reliably determined due to protein denaturation at acidic pH. f-ML- pNA anq E133A CO'.F?DF was d_etermmed to be 5.8
+ 0.6 uM, using a competition assay involving 2-mercap-

Two conclusions can be drawn from these observations. First,toethanol as a reporter. At pH 6.5. where the protein exists

the drastic changes in the apparé@tvalues as a function rimarily as the F?netal.-bou%d c.hl,oride form pno spectral

of pH are another manifestation that the hydroxide (water P! Y ; ' P
difference was observed in the presence or absence of 250

at acidic pH) and chloride ions compete for binding to the . .
same site of the enzyme. Thus, as pH decreases from 8.0 t¢M -ML- pNA (Figure 5A). At pH 9.8, where the predomi-

6.0 (the hydroxide ion concentration decreases by 100-fold), nant species is the metal-bound hydroxide form, the addition

the apparenkp value for E133A PDF decreases bb0- of 250 xM -ML-pNA again resulted in essentially no
fold. Second, the chloride ion binds to the three enzymes perturbation of the spectrum. There was no change either in

with the following decreasing order of affinity: E133A the absorbance vyavelengths or in the shape_ of the_ spectrum.
E133D> wild-type. Presumably, the carboxylate group of There are only minor changes in absorption intensity, WhICh
E133 (D133) stabilizes the m;atal—bound hydroxide ion IS par'uglly due to oversubtra(;tlon qf the_ background signal
(water) through either direct hydrogen bonding (e.g., in wild- (there is a trace amount @knitroaniline in the substrate).

. . . At pH 8.0, where the free enzyme exists as a mixture of the
type PDF) and/or hydrogen bonding via a water bridge (e.g., .
in E133D PDF). Such interaction(s) would be missing in metal-hydroxide and metal-Cforms, spectral changes were

the E133A mutant or when a chloride ion is bound to the cbserved upon the addition of ZW. f-ML- pNA (Elgurg
metal. Based on the appareii of 110 mM for chloride 5B). The spectrum of the-B c_omplex is essentially |den_t|cal
binding to E133A PDF at pH 8.0, we estimate that the to that of free_ enzyme at high pH_ (e.g., pH 9.8). Th'S can
hydroxide ion binds the active-site metal k110°-fold more best be explained by a substrate-induced conversion of the
tightly than the chloride ionKowcy/Koor = 1.1 x 107, metal-CI" form into the metal-hydroxide form. It also
Similarly, the relative affinity of the metal forOH vs HO re_mf_o rces the notion that the E133A mutant is capable of
[Ko HZO/kD on] is estimated to be 1.& 10°, based on the binding the substrate under these conditions. These results
obs(erved i&a)value of 6.5 for the metal-bound water in Sudgest that upon substrate binding there is no change in

. : the inner shell ligands for the metal ion. The high catalytic
E133A PDF (in the absence of Gl By using a thermody- L .
namic cycle (Scheme 1), we estimate that ®inds to aﬁtxltél/_oglwnzd'type and 5133.D _rlnutant_PIII)F_ toward f-ML-
E133A Co-PDF with 1.7x 10*fold higher affinity than a PNA (Table 2) prevented a similar optical titration experi-
water molecule. These results predict that the addition of 50 ment for these enzyme forms.
mM NaCl to E133A PDF would incr(_aase tht(p_value for DISCUSSION
the metal-bound water by 1.2 pH units to 7.7, in agreement
with the experimental data (apparer€,p~ 8.0 at 50 mM PDF was recognized as an important enzymatic activity
NaCl) (Figure 2B). Similar calculations for the E133D mutant more than 3 decades ago but until recently had totally eluded

revealed that the hydroxide ion binds to the metal in this
enzyme with 4.0x 10°-fold higher affinity than the chloride
ion [Kpcy/Kpon) = 4.0 x 10F]. This predicts that the addition
of 50 mM and 2 M NaCl to E133D Co-PDF at pH 6 would
increase the apparenkKpvalue by 0.35 and 1.7 pH units,
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Ficure 5: Effect of substrate binding (25M f-ML- pNA) on the
UV —visible spectra of E133A Co-PDF (G6M) at pH 6.5 and 9.8
(panel A) and pH 8.0 (panel B).
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purification or characterization. This is due to its extreme
sensitivity to molecular oxygen, which instantaneously
oxidizes the F& cofactor into catalytically inactive Fé

ion (12). The lability of PDF complicates both kinetic assays

Biochemistry, Vol. 39, No. 4, 2000087

and E133D mutants, whose catalytic and spectral properties
are pH-dependent. In the absence of inhibitory anions (e.g.,
CI), pH titration of the E133A PDF spectrum at 605 nm
produces a sigmoidal curve with &pof 6.5, indicative of

a single ionization event near the metal center. The 3D
structure of PDF shows a largely hydrophobic active site;
the only ionizable groups are the metal-bound water and the
side chains of Cys-90, Glu-133, His-132, and His-136 (
14—18). Because wild-type PDF does not show such a pH
dependence at pH5.5, Cys-90, His-132, or His-136 is
unlikely to be the ionizing group. Glu-133 cannot be the
ionizing group either, as it is absent in E133A PDF. Thus,
the only likely candidate for the ionizing group is the metal-
bound water. In principle, the observed spectral changes
could also be caused by pH-dependent changes in the protein
ligands or the geometry of the metal compl@6(27. The

3D structure shows that the metal ion not only is important
for catalysis but also plays a structural role, holding together
two lobes of the proteinl4—18). Mutagenesis studies have
shown that mutation of any of the three ligand residues
causes either total loss of the metal and protein denaturation
or severe reduction in affinity for the metal iohQ). Since
E133A PDF is a well-behaved protein with a tightly bound
metal ion over the pH range of 5:31.6, any change in the
three protein ligands is highly unlikely. Indeed, the LMCT
band was present under all pH conditions (pH-513.6). A
major change in the metal complex geometry is also unlikely,
as the same structural change would be expected to also take
place in the wild-type PDF. We therefore conclude that the
spectrum at acidic pH<6.5) represents Co-PDF with a
metal-bound water in the active site; as pH increases, the
metal-bound water is ionized to form a metal-bound hy-
droxide under basic conditions (Scheme 2). Consistent with

and its spectroscopic characterization, as it forms a precipitatethis assignment, the absorption spectrum of E133A PDF at

upon inactivation12). Also, native PDF is essentially silent
spectroscopically. Apart from a weak LMCT band~&295

nm ( ~ 500 M cm), Fe-PDF has no detectable
absorption in the visible region and is EPR-silebi)( In

this work, we have replaced the#éon with C&* ion, and

the resulting Co(ll)-substituted PDF retains essentially wild-
type activity and substrate specificity. In fact, Co-PDF has
a three-dimensional structure that is indistinguishable from
that of Fe-PDF 17, 18 and shares many of the important
properties of the native enzyme including an identical pH
profile and sensitivity to PDF inhibitors. A major difference
is that the Co-PDF is highly stable, providing a useful
surrogate for mechanistic investigation and PDF inhibitor
screening. In addition, the electronic properties of the Co-
() ion are highly dependent upon the identity and the
symmetry of its ligand environment, providing a sensitive
spectroscopic probe for studying the structuftenction

relationship in this enzyme. Indeed, numerous metalloen-

zymes (ZA" enzymes in particular) have been reconstituted
with Co(ll) ion (26). The cobalt-substituted enzymes are

basic pH is highly analogous to that of carbonic anhydrase
at a similar pH, in which the involvement of MieOH in
catalysis has been well-document@)(

Anions such as Cl dramatically affect the spectral
properties of E133A Co-PDF through direct binding to the
metal ion. Although the Clion binds to the active-site metal
110 000-fold less tightly than a hydroxide ion, its affinity
for the metal ion is 17 000-fold higher than that of a water
molecule. Consequently, the presence of even a small amount
of NaCl (e.g., 50 mM) in a protein sample results in
essentially quantitative replacement of the metal-bound water
by a chloride ion, and the observed spectral changes as a
function of pH are actually due to the interconversion
between metal-hydroxide and metal-chloride forms of PDF
(Figure 2). Because of its higher affinity for the metal ion
(as compared to water), Clions would be expected to
increase the apparenKpfor the metal-bound water mol-
ecule. This is precisely what we have observed: the addition
of 50 mM NacCl shifted the i§, value from 6.5 to 8.0 in
E133A Co-PDF (compare Figure 2B and Figure 2D).

almost always active (in some cases hyperactive) and have E133D Co-PDF has very similar spectral properties as the
provided significant mechanistic insights into these enzymes. E133A mutant. Examination of its spectral changes with pH
Because of the extensive structural and functional similarities detected a single ionizing group with &p< 6.5. Chloride
between Co-PDF and Fe-PDF, we believe that the mecha-ions perturb the E133D PDF spectrum in a similar manner
nistic insights gained through the cobalt enzyme should be as observed for the E133A mutant, but higher concentrations

relevant to the native PDF.
Spectral and pKAssignmentsThe insensitivity of wild-

are required for the former. Analysis of its catalytic activity
as a function of pH (in the presence2M NacCl), however,

type PDF to pH changes forced us to examine the E133A revealed two ionization events in the enzyme active site, with
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Scheme 2
Wild-Type
HO\(\/ (0] o
0 E133 0. o.
H\O/H’ - H* H\O/H —-H* H\O
l\|/I2+ pKy ~ 5.2 |\|/|2+ pKy>11.6 r\|/|2+
/ | AN / | AN / | AN
inactive active inactive
E133D
OY\ OY\ Oﬁ/\
D133
HO HO D133 o. D133
H\O/H - H+ H\O _H+ H\O
|\|/|2+ pKa=5.6 '\I/l o pKa=9.5 I\I/I -
/ | N / | AN / ’ AN
inactive active inactive
E133A
HaC_ HaC_
A133 A133
H\O H -H* H\O
r\IA 2 pK,=6.5 r\l/|2+
/ | AN /‘\
inactive inactive

pKa values of 7.3 and 9.5, respectively (Figure 1). We assign flat pH profile over the pH range of-611.6 suggests that
the first K, to the metal-bound water (Scheme 2); after the secondlg,is >11.6. We have also found that wild-type
subtracting the contributionyt? M NacCl, the intrinsic Ka PDF is much less susceptible to chloride inhibition than either
for the water molecule was found to be 5.6, similar to that of the E133 mutants. In the X-ray crystal structure, the metal-
of E133A PDF (K, = 6.5). Deprotonation of the second bound water/hydroxide is hydrogen bonded to Glu-133,
ionizable group (K. = 9.5) inactivates the enzyme but does sharing a proton between the two oxygen atodts—17).
not cause any noticeable spectral perturbation. Since theBecause the absorption spectrum of wild-type PDF at neutral
second ionization event is missing in wild-type and presum- pH closely resembles the E133A PDF spectrum at pH 5.3
ably also E133A PDF (in the pH-511.6 range), we assign  (Figure 2D), the shared proton should lie closer to the metal-
the second g, to Asp-133 in the mutant enzyme. Although bound oxygen than Glu-133, and, therefore, the wild-type
a K, of 9.5 may seem too high for a carboxyl group, it is PDF is effectively in the metal-bound water form (Scheme
not without precedent. Rebek et é80f have synthesized a 2). Removal of the shared proton would lose the favorable
rigid model compound in which two carboxyl groups are hydrogen-bonding interaction and generate two anionic
forced to face each other ata A distance. While the first  species (the metal-bound hydroxide and the carboxylate of
pK, of the diacid compound is 4.8, the secong,of the Glu-133) at a short distance~8 A), causing strong
compound was found to be 11.1. In E133D PDF, the electrostatic repulsion, hence the exceptionally high second
carboxyl group of Asp-133 is separated from the metal-bound pK, (>11.6). Under acidic conditions (pK5), a proton is
hydroxide by~4 A [based on th 3 A distance between Glu-  added to the metalwater—carboxylate unit, resulting in the
133 and the metal-bound water in wild-type POB(17)]. protonation of Glu-133 and inactivation of the enzyme. This
Therefore, electrostatic repulsion is likely responsible for the model explains many of the observed properties. For
raised X, of Asp-133. Another factor that may also raise example, when the distance between the metal-bound water
the K, is the fact that Asp-133 is situated in a hydrophobic and the carboxyl group is increased in E133D PDF, the
environment. Since Asp-133 is probably not in direct bonding second K, decreases to 9.5. Clions readily replace the
interaction (e.g., hydrogen bond) with the metal complex, metal-bound water/hydroxide in the E133D and E133A
its ionization should not affect the ligand identity or geometry mutants and inhibit the mutant enzymes, whereas they have
of the metal center and therefore does not change thelittle effect on the wild-type enzyme (at neutral pH). This is
absorption spectrum. because the metal-bound water is hydrogen bonded to Glu-
For wild-type PDF, pH profiles derived from both spectral 133 and therefore more tightly bound in the wild-type
and catalytic properties are identical and exhibit a single enzyme. Similarly, thiorphan has 7-fold higher affinity to
ionization event with a l§; of ~5.2 (Figures 1 and 2). The the E133 mutants than wild-type PDF because thiorphan
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Ficure 6: Proposed catalytic mechanism for PDF.

binding requires the displacement of the metal-bound water/therefore conclude that the metal ion is primarily responsible
hydroxide by the thiorphan thiol group. In a striking parallel, for the 8 orders of magnitude reduction in thi€,mf water
Co(ll)-substituted carboxypeptidase A, in which the metal- in E133A PDF. Second, the electronic absorption spectrum
bound water is hydrogen bonded to the catalytic residue Glu- of Co?" ions is very sensitive to changes in its ligand identity
270, is also insensitive to pH3{). Upon modification of or geometry. As described above, conversion of the metal-
Glu-270 with carbodiimide, however, the carboxypeptidase hydroxide form to either metal-Cform or a metal-HO form
became highly sensitive to pH or the addition of anions such resulted in dramatic spectral changes. Distinctive spectral
as the Cf ion. changes have also been observed when either the wild-type

Function of the MetalThe importance of a divalent metal
ion for PDF function is underscored by the total lack of
activity or folding in its absencel@, 13. Substitution of
Zn?* for FE#* leads to a highly stable protein that is again
structurally indistinguishable from the native enzyme by

or the E133A, E133D mutants were mixed with thiorphan,
ML-pNA (a competitive inhibitor withK, = 18 uM to wild-
type Co-PDF), oiN-(2-hydroxycaproyl)lysylp-nitroanilide
(a competitive inhibitor withK, = 4.6 M to wild-type Co-
PDF) (results not shown). However, the addition of saturating

X-ray crystallography and yet results in a decrease in catalytic concentrations of a substrate (f-MiINA) to E133A PDF
activity by more than 2 orders of magnitude, suggesting the induced little spectral changes at either acidic or basic pH
direct involvement of the metal ion in catalysisl( 17). Two (Figure 5). This result suggests that substrate binding does
possible functions have been proposed for zinc metallopep-not change the ligand environment and therefore the formyl
tidases 82). The metal ion may act to lower th&kpof its carbonyl is not coordinated to the metal ion in theSE
bound water, as has been observed in PDF. Alternatively,complex. Third, the X-ray crystal structure of PDF bound
the metal ion may act as a Lewis acid, polarizing the carbonyl with a tetrahedral H-phosphonate transition-state analogue
bond so that it becomes more susceptible to nucleophilic shows that only one of the two nonbridging phosphonate
attack by a water molecule. While for several extensively oxygen atoms is coordinated with the metal ion, replacing
studied zinc enzymes (e.g., carboxypeptidase A and ther-the metal-bound water in the native structufe)( The
molysin) the function of the metal is generally believed to second phosphonate oxygen of the inhibitor is pointed away
be deprotonation of the water nucleophile or a combination from the metal and Glu-133 and is instead hydrogen bonded
of both functions, a reverse protonation mechanism has beerto the main-chain NH of Leu-91 and the side-chain il
proposed, in which the sole function of the metal is to GIn-50. This is consistent with the metal-hydroxide mech-
activate the carbonyl of a scissile amide bo38,(39. In anism, with the metal-bound oxygen derived from the
the reverse protonation mechanism, the metal-bound waterhydroxide nucleophile and the second oxygen derived from
form is the catalytically active form, and upon substrate the carbonyl group. The Lewis acid mechanism would
binding, the metal-coordinated water is replaced by the require nucleophilic attack by an unactivated water molecule.
substrate carbonyl group. Such a mechanism predicts that=inally, the Ky values of both wild-type and E133D PDF
the Ky value would be highly pH dependent and increase are pH independent. This result is consistent with the notion
with pH, which is indeed true for both carboxypeptidase A that substrate binding does not involve carbonyl coordination
and thermolysin 3, 34. to the metal ion. It rules out a reverse protonation mechanism
In PDF, the metal ion functions primarily to deprotonate for PDF.
the water molecule. First, thekp of the metal-bound water Function of Glu-133In principle, Glu-133 may help ionize
in E133A PDF is 6.5. In the absence of Glu-133, no other the metal-bound water by abstracting one of the water protons
protein side chain in the PDF active site is capable of strongly (as a general base) and/or facilitate product formation by
influencing the acidity of the metal-bound water. We protonating the leaving-NHR group (as a general acid).
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Since the metal-bound water in E133A PDF haska pf

6.5 and Asp-133 in the catalytically active form of E133D
PDF is in the protonated state (Figure 1 and Scheme 2), a
general base function for Glu-133 (Asp-133) is unlikely or
at least not critical during catalysis. However, since the
E133A mutant is catalytically inactive, Glu-133 (Asp-133)
must be required as a general acid donating a proton to the
leaving amide ion. Presumably, the nucleophilic addition of
the metal-bound hydroxide to the formyl carbonyl can still
take place in the E133A mutant, but the tetrahedral inter-
mediate can only collapse back to the substrate because
formation of the negatively chargedNHR product is
energetically disfavored in the absence of the general acid.
Glu-133 may also stabilize the transition states through
hydrogen bonding interactions.

Catalytic MechanismFigure 6 illustrates our proposed
mechanism for PDF. In the free enzyme, the metal-bound
water is hydrogen bonded to Glu-133. In theSEEomplex,
the formyl carbonyl group is placed next to the metal-bound
water. Because theKp values for the metal-bound water
(6.5) and the carboxyl group of Glu-133-%) are similar,
the shared proton may be readily transferred from the water
molecule to the carboxylate generating the metal-bound
hydroxide, which attacks the formyl carbonyl group. In the
tetrahedral intermediate, the oxyanion derived from the
carbonyl group forms hydrogen bonds with the backbone
NH of Leu-91 and the side-chain NHf GIn-50, whereas
the other oxygen is ligated to the metal ion. Decomposition
of the tetrahedral intermediate proceeds by the re-formation
of the original G=0O bond, and during the second transition
state, the leaving NHR group is likely hydrogen bonded to
Glu-133. Transfer of the proton from Glu-133 to th&éINR
group and subsequent watdormate exchange complete the
catalytic cycle.

We have previously noted significant similarities in the
active-site structure between peptide deformylase and ther-
molysin (15). While we have not seen any evidence for a
Lewis acid role of the metal ion in PDF, substantial evidence
for Lewis acid catalysis has been accumulated in the case
of thermolysin 82). One might speculate that the two
enzymes have evolved to use slightly different mechanisms
because of their different physiological functions. The
carbonyl in a formyl group is intrinsically more susceptible
to nucleophilic attack than the carbonyl in a peptide bond,
due to lack of an electron-donatingcarbon atom. Indeed,
peptide deformylase has little activity towaklacetylated
peptides 2, 8). Although steric hindrance plays a role, the
electronic effect is clearly an important factor since difluo-
roacetylated peptides are efficiently hydrolyzed by peptide
deformylase §5). While a nucleophilic metal-hydroxide is
all it takes to cleave a formamide bond, a more elaborate
system is probably necessary to hydrolyze the inherently less
reactive peptide bond.
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