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ABSTRACT: Bacterial pyrazinamidase (PZAase)/nicotinamidase converts pyrazinamide (PZA) to ammonia
and pyrazinoic acid, which is active agaifgycobacterium tuberculosis.oss of PZAase activity is the

major mechanism of pyrazinamide-resistancévbyuberculosisWe have determined the crystal structure

of the gene product dPyrococcus horikoshi®99 (PH999), a PZAase, and its complex with zinc ion by
X-ray crystallography. The overall fold of PH999 is similar to thaNe¢arbamoylsarcosine amidohydrolase
(CSHase) ofArthrobacter spand YcaC oEscherichia colia protein with unknown physiological function.

The active site of PH999 was identified by structural features that are also present in the active sites of
CSHase and YcaC: atriad (D10, K94, and C133) and a cis-peptide (between V128 and A129). Surprisingly,
a metal ion-binding site was revealed in the active site and subsequently confirmed by crystal structure
of PH999 in complex with Z&. The roles of the triad, cis-peptide, and metal ion in the catalysis are
proposed. Because of extensive homology between PH999 and PZAdseubkrculosig37% sequence
identity), the structure of PH999 provides a structural basis for understanding PZA-resistahte by
tuberculosisharboring PZAase mutations.

Pyrazinamide (PZA}),an analogue of nicotinamide, is an "N "N
important first line drug for tuberculosis (TB)LY The Ej\ + o T2RESe Ej\ . i
addition of PZA to isoniazid and rifampin allows the N e Yo
conventional 9-month tuberculosis treatment to be shortened I [
to 6 months 2). These three drugs form the cornerstone for Pyrazinam(i)de Pyrazinoic‘;dd
initial tuberculosis therapy as recommended by the Centers
for Disease Control and PreventioB) (and short course
treatment by the World Health Organizatiod).( PZA- " "N
resistance bivlycobacterium tuberculosis highly correlated | + o eotinamidase | N,
with mutations in itspncA gene, which encodes pyrazina- AN e
midase(PZAase)/nicotinamidase activify-(11). These mu- ﬂ I
tations impair the ability of PZAase to hydrolyze PZA to Nicotinamide Nicotinic add
ammonia and pyrazinoic acid (Figure 1), which is the active
form of PZA because of its ability to inhibit fatty acid CHg oy
synthetase (FASI) oflycobacterium tuberculogil2). The ooe N+ o B oo, M+ NE, + €O,
physiological function of nicotinamidase is to convert NN NS
nicotinamide to nicotinic acid and ammonia (Figure 1) in " (I! "
the pyridine nucleotide cyclelB). The structural similarity N-carbamoylsarcosine Sarcosine
Esgvlyoeligeng;inam'de and PZA allows the same enzyme {0 rg re 1: Reactions catalyzed by PZAase, nicotinamidase, and

. CSHase.
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MATERIALS AND METHODS DENZO (22) and reduced with SCALEPACK2Q) and

. . o o programs in CCP4 packag23). The SeMet crystal was in
Bacterial Expression, Purification, and Crystallization of space groufP2; with unit cell dimensions o0& = 59.1 A, b

PH999. The subcloning of PH999 frorRyrococcus hori- =43.3A,c=66.1A, 8= 112.F. The structure was solved
koshiigenome was carried out according to the “sticky-end by multiple-wavelength anomalous dispersion (MAD) phas-
PCR” method 14). Two pairs of primers were used 10 jng method 24). Program SOLVE 25) was used to locate
produce two PCR products, which were mixed, heated, andihe 6 selenium sites in the asymmetric unit and to calculate
cooled to produce a DNA fragment with Ndel and BamHI jnitial phases which were further improved by solvent
sticky ends, which was in turn inserted into pET218)( flattening, NCS averaging, and histogram matching with
Thg protein was expressed in a methionine auxotrcEph, program DM in CCP4 package. Each asymmetric unit
coli strain B834 (DE3)/SJS1244§ 17), thatwas grownin - contained two monomers and two models were built using
M9 medium supplemented with selenomethionine. Native e program O Z6). However, the models could not be
protein was expressed in the same strain grown in LB efined successfully against the data set at remote wavelength.
medium. In the purification process, the cell lysate was gpecifically, R factors could only be lowered to 0.4 even
subjected to heating (80C for 30 min), anion-exchange \yhen the Fourier difference maB4— F.) revealed no extra
(HiTrap-Q, Pharmacia), and size-exclusion (Superdex 75, syrong density. This may indicate twining of the particular

Pharmacia) column chromatography. To avoid potential ¢rystal on which the MAD data was collected. The same
oxidation of the protein, 10 mM DTT was used in all buffers. difficulty was encountered on other crystals with cell

The initial crystallization conditions were screened with a yimensions ofa = 59.1 Ab=433Ac=661A08=
sparse matrix sampling methodgj (Hampton Research, 112 r although the solution was originally obtained in this
CA) using hanging drop vapor diffusion method at room pjt cell. A 2.05 A data set of native protein and a 1.65 A
temperature. Needle clusters of native protein were obtained,ago|ution data set of PH99Z 2+ complex were collected

in condition 10 of Hampton Research Crystal Screen (100 5t SSRL beamline 7-1 and at the Macromolecular Crystal-
mM sodium acetate, pH4.6, 200 mM ammonium acetate, |ography Facility beamline 5.0.2 at the Advanced Light
30% PEG 4000). Diffraction quality crystals were obtained gqrce of the E. O. Lawrence Berkeley National Laboratory,

by microseeding a drop consisting oful of 20 mg/mL
PH999 in 20 mM Tris-HCI, pH 7.5, 1 mM EDTA, andgL

of 100 mM sodium acetate, pH 4.6, 250 mM ammonium
acetate, 22.5% PEG 3350. It was critical that seeding be
performeal 1 h after vapor equilibration. The same crystal-
lizing condition and seeding technique yielded only long
needle crystals for the selenomethionine derivative of PH999.
Addition of 8% glycerol and increasing the PEG concentra-
tion to 27.5% in the crystallization solution greatly improved
the quality of selenomethionine crystals. Crystals of native
protein in complex with ZA"™ were grown in mother liquor
containing 100 mM sodium acetate, pH 4.6, 250 mM
ammonium acetate, 5 mM Zng£I8% glycerol, and 27.5%
PEG 3350.

Measurement of PZAase Adgty. The assay for pyrazin-
amidase activity was carried out according to Wayne's
procedure 19) with some modifications. In the reaction, 20
mM PZA was first incubated with 56M PZAase in 50 mM
sodium phosphate, pH 6.5, 10 mM DTT. At various time
intervals, 10QuL aliquots of the reaction and 1 of 20%
FeNH,(SOy), were added to 89@L of 100 mM Gly-HCI
(pH 3.4) and Oy was immediately measured. Since the
Km of pyrazinamidase is expected to be less than 1 20}, (
the activity measured in this way Ig, Of PZAase. The
activity was found to be 17.3 and 357mol of PZA
hydrolyzed/mg of PZAase/minute at room temperature or

respectively. These two crystals were als®® space group
but had a unit cell o= 33.0 A, b=43.4 A,c =558 A,

B = 101.2. The molecular replacement solutions for the

2.05 and 1.65 A (Z#H—PH999 complex) data sets were
obtained by using the structure model obtained from the
MAD data set as search model. The two structures reported
in this paper were refined against the 2.05 and 1.65 A/(Zn
PH999 complex) data sets using SHELX program. The
statistics of the data collection, reduction, and refinement is
shown in Tables 1 and 2.

CoordinatesThe atomic coordinates and structure factors
have been deposited into the RCSB protein data bank with
accession numbers 1lILW (native structure) and 1IM5
(PH999-Zn?" complex).

RESULTS

Architecture and TopologyA ribbon diagram of PH999
is shown in Figure 2. The secondary structure elements are
defined in Figure 3. The structure is comprised of a six-
stranded parallgf sheet with helices packed on either side
to form ana/g single domain. The strands are arranged in
the order 3-2—1—4—5—6 when numbered according to their
positions in the primary sequence. Three heliae?, a3,
ando4 are packed against one side of the central sheet while
ol and a long loop precedif@B are packed against the other

at 60°C, respectively. These numbers are comparable to theface.

values reported for other pyrazinamidas26, 21). When
the assay was carried out in the presence of 2 mM Zre8O
room temperaturek increased 19-fold to about 333nol/
mg/minute.

Structure Determinatioril he three-wavelength diffraction
data of 1.9 A was collected on a selenomethione derivative

Structural Similarities to Other Protein3he structure of
PH999 was compared to the protein structures in the protein
data bank (PDB) using the Dali prograr@9j. The two
proteins with the highest Z scores &tecarbamoylsarcosine
amidohydrolase (CSHase) Afthrobacter spand YcaC of
E. coli. These two proteins were also identified by PSI

crystal at the Stanford Synchrotron Radiation Laboratory BLAST (30) as homologues of PH999. Panels a and b of
(SSRL) beam line 1-5. Data collection was carried out under Figure 4 show superposition of PH999 with CSHase and
cryogenic conditions with the crystal being protected by 10% YcaC, respectively. CSHase hydrolyzblscarbamoylsar-

glycerol in mother liquor. All data sets were processed with cosine to sarcosine, carbon dioxide, and ammonia (Figure
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Table 1: Data Collection and Reduction Statistics

SeMé

peak edge remote ﬂ w
wavelength (A) 0.979 34 0.979 88 0.925 26 1.08 1.0
resolution (A) 1.9 1.9 1.9 2.05 1.65
no. of unique data 46 760 47 186 47 165 9862 18 049
redundancy 2.60 2.65 2.66 4.246 3.11
completeness 97.3 (82.2) 98.2 (92.7) 98.1(92.1) 99.2 (88.0) 97.3(81.9)
I < 30(l) (%) 24.5 (45.1) 24.7 (48.5) 26.8 (50.1) 13.8 (33.9) 1.5 (4.0)
Rmerge(%0)° 4.6 (20.0) 4.8 (19.9) 5.0 (21.9) 2.7 (9.3) 3.6 (6.4)
avgl/o(l) 24.3 (5.5) 24.3 (5.9) 23.0 (5.5) 42.5(17.4) 37.8 (25.5)
mosaicity 0.511 0.511 0.498 0.995 0.505

aSpace groufP2;. Cell: a=59.1 A,b=43.3 A c=66.1 A, =90.¢°, § = 112.T, y = 90.C°. Each monomer has three selenomethionines.
b Space groupP2;. Cell: a=33.0 A b=434A c=558A a=90.C, 5 =101.2, y = 90.C°. Two data sets, with short and long exposure
times, were taken on a single crystal and merged togetiiata shells 99.61.9 (1.93-1.90) A for the SeMe crystal, 20-2.05 (2.09-2.05) A
for native crystal, 20.681.65 (1.68-1.65) A for the crystal of PH999Zn?" complex.

crystals treated with aldehyde inhibito&l( 33). There are
indeed big cavities in the corresponding position of YcaC
and PH999 structures. Several structural features of the

Table 2: Refinement Statistics

native data Zn complex

resolution (A) 2.05 1.65 CSHase active site are also conserved in the cavities of
28: 8; ::;:gg::gﬂz ?;ﬁ?ee R 3;56 1(98.6%) 117772 17(97%) PH999 and YcaC. First, there isa triacj with similar geometry
R-factor (%) 18.1 15.3 in the bottom of each cavity. The triad consists of C133,
Riree (%) 25.7 232 K94, and D10 in PH999, C177, K144, and D51 in CSHase,
:ng gg”%ss(é)e ) ol-oéﬁ 02-0108 C118, R84, and D19 in YcaC (Figure 4, panels a, b, and ¢
no. of Wgters 9 88 127 and Figure 5a). Interestingly, a similar triad (C171, K126,
anisotropid3-refinement no yes and E46) is present iflN-carbamoylp-amino acid amido-
residues in Ramachandran plot {%) hydrolase (DCase), although DCase has a different, four-
21 dodﬁ:ifo"’}l‘flred 793'1 795'1 layer sandwich architectur84). Another conserved feature
disallowed 00 0.0 of 'ghe _three cavities is the presence of a cis-peptide bond,
a Anisotropic B refinement was carried out in ShebCalculated which is b.etween V128 and A129 in PH999, betwee.‘n Al72
by PROCHECK 27). and T173 in CSHase, and between V113 and V114 in YcaC,
respectively (Figure 4c). The cis-peptide bond is invariably
3,3 preceded by a glycine (G127, G171, and G112, in PH999,

CSHase, and YcaC, respectively) in sequence. Because of
the importance of the triad and cis-peptide in the catalytic
function of CSHase33), the cavities of PH999 and YcaC
are, in all likelihood, active sites as well.

Active Site with Zinc lonThe active site of PH999 is
surrounded by four loops that consist of residues from 10 to
23, 52 to 72, 94 to 103, and 128 to 133, respectively
(underlined in Figure 3). Residues that contribute a side chain
that lines the active site include D10, F15, L21, V23, D52,
H54, S60, W68, H71, K94, A95, E101, A102, Y103, V128,
A129, Y132, and C133. The volumes of the active site
cavities as calculated by VOIDOCB) are 10.5 and 47.5
A3 for CSHase and PH999, respectively. While the volume
of the cavity in CSHase structure is comparable to the volume
of its substrate, the cavity in PH999 is larger than the
expected substrate, pyrazinamide. Visual inspection of the
2.05 A structure revealed a potential metal ion-binding site,
Ficure 2: Ribbon diagram of PH99%-Helices ang3-strands are which is embedded in the cavity and lined with D52, H54,
color-coded in cyan and green, respectively. The three loops in S60, H58, and H71. Subsequently, it was found tha"Zn

red (from residues 10 to 21, 128 to 133, and 52 to 72, respectively) .
contribute most to the scaffold of the active site. Mutations that increased thek of the enzyme by about 19-fold. Other

confer PZA-resistance show some degree of clustering in the divalentions tested, including Mg Mn?*, C&*, and Cd*,
corresponding regions of PZAase Mf/cobacterium tuberculosis  did not increase the activity. The crystal structure of PH999

grown in the presence of 5 mM ZnCilvas solved by
1) in one of the two alternative pathways for creatine molecular replacement. A strong peak witho3@ F, — F
degradation31). YacC is a hydrolase of unknown specificity map was observed in the expected position and was attributed
and physiological function3?). The active site of CSHase, to Zr?*. The zinc ion is fixed in place by & of D52, N:2
which sits on the C-terminal side of the central parallel sheet, of H54, and N2 of H71, and the octahedral coordination is
has been identified by crystallographic studies on protein completed by three water molecules, water 203, 214, and
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[51_10 3,1 3,2 ol B2r\5254
PH999 1 MP@)‘“@}EM - PGGALPVP- BEDK- ILPKVNEYIRKFKEKGALIVATROWH - - P
PZRase Mtu 1 --MRALIIVDVONDFC-EGGSLAVT-GGAA-LARATISDYL-AEAADYHHVVATKDFHIDE
PZhase Mse 1 --MRALIVVDVONDFC-EGGSLAVT-GGAA-VARGITELL-AGDHGYDHVVATMDFHIDE
PZAase Eco 1 MPPRALLLVDLONDFC-AGGALAVP-EGDS - TVDVANRLIDWCQSRGEAVI ASQDWH - - P
CSHase 44 --RPAVIHIDLANAWTQPGHPFSCP-GMET-IIPNVQRINEAARAKGVEVFYTTNVY--R
Yecac 11 -NDAAVLLVDHQAGLL----- SLVRDIEPDKFKNNVLALGDLAKYFNLPTILTTSF- - -~
3,3 71 3304 B3
PH999 56 ENHIS-F-BERG----GP---------- WP -RHCVQNTBGAEFV - -VDL- - - PEDAV - - 1|
PZRhase_ Mtu 55 GDHFS----GTP-DYS88-=-======== WEP-PHCVSGTPGADFH--PSL---DTSAITEAV
PZhase Mse 55 GEHFS----DTP-DYQVS----------} s VADTPGAEFH - - PEF - - - DAGAVEVV
PZRhase Eco 56 ANHGS-FASQHGVEPYTPGQLDGLPQTFWP-DHCVONSEGAQLH--PLL- - -HQKAIAAY
CSHase 98 NRDASSG-TNDM----GLW------ YSKIPTETLPADSYWAQIDDRIAP- - -ADGEV--V
¥YcacC R e L ETGP--NGPLV--PELKAQFPDTP--Y
B3 s o2 Ba . 133 o3
PH999 92 %@ TEPDKEAYSGF ------ EGTD{AKI LRGNGVKRVYICGVATEY(VRATALDALKHG
PZhase Mtu 94 FYKGAYTG--AYSGF-EGVDENGTPLLNWLRQRGVDEVDVVGIATDHCVRQTAEDAVRNG

PZRase Mse 94 FREGHYSA--AYSGF-EGTDESGTTLADWLRERDVDAVDVVGIATDY CVAATAADAAGAG
PZRase Eco 10% FHEGENPLVDSYSAFFDNGRRQKTSLDDWLEDHEIDELIVMGLATDYCVEFTVLDALQLG

CEHase 142 IEKN------ RASAF------ PGTNLELFLTSNRIDTLIVTGCATAAGCVRHTVEDAIAKSG

¥YcacC 82 IARP----- GNINAW-=-=-=-=-- DNEDFVEAVKATGKKQLITAGVVTEVCVAFPALSATEEG
B5~ 315 -~ a4 -, ﬁ6\

PH999 146 mwnt@'vx-a— - IKPEDEERALEEMKSRGIKIVQF - - - - - - - -

PZAase Mtu 151 LATRVLVDLTAG--VSADTTVAALEEMRTASVELVCSS-------
PZRhase Mse 151 FATEVLTRLTAG--VAPESTTAAVDQLESCREDDOLTRG------
PZhase_Eco 169 YEVNVITDGCRCVNIQPQDSAHAFMEMSAAGATLYTLADWEETQG
CSHase 190 FRPIIPRETIGD--RVPGVVQWNLYDIDNKFGDVEST--------
YcacC 131 FDVFVVTDASGT- - FNEI TRHSAWDRLSQAGAQLMTW- - - - - - - -

Ficure 3: Multiple sequence alignment of PH999 (accession number BAA30096), pyrazinamidagsshafrichia coli(P21369),
Mycobacterium smegmati8AD11442), andMycobacterium tuberculos{®AB37768), CSHase (P32400), and YcaC (P21367). The alignment

of the four pyrazinamidases was made with PIMZ8)(program, while the alignment of PH999 with CSHase and YcaC was carried out

with Dali (29) program. The residues conserved in the pyrazinamidases are colored in green. The residues conserved in all six sequences
are colored in red. The residues in the four loops that line the active site are underlined.

223. The isotropic or average isotrofddactors of the zinc ~ teases 31, 33). By analogy, C133 of PH999 likely attacks
ion, protein ligands (side chains of D52, H54, and H71), the carbonyl carbon of PZA to form an acylated enzyme,
and water ligands (water 203, 214, and 223) are 13.37, 13.07 which decays to release pyrazinoic acid. The roles of the
and 18.63, respectively. These temperature factors comparether two members of the triad are not established, although
favorably with the overalB factors of 19.28 and 34.65 for  one of the residues is likely to act as a general base to activate
protein atoms and water molecules in the final model and C133. Because the equivalent of K94 is arginine in YcaC,
indicate that zinc and its ligands are well defined. The triad which can hardly act as a general base, we propose that D10,
and Zr¥* ion occupy the opposite side of the active sites, instead of K94, is the general base. D10 adopts two
leaving a space in the middle for substrate binding. Panelsconformations in the structure of PH999 in complex with
b and c of Figure 5 show the electron density maps of the zn2+, one of which is ideal for abstracting proton from C133.
zinc-binding site and a schematic diagram of the active site The exhibition of dual conformations may result from partial
with Zn?* ion, respectively. Zinc ions are more commonly protonation of D10 since pH of crystallization condition (4.6)
observed with tetrahedral coordination, especially in “zinc is close to the K, of an aspartic acid. K94 is in a position
finger” proteins where they are coordinated by sulfurs that to form an ion pair with either D10 or C133, therefore,
are rather large. However, octahedral coordination of zinc stabjlizing either the aspartate form of D10 or the thiolate
is not rare for oxygen and nitrogen coordination. One of the form of C133 in various stages of the catalysis. The thiolate
classic protein examples is zinc insulin that has two distinct of c133 can be further stabilized by the dipole moment of
octahedral zinc sites3¢). a3. The direct consequence of forming the cis-peptide is that
the amide hydrogen sticks out into the active site and forms
DISCUSSION a potential oxyanion hole with the amide nitrogen of C133.
Mechanism of Cata|ysi§fhe conservation of the active- The oxyanion hole is often observed in the structures of
site cysteine, the triad, and the cis-peptide among the Serine proteases, cysteine proteases, and many other hydro-
homologous proteins suggest that they play important roleslases that utilize a catalytic triad and plays a key role in
in catalysis. The role of the active-site cysteine can be catalysis by stabilizing the negative charge on the carbonyl
inferred from the biochemical and crystallographic studies oxygen in the transition state and the tetrahedral intermediate.
on CSHase. CSHase is strongly inhibited by thiol-modifying In the structure of PH999 and its complex with?Znthe
reagents33). In the crystal structures of CSHase in complex putative oxyanion hole is occupied by a water molecule
with aldehyde inhibitors, glyoxylic acid, or succinic semi- (Figure 5a), indicating that it is in fact capable of binding
aldehyde, C177 is modified by the inhibito33f. Therefore, an oxygen atom. This hypothesis is further supported by the
C177 was proposed to participate in covalent catalysis as astructures of CSHase in complex with aldehyde inhibitors
nucleophile, like the nucleophilic cysteine in cysteine pro- (31). Figures 5 and 6 of the cited paper showed that the
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= PH999
CSHase

= Yeal

Ficure 4: (a) Structure alignment of PH999 (green) and CSHase
(blue) by Dali @9). (b) Structure alignment of PH999 (green) and
YcaC (blue). (c) Alignment of selected residues in the active sites
of PH999, CSHase, and YcaC. The triad (C133, K94, and D10 in
PH999; C177, K144, and D51 in CSHase; C118, R84, and D19 in
YcaC) and cis-peptide (between V128 and A129 in PH999; A172
and T173 in CSHase; V113 and V114 in YcaC) are shown.

carbonyl oxygen of the aldehyde does interact with the two
amide hydrogens.

The Zr?*-binding site is not present in the CSHase or
YcaC structure. However, the residues involved in coordinat-
ing Zr?*t, D52, H54, and H71 are highly conserved in
pyrazinamidases. Therefore, metal ion utilization is likely a

general feature of pyrazinamidases. A metal ion may simply

stabilize a particular protein conformation or play a direct
role in catalysis. There is no structural evidence for the first
scenario. The binding of 2h induces no detectable con-

FIGURE 5: (a) 2.05 A electron density mapR2— Fc) of PH999
contoured at 12 in the vicinity of C133. (b) 1.65 A B, — F,
map (cyan, contoured at bandF, — F. map (magenta, 1
calculated with a model without 2h. (c) Schematic diagram of
Zn?*-bound active site.

(a) PZA binding, (b) the activation of C133 by D10, (c)
attack on the carbonyl carbon of PZA by the thiolate of C133,
and (d) the decay of the tetrahedral intermediate to release

formational change in the backbone structure of PH999, not ammonia and generate acylated enzyme. The second half of

even in the loop that forms the zinc-binding site (from residue
52 to 71). Enzyme-bound metal ions are known to provide
nucleophilic water for catalysis. One of the three¢Zbound

water molecules, water 214, is 4.6 A away from C133 in
the PH999-Zn?* structure and would have a clear path to
attack the carbonyl carbon of the thioester bond in the

the reaction involves (e) the attack of zinc-activated water
on the carbonyl carbon of the thioester bond, (f) the binding
of a water molecule, which (g) replenishes the nucleophilic
water and protonate D10, and (h) the decay of the tetrahedral
intermediate to release pyrazinoic acid.

Structural Basis for PZA Resistance of M. tuberculosis

acylated enzyme. Thus, we propose that the function of the Carrying PZAase Mutationg.he structure oM. tuberculosis

Zn?* jon is to activate water 214 for the hydrolysis of the
thioester bond. The increaselgf;by Zr?* is consistent with
this proposal.

pyrazinamidase is expected to be very similar to that of
PH999. The two proteins share 37% sequence identity. Of
the 15 residues that are expected to line the active site based

On the basis of the above discussion, we propose aon sequence alignment (Figure 3), only V128 and Y132 of

mechanism for PZA hydrolysis by PZAase as illustrated in
Figure 6. The hydrolysis reaction can be largely divided into
two halves. In the first half of the reaction, the enzyme is

PH999 are not conserved between the two. Therefore, the
structure of PH999 should lend insight into the structural
basis of loss of PZAase activity observed in PZA-resistant

acylated at C133 through a thioester bond. This half involves M. tuberculosistrains. Studies on these strains have unveiled
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Ficure 6: Proposed mechanism of PZA hydrolysis by PZAase.
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