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ABSTRACT: Atrazine chlorohydrolase (AtzA) frorRseudomonasp. ADP initiates the metabolism of the
herbicide atrazine by catalyzing a hydrolytic dechlorination reaction to produce hydroxyatrazine. Sequence
analysis revealed AtzA to be homologous to metalloenzymes within the amidohydrolase protein superfamily.
AtzA activity was experimentally shown to depend on an enzyme-bound, divalent transition-metal ion.
Loss of activity obtained by incubating AtzA with the chelator 1,10-phenanthroline or oxalic acid was
reversible upon addition of Fe(ll), Mn(ll), or Co(ll) salts. Experimental evidence suggests a 1:1 metal to
subunit stoichiometry, with the native metal being Fe(ll). Our data show that the inhibitory effects of
metals such as Zn(ll) and Cu(ll) are not the result of displacing the active site metal. Taken together,
these data indicate that AtzA is a functional metalloenzyme, making this the first report, to our knowledge,
of a metal-dependent dechlorinating enzyme that proceeds via a hydrolytic mechanism.

Chlorinated compounds have been heavily used throughoutScheme 1: Upper Part of the Catabolic Pathway for the
industry and agriculture. These compounds often contaminateDegradation of Atrazine via AtzA, AtzB, and AtzC
soils and persist until they are metabolized by microorgan- a on
isms (l—8). Commercial chlorinated compounds designed )\ AtzA N
for environmental release include insecticides, fungicides, )"|\ /L O )"|\ /'L
and herbicides. Atrazine (2-chloro-4-ethylamino-6-iS0pro- .o ™ ey, AI’ R 0 W

pylaminos-triazine) and simazine (2-chloro-4-ethylamino- Atrazine Hydroxyatrazine

6-ethylaminos-triazine) are widely used members of a very o

successful class of chlorinated herbicides that contain an AtzB

s-triazine ring. CHCHINHy
Bacteria that use atrazine or simazine as their sole nitrogen on on

source for growth have been identifi¥11). Pseudomonas /j\ AtzC /k

sp. ADP is one of the most well-studied atrazine-degrading N7 SN N7 Sy

bacteria and metabolizes atrazine to carbon dioxide, am- )l\ /A )'\ /*

monia, and chloride ion1@Q). The catabolic pathway is mo” N om (CHneE no” N Cnmcmci,

initiated by three enzymes, AtzA, AtzB, and At2@yhich Cyanuric Acid N-isopropylammelide

catalyze hydrolytic reactions that transform atrazine via

hydroxyatrazine anéll-isopropylammelide to cyanuric acid Atrazine chlorohydrolase, AtzA, has been purified to

(Scheme 1). homogeneity from recombinanE. coli and shown to
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Initial studies showed that AtzA had very low amino acid ~ Apoenzyme PreparationApoenzyme (apoAtzA) was
sequence identity {25%) in pairwise comparisons with  prepared by incubating 54M purified AtzA in 25 mM
sequences in the GenBank database. More recently, howeveiMIOPS (pH 6.9), containing 10 mM KCI and 1 mM 1,10-
AtzA was discovered to contain consensus amino acid phenanthroline (buffer B) at 3T for 90 min. The solution
sequences characteristic of proteins in the amidohydrolasewas concentrated using a Centriprep 10 filtration unit
protein superfamily described by Holm and Sandét (.8). (Amicon, Beverly, MA) and loaded onto a 16 13 cm
It is well-established that many members of the amidohy- Sephadex G-25 column equilibrated with buffer A to separate
drolase protein superfamily bind catalytically essential transi- the protein from metal-bound 1,10-phenanthroline.
tion metals: urease contains Ni(ll), adenosine deaminase Influence of Metals on ApoenzymgoAtzA (33uM) was
contains Zn(ll), and cytosine deaminase fr&m coli has incubated with buffer A containing a 0.2 mM concentration
Fe(ll) (19—21). Therefore, more detailed studies concerning of various metal salts for 30 min at 2& and assayed as
the influence of metals on AtzA activity and the metal described above. Concentrations of 0.5 mM Ga@t 1 mM
content of AtzA were required. MgCl, were also used.

In this study, we report that AtzA is a metalloenzyme that ~ Reconstitution of Apoenzyme with Meta#l@oAtzA was
uses Fe(ll), Mn(ll), or Co(ll) to catalyze the hydrolytic incubated with 0.5 mM metal, in the presence or absence of
dechlorination of atrazine. Spectroscopic analyses indicated100 mM sodium bicarbonate, for 15 min to 12 h atZ3
that the Co(ll) enzyme is likely a five-coordinate species. The reconstituted enzyme was passed through a Sephadex
To our knowledge, AtzA is the first reported metal-dependent G-25 column and eluted with buffer A to remove unbound
chlorohydrolase. metals.

Ultraviolet—Visible Spectroscopy.Two samples of
MATERIALS AND METHODS Co(ll)-reconstituted apoAtzA (Co(H)AtzA), at 267 and 438

Bacterial Strains and Protein PurificatioAtrazine chlo- uM, respectively, were prepared from different native
rohydrolase (AtzA) was purified frof&scherichia colDH5a enzyme batches by placing apoenzyme in an anaerobic
(pMD4), containing the clonedtzAgene 22). Cultures were ~ cuvette that was sealed with a rubber septum and made
grown overnight at 37C in Luria—Bertani (LB) medium anaerobic by flushing with moist argon gas. An anaerobic
(23), supplemented with chloramphenicol (89/mL). Cells Co(ll) stock solution, prepared by mixing CoClystals with
were lysed and protein purified as previously descrilde3)l. ( buffer in an argon atmosphere, was added to the apoenzyme

Enzyme Assaytrazine hydrolysis was assayed spectro- under anaerobic conditions at a 0.9 metal to subunit
photometrically at 262 nm in 25 mM 3N{morpholino)- stoichiometry. Spectra from 200 to 1100 nm were taken in
propanesulfonic acid (MOPS) buffer, pH 6.9, 10 mM KCI the presence and absence of the substrate analogue ami-
(buffer A) with 150 uM atrazine at 23°C as previously  noatrazine. Extinction coefficients were determined on the
described 24). The extinction coefficient of atrazine in this  basis of Co(ll) concentrations, using a baseline zero absor-
buffer was determined to be 3.42 mMcm™1. The water bance at 970 nm. Data were acquired using a Beckman DU
solubility of atrazine, 153M at 22°C, is very close to the = 640 spectrophotometer (Beckman Coulter). Control samples
estimatedK,, for AtzA of 149 uM (13, MSDS Novartis), in 25 mM MOPS buffer (pH 6.9) were also analyzed and
making measurement of accurate kinetic parameters difficult. included buffer alone, apoenzyme, CaCFeSQ, FeCk,
Reproducible specific activity measurements were observedaminoatrazine, or Coglin the presence of aminoatrazine.
with single-enzyme preparations and are reported here. Electron Paramagnetic Resonance (EPR) Spectroscopy.

Protein Concentration DeterminationBrotein concentra-  Samples used for UVvis spectroscopy were transferred
tions for quantitative metal analysis studies were determinedunder an argon atmosphere to quartz EPR tubes and frozen
using a Beckman 6300 amino acid analyzer (Beckmen by slow immersion in liquid nitrogen. X-band EPR spec-
Coulter, Fullerton, CA) at the Microchemical Facility, troscopy was performed using a Bruker E500 spectrometer
Human Genetics Institute, University of Minnesota. Routine (Billerica, MA) equipped with an Oxford Instruments ESR-
determinations of protein concentrations were performed with 10 liquid helium cryostat. EPR spectra were manipulated with
the BioRad Protein Reagent (Hercules, CA), using bovine WIinEPR 2.11 (Bruker) and simulated following a protocol
serum albumin as a standard. for the high-spinS = 3/, Co(ll) spectra 25, 26). The Qe

Influence of Metals on Nate, Isolated AtzAEnzyme was  values were estimated using simulations from the WinEPR
incubated with a 0.2 mM concentration of various metal salts Simfonia 1.25 program (Bruker) that treated 8 %/, high-
for 30 min at 23°C. Specific activities were determined in  spin Co(ll) species as an effecti® = 1/, system. The
buffer A, as described above, with final metal concentrations program Rhombo, courtesy of Professor W. R. Hagen (Delft
of 0.1 mM. Among the compounds tested were GoCl University of Technology, The Netherlands), was subse-
MnSQy, NiCl,, CuCh, ZnSQ,, FeCk, and FeSQ To ensure guently used to determine the nearest theoretically allowed
that Fe(ll) remained in the reduced state, 0.5 mM cysteine ger Values from isotropiag tensor and rhombicity H/D)
and 1.5 mM dithiothrietol (DTT) were added to incubation values. The correspondence between the simulated and
and reaction buffers containing Feg®@he following metal theoreticalgerr values indicated the quality of the simulation.
salts were also tested at the concentrations indicated: 1 mMValues forges,,» from simulation are presented, followed
CaCl, 2 mM MgCl, 1 M KCI, 1M NaCl, 1 M N&aSQ,, and by those from theory in parentheses.

1 M K3SO. Power saturation studies were used to estimate the

Metal Analysis.AtzA was hydrolyzed and the metal coordination number of the metal centg7{-29). Py, values
content was quantified via inductively coupled plasma atomic for Co(ll)—AtzA were determined at six temperatures
emission spectroscopy (ICP-AES) as previously describedranging from 7.9 to 12 K. The program ORIGIN 5.0
(13). (OriginLab Corp., Northampton, MA) was used to iteratively
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*

AtzA (58)VLPGFIN N (70)..(235) DRAVMWT ESDHDER- (252)...(266) GLLDERLQVAHCV (278)..(325) G GNSNDSVNMI (338)...(474)
GAH (74)IVPGLVD P(86)..(234)DLYIQS- SENREEIE- (249)..(269) NLLTNKTVMAHGC (281)...(328) GIOYAGGYSYSMLD (341)...(454)
CodA (54)VIPPFVE D(66)..(209) DRLIDV- DEIDDEQSR(225)..(238) G-MGARVTASHTT (249)..(311) GHOQDVFDPWYPLGT (325)..(427)
Ada (5) TLP-LTD D(16)..(189) DAGWHIT GEAA----- (202)..(215)GA--ER--IGHGV (223)..(276) NIODPGVQGV-DITI (288)...(333)

Ficure 1: Sequence alignment of AtzA with other members of the amidohydrolase superfamily. AtzA Bssmrdomona8DP (g6226558),

guanine deaminase (GAH) froMus musculugg9910725), cytosine deaminase (CodA) fr&ncoli (g116845), and adenosine deaminase

(Ada) fromE. coli(g7428273). Boxed residues are metal ligands established by X-ray crystallography for Ada and CodA, and corresponding
residues in the other proteins. The conserved histidine shown in the Ada and CodA crystal structures to hydrogen bond to the nucleophilic
water is indicated (*).

caused inhibition in the absence of Fe(ll). Using a separate

Table 1: Influence of Metal Salts on the Activity of Native AZA . - -
enzyme preparation that contained a 1:1 Fe(ll) to subunit

% relative % relative N p .
addiion  native activity addition native activity st0|qh|ometry, the effgcts of DTT alqne were investigated.
100 0.2 MM CuG] oo Addition of Fe(ll) by itself resulted in no increase, 99
goznrenM MnSQ 113+ 4 02 mmM an% <0.2 7%, of native activity, while addition of DTT in the presence
2 mM MgCl, 109+7 0.2 mM CoC} 184+ 13 or absence of Fe(ll) resulted in 86 6% and 86+ 4% of
1 mM CaCh 94+1 0.2 mM FeSQ, 1684+ 40 native activity, respectively.
0.5 mM cysteine, s
15 Quantitation of Bound Metallhe metal content of several
5 mMDTT .
0.2 mM FeC} 37+23  0.5mM cysteine, 22 enzyme preparations was analyzed by ICP-AES (Table 2).
1.5mMDTT The native enzyme, as isolated from the AtzA-overproducing
0.2 mM NiCh 42+15 strain of E. coli (pMD4) grown in LB medium without metal

a Activities were determined for two different enzyme preparations supplementation, contained 0.5 iron atom per 52.4 kDa
and expressed as a percentage of the native enzyme activity (4.4 andnonomeric polypeptide subunit. Subsequent studies, using
3.0 umol/min)/mg). Averages of the two preparations are displayed jncreased protein concentrations during protein purification
In the table. procedures, resulted in protein with 1.480.03 iron atoms
per subunit. ICP analysis indicated that there was less than
0.08 manganese, copper, chromium, nickel, cadmium, cobalt,
or zinc atom per protein subunit. Treatment of the enzyme
with 1,10-phenanthroline reduced the iron content to ©.07
0.14 atom per monomer and produced an enzyme with
negligible activity (3-8%). The apoenzyme preparations
used for Co(ll) reconstitution routinely contained 0£2.02
iron atom per subunit.

Reconstitution of several different apoenzyme preparations
with Co(ll) resulted in AtzA containing cobalt at a level of
RESULTS 0.5-0.9 atom per subunit. The Co(ll) content of Coftl)

Sequence AnalysiShe amino acid sequence of AtzA was AtzA paralleled activity increases when copper was ab_sent
aligned with those of adenosine deaminase and cytosine(Table 2, Co(ll)-AtzA preparations 1 and 3). Iron levels in
deaminase. The regions shown in Figure 1 include the four the Co(ll}-AtzA did not differ significantly from those of
metal ligand residues in adenosine deaminase and cytosiné@Poenzyme preparations. With the presence of both cobalt
deaminase that have been identified by X-ray crystallographyand iron, the reconstituted metal-to-subunit ratlo'ranged from
(20, 21). A fifth ligand, water, completes the coordination 0.5 to 1.0. Co(ll)-AtzA (212 uM) was treated with CuGl
sphere for adenosine deaminase and cytosine deaminasd550 #M), passed through a Sephadex G-25 column to
Although sequence identities in pairwise comparisons were Separate the protein from unbound metal, and analyzed for
modest (26-30%), the adenosine deaminase metal ligands Metal content. The enzyme had 2.5 copper atoms bound per
are conserved throughout the set, suggesting a functional roleSubunit, but 0.5 cobalt and 0.1 iron atoms were still bound
for these conserved three histidines and one aspartate irfP€r subunit. Thus, cobalt and the residual iron remained
AtzA. bound to the enzyme after copper binding. The inhibitory

Effect of Metal lons on Nate AtzA Actiity. Incubation ~ €ffects of copper are also observed in CotWzA prepara-
of native AtzA with various divalent metal cations signifi- tion 2 (Table 2). Thus, the presence of copper in preparation
cantly affected enzyme activity (Table 1). Co(ll) and Fe(ll) 2 is most likely the reason for its observed lower activity
salts increased the activity of freshly isolated enzyme up to compared to those of the other preparations.

fit the plots of power versus the normalized 16§05 with
the equation

log(I/P*%) = (1 + PIP,,) ™
wherel is the peak to peak signal intensify s the power,

andb is the inhomogeneity parameter with a value ranging
from 1 to 3 @0).

2-fold. Mg(ll) and Ca(ll) salts had virtually no effect on
activity. Cu(ll) and zZn(ll) salts caused complete inhibition,
while Ni(ll) and Fe(lll) each showed approximately 50%
inhibition. Cysteine and DTT were included with Fe(ll) to

Chelator Effects and Apoenzyme PreparatidizA treated
with 1,10-phenanthroline had an absorbance maximum at
510 nm. This wavelength corresponds to a melal0-
phenanthroline complex3(—34), which can be removed

maintain the iron atom in the reduced state, but the reductantsfrom the enzyme by dialysis. Enzymatic activity decreased

alone were not responsible for the activation and, in fact,

over a 90 min period with a corresponding increase in
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Table 2: Metal Content of AtzA Preparatiéns

concn (M)
activity AtzA metal:subunit ratio
enzyme (units/mg) subunit Fe Co Cu Fe Co Fe Co
native 4.1 76.6 37.5 nd nd 0.5 nd 0.5
1,10-phenanthroline, metal stripped <0.01 7.6 0.5 nd nd 0.07 nd 0.07
Co(Il)—AtzA, prep 1 8.0 24.9 2.8 12.2 nd 0.1 0.5 0.6
Co(ll)—AtzA, prep 2 5.0 125 1.8 9.1 25 0.1 0.7 0.8
Co(Il)—AtzA, prep 3 12.0 27 3.2 24.2 nd 0.1 0.9 1.0
Cu(ll)-treated Co(lly-AtzA, prep 1 0.2 11.6 1.4 5.8 29.0 0.1 0.5 0.6
and = not detected, less than 0.201 Co or 0.41uM Cu.
0.20
100
100 A . > 2
P D‘ —
7] 2 801
2 Lo.15 © k3
> 3 < 60
- oD o
Q 3 2 40
> 0.10 8 % _
Lo. ®
.g _— X 20
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° o 0 . - .
4 r0.05 3 0 50 100 150
3 Co(ll) Concentration (M)
0 0.00 Ficure 3: Activation of AtzA apoenzyme by Co(ll). AtzA

4I0 60
Time (min)

100

Ficure 2: Inactivation of AtzA by 1,10-phenanthroline. AtzA (32.6
uM) was incubated with 0.5 mM 1,10-phenanthroline in 25 mM
MOPS-NaOH, pH 6.9, 10 mM KCI at 23C. Asionm from the
1,10-phenanthrolinemetal complex was monitored). Aliquots
were removed at the indicated times and assayed for activity.
Activities were expressed as a percentage of the initial activity (4.5
(umol/min)/mg) @). The curves represent a first-order fit to the
data.

Table 3: Activation of AtzA Apoenzyme by Metdls

% relative % relative
addition native activity addition native activity
none 4+1 0.2mM NiCh 4+1
0.2 mM MnSQ 23+6 0.2mM CuC} 1+0
1 mM MgCl, 3+1 0.2mMCoC} 2414 47
0.5 mM CaC} 3+1 0.2mM FeSQ 105+ 27
0.5 mM cysteine,
1.5mMDTT
0.2 mM FeC} 44+ 1 0.5 mM cysteine, 3
1.5mMDTT

a Activities were determined for two different enzyme preparations

apoenzyme (2#M) was incubated with the indicated concentrations
of CoCk in buffer A for 12 h at 23°C and assayed for activity.
Activities were expressed as a percentage of the maximum activity
(12.0 emol/min)/mg).

observed with longer incubation times. The presence of 100
mM sodium bicarbonate in reconstitution experiments did
not affect enzymatic activity or reconstitution times. Incuba-
tion with Co(ll), Fe(ll), or Mn(ll) significantly activated the
enzyme. However, Fe(lll), Mg(ll), Ca(ll), and Ni(ll) did not
reconstitute activity, and Cu(ll) caused a decrease in the small
amount of residual activity present in the apoenzyme.
Because DTT and cysteine, used in this study to maintain
the iron in an Fe(ll) oxidation state, showed inhibitory effects
on AtzA (Table 1), Co(ll) or Fe(ll) was also added to a
different apoenzyme preparation without thiol reagents and
under anaerobic conditions. When reconstituted with Fe(ll),
the activity was 180t 73% of the original native enzyme.
The Co(ll)-reconstituted apoenzyme had an activity of 201
+ 53% of the native enzyme. This is significantly higher
than that of the native enzyme, though not significantly
different from that of the Fe(ll)-reconstituted enzyme. These

and expressed as a percentage of the native enzyme activity (4.4 andesults show that both Fe(ll) and Co(ll) can reconstitute

3.0 wmol/min)/mg). Averages of the two preparations are displayed
in the table.

absorbance at 510 nm (Figure 2). A first-order fit of these
data produced rate constants of 0.3 and 0.4 firespec-

apoAtzA to activities equal to or greater than that seen with
the native enzyme.

Co(ll) Reconstitution Stoichiometrirhe dependence of
AtzA activity on Co(ll) concentration was assayed in
reconstitution experiments (Figure 3). ApoAtzA (2¥1) was

tively. Subsequent chelation experiments routinely reduced incubated with varying concentrations of Co(ll). The activity

AtzA activity to less than 3% of the holoenzyme activity.
AtzA, incubated at 23°C for 90 min in the absence of
1,10-phenanthroline, retained greater than 95% activity. In
addition, AtzA incubated with a 26M concentration of the
chelator oxalic acid had no detectable chlorohydrolase
activity (data not shown).

Reconstitution of Apoenzyme with Metd&®constitution

of the enzyme increased linearly as a function of increasing
Co(ll) concentrations at substoichiometric concentrations.
Maximum activity was at 24«M Co(ll), corresponding to
0.9 cobalt atom per polypeptide monomer.

Zn(ll) Effects on AtzAZn(ll) added to holoenzyme in large
excess inhibited enzyme activity (Table 1). However, activa-
tion was observed when apoAtzA was incubated with

of enzyme activity was tested by incubating apoenzyme with Zn(ll) at concentrations up to a 1:1 stoichiometry with respect
various metals (Table 3). The metals were preincubated withto the polypeptide subunit (Figure 4). This result suggested
apoenzyme for 15 min to 12 h. No increase in activity was that Zn(ll) can coordinate at the same metal binding site as
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Ficure 4: Effect of Zn(ll) on the activity of apoAtzA. Apoenzyme
(27 uM) was incubated with the indicated concentrations of ZpSO
in buffer A at 23°C for 30 min before assaying for activity.
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FIGURE 6: Representative visible absorbance difference spectrum
of Co(ll)—AtzA minus apoAtzA (438:M). Extinction coefficients

Activities were expressed as a percentage of the maximum activity Were determined on the basis of Co(ll) concentrations and assuming

(2.5 (wmol/min)/mg).
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Ficure 5:  Inhibition of Co(ll)—AtzA by titrating Cu(ll). Co(ll}~
AtzA (212 uM) was incubated with the indicated CyConcentra-
tions in buffer A for 30 min at 23C prior to assaying for activity.
Activities were expressed as a percentage of the initial activity (4.6
(umol/min)/mg).

Co(ll) to reconstitute activity. Activation peaked at 2M
ZnSQ, with an apoenzyme concentration of 2R1. This
corresponds to 0.9 zinc atom per polypeptide. Inhibitory

effects became apparent at higher concentrations of Zn(ll)

a baseline zero absorbance at 970 nm.
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FIGURE 7: EPR spectra of Co(lH)AtzA in the presence or absence

of the substrate analogue aminoatrazine: (A) spectrum for Co(ll)
AtzA (438 uM) without aminoatrazine, (B) simulation of (A) with

Oetr Values of 4.92, 4.13, and 2.25, (C) spectrum for Ce{RjzA

with aminoatrazine, and (D) simulation of (C) wits values of

491, 4.10, and 2.24. A small amount of extraneous Cu(ll) was
present in all samples and buffers and is seen as a negative peak at
aroundg = 2 (*). EPR conditions: 10 K, microwave power 781

#W, modulation amplitude 10 G, microwave frequency 9.609 GHz

(Figure 4). These data suggest that there is a relatively highfor (A) and 9.600 GHz for (C).

affinity binding site for one zinc atom per subunit at the
active site, and at least one lower affinity binding site for
zinc that, when occupied, inhibits activity.

Cu(ll) Inhibition of AtzA.Addition of 550uM Cu(ll) to
212 uM Co(ll)—AtzA was shown to bind at a 2.5 metal to
subunit ratio (Table 2); therefore, CoHAtzA effectively
bound all of the Cu(ll) in solution. This finding suggests
that either Cu(ll) binds irreversibly or the off-rate for
Cu(ll) binding is extremely slow, with nearly all Cu(ll)

remaining bound even after passage through a SephadeX/D of 0.058 in anMs

G-25 column in metal-free buffer. Strikingly, Cu(ll) did not
displace cobalt or iron from the enzyme (Table 2). Further-
more, Co(ll}-AtzA was inhibited by Cu(ll) (Figure 5).
Assuming that inhibition of AtzA activity reflects Cu(ll)
binding, the data were fit to a number of binding curves.
The curve for irreversible binding, with a correlation
coefficient of 0.9965, is shown in Figure 5. From this fit,
maximum inhibition of Co(ll)-AtzA was achieved at
approximately 32Q«M Cu(ll), a Cu(ll) to subunit stoichi-
ometry of 1.7. At maximal inhibition, approximately 10%
activity remained. Increasing the stoichiometric ratio to 2.5
did not significantly change this residual activity. These
analyses of Co(lh-AtzA suggest that Cu(ll) binds, irrevers-
ibly and/or with slow dissociation, at a minimum of two sites,
none of which are the catalytic metal site.

Visible Spectra of AtzAA visible difference spectrum of
Co(ll)—AtzA minus apoAtzA, representative of two different
samples, is shown in Figure 6. The extinction coefficient
was 734+ 22 M1 cmt at 560 nm.

EPR Spectroscopy of AtzBPR spectra of Co(lfyAtzA
were obtained and simulated (Figure 7A,B) to obtif..y.»
values of 4.92 (4.92), 4.13 (4.14), and 2.25 (2.25), respec-
tively. These values correspond togaa of 2.270 and an
|£Y,0ground-state transition.
Addition of the substrate analogue aminoatrazine produced
only a slight broadening of the EPR spectrum (Figure 7C,D).
The Gefiy,» Values of the spectra were 4.91 (4.91), 4.10
(4.10), and 2.24 (2.24), corresponding to Mg = |+/,00
ground-state transition witlgea and E/D values of 2.259
and 0.060, respectively.

Power saturation studies were performed to determine the
coordination number of the metal center. The normalized
intensity was measured as a function of power for six
different temperatures (Figure 8, inset). For each biphasic
curve, the point at which the asymptotic limits intersect is
the power at which the saturation factor is 0.5, known as
P12 Fitting a plot of the temperature dependencePg
versus the reciprocal of temperature (Figure 8) provided an
estimate that the zero-field splitting parametardr 2|D|)
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5.5 - dechlorination reaction28). However, the substrates that
0.09 : X are deaminated have structural features different from those
0.07 \ of the substrates that are dechlorinated. TrzA catalyzes the

deamination ofs-triazine substrates that do not contain
N-alkyl side chains and the dechlorinationsafiazines with
IE5 1E4 1E3 001 a singleN-alkyl side chain. Since atrazine and its amino
Power (Watts) analogue aminoatrazine contain tNealkyl side chains, they
are not substrates for TrzA. As with adenosine deaminase,
the deamination reactions of TrzA proceed 100 times faster
then the dechlorination reactions. Though other superfamily
enzymes exhibit fortuitous dechlorination reactions, AtzA
-8.0 y v . , is unique in that it only catalyzes dechlorination reactions,
0.03 0.09 0.10 0.11 0.12 0.13 . . . . .

without the ability to catalyze deamination reactions of
substrate analogues9).
FIGURE 8: Power saturation studies for Co(HhtzA (438 uM). Like other members of the amidohydrolase superfamily,
The inset displays the power saturation curves of normalized signal 3 metal has been implicated in AtzA activity. In this study,

intensity versus power at various temperatures: (from left to right) . L . )
) 7.9K, @) 8.4K, (a) 9K, (v) 10K, (#) 11 K, and (*) 12 K. we show that maximal AtzA activity was obtained with

The Py, values were calculated from the fitted curves and plotted CO(Il) or Zn(ll) at a 1:1 metal to subunit stoichiometry.
as a function of reciprocal temperature in the larger figure. Though initial experiments showed a metal to subunit
. ) ] ) stoichiometry of the native enzyme to be 0.5 (Table 2), later
was 3Q cm? f_or Co(II)—A_tzA._ The estimate is valid only if experiments with different enzyme preparations contained
the spin-lattice relaxation is predominately due to the 1 184 0.03 iron atoms bound per subunit. The properties
Orbac_h process. The thret_a conditions reguwed fo_r the curvegf AtzA established in this study most closely resemble
to be in the Orbach domain were met. First, at high power, cytosine deaminase frof. coli. The crystal structure of
theb values did not vary over the temperature range studied. cytosine deaminase revealed a mononuclear iron metal at
Second, the unsaturated linewidth was similarly invariant the active siteZ1). Activity assays also showed that cytosine
with temperature. Thlro_l, the lineshape did not <_:hange Wwith Jeaminase was activated by Fe(ll), Co(ll), and Mn ()
saturgtmg microwave fields. Therefore, the es_t|mate Qf the 54 property found here to be shared by AtzA.
zero-field splitting parameter presented here is considered Cytosine deaminase and AtzA are the only known
valid for Co(ll)—AtzA. members of the amidohydrolase superfamily that contain
Fe(ll) as the catalytic metal. It is additionally noteworthy
DISCUSSION that the presence of Fe(ll) in a hydrolytic enzyme is not
AtzA has been found only in bacteria that metabolize the common. The first recognized Fe(ll)-dependent amidase,
herbicide atrazine35) and catalyzes the initiating reaction peptide deformylase, was identified as recently as 189y (
in the biodegradation of this widely used herbicide. AtzA This enzyme catalyzes the removal of the N-terminal formyl
hydrolytically dechlorinates atrazine to yield hydroxyatrazine. group from ribosome-synthesized polypeptides in bacteria.
In a previous study, metals were not implicated in the However, the activity of peptide deformylase is extremely
catalysis of atrazine by AtzA1Q@). Here, however, we unstable, with an activity half-life of 2 min in assays done
provide evidence from sequence analyses and experimentsierobically at room temperaturé2). Crystallization of this
that AtzA is a member of the amidohydrolase protein enzyme revealed a structure, consisting of thueelices,
superfamily and a metalloenzyme. threef-sheet regions, and a-30 helix, that is quite different
The amidohydrolase superfamily is characterized by a from the structures of amidohydrolase superfamily enzymes.
conserved fa)s barrel structure. Superfamily members The peptide deformylase metal is tetrahedrally coordinated
generally have conserved metal binding ligands and a by two histidines, a cysteine, and a water molecdlk 43).
common hydrolytic mechanism in which one or two metals On the basis of the conservation of an HEXXH motif that
are responsible for activating water for nucleophilic attack contains the two metal histidine ligands, peptide deformylase
on the substrate. This superfamily is most heavily representedwas identified as belonging to a family of otherwise mostly
by enzymes catalyzing amide bond hydrolysis and the zinc metallopeptidases that includes thermolygi8).(
hydrolytic displacement of amino groups from heterocyclic  In contrast, the metal center in natively isolated AtzA was
ring substrates. The latter function includes the enzymesshown to be stable for 24 h under aerobic conditions at room
adenosine deaminase and cytosine deaminase, which aréemperature with less than a 3% loss in activity. Cytosine
involved in purine/pyrimidine metabolism. deaminase was also shown to be active when reconstituted
Though dechlorination is not known to be the major with Fe(ll), without rapid loss of activity 40), and was
activity of any other member of the amidohydrolase super- crystallized with Fe(ll) 21). Therefore, the fo)s barrel
family, some superfamily members have been shown to structure of the amidohydrolase superfamily likely stabilizes
catalyze hydrolytic dechlorination reactions. Adenosine the Fe(ll) and prevents rapid oxidation.
deaminase is capable of catalyzing hydrolytic displacement The data obtained from Zn(ll) and Cu(ll) inhibition of
of chloride from chloropurine substrate analogugs-398). AtzA activity suggest that their inhibitory effects are not
However, the rate of dechlorination was 10-fold lower than caused by replacing the catalytic metal at the active site.
deamination activity, suggesting that the dechlorination Therefore, other metal binding sites most likely mediate the
reaction is likely fortuitous. The-triazine hydrolase enzyme inhibitory effects of these metals. Like AtzA, cytosine
TrzA has also been shown to catalyze both deamination anddeaminase was shown to obtain maximal activity at a nearly
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o o
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1:1 Zn(Il) to subunit ratio, with excess Zn(ll) causing Since Fe(ll) is EPR silent and the holoenzyme had virtually
inhibition (44). Inhibition of enzymatic activity with Cu(ll) no EPR signal, Co(lh-AtzA was used in our spectroscopic
has been reported for many amidohydrolase superfamily studies. The electronic spectrum yielded an extinction
members, including cytosine deaminase and adenosinecoefficient of 734+ 22 Mt cm™ at 560 nm. General
deaminase40, 45). The fact that Cu(ll) was shown here guidelines in the literature for coordination of Co(ll) indicate
not to alter the binding stoichiometry of active site metals that extinction coefficients for peaks between 400 and 900
suggests that Cu(ll) inhibits AtzA by binding to the enzyme nm are usually below 50 for six-coordination, between 50
at location(s) other than where the active site metal is found, and 300 for five-coordination, and greater than 300 for four-
implicating secondary metal binding sites that have inhibitory coordination 50, 51). These values suggest that the cobalt
effects on AtzA activity. center in AtzA is five- or six-coordinate.

In a previous study, we identified AtzC as containing a  The EPR spectra of Co(HAtzA were reasonably well-
simplified version of the N-terminal dihydroorotase signature simulated as a single, paramagnetic metal center. Further,
pattern identified in Prosite entry PS0048P7), namely, power saturation studies were used to estimate the zero-field
DXHXH. AtzA was also identified as a putative member of splitting parameter of the Co(HAtzA to be 30 cnT™. This
the amidohydrolase superfamily on the basis of conservationparameter has been shown to be related to the coordination
of the HXH metal binding motif. Since both mononuclear number of Co(ll). Values greater than 46 chare generally
and dinuclear members of the amidohydrolase superfamily for six-coordination, values between 30 and 46 €are for
contain the same basic set of metal binding ligands, sequencdive-coordination, and values less than 30émre for four-
identity around the first two metal ligands is not sufficient coordination 27, 52). On the basis of the zero-field splitting
to assign it to either a mononuclear or dinuclear metal value, AtzA could be either four- or five-coordinate. Studies
binding phenotype. The experiments presented here werdn the literature have also shown that it is difficult to delineate
essential for determining the number of metals at the AtzA between four- and five-coordination by this methd8)(
activite site. It should be noted that the C-terminal dihydro- Taken together, results from visible and EPR spectroscopy
orotase signature pattern identified in Prosite, around theimplicate a five-coordinate metal center in AtzA. A single,
aspartate metal binding ligand, is not present in any of the diamagnetic, five-coordinate metal center is consistent with
triazine-degrading enzymes AtzA, AtzB, and AtzC. the evidence that AtzA is a mononuclear member of the

Further evidence that AtzA has a mononuclear metal centeramidohydrolase protein superfamily.
originates from analyzing the biochemical properties of  In summary, the evidence presented here suggests that
dinuclear members of the amidohydrolase superfamily for AtzA has a mononuclear five-coordinate metal center that
which crystal structures are available, including urease, natively binds Fe(ll) at the active site. All knovgtriazine
phosphotriesterase, and dihydroorotak® 46, 47). Urease  catabolic enzymes that remove groups frons-&iazine ring,
contains two Ni(ll) ions at the active site, while the other including AtzB, AtzC, TrzA, TriA, TrzC, and TrzN, are
two enzymes have Zn(ll). Most dinuclear enzymes are known evolutionarily related to AtzA. Therefore, they are also
to contain a carbamylated lysine residue that acts as amembers of the amidohydrolase superfamily and expected
bridging ligand between the metals of the dinuclear cluster. to potentially bind catalytically essential metals. The present
Effective apoenzyme reconstitution requires that the lysine study elucidates some essential properties of AtzA and
be carbamylated prior to metal addition. Previous studies provides information about the larger group of enzymes
have shown that the presence of the metal prior to carbamy-involved in the bacterial metabolism of industrially relevant
lation of the lysine actually prevents subsequent lysine s-triazine compounds.
carbamylation 48, 49). For AtzA, the observed metal
stoichiometries, coupled with results showing that metal ACKNOWLEDGMENT
reconstitution of AtzA activity does not require carbamyla-
tion, are consistent with the view that AtzA most likely
contains a mononuclear metal center.
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