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ABSTRACT

A direct spectrophotometric assay for the Zn(II)-
dependent chlorothalonil hydrolytic dehalogenase
from Pseudomonas sp. CTN-3 (Chd) was developed,
which allowed the metal binding properties, the pH
dependence of the kinetic parameters ke, K, and ke./
K., and the solvent isotope effect to be determined. A
single Zn(II) ion was found to bind per Chd monomer
with a K4 of 0.17 uM, consistent with ICP-MS data
for the as-isolated Chd dimer. Maximum activity
toward chlorothalonil was observed in the pH range
7.0 to 9.0 and fits of these data provided a pKgs;
value of 5.4 £ 0.2, a pKgs; value 0f 9.9 £ 0.1 (k' = 24
+ 2 s7), a pKg; value of 5.4 + 0.3, and a pKg, value of
95 + 0.1 (K'a/K'n = 220 £ 10 s'mM™"). Proton
inventory studies indicated that one proton is
transferred in the rate-limiting step of the reaction at
pD 7.0. Fits of UV-Vis stopped-flow data suggest a
three-step mechanism. The apparent rate constants for

intermediate formation, k'2= 35.2 £ 0.1 s and product

release k;: 1.1 £ 0.2 s were determined indicating

that product release is the slow-step in catalysis. The
combination of these data, along with those
previously reported, allowed a catalytic mechanism
for Chd to be proposed for the first time.

Chlorothalonil  (TPN;  2,4,5,6-tetrachloroiso-
phtalonitrile) is one of the most commonly used
fungicides in the US with more than five million
kilograms sprayed on crops and fruits each year (1-4).
TPN has low solubility in water (100 mg L) but it is
strongly absorbed in soil, particularly soil with high
organic matter such as those found in aquatic
environments. It is stable to hydrolysis between pH 5
to 7, with a half-life of 30 to 60 days, and it can
remain in soil for over a year (5). It is highly toxic to
fish and aquatic species as well as birds and
invertebrates and is emerging as a major
environmental issue (6,7). TPN is also a human skin
and eye irritant that can cause severe gastrointestinal
issues. Animal studies involving mice have shown
that TPN can cause kidney cancer, so it has been
classified by the U.S. Environmental Protection
Agency (EPA) as a probable human carcinogen (3).
Given the widespread use of TPN and its toxicity, its
biodegradation and environmental clean-up has
become a topic of significant importance (8).

Characterized pathways for biological
dehalogenation of organics include oxidative,
reductive, and thiolytic mechanisms (9-15).

However, selective partial dehalogenation of TPN can
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also be catalyzed by a hydrolytic process that converts
TPN to 4-hydroxytrichloroisophthalo-nitrile (4-OH-
TPN) and chloride (Scheme 1)

Scheme 1. The hydrolysis of TPN to 4-OH-TPN and
chloride by Chd.
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(7,16,17). Several bacterial strains harbor a gene that
has been shown to be responsible for TPN
dehalogenation (18-20). Each of these gene products
exhibit remarkable (>95%) identity and require Zn(II)
as a cofactor for catalysis (Figure 1).

The best characterized enzyme within this group
is the chlorothalonil (TPN) dehalogenase from
pseudomonas sp. CTN-3 (Chd, EC:3.8.1.2) (7,21).
Chd contains a conserved Zn(II)-binding domain
similar to enzymes in the metallo-f-lactamase
superfamily and was proposed to be monomeric in
solution (7). At least two His residues (H128 and
H157) along with three Asp (D45, D130, and D184),
a Ser (S126) and a Trp (W241) were reported to be
catalytically essential based on site-directed
mutagenesis studies. In addition, it was reported that
the Zn(Il) ions associated with Chd could be
substituted with Cd(II), Co(II), Ca(Il), or Mn(II) and
provide active or even hyperactive enzymes (21).
While the initial biological characterization of Chd
has provided some insight into how molecular
structure controls enzyme function, the mechanism of
action remains entirely unknown.

Herein we report a new continuous
spectrophotometric assay for Chd that has allowed the
detection of a Chd reaction intermediate using UV-
Vis stopped-flow spectroscopy with TPN as the
substrate. From these stopped-flow data, along with
metal binding and kinetic studies including pH and
solvent isotope effect studies, we propose the first
catalytic mechanism for Chd.

RESULTS
Protein Expression and Purification. The gene
from pseudomanas sp. CTN-
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3 that encodes for Chd was synthesized with
optimized E. coli codon usage and includes a TEV
protease cleavage site followed by a polyhistidine
(Hise) affinity tag engineered onto the C-terminus.
Expression of Chd and purification using immobilized
metal affinity chromatography (IMAC) resulted in
~12 mg/L of soluble Chd enzyme. SDS gel page
reveals a single polypeptide band at ~36 kDa
(Supplemental Material Figure S1), consistent with
previous studies (7,21). However, size exclusion
chromatography indicates that Chd exists primarily as
a dimer (~72 kDa) in solution in 50 mM HEPES
buffer, pH 7.0, at 25 °C.

Spectrophotometric ~ Enzymatic  Assay. A
continuous spectrophotometric enzymatic assay for
Chd was developed by directly detecting 4-OH-
chlorothalonil, the product of TPN hydrolysis by Chd,
at 345 nm (&35 = 3.5 mM'cm™). This region contains
no detectable substrate absorption (5). All kinetic
data were recorded on a temperature-controlled
Shimadzu UV-2450 spectrophotometer in 50 mM
HEPES buffer, pH 7.0, at 25 °C, over a 60 s time
period. Plots of the initial rate of hydrolysis of
various concentrations of TPN were fit to the
Michaelis-Menten equation, which provide a k., value
of 24 £2 s and a K, value of 110 &30 pM.

Metal Binding Properties of Chd. Apo-Chd was
prepared by adding a 15 mM 1,10-Phenanthroline/40
mM EDTA solution to as-purified Chd under
anaerobic conditions for ~24 h followed by desalting
via column chromatography and dialysis against 50
mM HEPES, pH 7.0. The intrinsic dissociation
constant (K,) was determined by titrating apo-Chd at
pH 7.0 in 50 mM HEPES buffer at 25 °C with Zn(II)
and monitoring the catalytic activity as a function of
[Zn(ID)]. Kg4, and the number of binding sites, p, were
determined by fitting these titration data to equation 1
(22), where r, the binding function, is defined by the
fractionation saturation f, and number of binding sites
(equation 2) (23). In equation 1, C;is the

r=pCs/(K,+Cs) (Eq. 1)

(Eq. 2)

concentration of free Zn(Il). C; was calculated from
the total concentration of zinc added to the reaction
(Crs) by equation 3 (24), where C; is the total molar
concentration of enzyme (0.25 puM).

r=f.p

C=Cs+rC, (Eq. 3)
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These data are plotted as » vs. [Zn(Il)] (Figure 2). The
best fits indicated a single Zn(Il) binding site (p =
1.03 £ 0.01) with an intrinsic Ky value of 0.17 £+ 0.01
uM. Attempts to fit these data with a cooperative
model were inconclusive as the resulting goodness
did not improve compared to the non-cooperative
model. These data are consistent with inductively
coupled atomic emission spectroscopy (ICP-AES)
data obtained on as purified Chd, which revealed that
~0.9 equivalents of zinc bind tightly to Chd per
monomer. No other first row transition metal ions
were detected via ICP-MS (< 10 ppb).

pH Dependence of the Kinetic Parameters. The
kinetic parameters K., ka, and k. /K. were
determined as a function of pH using TPN as the
substrate. Chd was found to exhibit a bell-shaped
curve for plots of activity vs. pH over the pH range 4
to 10. The maximum catalytic activity occurred in the
range of pH 6.5 t0 9.2. Log(ke) and log(k../K.,) were

fit to equations 4 and 5 (25),
K

keat

logk ., =1og(

1+10PK551—PH+10PH—PK552—PH

(Eq.4)
Keq
(K
log kcat/szlog( 1+10PK51_PHn_:_ 10PH_PK52 6
(Eq.5)

respectively, where: k', is the theoretical maximal
velocity; k’./K'm 1s the theoretical maximal catalytic
efficiency; Kgsi is the ionization constant of the ES
complex, which affects the acidic side of the pH curve
while Kgs, reflects the basic side; and Kg, and Kg, are
ionization constants for an acidic and basic group,
respectively, on the free enzyme or free substrate.
Inspection of a plot of log(K.) vs. pH (Figure 3)
reveals that K, exhibits a broad minimum over pH 5.5
to 7.5. A plot of log(k.) vs. pH provided a bell-
shaped curve that was fit to equation 4 (Figure 3)
providing a pKgs) value of 5.4 + 0.2, a pKgs, value of
9.9 £ 0.1, and a k' value of 24 + 2 s'. Similarly,
plots of log(k./Kw) vs. pH were fit to equation 5
providing a pKg, value of 5.4 £ 0.3, a pKp, value of
9.5+ 0.1, and a k’/K'nm value of 220 + 10 s'mM™!
(Figure 3).

Solvent Isotope Effect Studies. k.. for TPN was
measured, at several ratios of D,O (*H,0):'H,O and
the results are plotted in Figure 4 as atom fraction of
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deuterium vs. V,/V,, where V, is the observed velocity
at n fraction of deuterium and V;, is the observed
velocity in 100% 'H,O. Proton inventories and
fractionation factors were obtained by fitting the
experimental values for V,/V, to equations derived
from the Gross-Butler equation (equation 6)(26),
where U, is the number

Ve

[1(1-n+ng])

VIV,=-t

[1(1—n+ngf)

J

(Eq. 6)

of protons transferred in the transition-state, while L
is the number of protons transferred in the reactant
state, and ¢ is the fractionation factor. Fitting
revealed a linear relationship (0, = 1, Lr = 0),
indicating that one proton is transferred in the
transition-state when ¢z = 1 (equation 7) (27),
V,=Vy(1-n+¢;n) (Eq.7)

where the experimental ¢r value is 0.17 while the
theoretical value of ¢ris 0.18 (R? = 0.99) (Figure 4).

Calculation of the partial solvent isotope effect
provides an alternative way to determine the number
of protons transferred in the transition-state (28). At n
= 0.5, the theoretical solvent isotope effect for a
process involving N protons can be estimated using
equation 8, a generalization of

N

1
Vs V= (1 _nO-S)(VO.S/Vl)N +Nys (Eq.8)

equations 6 and 7 (29), where Vi, Vo, Vis are the
specific activities at 100% D,O, 0% D,O, and 50%

D0, respectively. V:/V | represents the

midpoint partial solvent isotope effect at 50% DO,
while V,/V | is the total isotope effect [(velocity in
100% 'H,O) =+ (velocity in 100% D,0)]. The
experimental midpoint partial isotope effect was 2.98
and the calculated midpoint partial isotope effect for a
one proton transfer (Equation 8) was found to be 2.99
(Table 1). For comparison purposes, the midpoint
partial isotope effect calculated for a two-proton
transfer in the transition-state is 4.03.

Stopped-flow experiments. Steady-state kinetic
data were obtained using a 0.25 mM buffered solution
of [TPN] at pH 7.0 and 4 °C.  Because of the
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observed decrease in k., at lower pH values, stopped-
flow spectrophotometric data were also collected at 4
°C and pH 5.0, however, the reaction still remained
too fast to obtain pre-steady-state kinetic data.
However, when stopped-flow experiments were
performed in 99% D,O in 50 mM acetate buffer at pH
5.0 and 4 °C with 250 uM TPN, a burst of absorbance
was observed (Figure 5) that could be modeled using
a two-component expression containing linear and
exponential terms (equation 9) (30,31), where [P]

P :
%:Ao(l—e"m ket (Eq. 9)

is the product concentration, [E] is the enzyme
concentration, A, is the burst amplitude, k. is the
overall rate constant, and k., is the turnover number
(R*= 0.98). As this experiment is performed under
saturating substrate concentrations, k;’ for formation
of the Michaelis complex is large. Therefore, it does
not influence the multiple turnover kinetics and
theoretical modeling of the data returns information
only on the formation of a post-Michaelis
intermediate klzand product release k;(equations 10

and 11).

A, =0 (Eq.10)

kops=k ' ¥k (Eq. 11)

(Table 2) (30). Fits of these data (Figure 5) provided
apparent rate constants k'2 of 352 £ 0.1 s, and k'3 of
1.1 £ 0.2 s'. The k., of the overall reaction was
calculated to be 1.1 £ 0.1 s in good agreement with

the wvalue calculated using equation 12, which
provided a k., value of 1.08 = 0.02 s™'.

SLELS Eq.12
cat_k12+ky3 ( q. )
These data were compared to experimentally

determined steady-state kinetic data obtained at 4 °C
for Chd using 250 uM TPN as the substrate at pH 5.0
in 99% D,O acetate buffer. Under these conditions,
ke =1.08 £0.01 s and K, = 71 + 3 uM (Table 2).

DISCUSSION

The prevailing dogma is that biological
dechlorination reactions are catalyzed by oxidative,
reductive, or thiolytic dehalogenation processes (9-
15). A relatively unknown biological dehalogenation
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process involves hydrolysis of a C-Cl bond (32).
Chd, a Zn(II)-dependent enzyme, has been shown to
catalyze the hydrolytic dehalogenation of TPN to 4-
OH-TPN and chloride (Scheme 1) under ambient
conditions (7,21). As Chd can hydrolyze an aromatic
C-Cl bond, understanding the inorganic and
biological chemistry of Chd will provide insight into
its catalytic mechanism, which in turn will the assist
in the development of biocatalysts or small
biomimetic catalysts that can be wused in the
environmental clean-up of TPN. To date, no catalytic
mechanism has been proposed for Chd, in part
because of the lack of an enzymatic assay that allows
for the direct detection of product, which has
prevented detailed kinetic studies.

To overcome this obstacle, a spectrophotometric
kinetic assay was developed that directly detects the
formation of 4-OH-chlorothalonil at 345 nm, a
wavelength where there is little or no TPN absorbance
(5). Initial control reactions were performed with
saturating amounts of TPN (250 pM) in 50 mM
HEPES buffer at pH 7 and 25 °C in the absence of
Chd by monitoring absorptions between 300 and 400
nm to determine if any TPN hydrolysis occurred
under the experimental conditions used. The addition
of 1 uM Zn(Il) to these reaction mixtures also
produced no detectable absorption at 345 nm. With
no increase in absorbance observed, Chd was added
to a final concentration of 10 uM resulting in a steady
increase in absorption at 345 nm. The rate of increase
at 345 nm was highly reproducible and dependent on
the concentration of Chd and TPN as well as the
temperature and pH of the reaction mixture. At
temperatures above 30 °C gradual inactivation occurs,
which is indicative of Chd denaturation. Having
established the viability of directly detecting the
product of TPN hydrolysis, the kinetic parameters A,
and K, were determined at pH 7.0 and 25 °C over a
60 s time period. Plots of [TPN] vs initial rate were
fit to the Michaelis-Menten equation, which provided
a k., value of 24 + 2 s and a K, value of 110 £ 30
uM, in good agreement with values previous reported
using a non-continuous HPLC based assay performed
under similar reaction conditions (7,21).

The development of a continuous
spectrophotometric assay for Chd; has allowed us to
ask and answer several basic biological and
mechanistic questions, such as: How many active site
metal ions are required for full enzymatic activity?
How many ionizable groups are required for
catalysis? How many protons are transferred in the
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transition-state? and, what is the rate-limiting step in
the reaction? It has been suggested that Chd requires
two Zn(II) ions to be fully active and that these Zn(II)
ions form a dinuclear active site (7,21). However,
inductively coupled atomic emission spectroscopy
(ICP-AES) data obtained on as-purified Chd revealed
that ~0.9 Zn(Il) ions bind per monomer and size
exclusion chromatography indicates that Chd exists
primarily as a dimer (~72 kDa) in solution.

Activity titrations indicated that maximum
catalytic activity is observed with only one Zn(II) ion
per monomer of Chd with an intrinsic Ky value of
0.17 uM, suggesting that any other Zn(II) binding is
unrelated to catalysis. It should be noted that in
previous studies, the Hiss-tag was not removed before
kinetic data were obtained (7,21). As His¢-tags have
high affinity for Zn(Il) ions (33), it is possible that
adventitious metal binding to the Hise-tag led to the
suggestion that more than one metal ion is required
for catalysis.

Quantitative analysis of the pH-dependence of
Chd activity suggested [c.f.(34)] that one catalytically
competent ionizable group with pKgs; = 5.4 must be
deprotonated in the ES complex, and another with
PKes2 = 9.9 must be protonated, respectively, to
facilitate catalysis. Assignment of the observed pKgs
values is difficult in the absence of an X-ray crystal
structure;; however likely candidates for pKgs, are
the deprotonation of an active site His residue (35)
(whose putative pK, is 5-7 (36)) or an Asp/Glu
residue, while pKgs, might be due to the deprotonation
of the leaving group or an active site residue such as
an Arg or Lys (7). Alternatively, pKgs, may be due to
the deprotonation of a Ser residue_that;—which was
shown to be required for catalysis (7) or a metal-
bound water molecule depending on which catalytic
mechanism is operable.

Analysis of the pH-dependence of log(k../Kw) [c.f.
(35)] provided a pKg; value of 5.4 and a pKg, value of
9.5 for two enzyme-centered ionizable groups,
respectively, that are involved in catalysis. pKg is
most likely due to an active site His or an Asp/Glu
residue but could also be the deprotonation of the
metal-coordinated water molecule. Moreover, the
enzyme-centered pKr, value, like pKgs,, is most likely
due to the deprotonation of an active site residue such
as an Arg or Lys but could also be deprotonation of the
metal bound water molecule.



Kinetic isotope effect studies are an excellent way
to gain an understanding of the nature of the rate-
limiting step as well as probe the transition-state of
catalytic reactions (37). Primary isotope effects are
observed if a bond to the labeled atom is made or
broken during the reaction whereas secondary isotope
effects describe processes at other positions. We
examined the 'H/H solvent isotope effect of Chd
using TPN as the substrate at pH 7.0, (p’H = p'H
meter reading + 0.4) (38). The intrinsic primary
isotope effect, ku/kp, is related to the symmetry of the
transition-state for that step (i.e. the larger the isotope
effect, the more symmetrical the transition-state) with
the theoretical limit being 9 at 37°C in the absence of
tunneling effects. For the simplest case, in which a
single proton produces the solvent isotope effect, a
plot of atom fraction of deuterium vs. V,/V; is linear,
where V, is k.. at a particular fraction of deuterium
and ¥V} is ke in buffer containing 0% D,0 (39). The
presence of D,O lowers the catalytic activity of Chd
and results in a solvent isotope effect of 2.98. This
normal isotope effect suggests that an O-H bond is
broken in the transition-state.

For Chd, V,/V, is a linear function of » indicating
that one proton is transferred during catalysis with a
fractionation factor of 0.17. Analysis of the midpoint
solvent isotope effect also supports involvement of a
single proton transferred in the transition-state.
Therefore, the Zn(II) ions appear to be responsible for
the proper positioning of the hydroxyl group relative
to the substrate and this hydroxyl group likely
interacts with a general base, such an His or Asp/Glu
residue. Based on these data and the observed pKg
and pKgs, values, a His residue appears most likely to
facilitate the transfer of a proton and likely reflects
the transfer of a proton from an active site water
molecule to an active site His residue forming a more
nucleophilic hydroxide.

Based on these data, the simplest model was used
that describes the observed changes in ionization
states of active site residues with changing pH and the
number of protons transferred in the transition-state
(Scheme 2). This model
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Scheme 2. Proposed kinetic model for Chd where E(H,0)
is enzyme containing water molecule at active site, E” is the
enzyme at protonated, EP is the enzyme at deprotonated, S
represents substrate, ES(H,O) represent the enzyme-
substrate complex containing water molecule at active site,
E’S is the enzyme-substrate complex at protonated state,
EPS is the enzyme-substrate comple at deprotonated state,
[1] is an intermediate state with deprotonated water and [P]
is product.

EP EPS

i
L key WL Kesy
k k. k

E(H,0) +S -T“ ES(H,0) —» I(OH) —>E (H,0) + P

-1
‘L ke, 1L kes

EP E°S

assumes that: 1) the substrate-binding step leading to
the formation of an enzyme-substrate complex
following steady-state kinetics (e.g. the enzyme,
substrate and enzyme-substrate complex are at

equilibrium) and k_, is larger than k, as neither the

substrate or the product are sticky and k'2+k ;contains

the rate-limiting step (i.e. C-Cl bond breaking or
product release). Since there is no clear absorption
change as [ES] and intermediate signal within the
burst phase, we assume k, and k; are irreversible
(30,31).

An important question in understanding the
hydrolysis of TPN by Chd is: “What is the rate-
limiting step in the catalytic reaction?” Pre-steady-
state kinetic data indicated that formation of the
Michaelis complex is very fast compared to the
hydrolysis and product-release steps and, therefore,
the rate constants for the latter two could be estimated
from multiple-turnover stopped-flow
spectrophotometry. Based on these data, a minimal
three-step kinetic model is proposed that allows for
fast reversible substrate binding, the formation of a
post-Michaelis pre-transition-state intermediate, and
the post-transition-state release of product (Scheme
3).

Scheme 3. Proposed pre-steady state model for the
dechlorination of TPN by Chd.

k1 kZ k3
E(H,0)+5 < = ES(H,0) > I(OH) —>E (H,0) + P
-1



The electron density distribution of free and
Zn(Il) bound TPN calculated using Gaussian 9-win
(Scheme 4), and the previously reported kinetic and
site-directed mutagenesis data (7,21), suggests two
possible catalytic mechanisms for the

Scheme 4. Gaussian-9 derived electron density map of
TPN (A) and TPN bound to a Zn(Il) ion (B). (carbon:
gray; nitrogen: blue; chlorine: green; zinc: dark gray).

-5.471E-2 e~ /aulll
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hydrolysis of TPN by Chd (Figure 6). We propose
the initial catalytic step involves the binding of the
nitrile nitrogen, to the active site Zn(Il) ion, which
results in the removal of electron density from the
aromatic ring activating the ortho carbon for
nucleophilic attack (Scheme 4; B) (40,41). The
significantly enhanced electrophilic character of the
ortho carbon upon nitrile binding to Zn(II) suggests
that Zn(Il) binding activates the ortho carbon towards
nucleophilic attack and may also help to position the
ortho carbon relative to the nucleophile, thus pre-
organizing the transition-state. Based on our kinetic
data, an active site His residue needs to be
deprotonated so it can accept a single proton from a
Zn(I)-bound water molecule providing the catalytic
nucleophile, which is pre-organized adjacent to the
activated ortho carbon of TPN. Once nucleophilic
attack occurs, CI" and 4-OH-TPN are formed and
released from the active site, which is the rate-
limiting step in catalysis. Finally, a water molecule
binds to the active site Zn(Il) thus reforming the
active catalyst.

Even though the mechanistic proposal involving
nitrile binding to the active site Zn(Il) ion is logical
and has advantages in that binding activates the ortho
carbon for nucleophilic attack and pre-organizes the
transition-state by positioning the Zn(II) bound
hydroxide near the ortho carbon, there is no
experimental evidence to support TPN binding to the
active site Zn(Il) ion at this time. Therefore, an
alternative pathway involving substrate binding near
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the active site but not directly to the Zn(II) ion, must
also be considered (Figure 6B). Under such a
scenario, a protonated active site residue (R;) would
form a hydrogen bond with the nitrile nitrogen.
Previous studies as well as our pH dependent assay
suggest an active site Ser or Trp might play such as
both were found to be essential for catalysis. The
existence of an R1 residue is supported by the loss of
catalytic activity at high pH values. Moreover, the
electron density map of TPN in the absence of nitrile
Zn(Il) binding reveals some electrophilic character at
the ortho carbon (Scheme 4; A), suggesting
susceptibility to nucleophilic attack. This active site
residue would pre-organize the ortho carbon with the
Zn(I)-bound hydroxide nucleophile, which like in
pathway A would transfer a proton to the active site
acid/base His residue in the transition-state. Once
nucleophilic attack occurs, like pathway A, Cl" and 4-
OH-TPN are formed and released from the active site,
which is the rate-limiting step in catalysis. A water
molecule would then bind to the active site Zn(Il),
reforming the active catalyst.

In conclusion, the development of a continuous
spectrophotometric assay that allows for the direct
detection of the product 4-OH-TPN, has allowed the
first mechanistic studies to be carried out on the
hydrolytic dehalogenase, Chd. Metal titration data
indicate that a single metal ion is required for
catalytic activity so Chd can be classified as a
mononuclear hydrolytic Zn(Il)-dependent enzyme.
Chd is a dimer in solution and exhibits a broad kinetic
pH dependence with the maximum velocity
dependent on two ionizable groups, one with pK, =
5.4 and one with a pK, = 9.9. Solvent kinetic isotope
effect studies indicate that one proton is transferred in
the transition-state, likely due to the breaking of a
water O-H bond. Pre-steady state kinetic studies
performed under saturating substrate conditions
revealed a burst phase followed by a linear, steady-

state phase. Determination of k 2 and k'3 revealed that

the product release step is the slow-step in the
catalytic cycle. Taken together, along with density
functional calculations on TPN in the absence and
presence of Zn(II), have allowed two potential
catalytic mechanisms to be proposed. Further studies
will be required to distinguish between mechanistic
pathways A or B.



EXPERIMENTAL PROCEDURES

Materials. Synthesized genes and primers were
purchased from Genscript (Piscataway, NJ 08854).
All other chemicals were purchased from commercial
sources and were of the highest quality available

Pseudomonas sp. CTN-3 TPN dehalogenase
(Chd) plasmid construction. Chd sequences were
obtained by BLAST search using Uniprot (Uniport
ID: C9EBRS). Proposed active site motifs for Chd
were identified based on the metallo-B-lactamase
superfamily. The predicted gene was synthesized
with optimized E. coli codon usage by Genscript Inc
(Piscataway, NJ 08854). A polyhistidine (Hise)
affinity tag was engineered onto the C-terminus with
a TEV cleavage site using Phusion DNA polymerase
(New England Biolabs) and subcloned into a pET28a"
(EMD Biosciences) expression vector. The sequence
was confirmed using automated DNA sequencing at
Functional Biosciences (Madison, WI).

Expression and Purification of Chd. The Chd
plasmid was freshly—transformed into BL21(DE3)
competent cells (Stratagene), and a single colony was
used to inoculate 50 ml of LB-Miller culture
containing 50 pg/mL kanamycin with shaking
overnight at 37 °C. This culture was used to inoculate
a 1 L culture and the cells were grown at 37 °C until
the ODgoonm reached 0.8-1.0. The culture was cooled
on ice, induced with 0.1 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) supplemented with
0.05 mM ZnCl,, and expressed at 25 °C for 16 hours.
Cells were harvested by centrifugation at 6370 x g
and 4 °C for 10 min in a Beckman Coulter Avanti JA-
10 rotor. Cell pellets were resuspended in 20 mM
Tris-HCI buffer containing 50 mM NaCl and 25 mM
imidazole at a ratio of 5 ml per gram of cells, then
sonicated for 4 min (30 s on 45 s off) at 21W using a
Misonix sonicator 3000. The crude extract was
obtained after centrifugation in a JA-20 rotor at
31,000 x g and 4 °C for 20 min.

Crude extracts of Chd (100 mg) were loaded onto
a 5 ml Ni-NTA (nitrilotriacetic acid) Superflow
Cartridge (Qiagen) for immobilized metal affinity
chromatography (IMAC) using an AKTA FPLC P-
960. The column was washed with 50 mL of 20 mM
Tris-HCI buffer containing 50 mM NaCl and 25 mM
imidazole, followed by 50 mL of 20 mM Tris-HCI
buffer containing 50 mM NaCl and 75 mM imidazole.
The protein was eluted using a linear imidazole
gradient (75 to 500 mM) at a flow rate of 2 mL/min.

Hydrolytic Dehalogenase
Active protein fractions were pooled and concentrated
using 50 mM Tris buffer containing 1 mM EDTA
with an Amicon Ultra-15 10,000 MWCO centrifugal
filter unit (Millipore) resulting in ~12 mg/L of soluble
Chd-Hiss.

The Hise-tag was removed by treating Hiss-tagged
Chd with Hise-tagged TEV protease (EC 3.4.22.44)
for 16 h at 4 °C in 50 mM Tris, pH 8.0. Cleaved
protein was concentrated with a Centricon (15,000-
MW cutoff; Amicon) to 3 mL and loaded on IMAC to
remove the remaining cleaved Hise-tag, uncut protein
and the His¢-tagged TEV protease, while the flow
through containing Chd was collected and washed
with 50 mM HEPES buffer containing 10% glycerol
at pH 7.0. Purified protein samples were analyzed by
SDS-PAGE with a 12.5% polyacrylamide SPRINT
NEXT GEL™ (Amresco). Gels were stained with
Gel Code Blue (Thermo-Fisher Scientific). Protein
concentration of crude extracts was determined using
a Coomassie (Bradford) Protein Assay Kit (Pierce)
and_of pure protein by measuring the absorbance at
280 nm with a Shimadzu UV-2450 spectrophotometer
equipped with a TCC-240A temperature-controlled
cell holder. Theoretical molecular weights and
protein extinction coefficients were calculated with
the ExPASy compute pI/Mw tool. The molecular
weight for Chd was 36,107 g/mol with an extinction
coefficient of 42,525 cm™ M. This molecular weight
is in good agreement with SDS-PAGE data.

Chd Spectrophotometric Assay. The enzymatic
activity of Chd towards TPN was measured using a
Shimadzu UV-2450 spectrophotometer equipped with
a TCC-240A temperature-controlled cell holder in 1
mL quartz cuvettes. A 1 mL reaction consisted of 50
mM HEPES buffer, 0.01uM Chd, pH 7.0 at 25 °C and
various concentrations of TPN up to 250 uM. The
rate of TPN dehalogenation was determined by
continuously monitoring the formation of 4-OH-TPN
at 345 nm (Agsss = 3.5 mM'em™) (5). Data analysis
was performed using OriginPro 9.0 (OriginLab,
Northampton, MA). The kinetic constants V.. and
K. were calculated by fitting these data to the
Michaelis-Menten equation. Viax  values were
converted to ke using the molar mass of Chd. One
unit of enzyme activity was defined as the amount of
enzyme that catalyzed the production of 1 pmol of
TPN per minute at 25 °C.

Metal Analysis. As--purified enzyme samples of
Chd were digested with concentrated nitric acid at 70
°C for 10 minutes and then cooled to room
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temperature. These samples were diluted to 5 ml total
volume with deionized water to give a final nitric acid
concentration of 5% and were filtered using 0.2 um
Supor membrane syringe filters (Pall). A nitric acid
blank was also prepared. The samples were analyzed
using  inductively coupled atomic  emission
spectroscopy (ICP-AES) at the Water Quality Center
in the College of Engineering at Marquette University
(Milwaukee, WI, USA).

Apo-Enzyme  Preparation and Zn(ll) K,
Determination. Apo-Chd was obtained by incubating
as-purified enzyme in a 15 mM 1,10-
Pphenanthroline/40 mM EDTA solution under
anaerobic conditions for ~24h. The metal chelators
were removed via a PD-Minitrap G10 desalting
column followed by dialysis using a Slide-A-Lyzer
dialysis cassette for 16 h with Chelex 100 treated 50
mM HEPES at pH 7.0. Titration of Zn(Il) into apo-
Chd was performed on a Shimadzu UV-2450
spectrophotometer equipped with a TCC-240A
temperature-controlled cell holder in 1 mL quartz
cuvettes in 50 mM HEPES buffer, 0.25 uM of apo-
Chd, pH 7.0 at 25 °C. The rate of hydrolysis of TPN
(0.25 mM) was monitored as a function of [Zn(II)].

pH Profiles. The enzymatic activity of 0.01 pM
Chd at pH values between 4.0 and 10.2 were measured
using TPN as the substrate. The concentration of each
buffer used was 50 mM and the following buffers were
used: borate (pH 8.50-10.50); Tris HCI (pH 7.00-8.50);
HEPES (pH 6.8-7.2); MOPS (pH 6.50-7.00); MES (pH
5.50-6.50); acetate (pH 3.23-5.50). The kinetic
parameters ke, Ky and k../Kn, were determined using

Hydrolytic Dehalogenase
8-12 different substrate concentrations ranging from
0.2-2.5 times the observed K, value at each pH
studied. Kinetic parameters and fits to the kinetic
curves were obtained using OriginPro 9.0 (OriginLab,
Northampton, MA).

Solvent Isotope effect. All buffers were prepared
from freshly opened bottles of 99.9% [*H] H,O and
CH;0H (Aldrich). The buffers used in the
preparation of all deuterated buffers were in the
anhydrous form. The pD of each buffer used was
adjusted by the addition of NaOD or DCI (both 99%+
deuterium content; Acros Organics, Geel, Belgium)
and corrected for deuteration by adding 0.4 to the
reading of the pH electrode (28).

Stopped-flow experiments. Chd activity towards
TPN was examined in triplicate using a single mixing
Applied Photophysics SX-20 stopped-flow UV-vis
spectrophotometer with a 20 pum cell. Chd activity
was monitored at 345 nm by acquiring stopped-flow
data from 0.005 to 1 second at 4 °C using 8.1 uM
enzyme and 250 pM TPN in deuterated 50 mM
acetate buffer pH 5.0. All data were fit using
OriginPro 9.0 (OriginLab, Northampton, MA).

TPN Electron Density Calculation. The
structures of TPN were drawn using Gaussian View
5.0.8. The bond lengths and overall structures were
optimized by DFT calculations at the ground state
(basis set: 3-21G) followed by electron density
distribution of free TPN by Gaussian 9-win.
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Table 1. Kinetic Parameters from solvent isotope study.

General
Experimental One proton Two protons
solvation
value (Calculated) (Calculated)
(Calculated)
Vos/Vi 2.98 2.99 4.03 2.34
Table 2. Kinetic Parameters from stopped-flow experiment
Ao K,,[,,/S kcat (ﬁtting) kvz/s k ,2/5 kca/s(Observed)
Value 0.93 36.34 1.08 35.20 1.13 1.10
Standard error 0.01 0.29 0.01 0.10 0.19 0.06
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Figure Captions

Figure 1. Chd sequence alignments for nine bacterial species. Yellow: proposed active site motif.

Figure 2. Zn(Il) titration into apo-Chd (10 uM). Each data point was obtained in triplicate in 50 mM
HEPES buffer, pH 7.0 at 25 °C and 0.25 mM chlorothalonil. Fits by equation 1 provided a p value of ~1

and a K, value of 0.17 £0.01 uM

Figure 3. pH dependence of the kinetic parameters for dechlorination of TPN by Chd between pH 4.0
and 10.0. Each data point was obtained in triplicate in 50 mM borate (pH 8.50-10.50); Tris HCI (pH
7.00-8.50); HEPES (pH 6.8-7.2); MOPS (pH 6.50-7.00); MES (pH 5.50-6.50); acetate (pH 3.23-5.50) at
25 °C and 0.25 mM chlorothalonil. The pH dependence of logk.., was fit by equation 2 while the pH
dependence of logk../K., was fit by equation 3. A plot of pH vs logK,, exhibited “V” shape curve that was

fit with a polynomial equation. Error bars were smaller than the symbols used.

Figure 4. Plot of V,/V, vs. atom fraction of deuterium for Chd at pH 7.0. Each data point was obtained
in triplicate in 50 mM HEPES buffer under various ratios of D,O/H,O at 25 °C and 0.25 mM TPN. Solid
line: data fit by a linear equation; Dashed line: direct fit to Equation 4 with fractionation ¢r=1, ¢p+=0.18.

Error bars were smaller than the symbols used.

Figure 5. Stopped-flow experiment data obtained by 50 mM acetate in 99% D,O at 4°C, pD = 5.0.

These data were fit (solid line) as an exponential for the pre-steady state burst phase and with a linear

equation for the steady-state region.

Figure 6. Proposed catalytic mechanisms for Chd. Pathway A: An active site base acts as a proton

acceptor for a Zn(I[)-bound water. The Cl at the ortho carbon position is substituted by nucleophilic
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attack of OH. Pathway B: TPN is stabilized by a hydrogen bonding interactions with a protonated active

site residue (R)).
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Figure 1
Rhodococus sp. XF-6  ----==c-cc--e--- MPPGCSGLCSFVGLTMPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 60
Rhodococus sp. XF-3 ----------------- MPPGCSGLCSFVGLTMPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 68
Pseudomonas sp. CTN-3-------cocmnmnana MPPGCSGLCSFVGLTMPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 66
Rhodococcus sp. XF-8B------ocmmomnoannn MPPGCSGLCSFVGLTMPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 6@
Rhizobium sp. CTN-15----------c--mmmmmmmimmmmm oo - MPLKFSGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 45
Ochrobactrum 1Upind=--=======cmmcemmmmmeooememmo MPLKF SGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 45
Bordetella Sp. CTN-1B------==-==cmmmmmmo oo MPLKF SGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 45
Ochrobactrum $p. CTN-11- - -mmmmmmm e e MPLKFLGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 45
Caulobacter sp. CTN-14---------cmccmmcce e ceemem e mm - MPLKFLGVLCASLLTITLSVAAHATELILDFNKVQMRSQQLAPGY 45
e sk ofe e ok o ok o ok ¢ ok ok ok ok ofe ok o e ok ok o ok ok ke o ok ok ok ke ke sk ok o ok ok s sk o ok ok ok ook ke ok
Rhodococus sp. XF-6---=--nmmmemmnamnnn YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 120
Rhodococus sp. XF-3------nmmmmmmnamann YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRL FDQVQALAKKEALGLPLL 120
Pseudomonas sp. CTN=3===s-ecccacananx YAHLPADSAELNAKGGVAGTSGGLIVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 120
Rhodococcus sp. XF=B===meemmcccccnann YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 120
Rhizobium sp. CTN-15--------ccmeonaann YAHLPADSAELNAKGGVAGTSGGLIVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 1805
Ochrobactrum lupini-----==-zceaceau- YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRL FDQVQALAKKEALGLPLL 1@5
Bordetella sp. CTN-18-----=c-=ceemna-n YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRL FDQVQALTKKEALGLPLL 185
Ochrobactrum sp. CTN-11-----=--=----- YAHLPADSAELNAKGGVAGTSGGL IVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 185
Caulobacter sp. CTN-14----mmceennnn-- YAHLPADSAELNAKGGVAGTSGGLIVGTRGAMLIETMLNRRLFDQVQALAKKEALGLPLL 185
e e s she ke e o ke ok ok ok o o ok ok s ke ok okt ke o ok ke ke ok e ok sk o sk ok o o ke ok ok ok ke e sbeoke ok ok ok ok sk ke ok ok o ok ok ok ok sk ek ok ke
Rhodococus sp. XF----==-=========--- YAVNTSYHGDHS YGNMYLKAPTRVIQS TKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 180
Rhodococus sp. XF-3--------ooomommoon YAVNTSYHGDHS YGNMYL KAP TRVIQS TKTRDYVDGHLADDKAFMYKNFGAGRGVEQITA 180
Pseudomonas sp. CTN-3--=--=-ccemonnn- YAVNTSYHGDHSYGNMYLKAPTRVIQSTKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 180
Rhodococcus sp. XF-8--------comoonaaa- YAVNTSYHGDHSYGNMYLKAPTRVIQSTKTRDYVDGHLADDKAFMMKNFGAGRGVEQITA 180
Rhizobium Sp. CTN-=15-=-====cmmemmamnnn YAVNTSYHGDHS YGNMYLKAPTRVIQSTKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 165
Ochrobactrum lupini==s======m=mmaamau- YAVNTSYHGDHS YGNMYLKAPTRVIQS TKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 165
Bordetella sp. CTN-10---------------- YAVNTSYHGDHSYGNMYLKAPTRVIQS TKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 165
Ochrobactrum sp. CTN=1l--===ccacaaan- YAVNTSYHGDHSYGNMYLKAPTRVIQSTKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 165
Caulobacter sp. CTN=14==--ccccccuann- YAVNTSYHGDHSYGNMYLKAPTRVIQS TKTRDYVDGHLADDKAFMVKNFGAGRGVEQITA 165
*************#*******************************:***#**********
Rhodococus sp. XF-6---=-----ceemomnnn RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 248
Rhodococus sp. XF=3-----eoommoononnnn RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 240
Pseudomonas sp. CTN-3-------comoanaaas RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 248
Rhodococcus sp. XF-8------=-===-==mn" RTGDILVPPGGRVSVDLGGKTVEIIDF GFAQTGGDL FVWEPQSKVMATGNPYVASKPALP 248
Rhizobium sp. CTN-15--=-ccccacmcannnx RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 225
ochrobactrum lupini------------------ RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNSVVASKPALP 225
Bordetella sp. CTN-10-----==---=-=u== RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 225
Ochrobactrum sp. CTN-11---------c-uu-- RTGDILVPPGGRVSVDLGGKTVEIIDFGFAQTGGDL FVWEPQSKVMWTGNAVVASKPALP 225
caulobacter sp, CTN-14---------numnu- RTGDILVPPGGRVSVDLGGKTVEIIDF GFAQTGGDL FYWEPQSKVMWTGNSVVASKPALP 225
e e e She ok ofe 25 ofe Sfe e o e e e S vk ¢ e B¢ e ok e Sk e ofe dfe i sk Sf e ok e e sk e o Sfe ofe o e Sfe e e e ke ol o e sk e S of ofe i ke o ok Sk ok
Rhodococus sp. XF-f---==--=-cccccmnnu- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 300
Rhodococus sp. XF-3---=-cccccccccnnn- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 3806
Pseudomonas sp. CTN-3----------c-mmn- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 380
Rhodococcus sp. XF-8----------cc-mmn- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 300
Rhizobium sp. CTN-15------=------mun- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 2B5
Ochrobactrum lupini------=--=-==uunu- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 285
Bordetella sp. CTN-18--------=mmnmmmn WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 285
Ochrobactrum sp. CTN-11-------------- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 285
Caulobacter sp. CTN-14--------oouonn- WLLDGKLVETLATLQKVYDFLPPDATIVPGHGVPMAREGLRWHLDYLAAVQAGVKDALAR 285
ke okt ko ook ko ok ok s sk ko ok s e ol s ok ok sl o ok ko ke sk s ok st e ko ok
Rhodococus sp. XF-B----=--=-ccmccmmoccc e cccmcecmm e KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 342
Rhodococus sp, XF-3----cccmmccccccoccccccce e ccnces KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARI 342
Pseudomonas Sp. CTN=3----nceeucmmooocacocaecacaaas KLSLEQTVTELKMPE FRGYVLFDWVHPDLNVPAAY - - - - - - - 335
Rhodococcus Sp. XF=8--=====mmsomsommmooooooo o KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 342
Rhizobium sp. CTN-15-- == mmmemmeo oo KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 327
Ochrobactrum 1Upind---- === =mnsmmemmmm o mm oo KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 327
Bordetella sp. CTN-1B--=------ommmmmm e e mmm e mm KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 327
Ochrobactrum sp. CTN-=1l-=-===---cccccccee e KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 327
Caulobacter Sp. CTN=Id= === mmmemmemmmm e emmooaomnan KLSLEQTVTELKMPEFRGYVLFDWVHPDLNVPAAYKDLAARP 327
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Figure 2
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Hydrolytic Dehalogenase

Figure 3
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Hydrolytic Dehalogenase
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4-OH-Chlorothalonil

Figure 5
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Hydrolytic Dehalogenase
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	ABSTRACT
	RESULTS
	Protein Expression and Purification. The gene from pseudomanas sp. CTN- 3 that encodes for Chd was synthesized with optimized E. coli codon usage and includes a TEV protease cleavage site followed by a polyhistidine (His6) affinity tag engineered onto the C-terminus. Expression of Chd and purification using immobilized metal affinity chromatography (IMAC) resulted in ~12 mg/L of soluble Chd enzyme. SDS gel page reveals a single polypeptide band at ~36 kDa (Supplemental Material Figure S1), consistent with previous studies ��(7,21)�. However, size exclusion chromatography indicates that Chd exists primarily as a dimer (~72 kDa) in solution in 50 mM HEPES buffer, pH 7.0, at 25 °C.
	Spectrophotometric Enzymatic Assay. A continuous spectrophotometric enzymatic assay for Chd was developed by directly detecting 4-OH-chlorothalonil, the product of TPN hydrolysis by Chd, at 345 nm (ε345 = 3.5 mM-1cm-1). This region contains no detectable substrate absorption ��(5)�. All kinetic data were recorded on a temperature-controlled Shimadzu UV-2450 spectrophotometer in 50 mM HEPES buffer, pH 7.0, at 25 °C, over a 60 s time period. Plots of the initial rate of hydrolysis of various concentrations of TPN were fit to the Michaelis-Menten equation, which provide a kcat value of 24 ± 2 s-1 and a Km value of 110 ± 30 µM.
	Metal Binding Properties of Chd. Apo-Chd was prepared by adding a 15 mM 1,10-Phenanthroline/40 mM EDTA solution to as-purified Chd under anaerobic conditions for ~24 h followed by desalting via column chromatography and dialysis against 50 mM HEPES, pH 7.0. The intrinsic dissociation constant (Kd) was determined by titrating apo-Chd at pH 7.0 in 50 mM HEPES buffer at 25 °C with Zn(II)aq and monitoring the catalytic activity as a function of [Zn(II)]. Kd, and the number of binding sites, p, were determined by fitting these titration data to equation 1 �����(22)�, where r, the binding function, is defined by the fractionation saturation fa and number of binding sites (equation 2) ��(23)�. In equation 1, Cs is the
	pH Dependence of the Kinetic Parameters. The kinetic parameters Km, kcat, and kcat/Km were determined as a function of pH using TPN as the substrate. Chd was found to exhibit a bell-shaped curve for plots of activity vs. pH over the pH range 4 to 10. The maximum catalytic activity occurred in the range of pH 6.5 to 9.2. Log(kcat) and log(kcat/Km) were fit to equations 4 and 5 �����(25)�,
	(Eq.4)
	(Eq.5)
	respectively, where: k’cat is the theoretical maximal velocity; k’cat/K’m is the theoretical maximal catalytic efficiency; KES1 is the ionization constant of the ES complex, which affects the acidic side of the pH curve while KES2 reflects the basic side; and KE1 and KE2 are ionization constants for an acidic and basic group, respectively, on the free enzyme or free substrate. Inspection of a plot of log(Km) vs. pH (Figure 3) reveals that Km exhibits a broad minimum over pH 5.5 to 7.5. A plot of log(kcat) vs. pH provided a bell- shaped curve that was fit to equation 4 (Figure 3) providing a pKES1 value of 5.4 ± 0.2, a pKES2 value of 9.9 ± 0.1, and a k’cat value of 24 ± 2 s-1. Similarly, plots of log(kcat/Km) vs. pH were fit to equation 5 providing a pKE1 value of 5.4 ± 0.3, a pKE2 value of 9.5 ± 0.1, and a k’cat/K’m value of 220 ± 10 s-1mM-1 (Figure 3).
	Solvent Isotope Effect Studies. kcat for TPN was measured, at several ratios of D2O (2H2O):1H2O and the results are plotted in Figure 4 as atom fraction of deuterium vs. Vn/V0, where Vn is the observed velocity at n fraction of deuterium and V0 is the observed velocity in 100% 1H2O. Proton inventories and fractionation factors were obtained by fitting the experimental values for Vn/V0 to equations derived from the Gross-Butler equation (equation 6)��(26)�, where ʋt is the number
	(Eq. 6)
	of protons transferred in the transition-state, while ʋR is the number of protons transferred in the reactant state, and 𝛟 is the fractionation factor. Fitting revealed a linear relationship (ʋt = 1, ʋR = 0), indicating that one proton is transferred in the transition-state when 𝛟R = 1 (equation 7) �����(27)�,
	(Eq.7)
	where the experimental 𝛟T value is 0.17 while the theoretical value of 𝛟T is 0.18 (R2 = 0.99) (Figure 4).
	Calculation of the partial solvent isotope effect provides an alternative way to determine the number of protons transferred in the transition-state ��(28)�. At n = 0.5, the theoretical solvent isotope effect for a process involving N protons can be estimated using equation 8, a generalization of
	(Eq.8)
	equations 6 and 7 ��(29)�, where V1, V0, V0.5 are the specific activities at 100% D2O, 0% D2O, and 50% D2O, respectively. represents the
	midpoint partial solvent isotope effect at 50% D2O, while is the total isotope effect [(velocity in 100% 1H2O)  (velocity in 100% D2O)]. The experimental midpoint partial isotope effect was 2.98 and the calculated midpoint partial isotope effect for a one proton transfer (Equation 8) was found to be 2.99 (Table 1). For comparison purposes, the midpoint partial isotope effect calculated for a two-proton transfer in the transition-state is 4.03.
	DISCUSSION
	To overcome this obstacle, a spectrophotometric kinetic assay was developed that directly detects the formation of 4-OH-chlorothalonil at 345 nm, a wavelength where there is little or no TPN absorbance ��(5)�. Initial control reactions were performed with saturating amounts of TPN (250 µM) in 50 mM HEPES buffer at pH 7 and 25 oC in the absence of Chd by monitoring absorptions between 300 and 400 nm to determine if any TPN hydrolysis occurred under the experimental conditions used. The addition of 1 µM Zn(II) to these reaction mixtures also produced no detectable absorption at 345 nm. With no increase in absorbance observed, Chd was added to a final concentration of 10 µM resulting in a steady increase in absorption at 345 nm. The rate of increase at 345 nm was highly reproducible and dependent on the concentration of Chd and TPN as well as the temperature and pH of the reaction mixture. At temperatures above 30 oC gradual inactivation occurs, which is indicative of Chd denaturation. Having established the viability of directly detecting the product of TPN hydrolysis, the kinetic parameters kcat and Km were determined at pH 7.0 and 25 oC over a 60 s time period. Plots of [TPN] vs initial rate were fit to the Michaelis-Menten equation, which provided a kcat value of 24 ± 2 s-1 and a Km value of 110 ± 30 µM, in good agreement with values previous reported using a non-continuous HPLC based assay performed under similar reaction conditions ��(7,21)�.
	The electron density distribution of free and Zn(II) bound TPN calculated using Gaussian 9-win (Scheme 4), and the previously reported kinetic and site-directed mutagenesis data ��(7,21)�, suggests two possible catalytic mechanisms for the
	hydrolysis of TPN by Chd (Figure 6). We propose the initial catalytic step involves the binding of the nitrile nitrogen, to the active site Zn(II) ion, which results in the removal of electron density from the aromatic ring activating the ortho carbon for nucleophilic attack (Scheme 4; B) �����(40,41)�. The significantly enhanced electrophilic character of the ortho carbon upon nitrile binding to Zn(II) suggests that Zn(II) binding activates the ortho carbon towards nucleophilic attack and may also help to position the ortho carbon relative to the nucleophile, thus pre-organizing the transition-state. Based on our kinetic data, an active site His residue needs to be deprotonated so it can accept a single proton from a Zn(II)-bound water molecule providing the catalytic nucleophile, which is pre-organized adjacent to the activated ortho carbon of TPN. Once nucleophilic attack occurs, Cl- and 4-OH-TPN are formed and released from the active site, which is the rate-limiting step in catalysis. Finally, a water molecule binds to the active site Zn(II) thus reforming the active catalyst.
	Even though the mechanistic proposal involving nitrile binding to the active site Zn(II) ion is logical and has advantages in that binding activates the ortho carbon for nucleophilic attack and pre-organizes the transition-state by positioning the Zn(II) bound hydroxide near the ortho carbon, there is no experimental evidence to support TPN binding to the active site Zn(II) ion at this time. Therefore, an alternative pathway involving substrate binding near the active site but not directly to the Zn(II) ion, must also be considered (Figure 6B). Under such a scenario, a protonated active site residue (R1) would form a hydrogen bond with the nitrile nitrogen. Previous studies as well as our pH dependent assay suggest an active site Ser or Trp might play such as both were found to be essential for catalysis. The existence of an R1 residue is supported by the loss of catalytic activity at high pH values. Moreover, the electron density map of TPN in the absence of nitrile Zn(II) binding reveals some electrophilic character at the ortho carbon (Scheme 4; A), suggesting susceptibility to nucleophilic attack. This active site residue would pre-organize the ortho carbon with the Zn(II)-bound hydroxide nucleophile, which like in pathway A would transfer a proton to the active site acid/base His residue in the transition-state. Once nucleophilic attack occurs, like pathway A, Cl- and 4-OH-TPN are formed and released from the active site, which is the rate-limiting step in catalysis. A water molecule would then bind to the active site Zn(II), reforming the active catalyst.
	EXPERIMENTAL PROCEDURES
	Expression and Purification of Chd. The Chd plasmid was freshly transformed into BL21(DE3) competent cells (Stratagene), and a single colony was used to inoculate 50 ml of LB-Miller culture containing 50 g/mL kanamycin with shaking overnight at 37 C. This culture was used to inoculate a 1 L culture and the cells were grown at 37 C until the OD600nm reached 0.8-1.0. The culture was cooled on ice, induced with 0.1 mM isopropyl -D-1-thiogalactopyranoside (IPTG) supplemented with 0.05 mM ZnCl2, and expressed at 25 C for 16 hours. Cells were harvested by centrifugation at 6370 x g and 4 C for 10 min in a Beckman Coulter Avanti JA-10 rotor. Cell pellets were resuspended in 20 mM Tris-HCl buffer containing 50 mM NaCl and 25 mM imidazole at a ratio of 5 ml per gram of cells, then sonicated for 4 min (30 s on 45 s off) at 21W using a Misonix sonicator 3000. The crude extract was obtained after centrifugation in a JA-20 rotor at 31,000 x g and 4 C for 20 min.
	Crude extracts of Chd (100 mg) were loaded onto a 5 ml Ni-NTA (nitrilotriacetic acid) Superflow Cartridge (Qiagen) for immobilized metal affinity chromatography (IMAC) using an ÄKTA FPLC P-960. The column was washed with 50 mL of 20 mM Tris-HCl buffer containing 50 mM NaCl and 25 mM imidazole, followed by 50 mL of 20 mM Tris-HCl buffer containing 50 mM NaCl and 75 mM imidazole. The protein was eluted using a linear imidazole gradient (75 to 500 mM) at a flow rate of 2 mL/min. Active protein fractions were pooled and concentrated using 50 mM Tris buffer containing 1 mM EDTA with an Amicon Ultra-15 10,000 MWCO centrifugal filter unit (Millipore) resulting in ~12 mg/L of soluble Chd-His6.
	Chd Spectrophotometric Assay. The enzymatic activity of Chd towards TPN was measured using a Shimadzu UV-2450 spectrophotometer equipped with a TCC-240A temperature-controlled cell holder in 1 mL quartz cuvettes. A 1 mL reaction consisted of 50 mM HEPES buffer, 0.01µM Chd, pH 7.0 at 25 °C and various concentrations of TPN up to 250 µM. The rate of TPN dehalogenation was determined by continuously monitoring the formation of 4-OH-TPN at 345 nm (345 = 3.5 mM-1cm-1) ��(5)�. Data analysis was performed using OriginPro 9.0 (OriginLab, Northampton, MA). The kinetic constants Vmax and Km were calculated by fitting these data to the Michaelis-Menten equation. Vmax values were converted to kcat using the molar mass of Chd. One unit of enzyme activity was defined as the amount of enzyme that catalyzed the production of 1 μmol of TPN per minute at 25 °C.
	Metal Analysis. As- purified enzyme samples of Chd were digested with concentrated nitric acid at 70 C for 10 minutes and then cooled to room temperature. These samples were diluted to 5 ml total volume with deionized water to give a final nitric acid concentration of 5% and were filtered using 0.2 µm Supor membrane syringe filters (Pall). A nitric acid blank was also prepared. The samples were analyzed using inductively coupled atomic emission spectroscopy (ICP-AES) at the Water Quality Center in the College of Engineering at Marquette University (Milwaukee, WI, USA).
	Apo-Enzyme Preparation and Zn(II) Kd Determination. Apo-Chd was obtained by incubating as-purified enzyme in a 15 mM 1,10-Pphenanthroline/40 mM EDTA solution under anaerobic conditions for ~24h. The metal chelators were removed via a PD-Minitrap G10 desalting column followed by dialysis using a Slide-A-Lyzer dialysis cassette for 16 h with Chelex 100 treated 50 mM HEPES at pH 7.0. Titration of Zn(II) into apo-Chd was performed on a Shimadzu UV-2450 spectrophotometer equipped with a TCC-240A temperature-controlled cell holder in 1 mL quartz cuvettes in 50 mM HEPES buffer, 0.25 µM of apo-Chd, pH 7.0 at 25 °C. The rate of hydrolysis of TPN (0.25 mM) was monitored as a function of [Zn(II)].
	TPN Electron Density Calculation. The structures of TPN were drawn using Gaussian View 5.0.8. The bond lengths and overall structures were optimized by DFT calculations at the ground state (basis set: 3-21G) followed by electron density distribution of free TPN by Gaussian 9-win.
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