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ABSTRACT. 3-Hydroxyanthranilate-3,4-dioxygenase (HAD) is a non-hemé dkependent enzyme that
catalyzes the oxidative ring-opening of 3-hydroxyanthranilate to 2-amino-3-carboxymuconic semialdehyde.
The enzymatic product subsequently cyclizes to quinolinate, an intermediate in the biosynthesis of
nicotinamide adenine dinucleotide. Quinolinate has also been implicated in important neurological disorders.
Here, we describe the mechanism by which 4-chloro-3-hydroxyanthranilate inhibits the HAD catalyzed
reaction. Using overexpressed and purified bacterial HAD, we demonstrate that 4-chloro-3-hydroxy-
anthranilate functions as a mechanism-based inactivating agent. The inactivation results in the consumption
of 2 + 0.8 equiv of oxygen and the production of superoxide. EPR analysis of the inactivation reaction
demonstrated that the inhibitor stimulated the oxidation of the active sitéoRbe catalytically inactive

Fe'' oxidation state. The inactivated enzyme can be reactivated by treatment with DTT 'andigte
resolution ESI-FTMS analysis of the inactivated enzyme demonstrated that the inhibitor did not form an
adduct with the enzyme and that four conserved cysteines were oxidized to two disulfides (Cys125-
Cys128 and Cys162-Cys165) during the inactivation reaction. These results are consistent with a mechanism
in which the enzyme, complexed to the inhibitor and, @enerates superoxide which subsequently
dissociates, leaving the inhibitor and the oxidized iron center at the active site.

3-Hydroxyanthranilate-3,4-dioxygenase (HADs a non- Scheme 1
heme F& dependent enzyme that catalyzes the oxidative ring- COOH 3-Hydroxyanthranilate-3,4

opening of 3-hydroxyanthranilatel)( to form 2-amino-3- dioxygenase HAD . 7~ | co0
carboxymuconic semialdehyd®)((Scheme 1). This inter-

mediate 2) then cyclizes to quinolinated), a precursor to NHe 07700C™ “NH,
the pyridine ring of nicotinamide adenine dinucleotidé. ( on 1 Non-enzymaﬁcj
Although originally believed to be a eukaryotic protein, this COCH coon
enzyme was recently identified in several bacteria as part of X

the biosynthetic pathway which converts tryptophan to cl NH, | _
quinolinate ). This pathway is of interest because quino- OH 4 N COOGH
linate selectively activatebl-methylp-aspartate (NMDA) 3

receptors, which have been implicated in neurological ) .

disorders such as stroke, epilepsy, Huntington’s disease, and The 4-halo-hydroxyanthranilates have been previously

AIDS-related dementia3( 4). In addition, elevated levels identified as selective and potent mechanism-based inhibitors

of quinolinate have been linked to Huntington’s disease, ©f HAD and are potentially useful drug candidates for

hepatic encephalopathy, and the AIDS-dementia complex controlling quinolinate levels&-11). Two plausible mech-

(3, 5-7). anisms for this inhibition were considered based on the
proposed mechanism for the closely related extradiol dioxy-
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Covalent link to proteln
Ficure 1: Two proposals for the mechanism of inactivation of HAD by 4-chloro-3 hydroxyanthranilate.

a covalent adduct with the enzym&6j. However, later peroxide detection was performed using a Biolumat LB 9500
studies demonstrated that inhibition was reversible 837  (Berthold). Kinetic data were analyzed using Origin 6.0
and suggested that was a tight-binding inhibitor X0). (Microcal Software, Inc.).
Detailed studies to differentiate the two possible inhibition  4-Chloro-3-hydroxyanthranilate4j. 4 was synthesized
mechanisms have not previously been possible due to thefrom 4-chloro-3-methoxybenzoic acid as previously de-
difficulty of acquiring large amounts of stable, purified scribed 24).
HAD from eukaryotic sourcesl{—23). The recent discovery Purification and Reconstitution of 3-Hydroxyanthranilate-
of the tryptophan to quinolinate pathway in a small number 3 4-dioxygenaseThe HAD gene fronRalstonia metallidu-
of bacteria has provided access to large quantities of aranswas overexpressed Escherichia coliTuner (DE3) cells
relatively stable HAD, now making these studies possible (Novagen) and purified by nickel affinity chromatography
2). (Qiagen) as previously describefl).( Purified HAD was
inactive. Activity was reconstituted by incubating the inactive
MATERIALS AND METHODS protein in the presence of 10 mM phosphate, 10 mM DTT,
MCLA (2-methyl-6-(4-methoxyphenyl)-3,7-dihydroimi- 250 mM imidazole, and +2 mM FeSQ, at pH 8 (5-60
dazo[1,2a]pyrazin-3-one, hydrochloride) was purchased Mmin). The reconstituting agents were then removed by rapid
from Molecular Probes, Inc. 4-Chloro-3-methoxybenzoic acid gel filtration using a Bio Spin 6 or an Econo Pac 10DG
was purchased from Frinton Labs, Vineland, NJ. All other column, eluting with 10 mM phosphate buffer, pH 7.2.
organic reagents were purchased from Aldrich and used 3-Hydroxyanthranilate-3,4-dioxygenase AssBlye activ-
without further purification. The protein concentration was ity of HAD was monitored by measuring the absorbance
determined using Coomassie Plus Protein Reagent, correctedhcrease at 360 nm resulting from the production of 2-amino-
using the extinction coefficient of HADe(= 34550 Mt 3-carboxymuconic semialdehyde as previously descriBed (
cm 1, concentration of HAD itM = [Coomassie concen- (2, ezso= 47,500 Mt cm™2) (18). A typical reaction mixture
tration of HAD inug/mL + 9.725]/35.353). Amicon Ultra-4  consisted of 5100xM 1, and 20 pmol of reconstituted HAD
centrifugal filter devices were used to concentrate protein diluted to 500uL with 10 mM phosphate pH 7.2 buffer.
samples. Bio Spin 6 columns were purchased from Bio-Rad. Inhibition Kinetics The inhibition kinetics were measured
UV spectra were recorded on a Hitachi U-2010 spectropho- using preparations of purified, reconstituted enzyme, from
tometer. Oxygen electrode experiments were performed usingwhich the reconstituting agents had been removed by rapid
a Clark polarographic oxygen probe and YSI 5300 biological gel filtration. HAD (495ulL, 75 uM) was treated with 45
oxygen monitor from Yellow Springs Instrument Co. Su- «M and 150uM 4 (0.6 and 2.0 equiv) with stirring to



Inactivation Mechanism of HAD

maintain an air saturated solution. Remaining activity, as a
function of time, was measured by diluting/8. of the
reaction mixture 100-fold with 10 mM phosphate pH 7.2,
followed by the addition of substraté (500 uM). The
specific activity fgmol min~! mg™?) of the HAD sample, as

a function of inactivation time, was determined from the rate
of product formation. Activity measurements were made in
triplicate. Origin 6.0 was used to analyze the data which were
fit to either one y = A e '+ yp) or two exponential functions
(y= AL et + Ay ekt 4 yp) (25). For the control sample,
the data were fit to a single-exponential function describing
the autoinactivation of HAD. For inhibitor dependent in-
activation, the data were fit to two exponential functions:
the first exponential function representing the rate of
inactivation due to the inhibitot, and the second represent-
ing the autoinactivation of HAD in buffer alone.

To determine if the inhibition was reversible, HAD (3.2
nmol) was inactivated by (25 nmol) in aerated 10 mM
phosphate buffer, pH 7.2, and the enzymatic activity was
measured after removal dfby rapid gel filtration eluting
with 10 mM phosphate pH 7.2.

ESI-FTMS Analysis of Inactated HAD Reconstituted
HAD (2 mL, 133 nmol) was treated wit with rapid stirring
to maintain an air saturated solution. After various times
(2—340 min) 200uL of the reaction mixture was removed
for MS analysis. Simultaneously8. of the reaction mixture
was removed and diluted 100-fold and the specific activity
determined as described above.

Samples for MS analysis (200L) were desalted by
reverse-phase protein traps (Michrom Bioresources, Auburn,
CA), washed with MeOH:D:AcOH (1:98:1), and eluted
with MeOH:H,O:AcOH (70:26:4). The resulting protein
solution was electrosprayed at-%0 nL/min with a nano-
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chelate the active site ke Therefore, the thiol titration
described here, carried out in air saturated buffer containing
traces of F# from the reconstitution reaction, is likely to
underestimate the accessible thiol content of the enzyme.

Superoxide DetectiotMCLA (1 mg) was dissolved in 2.3
mL of argon-purged ddpD. The resulting solution was
divided into 100uL aliquots under argon and stored in
separate tubes in the dark @20 °C. The components of
the assay mixture were added & 3 mL cuvette in the
following order: 10 mM phosphate buffer, pH 7.2 (1.92 mL),
reconstituted HAD (15 nmol, 7bL), MCLA (5 uL, freshly
thawed on ice in the dark), artd(5 uL, 50 mM). The 465
nm luminescence was detected, in arbitrary units, using a
Biolumat LB 9500. Quenching of the superoxide dependent
luminescence was accomplished by adding superoxide dis-
mutase (75«L, 75 uQ) to the assay mixture. To determine
the background luminescence, an equal volume of the HAD
reconstitution buffer was gel filtered and added to the reaction
mixture in place of the enzyme.

Oxygen Consumption by HAD in the Presence of Inhibitor
4. To generate a calibration curve for oxygen consumption,
HAD (29—88 nmols, in 50 mM phosphate, 250 mM
imidazole, 300 mM NaCl at pH 8) was injected into 3 mL
of air saturated phosphate buffer (10mM, pH 7.2) contained
in the oxygen monitor chamber in which an equilibrated
oxygen electrode was submerged. Increasing concentrations
of 1 were then added (50 nmol, 100 nmol, 150 nmol), and
the oxygen consumption was recorded assuming that 1 mol
of oxygen was consumed for each mole of substrate oxidized.

To determine if the inactivation of the enzyme by inhibitor
4 consumed oxygen, a known quantity of HAD (288
nmol, in 50 mM phosphate, 250 mM imidazole, 300 mM
NaCl at pH 8) was injected into 3 mL of air saturated

spray emitter. The resulting ions were guided through a phosphate buffer (10 mM, pH 7.2) contained in the oxygen
heated capillary, skimmer, and three radio frequency only monitor chamber in which an equilibrated oxygen electrode
quadrupoles it a 6 Tmodified Finnigan FTMS with the  was submerged, then a solution of inhibitbin DMSO (10

Odyssey data system. For MS/MS spectra, specific ions wereul, 1.0 umol) was injected, and the oxygen consumption

isolated using stored waveform inverse Fourier transform was recorded.
(SWIFT), followed by IR multiphoton dissociation (IRMPD)
(26), and electron capture dissociation (ECRY{29). MS/

MS spectra were averages of-380 scans. Assignments of

Reconstitution of HAD after Inactation by Inhibitor4.
Reconstituted HAD (4%L, 2 nmol) was incubated witd
(50 nmol, 5uL) for 7—14 min in 10 mM phosphate buffer,

the fragment masses and compositions were made with thepH 7.2. The inactivated enzyme was then rapidly gel filtered

computer program THRASH3(). The mass difference (in
units of 1.00235 Da) between the most abundant isotopic
peak and the monoisotopic peak is denoted in italics after
each reduced molecular weighil§ value.

Determination of the Reace# Thiol Content of HAD Using
Ellman’s Reagent (5,8ithiobis(2-nitrobenzoic acid), DTNB).
The inactivation reaction mixture consisted of reconstituted
HAD (77 nmol) and4 (100 nmol) in 600uL of 10 mM
phosphate buffer, pH 7.2, and was stirred to maintain an air
saturated solution. At various time points, pQ of the
reaction mixture was removed and diluted with 440 of
10 mM phosphate buffer, pH 7.2. DTNB (1Q, 50 nmol)
was added, and the 2-nitro-5-thiobenzoate anion formation
was monitored at 412 nm for 2 min. An identical reaction
mixture lacking4 was analyzed as a control.

Ideal conditions for the use of DTNB in thiol titrations
involve the use of deoxygenated buffers and metal chelating
agents such as EDTA to prevent oxidation of free thiol to
disulfide (31). Such conditions were not possible for HAD
because the inactivation requires oxygen and EDTA could

into 10 mM phosphate, 10 mM DTT, 250 mM imidazole
pH 8 to remove the inhibitor and expose it to reducing
conditions. After addition of £2 mM FeSQ, 5 uL aliquots
were removed at various time points and assayed. The control
sample consisted of HAD treated in parallel under identical
conditions in the absence of the inhibitor. The specific
activity of the reconstituted enzyme, prior to inactivation,
was 8.64umol min~! mg.

EPR AnalysesThe samples used in the EPR analyses were
reconstituted from apo-HAD with Heunder anaerobic
conditions. The apoprotein was made anaerobic prior to the
reconstitution by repeated cycles of evacuation and equilibra-
tion with deoxygenated argon. One molar equivalent of
ferrous ion from an anaerobic Fe(WkK{SOy), stock solution
(20 mM, argon saturated J@) was slowly added to the
apoprotein by a gastight syringe. The 1:1 reconstitutéd Fe
HAD was used in the assessment of enzyimhibitor
interactions in the presence of eithsIO or O, as described
in the appropriate EPR experiments. EPR first derivative
spectra of HAD were collected at X-band microwave
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Ficure 2: Determination of the specific activity of HAD as a
function of time in the absenc#f and presence of 0.6 equivalents
(®) and 2.0 equivalentsa(, inset) of inhibitor4.

frequency with 100 kHz field modulation using a Bruker
EMX 10/12 spectrometer. The cryotemperature measure-
ments were achieved with an Oxford Instruments ESR-900
cryostat along with LLT650/13 liquid helium transfer tube
(fitted with stepper motors) and digitalized ITC503S tem-
perature controller. Quantitative analysis was performed by
double integration of the corresponding spectra and by
comparison of the double integrals with each sample of
identical protein concentrations recorded under the same
conditions.

RESULTS

Overexpression, Purification, and Reconstitution of HAD.
The HAD gene fromR. metalliduranswvas overexpressed
as a soluble protein ig. coli Tuner (DE3) cells, and purified
by Ni-NTA affinity chromatography. The purified HAD was
inactive, but could be reconstituted by incubation in the
presence of phosphate, DTT, imidazole, and Fg%0OpH
8. The reconstituting buffer was removed by rapid gel
filtration immediately preceding any assay, preventing the
possibility of regenerating the active site'R@ost inactiva-
tion. The specific activity gmol mint mg1) of purified,
reconstituted HAD was determined by monitoring the
formation of2 at 360 nm ¢ = 47500 Mt cm™1). Recon-
stituted HAD is only moderately stable, showed initial
specific activities in the range of-&0 yumol min~* mg,
and loses activity over time with a half-life of 16& 11
min.

Kinetics of HAD Inactiation by Inhibitor4. The rate of
inactivation of HAD by inhibitor4 was determined by
monitoring the specific activity of the inhibitor-treated
enzyme over time. Samples from the inhibition reaction
mixture were diluted 100-fold before activity measurement
to minimize the effect of the inhibitor on the activity assay.
The inactivation of HAD by4 was so rapid that equimolar
concentrations of the inhibitor produced a rate of inactivation
that was too fast to measure and reliably fit using any
exponential function (Figure 2, inset). In order to quantitate
a lower limit for the rate of inhibitor dependent inactivation,
substoichiometric concentrations of inhibitor were used. As
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Ficure 3: EPR spectra of HAD recorded at 5 K: (A) HAD (0.2
mM) reconstituted with 1 equiv of Be(B) HAD, air exposed for

30 min at room temperature; and (C) HAD (0.2 mM) incubated
with 4-chloro-3-hydroxyanthranilic acid (10 equiv) in the air for
30 min. EPR parameters: microwave frequency 9.38 GHz,
microwave power 1.00 mW, modulation amplitude 0.8 mT, sweep
time 167 s. Inset: an enlarggd= 9.49 resonance for spectrum C.
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shown in Figure 2, 0.6 equiv of inactivates a fraction of
the HAD population very rapidly (0.17 mi# & 0.01), and
the remaining HAD loses activity at a slower rate (0.0047
min~! £+ 0.0008) which is consistent with the rate of
autoinactivation (0.0055 mid £ 0.0006). These rates
indicate that the inhibitor dependent inactivation is 35-fold
faster than the autoinactivation of HAD. This rate of
inactivation is an underestimate of the inactivation rate under
saturating concentrations of the inhibitor, since increasing
concentrations oft produced complete inactivation at rates
which were too fast to measure. Furthermore, these rapid
inactivation rates made it impossible to determine the
dependence of inactivation rate on inhibitor concentration
necessary to establist) andkinac: by steady state methods.

We were unable to isolate unreacted inhibitor from the
inactivation reaction mixture becauéendergoes a complex
nonenzymatic oxidation in the reaction buffer.

EPR Analyses of FeReconstituted HADThe active form
of Fe-reconstituted HAD was EPR silent, consistent with the
expectation of a non-heme mononucleat Eenter with @
electronic configuration (Figure 3A). When the active
enzyme was incubated with the inhibitor for 30 min, the EPR
spectrum (trace C) presents resonanceg at 4.25, 4.31,
and 9.49. In a control experiment, the Fe-reconstituted HAD
was allowed to undergo an air exposure for 30 min at room
temperature prior to the EPR measurement. The EPR
spectrum of this control sample presents only ghe 4.31
resonance (trace B). The EPR spectrum in the inhibitor-
inactivated sample is interpreted as originating from two sets
of superimposed oxidized ferric EPR signals, i.e., a mixture
of anS= %, (g = 4.3) F¢' which is indistinguishable from
trace B of the autoinactivated sample, andSan %/ (with
resolvedg components at 4.25, 4.31, and 9.49Y'FEpecies.
The Fe heterogeneity is believed due to the lack of the
inhibitor at some of the enzyme active sites. The small
fraction of theg = 4.3 signal is attributed to the autooxidation
in the absence of the inhibitor. In the autooxidized sample,
the Fd'/HAD ratio detected was 0.12 0.05 after 30 min
air exposure; while in the inhibitor-inactivated sample, it was
0. 75+ 0.05.
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S ‘ ' inhibitor binds to the ferrous center, and more importantly,
L—)Vx__—,\ji that the inactivation resulted in the conversion of the ferrous
ion to the ferric oxidation state.

Analysis of Inactrated HAD by ESI-FTMSThe mass of
HAD, after treatment with 5 equiv of, was determined by
ESI-FTMS. The mass spectrum of inactivated HAD dem-
onstrates the absence of any covalent adduct between the
inhibitor and the enzyme (Figure 5). However, the inactivated
B 1x enzyme showed a mass loss of 4 Da. DTT treatment restored
the 4 Da mass loss suggesting that inactivation resulted in
the formation of two disulfide bonds. In a control reaction,
reconstituted HAD, incubated in reaction buffer in the
absence of inhibitod, showed no change in mass over 340
C 3 min.

Ellman’s Reagent as a Test for Disulfide Bond Formation.
Ellman’s reagent (5;&ithiobis(2-nitrobenzoic acid), DTNB)

8 6 4 2 was used to measure the accessible thiol content of HAD in
g value _ the presence and absence of inhibitor. The results are shown
Ficure 4: EPR spectra of the (A) HAD (0.2 mM) Fenitrosyl in Figure 6. In the control reaction, HAD was treated with

complex in the absence of substratg(B) HAD (0.2 mM), Fé' — - o -
nitrosyl complex in the presence of substrdteand (C) HAD (0.2 DTNB in the absence of the inhibitor. Under these conditions,

mM), Fe'—nitrosyl complex in the presence of inhibitat, The two of the five cysteines present in HAD could be detected.
spectra were obtained & K with microwave frequency 9.38 GHz,  This value decreased over time due to air oxidation of the
microwave power 1.00 mW, modulation amplitude 0.3 mT, sweep enzyme. For the inhibitor treated sample, the concentration
time 167 s per scan. Spectra A and C were the average of threeyt ccessible cysteine decreased at a rate of 0.18!nTihis
scans while spectrum B was from a single scan. . . . .
is approximately equal to the rate of enzyme inactivation

Using nitric oxide (NO) as a spin probe and an,O  with subsaturating concentrations of the inhibitor suggesting
analogue, we examined the interactions of the HAD Fe that disulfide bond formation occurs at a rate that is
center withl and4. In the active form of the enzyme, the significantly slower than the rate of enzyme inactivation.
Fe' center had very lowNO affinity. Under 5 psi ofNO While the absolute value of this thiol titration is likely to be
pressure, almost no IFenitrosyl complex could be detected an underestimate of the free thiol content of the enzyme,
(Figure 4A). This EPR spectrum exhibits a weak EPR due to aerobic thiol oxidation in the presence of trace
resonance aj = 4.3, which is assigned to an oxidized iron quantities of F&, this experiment clearly demonstrates that
species in a minor fraction of the sample. In contrast, in the the inactivation of HAD by inhibitor4 is accompanied by
presence of the substrate 3-hydroxyanthraniliate, the HAD disulfide bond formation in agreement with the ESI-FTMS
Fe' center showed a substantially higher affinity fdiO. analysis. MS analysis of the enzyme incubated in air for 340
An axial EPR signald = 2.00, 3.97, 4.09) dominated this min did not show detectable levels of the 4 Da depleted
EPR spectrum (Figure 4B), typical of §&e-NG 7 complex species. This is not consistent with the thiol titration of the
in a non-heme ligand environment as previously observed enzyme shown in Figure 6 and suggests that the disulfide
in numerous non-heme iron enzymes and model complexescontaining enzyme is selectively lost during the course of
(25, 33-35). The EPR signal accounts for nearly 80% of the sample preparation for MS analysis. This is also
the Fd added to the apo-HAD during reconstitution. This consistent with our observation of decreased yields of
increasedNO affinity tends to be a general property for all recovered protein when inhibitor treated HAD is prepared
of the characterized extradiol dioxygenases; substrate-bindingfor analysis by mass spectrometry (see Materials and
activates the metals for subsequent(@ *NO) coordination Methods).
(25, 39. The 4-chloro-3-hydroxyanthranilate was also shown  MS/MS Analysis of Inactated HAD. To localize the
to be capable of generating a similar iranitrosyl complex position of the two disulfides in inactivated HAD, IRMPD
with °NO, but the EPR signal intensity gt= 4.0 is 1 order (26), SORI-CAD @6), and ECD 27—29) were used to
of magnitude lower than that of the substrate in the same dissociate the parent ion in the mass spectrometer (Figure
region (Figure 4C). In this dioxygenase, neittiemor 4 7). For the N-terminal poly-histidine tagged protein, 144 out
binding causes a large splitting of tigeanisotropy in the of the possible 194 interresidue sites were cleaved. For the
low field region of the Fe-NO complexes as observed in purposes of discussing the MS analysis, residue numbering
other non-heme Fe enzymes. The order of magnitude will begin with the Met of the poly-histidine tag, which was
difference in EPR signal intensity observed for the-IR© added to the HAD sequence to facilitate purification.
complexes af) = 4.0 may be correlated with the strength of Therefore, according to this numbering scheme, the native
Fe interaction witH. and4 as described in the accompanying HAD sequence begins at Mé({25).The protein mass as well
paper B0). 4 is shown in the crystal structure to bind the Fe as the masses of the N-terminal fragments demonstrated that
center in a monodentate manner using its hydroxyl group, the amino terminal methionine was absent. The 4 Da mass
whereasl binds Fe in a bidentate fashion and causes a difference is not in the N-terminal sequence becauséthe
significant change at the protein ligand set, i.e."Ghecomes ion did not show the 4 Da mass loss. For the C-terminal
monodentate in response to the HAA binding. This difference fragments, masses of sevem@ndz ions indicate a correct
may cause a different degree of increasd@® affinity at sequence prediction for the last nine residues of the C-
the Fe center. Taken together, these results suggest that theerminus, but thens 41 andzi3-42 are 1 or 2 Da lower than
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Ficure 5: ESI-FTMS analysis of native and inhibitor treated HAD: (A) region of the mass spectrum showing the parent ion, its phosphate
adducts, and the expected location of the addizctand (B) expanded view of the HAD parent ion for the native and the inactivated
enzyme showing that inactivation cagse 4 Dareduction in the mass of the enzyme.

22 ] Superoxide Production during HAD Inagétion by 4.
] ’\ Superoxide can be detected by its chemiluminescent reaction
a %7 . with MCLA which results in light emission at 465 nr3g).
< 15 AN To test for superoxide production during the inactivation of
5 1 L HAD, the reconstituted enzyme was incubated with MCLA
£ 1% o and inhibitor4 and the chemiluminescence was recorded
S 1.4 S (Figure 8). Column 1 shows the signal from the inhibition
€ i ~ . . . .
— T— reaction mixture. To confirm that this signal was due to
2] n superoxide, superoxide dismutase was added to the reaction
£ 104 ‘ mixture and the expected decrease in luminescence was
2 0g] \ observed (columns 2 and 4). Sincée'fean also react with
g 1 \. oxygen to produce superoxide, it was essential to measure
2 0-6‘_ N the chemiluminescence of an identical sample of gel filtered
€ 04 T o ° reconstitution buffer, lacking the enzyme. This background
02 Iuminegcence is shown ir_1 Colgmn 3 demon§trating -that
"5 0 50 100 180 200 280 300 380 approximately half of the signal in the inactivation reaction

is due to the enzymatic generation of superoxide. In order
to observe luminescence, very high concentrations of enzyme
were used. Even under these conditions, the signal was just

above background. This assay therefore does not have the

the predicted mass values. This mass deficit can be explained,ggitivity for quantitation, and we use it only as a qualitative
by the formation of a disulfide bond between Cys183 and i, qicator of superoxide production during inactivation.

Cys186. The expected 2 Da mass deficit is not always . :
observed in the ECD spectrum before or after the electron 'Mhibitor Dependent Oxygen Consumption by HARXy-
gen consumption by HAD in the presence of an excess of

capture event that cleaves the protein backbone; ECD can®~'' } ;
also cleave the-SS bond to add a hydrogen atom to one of |nh|b|to.r 4 was measured using an oxygen electrode and
the Cys residue<2, 28, 37. The mass values of theo-1ss determined to be 2._& 0.8 nmol of oxygen for every 1 nmo_l
andzse_135 are lower than the sequence predicted values by ©f HAD. The relatively large error in this experiment is
even larger numbers, up to 4 Da, consistent with the caused by poor reproducibility due to enzyme instability.
formation of another disulfide bond between Cys146 and Reactiation of Inhibited HADIt was possible to reactivate
Cys149. Masses 0koss andzZso-gg indicate that Cys127is  the inhibited enzyme by treating with DTT and'Fafter

not involved in forming alternative disulfide bonds. removal of the inhibitor by gel filtration. The time course

seconds

Ficure 6: Determination of the accessible cysteine content of HAD
over time in the presenc®} and absencel) of inhibitor 4.
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195 M G H H HIHH TH H [H H HTIS 1S 16TH 11 IETG"IR 20
175 TH[M ILNT 1Y 1GTIA [P IETINTIF 1P IRTIW 1T DJETH TATIH 40
155 IL" LIKNP P*IV*IG iN 1RTIQ IV W 10 IDNIS DIFNITV]T 60
135TVV |6TIG P N HTR|TID |¥ [ IDTD P LIE ETF F 80
115 1Y0IL R GWIX Y L N LW VID'GIR R EJRIA 100
95 DJLIKIE GIDII FIL LIP|P H V RJH S P QR 120
75 PEEAGISACILIWIIEIRIQIR PIAJGIM LD 140
5506 FIEW[YI/C DJA C 6 H L VJH|IRIVIE V]Q|L 160

35 K|S [T [V [TJD L [P [P IL IF |E|IS |F Y )A S JE (D [K 180
15 RIRIC P IH CIGIQIVJH P G R A A ) 195

Ficure 7: Product ion map from MS/MS analysis of HAD treated witiResidue numbering in this figure is based on the poly-histidine
tagged HAD sequence and not on the gene sequence. Numbering from the N- to C-terminus is from top to bottom on the right-hand side
of the figure and is used for fragments containing the N-terminus. Numbering from the C- to N-terminus is from bottom to top on the
left-hand side of the figure and is used for fragments containing the C-terminus. The native HAD sequence begi#% ahidetis
underlined in red. Disulfide forming cysteines are also indicated in red. Each of the following symbols, red andlbhet green *,

denotes a unique cleavage of the protein. ECD induced cleavages between the nitrogen of the protein backbone amide andan adjacent
carbon generate fragments (bluel) containing the N-terminus and fragments (blugl) containing the C-terminus. CAD or IRMPD

induced cleavage of an amide bond in the protein backbone genbriasegnents (redJ) containing the N-terminus andfragments (red

0 containing the C-terminus. CAD or IRMPD induced cleavages between the carbonyl carbon of a peptide bond and anadjdoamt
generatea fragments (green *) containing the N-terminus. The mass changes for individual fragments that allowed assignment of the
disulfide bonds are indicated by the following symbols: loss of 1 Da (green filled box), 2 Da (black filled box), 3 Da (green filled circle),

or 4 Da (black filled circle).
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FiIGURE 8: Detection of superoxide production during the inactiva- , , , , , . , ,
tion of HAD by inhibitor 4 using a chemiluminescence assay. 0 5 10 15 20

Column 1: Enzymatic reaction mixture with inhibitdr Column
2: Enzymatic reaction mixture with inhibitor and superoxide

dismutase. Column 3: Same as column 1 except HAD has beenFIGURE 9: Reconstitution of HAD catalytic activity from HAD
omitted. Column 4: Same as column 1 except HAD and the inactivated by aerobic incubatio®) and by treatment with inhibitor

inhibitor have been omitted. 4 (a).

) o o in an enzyme mass increase of 184 Da; mechanism B predicts
for this reactivation as well as for the reactivation of enzyme 5t inhibition will be reversible under reducing conditions
_treat'ed under |der)t|cgl conditions but in the abs_ence.olf the and will result in superoxide productio (o 13) and the
inhibitor is shown in Figure 9. Most of the catalytic activity  ,yidation of the active site tao Fd! (510 6).

(75%) of th_e_ inactivated enzyme could be restored under ;g analysis of the inactivated enzyme demonstrated
these conditions. unequivocally that inhibito# did not form an adduct with
the enzyme, eliminating mechanism A (Figure 5). The
DISCUSSION detection by EPR of Feat the active site of the inactivated
The availability of highly overexpressed and relatively enzyme (Figure 3), the detection of superoxide production
stable HAD from the heterologous expression of Re during the inactivation reaction (Figure 8), and the reactiva-
metalliduransHAD gene inE. colihas enabled us to revisit  tion of the enzyme by treatment with '#BTT (Figure 9)
the poorly characterized mechanism of inhibition of this are all consistent with inactivation occurring by the inhibition
enzyme by halogenated substrate analogues. Two mechaef electron transfer from the halogenated substrate to the
nisms for the inactivation by 4-chloro-3-hydroxyanthranilate active site F& (6 to 13in Figure 1). In addition, the inhibited
4 were initially considered; one involving the acylation of enzyme could be reactivated when the enzyme was treated
the enzyme byll (Figure 1, mechanism A), the other with excess Feand DTT (Figure 9). However, the MS
involving the blocking of the electron transfer convertifig  analysis of the inactivated enzyme revealed that the inactiva-
to 7 (Figure 1, mechanism B). These two mechanisms cantion mechanism is more complex than described in mecha-
be readily differentiated experimentally: mechanism A nism B because the inactivated enzyme is 4 Da lighter than
predicts the formation of an acylated enzyf#resulting the native enzyme. This mass deficit suggests that the

Minutes of recovery time
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inactivation is accompanied by the formation of two disulfide
bonds. This was further supported by demonstrating that
inactivation reduced the free thiol content of the enzyme and
consumed 2 mol of oxygen/mol of enzyme. In addition, DTT

Colabroy et al.

experimental evidence for superoxide mediated electron
transfer between the catalytic'Fand the fused rubredoxin
domain of a binuclear superoxide reductase. Interestingly,
binding of ferrocyanide to the active site of tBesulfaibrio

treatment of the inactivated enzyme restored the missing 4uulgaris binuclear superoxide reductase also resulted in

Da and was required for reconstitution of activity. Finally,
MS/MS analysis localized the two disulfides to Cys125-
Cys128 and Cys162-Cys165 (numbering for native HAD
sequence).

While our data are consistent with the trapping of
intermediate 6, it is unlikely that the trapping of this

demetalation and oxidation of the rubredoxin s#8)(While

the similarities between HAD and superoxide reductase/
rubredoxin suggest that the rubredoxin site on HAD plays
an electron transfer role, the possibility that this site functions
as an independent catalytic domain or plays a structural or
regulatory role cannot yet be ruled out.

intermediate is due to the perturbation of the substrate redox

potential by the chloride as previously proposed for the
inactivation of 2,3-dihydroxybiphenyl-1,2-dioxygenadé)(
While we do not have redox potentials for the substrate and
inhibitor, it is likely that these potentials will be very similar
because the reduction potentials of the phenoxy, the 2-
chlorophenoxy, and the 4-chlorophenoxy radicals are 0.86
V, 0.93V, and 0.85 V, respectivel®9). In the more electron

rich aminophenol substrate, we expect these perturbations

to be even smaller. In addition, intermediséecan be
regarded as a resonance form of intermediagain making
it unlikely that small perturbations in the substrate redox
potential are responsible for intermediate trapping. An
alternative inactivation proposal is therefore needed. One
possibility is that the chloro substituent perturbs the substrate
binding in such a way that the addition of oxygen of the C3
carbon of the substrate is blocked. This proposal will be
addressed in the accompanying pags) ©n the structure
of the enzyme inhibitor complex.

The detection of a pair of disulfides in the inactivated
enzyme was unanticipated. The cysteines involved are
conserved across most bacterial and several fungal HAD

sequences, suggesting that Cys125, Cys128, Cys162, and

Cys165 are functionally important. A major insight into the
function of these cysteines was recently obtained by solving
the X-ray crystal structure of HAD (see the accompanying
paper b0)). This structure revealed that these residues
constitute the ligands for a rubredoxin-like mononuclear iron
center located 24 A from the active site of HAD. Rubredoxin
is a small highly conserved protein involved in 1 electron
transfer reactions4Q, 41). The function of this center in
HAD is currently unknown. It may play a structural or a
regulatory role. Alternatively, superoxide may occasionally
dissociate from the enzyme during its normal catalytic cycle,
generating the inactive fleenzyme, which is then reactivated
by long range (24 A) electron transfer from the reduced
rubredoxin site. In some respects, HAD is analogous to the
superoxide reductaseubredoxin system for superoxide
detoxification in anaerobic bacteri@d—47). Superoxide

reductases from several organisms have been characterized,

and two families have been identified. The mononuclear
superoxide reductases contain a single &ehe active site

and use a separate rubredoxin as the reducing agent. The
binuclear superoxide reductase contains the same active site14.

Fe' and is fused to a rubredoxin domain. A characterized
example of the binuclear superoxide reductase fidas-
ulfovibrio desulfuricanshas the rubredoxin site located 22
A from the active site Fie(45). Superoxide mediated electron
transfer has been demonstrated between Ttteponema
pallidum mononuclear superoxide reductase and its physi-
ological rubredoxin 48); however, there is as yet no
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