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ABSTRACT. The vanadate cofactor in vanadium chloroperoxidase has been studied usitg®/absorption
spectroscopy. A band is present in the near-UV that is red-shifted as compared to free vanadate and shifts
in both position and intensity upon change in pH. Mutation of vanadate binding residues has a clear
effect on the spectrum. Substrate-induced spectral effects allow direct measurement of separate kinetics
steps for the first time for vanadium haloperoxidases. A peroxo intermediate is formed upon addition of
H,0,, which causes a decrease in the absorption spectrum at 315 nm, as well as an increase at 384 nm.
This peroxo form is very stable at pH 8.3, whereas it is less stable at pH 5.0, which is the optimal pH for
activity. Upon addition of halides to the peroxo form, the native spectrum is re-formed as a result of
halide oxidation. Stopped-flow experiments show thaOHbinding and Ct oxidation occur on the
millisecond to second time scale. These data suggest that the oxidation tf IOCI occurs in at least

two steps. In the presence ob®}, the affinity for the vanadate cofactor was found to be much higher
than previously reported for vanadate in the absence®$.H his is attributed to the uptake of pervanadate

by the apo-enzyme. Human glucose-6-phosphatase, which is evolutionarily related to vanadium
chloroperoxidase, is also likely to have a higher affinity for pervanadate than vanadate. This could explain
the enhanced insulin mimetic effect of pervanadate as compared to vanadate.

Vanadium chloroperoxidase (VCPOirom the fungus mechanism, kD, is first activated by binding to the metal
Curpularia inaequalisbelongs to the group of haloperoxi- after which the halide is oxidized.

to the corresponding hypohalous acid according to from C. inaequalisshows that the HVE~ cofactor is
covalently attached to ® of His496, while five residues
H,0, + H"+ X — H,0 + HOX (Arg360, Arg490, Lys353, Ser402, and Gly403) donate

hydrogen bonds to the nonprotein oxygens. The resulting
These haloperoxidases are named after the most electrostructure is a trigonal bipyramid (Figure 1A) with three
negative halide they are able to oxidize, and thus a chlo- Nonprotein oxygens in the equatorial plane. The fourth
roperoxidase is able to oxidize chloride, bromide, and iodide. 0Xygen (hydroxide group) and the nitrogen from His496 are
The class of vanadium-containing haloperoxidases (VHPO's) at the apical positions of the pyramid. The affinity of the
bind vanadate (HVG ") as a prosthetic group. During @po-enzyme for vanadate is considerable; a dissociation
turnover, the transition metal in these vanadate-containing constant as low as 100 nM has been repor@®d Which
haloperoxidases does not change its redox state but ighcreases below pH 6. The above-mentioned vanadate
proposed to function as a Lewis acld ). In contrast, heme-  binding residues were shown to be conserved in several acid
containing haloperoxidases catalyze the formation of the Phosphatases4{-6), among others the membrane-bound
hypohalous acid by a redox mechanism in which iron is human glucose-6-phosphatase (G6Pase), a key enzyme in
oxidized and reduced during catalysis. In the Lewis-acid 9luconeogenesis. Phosphatase activity as determined for

vanadate-free chloroperoxidag® ¢onfirmed the suggestion
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His496

His496
Ficure 1: Trigonal bipyramidal native form (A) and distorted tetragonal peroxide form (B) of VCPO as determined by X-ray crystallography.
Additionally, the cofactor binding residues His496, Arg490, Arg360, and Lys353 are shown.

suggested that these positively charged residues not onlyof H,O, are presented. The possible implications of the
compensate for the negative charge of the cofactor but alsoputative high affinity of the evolutionary related human
help to activate the bound peroxide prior to halide attack. A glucose-6-phosphatase and other phosphatases for pervana-
determination of the X-ray structure of the peroxide deriva- date (the complexes of vanadate withQ4) are discussed.

tive of the enzymel0) shows a geometry with the peroxide Our results strengthen the hypothesis that the insulin mimetic
bound in a side-on fashion. It can be regarded as a distortedeffects of vanadate-derived drugs are partially due to
tetragonal pyramid (Figure 1B) with the two peroxide inhibition of glucose-6-phosphatases( 19.

oxygens, one oxygen, and the His496 nitrogen in the basal
plane and one oxygen in the apical position. EXPERIMENTAL PROCEDURES

The vanadium haloperoxidases are colorless, hampering production and Isolation of rCPO and Mutant Enzymes.
spectroscopic studies. EPR has been used to characterize thene production and isolation of rCPO, H496A, R490A,
inactive reduced vanadium(IV) form of the enzynid)( In R360A, and K353A are described in detail elsewhee (
addition, vanadium bromoperoxidase (VBPO) from the The crystal structure of rCPO is very similar to that of the
seaweedAscophyllum nodosurhas been characterized by  enzyme fromC. inaequalis especially the active sitel 7).
EXAFS 2, 12, and clear differences in edge and preedge also, the specific activities of rCPO for Cland Br,
features are observed after addition o EXAFS studies K (CI-), Kn(Br-), andKm(H205) at pH 5.0 are identicabj.
vanadium-oxygen distances in the native and peroxide form system, and the apo-enzyme fr@ninaequalisvas formed
(unpublished results). However, EXAFS requires very high py dialyzing the holo-CPO against 100 mM phosphate
concentrations 1 mM), and determination of kinetic  citrate buffer, pH 3.8, containing 1 mM EDTA and further
parameters is impossible. For VBPO frofa nodosuma  dialysis against the desired buffer. The relative amount of
small difference in the UV spectrum at 315 nm between apo- apo-enzyme was larger than 99% for bGthinaequalisCPO
and holo-enzyme was observelB| which was influenced  and rCPO as determined by comparison of the activity of
by H202 and br0m|de, but no deta"ed StudIeS on th|S feature the preparations in the absence and presence Of/,tMJO
were reported. In the visible region of the electromagnetic yanadate in the activity assay.
spectrum, free vanadate does not show transitions although Optical Absorbance SpectralV—visible absorption spec-

a yellow color is obser_ved fo_r_some vanadium(V) solutions {15 were taken on a Hewlett-Packard 8452A diode array
(14), due to absorption failing from the UV. Several ghactrophotometer (2 nm resolution) except for the inset in
multimeric species may be present, and therefore the UV Figure 2, which was taken on a Cary 50 spectrophotometer
spectra of vanadate depend strongly on pH and vanadatgq 5 nm resolution). Enzyme solutions were buffered in 100
concentration. These spectra have low extinction coefficients y\ Tris—HAc buffer, pH 5.0 and 8.3. Prior to measurement,

and are found below 35_0 nm.. enzyme solutions were centrifuged for 10 min at 13 000 rpm

Here we show that it is possible to study the bound in an MSE MicroCentauer centrifuge to eliminate absorption
cofactor in VCPO and the effects of addition of®3 and by any denatured protein.
halides in detail by using U¥VIS absorption spectroscopy.  Stopped-Flow ExperimentStopped-flow absorbance ex-
By stopped-flow spectroscopy, we have been able to obtainperiments were performed with an Applied Photophysics
the second-order rate constant for binding eOkland the  SX.18MV spectrometer (dead time 1.5 ms) maintained at
rate constant for Cloxidation, and the consequences of these 10 + 0.5 °C with a Lauda RM6 cryostat. The SX.18MV
measurements for the Catalytic mechanism are diSCUSSGdstopped-ﬂOW apparatus can operate in the Sequentia| mixing
Also, the effects of mutation of vanadate binding residues mode, allowing a premixing step followed by an aging time
on the optical absorbance band are described. (milliseconds to seconds) before the actual mixing with the

Further, we show that the apo-enzyme has an increasedhird reagent in the observation cell takes place. In the
affinity for the vanadate cofactor in the presence of its chloride oxidation experiments, enzyme was premixed with
substrate bD,, and the effects of mutation of vanadate H,O,, and after a delayf® s inwhich the binding of HO,
binding residues on the affinity for vanadate in the presenceis complete and less than 5% of the native enzyme is re-
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Ficure 2: Panel A: UV-VIS absorption spectra of 1QdM chloroperoxidase at pH 8.3. The lower solid line shows the apo-enzyme, the
upper solid line the holo-enzyme formed after addition of 180 vanadate, and the dotted line the spectrum after addition ofu MO
H,0,. The inset shows the difference spectrum ford holo-CPO minus apo-CPO, showing a maximum at 315 nm. Panel B: Titration
of apo-CPO with vanadate: changes in the optical absorbance at 31®@nhAbgorbance change of 18 apo-CPO induced by vanadate.
(O) Absorbance of free vanadate.

formed, it was mixed with various amounts of (ffinal 0.2
enzyme concentration: 50M). Kinetic traces were fitted b a
using software supplied by the apparatus. Enzymg),H ook b T e
and CI” solutions were made in 100 mM TrigHAc buffer, o
pH 5.0 and 8.3. > 0 T o2l

Enzyme Actity Assays.Haloperoxidase activity was s © .
measured by measuring the chlorination/bromination of "8' e o1} °,
monochlorodimedone (MCDAe = 20.1 mMt cm at 290 4 04 2 .
nm). To assess cofactor binding, the activity of each mutant < < 00  eeepe
was assayed at optimal substrate concentrations at pH 6.2 0.6 0 150
(50 mM citrate) as determined from steady-state measure- [Ho0,] (uM)
ments 0): K353A, 10 mM HO, and 40 mM Br; R360A, 0.8 L L L
40 mM H,0, and 20 mM Br; R490A, 40 mM HO, and 20 300 400 500 600
mM Br-. Wavelength (nm)

MiscellaneousrCPO was concentrated using the Centri- Ficure 3: (a) Difference spectrum for 3QIM peroxo-CPO minus
con-30 and Microcon-30 system from Amicon. Protein holo-CPO. (b) Difference spectrum for 3081 pervanadate minus
concentration was determined using the Bradford ask8)y ( ‘éasf‘adate' Inset: Titration of 1QfM holo-rCPO with HO, at pH
and HO, concentration was determined using a molar
extinction coefficient of 43.6 M* cm™ at 240 nm. Stocks i identical to that of free vanadate, strongly suggesting

were prepared daily. stoichiometric binding of vanadate to the apo-rCPO. As-
RESULTS suming stoichiometric binding of vanadate, it was possible
to calculate an extinction coefficient of 90 miicm™ at
Optical Absorbance Spectrarhe nativeC. inaequalis 280 nm for apo-rCPO, giving a5 nrdAzso nmratio of 0.03.
system produces low amounts of vanadium chloroperoxidaseThe noise in the difference spectrum at lower wavelength is
which after isolation contains nonprotein dyes. These are caused by the strong background absorption at 280 nm.
believed to adhere to the surface of the enzyme, giving rise  Crystallographic data show the formation of a peroxo
to a brownish color, which becomes quite intense above intermediate when kD, is added to crystals of VCPQLQ).
protein concentrations of 1 mg/mL and makes sensitive Interestingly, the addition of }D, has a clear effect on the
optical spectroscopy impossible. In contrast,$heereisiae intensity of the observed optical band, resulting in a
recombinant system allows the production of large amounts significant decrease of the 315 nm absorption band, which
of very pure enzyme which, even at concentrations of 100 most likely reflects the formation of the peroxo intermediate
mg/mL, are colorless, allowing optical spectroscopic studies observed in the crystal structure. A small absorbance &vith
on this enzyme. Figure 2A shows the optical spectra of apo-= 0.7 mM* cm™t at 315 nm is still present (Figure 2A).
rCPO and holo-rCPO and the effect of®} addition at pH Figure 3a shows the difference spectrum of a80peroxo-
8.3. A clear difference is observed between the spectra ofminus holo-CPO. The peroxo form of the enzyme shows a
holo- and apo-enzyme, with a peak at 315 nm. The small peak at 384 nm. This absorbance is clearly red-shifted
absorption at 315 nm is not due to the absorption of free as compared to the difference spectrum of pervanadate minus
vanadate since this has a lower extinction coefficient, as vanadate (354 nm; Figure 3b). The patterns of spectra a and
illustrated in Figure 2B. Titration of apoprotein with vanadate b are similar, with a large negative peak and a small positive
in the range of 6100 uM resulted in a linear absorbance peak. The negative peak is also red-shifted (315 vs 268 nm).
increase withe = 2.8 MMt cm™%. At concentrations higher  Addition of H,O, to the apo-enzyme had no effect on the
than 100uM vanadate, the absorbance increase is less andspectrum (not shown). The inset shows the titration of the
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holo-enzyme (10@M) with H,O,. The absorbance decrease
was monitored at 316 nm, and a 1:1 stoichiometry between A B
the enzyme and #D, concentration is observed. The sharp :
point of intersection indicates a binding constant less than
20uM, which is in line with the estimateH, value for HO,
at this pH (<1 uM) (3). The peroxo intermediate is stable
for at least 1 h, but when 1 mM Clwas added, turnover
was induced and the spectrum of the holo-enzyme was
recovered within 10 min (not shown). This slow recovery
of the original spectrum is in line with the higk, value
for chloride and low turnover number at this p#1j.

At pH 5.0, the optimal pH for c_hloroperOX|dase activity, 0o 075 1.0 \,)T 160 1:,’0 200
the optical spectra and substrate-induced changes are similar
to those seen at pH 8.3 (not shown), but details are different. Time (s)
Addition of 100uM vanadate to 10&M apo-rCPO results  Ficure 4: Panel A: Stopped-flow progress curve for mixing
in the immediate formation of an optical band which differs equimolar concentrations of VCPO aneg®4 at pH 5.0. The kinetics
in intensity and position from those of free vanadate at this trace shows the formation of the peroxo intermediate. A hyperbolic

A ~ ; fit is also shown. Panel B: Decay of the peroxo intermediate and
PH. Titration of 10Q:M apo-rCPO with 6-3001M vanadate slow re-formation of the native enzyme at pH 5.0. The latter was

gives an identical pattern as in Figure 2B (not shown). fiteq with a single-exponential function. Conditions: & VCPO
However, the peak position of the optical band is shifted and 50uM H,0,.

toward 305-310 nm. Its position is difficult to determine

exactly because of the high background absorbance. The 0.14
extinction coefficient of the band has decreased to about 2.0

mM~t cm™! at 308 nm. Addition of 10«M H,0, to the 100+
holo-enzyme results in a similar decrease of the band as ‘
observed at pH 8.3. However, the native spectrum is
re-formed spontaneously within 5 min. It is conceivable that
this is due to catalase activity. However, a second addition
of 100uM H,0; results in a spectrum with a larger decrease
in absorbance as observed for the first addition but now the
intermediate is stable for at least 10 min. It is possible that
trace amounts of halides are the cause of the instability, since
VCPO has much loweK,, values and a much higher
turnover for halides at pH 5.0 than at pH 8BL( 19. To
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test this hypothesis, a substoichiometric amount of«D 008 o005 o090 045 020
Cl~ was added after the second addition ofO In this

respect, it is important to note that the halide in principle _ Time (s) _ _
can act catalytically, because of the following reactidd Ficure 5 Atypical progress curve for the reaction of VCPO with
22) in which the halide is formed again: H->0, und_er ps_eudo—flrst-order_ _condltlons at pH 5.0. A single-
: exponential fit is shown. Conditions: M VCPO and 50QuM
H,0.. Inset: the observed rate constant for the binding gd+o
HOX + H,0, — lO2 +X +H,0 VCPO as a function of the #D, concentration at pH 5.0. Data

were obtained from single-exponential fits.
Indeed, the low amount of Clwas capable of completely

X . . . Scheme 1

returning the peroxo intermediate to the native spectrum
within 5 min. After recovery of the native spectrum, another CPO + H,0, ki Peroxo-CPO
addition of HO, again leads to a stable intermediate, k,
indicating that the free halide is now removed. We assume
that the formed HOX not only is reacting with,8, but rate under pseudo-first-order conditions. However, at pH 5.0
also is slowly scavenged by buffer componer&s) (or by the rate of formation is much slower as can be observed in
amino acid residues, both resulting in the removal of free Figure 4A. Slow decay of the peroxo state to the native state
halide. is also observed (Figure 4B). This latter process was fitted

Stopped-Flow Experimentét pH 8.3, mixing of 50uM with a single-exponential function giving a first-order rate

enzyme with 5quM H,0; results in a very rapid decay of constant of 0.01373. In Figure 5, a typical kinetics trace
the absorption of the native enzyme, with 90% of the peroxo for the formation of the peroxo intermediate obtained under
intermediate formed within 20 ms (not shown). The kinetics pseudo-first-order conditions is shown, fitted with a single-
trace was fitted to a hyperbola, which is the result expected exponential function. The inset shows the linear relation
for a second-order reaction when the initial concentrations between the observed rate constants ag@hldoncentration,

of enzyme and substrate are the same. The observedaccording to eq 1 and assuming the minimal Scheni}t (
absorbance decrease is in agreement with the extinction

coefficient of holo minus peroxo CPO as determined from Kops = K1 + K [H,0,] (1)
Figure 2A. The very rapid formation of the peroxo inter-

mediate at this pH makes it very difficult to measure this Here kyys is the observed rate constant. At this pH and
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crystal structures are not available yet), the optical band was
also not formed upon addition of®.5 mM vanadate (not
shown). Mutant R360A did show an optical absorption band
with an absorption maximum shifted to 36810 nm and
with a lowered extinction coefficient of 1.5 mMcm™ at
308 nm (not shown). Titration of 100M apo-R360A with
0—300uM vanadate showed stoichiometric binding, indica-
tive of a small value for the dissociation constant for vanadate
of this mutant €20 uM). The crystal structure of R360A
L (17) shows that the vanadate ion is still covalently bound to
20 His496, indicating that this bond is important both for the
[Chloride] (mM) strength of binding and for the presence of the optical band.
Affinity of CPO for Vanadate in the Absence and Presence
0 2 "1 é é 10 of Substrate KD,. Based on the linear relationship between
Time (s) a_lbs_orbance c_hang_es _and the vanadate concentration, an upper
limit for the dissociation constant for vanadate of about 20
FIGURE 6: StOp.ped'ﬂOW_prOgreSS curve for the oxidation of Chlori_de ﬂM can be estimated from our data; a more precise
by the peroxo intermediate of VCPO at pH 5.0 under pseudo-first- yatarmination is not possible due to the small differences in

order conditions. Enzyme was premixed with@4, and after a . .
delay of 3 s, it was mixed with CI Final conditions after sequential ~aPsorbance at lower enzyme concentrations. Classically, one
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T

mixing: 50 M peroxo intermediate and 0.5 mM CIA single- would determine the dissociation constant of the cofactor in
exponential fit is shown. Inset: the observed rate constant for vanadium haloperoxidases by preincubation of apo-enzyme
chloride oxidation as a function of chloride concentration. with various amounts of vanadate at different pH values,
Scheme 2 and measuring the activities of samples in an activity assay
at optimal pH. In this approach, one assumes a linear
- b W _hk relationship between the amount of bound vanadium and
Peroxo-CPO + Cl CPO-HOCI" ——— CPO + HOCI
ks activity (11), and further it assumes that within the time of
activity measurement the dissociation equilibrium is not
temperature, the second-order rate constantfor the affected by dilution and pH change, resulting in linear traces
association of enzyme and:®; is 0.8 x 10° M1 s, This during activity measurements. Using this method, a dissocia-

value is in agreement witheo/Km = 1.2 x 10° M1 st as tion constant of about 100 nM at pH 8.3 was report®d &
determined from steady-state measurements under the samealue in line with the upper limit estimated from Figure 2.
conditions, fitted with the program LEONORA%) (not At pH 5.0, the dissociation constant was reported to be larger
shown). than 1uM (3).

It was also possible to study chloride oxidation. This was  Surprisingly, in this classical approach we observed an
achieved by premixing enzyme and®3, and, after a short  increase of activity in time at low concentrations of vanadate,
delay, the formed peroxo intermediate was mixed with which was not reported previousl$)( This activation during
chloride. A kinetics trace under pseudo-first-order conditions turnover was independent of pH of preincubation and time
at 10°C and a single-exponential fit are shown in Figure 6. of preincubation. A likely explanation is that the presence
The inset shows the observed rate constant plotted as af substrates during turnover shifts the equilibrium of
function of chloride concentration. The observed rate constantvanadate binding and therefore increases the uptake of
shows a clear nonlinear dependence on the chloride con-cofactor. This hypothesis was further tested using low

centration. Data were fitted to the hyperbolic eqg22)( amounts of apo-enzyme and cofactor, and the result is shown
in Figure 7. Using 10 nM apo-enzyme and 10 nM vanadate,
Kops = K[Cl 1/(Ks+ [CIT]) (2) less than 1% of cofactor is expected to bind at this pH,

assuming a dissociation constant higher thaiil(3). Trace
whereKs = ko/k_,. Scheme 2 gives a possible sequence of a shows activation of apo-rCPO during turnover. Trace b
events, involving a fast preequilibrium between the peroxo shows that preincubation of apo-rCPO with vanadate gives
intermediate and Clbefore HOCI is released. The calculated identical behavior, indicating that the activation during

ks (7.0 s'1) is similar in magnitude to the measureg; from turnover observed in trace a is not a consequence of reaching
steady-state kinetics (109. an equilibrium between apo-rCPO and vanadate. Therefore,
Optical Absorbance Spectra of Mutant CPO'Bo test indeed another component present during turnover must be

whether mutation of the vanadate binding or coordinating responsible for this activation. Trace ¢ shows that the
residues has an effect on the observed absorbance spectrunpresence of kD, is essential. After 4 min preincubation of
mutants of His496, Arg360, Arg490, and Lys353 were the apo-rCPO with vanadate and®4, a higher initial rate
investigated at pH 8.3. The crystal structure of H496A shows is obtained which is identical to the rate observed after 4
that at a high concentration of vanadate (1 mM) vanadate ismin of turnover in trace a. These results show that the
still present in the active site, despite the absence of thepresence of kD, causes the activation of rCPO during
covalent bond to His4961{). Addition of 0—-2.4 mM turnover observed in trace a. Preincubation of the apo-
vanadate to 10QuM apo-H496A did not result in the enzyme with HO; in the absence of vanadate had no effect
formation of an optical band in the 36@00 nm region, on activation behavior (not shown), indicating that the
indicating the importance of His496 for the optical band. combination of vanadate and,®, is essential for this
Interestingly, in mutants R490A and K353A (for which activation. We suggest that under the conditions used
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Ficure 7: Enhanced cofactor binding during turnover of rCPO.
Trace a: Activity assay containing 10 nM apo-rCPO, 10 nM FiGuRe 8: Inactivation of K353A during turnover. Trace a: 10
vanadate, 50 mM MES, pH 5.0, and 520 MCD. The reaction nM apo-K353A was mixed with kM vanadate, 10 mM bkO,,

was started by addition of 1 mMJ@, and 5 mM Ct. Trace b: and 40 mM Br. Trace b: 10 nM apo-K353A was first preincubated
Same conditions as in trace a, but the reaction was started after 1dor 5 min with vanadate and 4@, after which the reaction was
min preincubation of apo-rCPO and vanadate. Trace c: Samestarted by addition of Br. At 10, 12, and 15 min 1, 10, and 100
conditions as in trace a; reaction started after 4 min preincubation M vanadate was added, respectively. Trace c: 10 nM apo-K353A
of apo-rCPO, vanadate, ang®}. Inset: Titration of 10 nM apo- was mixed with 10«M vanadate, 10 mM kD,, and 40 mM Br.
rCPO with pervanadate. Conditions: 100 mM citrate, pH 5.0, 1

mM H,0,. The reaction was started by the addition of 5 mM CI ing that vanadate indeed binds to the apo-enzyme in the
after 25 min of preincubation. .

_ ~100-1000 nM range at pH 8.3 in the absence eOp The
pervanadate is present and that the apo-enzyme has a h'gh%fervanadate contribution implies that tigfor vanadate is
affinity for pervanadate than for vanadate. The activation jn fact somewhat higher than previously reportaj (
phenomenon is also seen for the apo-enzyme flom

inaequalis(not shown), excluding the possibility that this :
effecq[ is dLEe o the re)combinantgsysterprz y As observed for rCPO, at low vanadate concentrations the

The incorporation of pervanadate is expected to be faster VY. of fche mutants increases during turnover, making
at high pervanadate concentrations, which was also observe%etermmat'on of th&q for vanadate of the mutants difficult.

(not shown). The dissociation constant for vanadate in the]c nly frc:r R3§0,0|\ cguldban upper ""T‘“ of 20M be esthated
presence of kD, was investigated by preincubation of 10 rom the optical absorbance experiments. K353A shows more

NM apo-rCPO with various amounts of vanadate in the eomplicated behavior in activity measurements as is s'hewn
presence of kD, for 25 min, after which the chlorinating in Figure 8. Traee a shows the result of immediate mixing
reaction was measured by the addition of 5 mm.Cthe  Of @P0-K353A with 1uM vanadate, O, and Br. The rate
amount of bound vanadium was calculated from the enzyme!S 13 S*, but inactivation occurs rapidly, and e 10 min,
activity, assuming that maximal activity corresponds to 100% less than _10% of the initial activity is left. Premcupa‘uon with
binding of vanadate to the apo-enzyme. This assumption wasvanadate in the presence of®4 (trace b) resulted in a faster
confirmed by the fact that this maximal activity (25 units/ Initial rate of 28 s% showing that K353A has a higher
mg) was of similar magnitude as the maximal activity affinity for vanadate in the presence of®}, as in the wild
previously reported for this enzymag). The inset in Figure ~ tyPe. However, inactivation is observed again. As observed
7 shows that vanadate binds almost stoichiometrically to 10 in trace ¢, only very minor inactivation occurs at a vanadate
nM apo-enzyme in the presence of®4. This indicates a  concentration of 10QuM. The inactivation requires the
dissociation constant for pervanadate of less than 5 nM atPresence of all components required for turnover. Inactivation
the optimal pH for this enzyme. A similarly small dissocia- S especially prominent at low vanadate concentrations, and
tion constant is found at pH 6 (not shown). Precise it was tested (trace b) whether the inactivation could be
determination of the dissociation constant for peroxovanadatereversed by addition of vanadate. Ten minutes after the start
proved impossible due to contamination of glassware with of the reaction, 1uM vanadate was added, which only
trace amounts of vanadate, which results in a backgroundslightly affected the activity. After 12 min, 1M was added,
rate which becomes too high as the apo-enzyme concentrawhich induced partial reactivation, but the activity is still
tion is lowered. The very small value of tig for vanadate ~ only 50% of the initial rate at kM vanadate without prior
observed in the presence ob® means that the determi- inactivation (trace a). About 80% of the activity could be
nation of theKq for vanadate, as carried out previousB) (  restored by addition of 100M vanadate (and 50M MCD),

by measuring the haloperoxidase activity, is obscured by aas compared to the initial rate of 1QfM without prior
peroxovanadate contribution to the measured activity as ainactivation (tfrace c). In R360A these effects are qualitatively
function of the vanadate concentration. This contribution was the same (not shown); inactivation is somewhat faster, but
confirmed by comparing the activity of 10 nM apo-rCPO it can be fully reversed by addition of excess cofactor. Full
plus 10 nM vanadate (Figure 7, trace a) with the activity of inactivation of both K353A and R360A is observed after
a preincubation of 100 nM apo-rCPO plus 100 nM vanadate multiple turnovers as judged by comparing the amount of
which was diluted 10 times in an activity assay. The activity inactivated mutant with the amount of consumed monochlo-
of the 100 nM preincubation is significantly higher, indicat- rodimedone.

Effects of Mutations on Cofactor Binding during Turieo.
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Experiments similar to those in Figure 7 to determine the with H,O,, requiring high concentrations of the vanadium-
Kq for vanadate in the presence of® were also carried (V) compound and kD, (28, 29. In analogy to these model
out for K353A and R360A. However, the inactivation at low compound studies, the positive peak of the peroxo form can
vanadate concentrations as observed in Figure 8 takes placée attributed to a peroxo-to-vanadium charge-transfer band.
during the time required to obtain substantial absorbance The stopped-flow experiments presented in this paper show
differences in the monochlorodimedone assay, hampering thethat binding of HO, to the enzyme is very fast at pH 8.3
determination of theKy. Nevertheless, the experiments and slower at pH 5.0, in line with the estimateg/K, values
indicate aKy value much smaller than 50 nM (not shown), presented in this paper and previously reported 0. At
which is still strong binding. R490A shows similar activation pH 5.0, the peroxo intermediate is unstable when 1 equiv of
during turnover; however, estimation oKg for pervanadate  H,O; is used. This is not due to catalase activity, but probably
is further complicated by the fact that activation is primarily rather to the presence of traces of halide. The pseudo-first-
dependent on the presence ofddbut slow further activation  order data show that the binding of®} is reversible at pH
is observed which requires all turnover components. It was 5.0. Oxidation of chloride by the peroxo intermediate does
not possible to reach a maximal activity for this mutant in a not appear to be reversible (Figure 6, inset), but a (fast)
vanadate concentration range of 10 ABDO uM. preequilibrium between the peroxo form and chloride may

explain the hyperbolic dependence of the observed rate
DISCUSSION constant upon chloride concentration. These data clearly

The presence of a band in the optical absorbance spectruntonfirm that oxidation of chloride is the rate-determining
of VCPO is in line with a previous report on a band in the step in catalysis, which was anticipated since bromide
UV —visible absorption spectrum of VBPO frof1 nodosum  oxidation by the same peroxo intermediate is nearly 1 order
(13). The production of large amounts of pure recombinant of magnitude faster9, 19.

CPO in combination with the possibility of obtaining Very surprisingly, the activity measurements presented in
concentrated enzyme samples enables easy measurement tfis paper (Figure 7) indicate that the cofactor is bound much
the UV absorbance of bound cofactor, which differs clearly more strongly in the peroxo form of the enzyme than in the
in its optical properties from free vanadate. The absorbancenative form. The estimateldq for vanadate in the presence
maximum of 315 nm at pH 8.3 and 368310 nm at pH 5.0 of H,O; at pH 5.0 (less than 5 nM) is much lower than the
is similar to that reported for VBPO (315 nm). Upon addition Kg estimated for vanadate in the absence e©H[100—

of H,O,, an absorbance decrease is observed. A sharpl000 nM at pH 8.3 ané-1 uM at pH 5.0 8)]. Physiologi-
intersection point (inset of Figure 3) indicates high affinity cally, the very smalKq for vanadate in the presence of®3

for H,O,. The peroxo species with a small absorption band would mean that much lower concentrations of vanadate can
at 384 nm that is formed is most likely the same species asbe used effectively by the enzyme if a significantO4
observed in the crystal structure of the enzyme after addition concentration is present in vivo. Recently, it was found that
of H,O, at pH 8.3 (0. The origin of the observed VCPO is related to a large family of acid phosphatases and
absorbance at 315 nm in the BWIS spectrum of holo-  that the apo-enzyme exhibits phosphatase activity in vitro
CPO and the 384 nm peak in the peroxo form remains (4—6); it is therefore conceivable that the enzyme acts as a
unclear. It has been reported that the UV absorbance ofphosphatase in vivo. However, the turnover rate for the
vanadate shifts to higher wavelength upon complex formation artificial phosphatase substrgpenitrophenyl phosphate is
with an amine derivate2g) and also in vanadium (V) alkoxo  only 1.7 min! (6), and our finding that the enzyme has a
complexes 27). The complexes of vanadium (V) with very high affinity for vanadate in the presence efddgives
nitrogen-coordinating ligands in these studies may be further evidence that the enzyme acts as a peroxidase in vivo.
regarded as analogous structures to the vanattisd 96 unit Our findings also suggest that pervanadate will bind more
in VCPO. Free vanadate also exhibits a UV absorbance thatstrongly to the phosphatases that share a common active site
decreases upon addition op®h (Figure 3), but its position ~ with CPO and thus should be more strongly inhibited by
at about 270 nm is shifted to higher wavelength when vanadate in the presence of®. One of these phosphatases
vanadate is incorporated into the enzyme. Its intensity is alsois human G6Pase5). In this respect, it is interesting that
greater when bound to the enzyme. The optical spectra ofstudies have established that vanadate has an insulin mimetic
the mutants described in this paper demonstrate that theeffect (lowering glucose levels in blood}1, 32, although
presence of His496 is essential for the optical band of holo- the mechanism by which this occurs remains controversial.
CPO and that Arg360 influences this band but is not essential.lt is likely that the mechanism involves the inhibition of a
The importance of Arg490 and Lys353 for this band is not phosphatase, since vanadate binds strongly to the active site
clear, since the optical band in the spectra of R490A and of these enzymes, resulting in a pentacoordinated structure
K353A is missing, suggesting that vanadate does not bindthat mimics the transition state of these nonmetal phos-
to these mutants. Crystal structures of these mutants are nophatases10, 33. It has also been shown that pervanadate
available. It could be argued that the fact that activity is has a much stronger insulin mimetic effect than vanadate
observed for these mutants means that vanadate does bin(34, 35.

(9); however, this activity only proves that vanadate binds It was previously suggested that inhibition of G6Pase could
to the K353A and R490A mutants in the presence ¢bH contribute to the insulin mimetic effect of vanadaté)( and

and not necessarily in the absence ofOW This could recent paperslb, 39 also suggest that the main target of
indicate that these mutants have a high affinity for pervana- vanadate and peroxovanadate may be G6Pase, which would
date and not for vanadate. In studies of dioxovanadium modelbe in line with our observation that peroxovanadate binds
compounds for VHPO's, positive absorption bands in the more strongly to CPO. The study by Sekar et al. using rat
visible region ¢-450 nm) could be detected upon reaction adipocytes shows that vanadate strongly inhibits the dephos-
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phorylation of endogenously formed glucose 6-phosphate, stopped-flow apparatus, and Prof. Dr. Bruce Averill for
with an inhibition constant of ZM. The inhibition of G6Pase  reading the manuscript.

has a double glucose-lowering effect, since glucose 6-phos-
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