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Thee active site of vanadium chloroperoxidase (VCPO) from 
CurvulariaCurvularia inaequalis. The effect of mutation of Phe397 to 
Hiss and Ser402 to Ala on the kinetic properties of VCPO was 
studied.. A mechanism is proposed to explain the difference in 
pHH dependency of chlorinating and brominating activity, 
respectively. . 
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SITE-DIRECTEDSITE-DIRECTED MUTAGENESIS OF VCPO 

Kineticc characterization of active site mutants Ser402Ala and Phe397His of 
vanadiumm chloroperoxidase from the fungus Curvularia inaequalis 

Naokoo Tanaka, Zulfiqar Hasan and Ron Wever 

InstituteInstitute for Molecular Chemistry, University of Amsterdam, Nieuwe Achtergracht 129, 1018 WS Amsterdam, The 
Netherlands Netherlands 

Abstract t 

Site-directedd mutagenesis was performed on two conserved active site residues of vanadium chloroperoxidase 
(VCPO)) from the fungus Curvularia inaequalis. Mutation of an active site residue Ser402 to Ala (S402A), a residue 
proposedd to be brominated during turnover, caused a decrease in its activity, however it still catalyses efficiently the 
oxidationn of both chloride and bromide. The Km values for chloride and bromide of S402A at the optimal pH 4.5 were 
3.22 mM and 20 uM, respectively. The active site residues of VCPO and vanadium bromoperoxidases (VBPO) from the 
seaweedss Ascophyllum nodosum and Corallina officinalis show very high similarity. A prominent difference in the 
activee site architecture of VCPO and VBPO is the presence of a second histidine in VBPO, a residue substituted by a 
phenylalaninee in VCPO. The mutation of Phe397 to His (F397H) resulted in the enhancement of bromination activity 
underr certain conditions. However, inactivation of F397H by halide especially at low pH was observed during turnover. 
Kineticc parameters and characteristics of these mutants are discussed in this report. A detailed kinetic analysis of the pH 
dependencee of the chlorinating and brominating activity of VCPO and the S402A yielded an interesting difference 
betweenn the two activities. The results show that the Km for CI" was pH dependent whereas the Km for Br" was hardly 
pHH dependent. The data confirm that protonation of an active site residue or the bound peroxide is essential for chloride 
oxidation. . 

Keywords:Keywords: Vanadium chloroperoxidase; Vanadium Bromoperoxidase; Active site mutants; Chlorinating activity 

Abbreviations:Abbreviations: rVCPO, recombinant vanadium chloroperoxidase (SWISS-PROT primary accession number P49053); 
rCPOO recombinant vanadium chloroperoxidase (apo form); VBPO vanadium bromoperoxidase 

1.. Introduction 

Vanadiumm haloperoxidases are enzymes that 
catalysee the oxidation of a halide (X ) by hydrogen 
peroxidee to the corresponding hypohalous acids 
accordingg to Eq. (1), 

H2022 + H + X" -> H20 + HOX (1) 
Thee enzymes are named after the most electronegative 
halidee ion they are able to oxidize, therefore 
chloroperoxidasee (CPO) oxidizes CI, Br", I" and 
bromoperoxidasee (BPO) oxidizes Br and I". This class 
off  enzymes binds vanadate (HV04

2) as a prosthetic 
groupp [1,2]. The crystal structures [3-6] of vanadium 
chloroperoxidasee (VCPO) from the fungus Curvularia 
inaequalisinaequalis and bromoperoxidase (VBPO) from the 
brownn seaweed Ascophyllum nodosum and the red algae 
CorallinaCorallina officinalis show that vanadate in these 
enzymess is covalently attached to a histidine (i.e. N'2 of 
His4966 in VCPO) while five residues (i.e. Arg360, 
Arg490,, Lys353, Ser402 and Gly403 in VCPO) donate 
hydrogenn bonds to the non-protein oxygens. The 
resultingg structure is that of a trigonal bipyramid with 
threee non-protein oxygens in the equatorial plane (Fig. 
1A).. The fourth oxygen (hydroxide group) and the 
nitrogenn atom from a histidine residue are at the apical 

positions.. Steady-state kinetics of both VCPO and 
VBPOO support a model in which a vanadium peroxo 
intermediatee is formed during catalysis prior to 
oxidationn of the halide. Indeed the crystal structure of 
thee peroxide intermediate has been obtained in which 
thee peroxide is bound side-on [4]. Hemrika et al. studied 
thee cofactor binding residues of VCPO by site-directed 
mutagenesiss [7], showing the importance of the binding 
residuee His496 and positively charged residues. They 
proposedd that the positively charged residues Arg360 
andd Arg490 enhance the withdrawal of electron density 
fromm the bound peroxide and that Lys353 polarises the 
boundd peroxide. The above mentioned vanadate-binding 
aminoo acids were shown to be conserved in two 
bromoperoxidasess from seaweed and several acid 
phosphatasess among others the large group of soluble 
bacteriall  non-specific class A acid phosphatases [3,8-
13].. Based on sequence similarity it has been proposed 
[8-12]]  that the architecture of the active site in the two 
classess of enzymes is very similar. More recently this 
wass confirmed by the X-ray structure of the acid 
phosphatasee from Escherichia blattae [13]. It has been 
shownn that apo CPO [8] and apo BPO [14] have 
phosphatasee activity and vanadate substituted acid 
phosphatasesphosphatases have bromoperoxidase activity [15]. 
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Fig.11 Active site structure comparison of (A) vanadium chloroperoxidase from C. inaequalis (Protein Data Bank entry: 1IDQ), (B) 
VCPOO mutant S402A and (C) F397H. Dotted lines indicate hydrogen bonds. In panel C, expected extra hydrogen bonds by the 
mutationn are shown. The figure was prepared and modelled using Swiss PDB Viewer. 

Basedd on bromine K-edge EXAFS studies of VBPO 
[16],, Dau et al. proposed that the serine residue in the 
activee site is the site of bromination and may play a role 
inn catalysis. We demonstrated here that mutation of 
Ser4022 of VCPO to alanine (S402A, Fig. 1B) has a 
relativelyy minor effect on the catalytic activity. 

Accordingg to the crystal structure of VCPO from C. 
inaequalisinaequalis [3,4] and VBPO from Ascophyllum nodosum 
andd Corallina officinalis [5,6], VBPOs contain a 
histidinee residue (i.e. His411 of A. nodosum VBPO and 
His4788 [6] or His480 [17] of Cor. officinalis VBPO, 
respectively)) instead of Phe397 in VCPO. It has been 
proposedd [5,7,18] that the histidine residue in VBPO 
mayy play a role in protonation or deprotonation of the 
peroxidee intermediate in the active site because His411 
off  A. nodosum VCPO is within hydrogen bonding 
distancee of a modelled peroxo vanadate. The mutation 
off  Phe397 in rVCPO to a His as modelled in Fig. 1C 
mayy result in additional hydrogen bonds. In 
recombinantt VBPO from Cor. officinalis the effect of 
mutatingg the histidine residue into alanine has been 
examinedd [17], showing the loss of the ability to oxidise 
bromide.. However, the enzyme was still able to oxidise 
iodide.. Similarly mutation of the residue Arg490, 
Arg3600 and Lys353 into Ala in VCPO resulted in loss 
off  chlorinating activity, but the enzyme was still able to 
oxidisee bromide [7,18], In this report we studied the 
effectt of mutation of Phe397 into His (F397H). We 
showw that this results in partial loss of chloroperoxidase 
activity,, but surprisingly in the bromination reaction the 
mutantt showed a higher kQM at high pH values than the 
recombinantt wild type enzyme. 

2.. Experimental 

2.12.1 Materials 

Al ll  restriction enzymes were purchased from Roche 
Diagnosticss (Nederland B.V). QuikChange™ Site-
directedd Mutagenesis Kit was obtained from Stratagene 

(Laa Jolla, CA). Escherichia coli strains TOP 10 
(Invitrogen)) was used for propagation of recombinant 
DNAA constructs. Saccharomyces cerevisiae strain 
BJ19911 (Mata, leu2, trp2. ura3-251.prbl-1122.pep4-
3)3) was used as the expression host. 

2.22.2 Site-directed mutagenesis and protein expression 

Thee site-directed mutants were created in the 
expressionn vector pTNT14 [7] by Quickchange™ site-
directedd mutaganesis kit according to the protocol 
providedd by the suppliers. The oligonucleotides used to 
directt the mutation Phe397 to His were F397H 5'-
CCATTCAAGCCTCCTCACCCAGCTTACCCATCT T 
G-3'' and its complementary primer F397H(C) 5'-
CAGATGGGTAAGCTGGGJGAGGAGGCTTGAAG--
3'.. Primers used to direct mutation Ser402 into Ala were 
S402AA 5'-CCAGCTTACCCAGCTGGTCACGCGA 
CC-3'' and S402A(C) 5-GGTCGCGTGACCAGC 
TGGGTAAGCTGG-3'.. The mismatched nucleotide(s) 
havee been underlined. The changes were confirmed on 
bothh strands by automated sequencing (MWG Biotech, 
Germany).. In addition, the S402A mutation was also 
confirmedd by restriction digestion as the mutation 
resultedd in the creation of a Pvu II restriction site. The 
pTNT144 derivatives were transformed to S. cerevisiae 
BJ19911 for protein expression. Enzyme variants were 
expressedd and purified essentially as described by 
Hemrikaa etal. [7]. 

Thee purity of the preparations was checked on SDS-
PAGEE gels stained with Coomassie Brilliant Blue R-
250,, and the protein concentration was determined by 
usingg a protein assay kit (Bio-Rad) with BSA as the 
standard. . 

2.32.3 Enzyme activity assays 

Duringg purification VCPO activity can be 
qualitativelyy tested using the phenol red assay by 
incubatingg the enzyme in 100 mM sodium citrate (pH 
5),, 40 uM phenol red, 100 uM orthovanadate, 10 - 100 
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mMM KBr and 10 mM H202. Active fractions show a 
largee colour changes from red to blue [19]. 

Quantitativee VCPO activity was measured by 
monitoringg the chlorination or bromination of 
monochlorodimedonee (MCD, E = 20.2 mM'-cm"' at 290 
nm)) to dichlorodimedon or monobromo-
monochlorodimedonn (e = 0.1 mJf'-cm"' at 290 nm) in 
1000 mM sodium citrate (pH range of 3.5 - 6.3) and 
usingg the appropriate concentrations of the substrates; 
chloridee or bromide and Ff202 [8]. Since the 
recombinantt CPO is produced as apo-enzyme by the 
yeastt expression system [7,8], recombinant mutants (10 
uM)) were preincubated with 100 uM orthovanadate in 
1000 mM Tris/acetate (pH 8.3) prior to the activity assay. 
Thee kinetic parameters were determined by non-linear 
regressionn using the EnzymeKinetics program (Trinity 
Software).. In this report, the data points are means of at 
leastt triplicate measurements, unless otherwise 
mentioned. . 

3.. Results 

3.13.1 Expression and purification of recombinant VCPO 
S402AS402A and F397H 

Recombinantt CPO (rCPO) S402A and F397H were 
overexpressedd as apo-enzyme in S. cerevisiae with over 
955 % purity. On average, the yield of these mutants was 
approximatelyy 10 mg and 80 mg (S402A and F3967H, 
respectively)) per litre of culture. 

Tris/acetatee (pH 8.3) within 5 min and showed 
chlorinationn activity (results not shown). The quick 
reconstitutionn of vanadate, a typical property of VCPO, 
wass not affected by the introduced mutations. 

Thee chlorinating activities of S402A and F397H and 
thatt of rVCPO at several substrate conditions are 
illustratedd in Fig. 2. Under the standard assay condition 
forr rVCPO (5mM NaCl and 1 mM H202 at pH 3.5 -
6.0),, F397H had a specific activity of 2.6 U/mg at pH 
4.55 which is approximately 12 % of that of rVCPO (22 
U/mg).. S402A had only 1.8 % activity (0.46 U/mg) 
comparedd to rVCPO Both rVCPO as well as the S402A 
showedd an optimum at pH 4.5 in line with van Schijndel 
etet at [2]. It was not possible to obtain data for F397H at 
loww pH since inactivation was observed during turnover. 
Despitee the decrease in chlorination activity it is 
obviouss that these mutations did not affect dramatically 
thee halogenation activity of the enzyme. Most of the 
mutationss previously reported [7,18] resulted into the 
losss of chlorination ability and large increases in Km 

valuesvalues for both chloride and H202. Fig. 2B-D show the 
brominationn activity of enzyme mutants at 10 mM 
H202,, and it is clear by comparison of Panel C and D, 1 
mMM and 5 mM KBr, respectively, that rVCPO is 
inhibitedd by high concentration of bromide. 

Similarly,, mutant S402A showed inhibition by 
bromide,, although it is less pronounced. Surprisingly 
F397HH showed an increase in activity at higher bromide 
ass is illustrated in Fig. 2D. This result suggests that 
F397HH is a better bromoperoxidase than rVCPO at high 
bromidee concentration. 

3.23.2 Comparison of rVCPO and mutant S402A and 
F397HF397H at different pH 

Sincee VCPO mutants S402A and F397H were 
isolatedd as apo-enzymes, they were reconstituted by 
preincubationn with 100 uM orthovanadate in 100 mM 
Tris/acetatee (pH 8.3). The chlorination activity was 
measuredd by MCD assay containing 5 mM NaCl, 1 mM 
H202,, 50 uM MCD at pH 5.0. Both mutants were fully 
activatedd by 100 uM orthovanadate in 100 mM 

3.33.3 Kinetic properties of mutant S402A 

Too determine the detailed kinetic properties of 
mutantt S402A, the enzymatic activities using several 
concentrationss of Br, CI" and H202 as substrates were 
measuredd as a function of pH. Fig. 3 shows the kinetic 
parameterss kCM, log Km and kcJKm of mutant S402A 
whenn Br" was used as substrate at a fixed concentration 
off  H202 (2mM). The optimum pH for S402A as well as 
rVCPOO was around pH 4.5. Although kM of rVCPO 
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Fig.. 2 Halogenation activity of rVCPO (O), mutant S402A ) and F397H ) as a function of pH. (A) 5 mM NaCl and 1 mM 
H202.. (B) 0.1 mM KBr and 10 mM H:0 2. (C) 1 mM KBr and 10 mM H202 and (D) 5 mM or 10 mM (thick line) KBr and 10 mM 
H202.. The data points are means of duplicate measurements. 
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Fig.. 3 Kinetic values (A) kc„,  (B) log Km and (C) kcJKm of mutant S402A ) and rVCPO (D) for bromide as a function of pH. 
Panell  B inset shows the Km for bromide. Parameters were detemined by non-linear regression using EnzymeKinetics (Trinity 
Software).. Measurements were performed at a fixed hydrogen peroxide concentration of 2 mM with at least 6 different KBr 
concentration,, and 100 mM sodium citrate was used as a buffer. Final enzyme concentration was 10 nM. 
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Fig.. 4 Kinetic values (A) £ca„  (B) log Km and (C) kcJKm of mutant S402A ) and rVCPO (O) for chloride as a function of pH. 
Panell  B inset shows the Km for chloride. Parameters were detemined by non-linear regression using EnzymeKinetics (Trinity 
Software).. Measurements were performed at a fixed hydrogen peroxide concentration of 2 mM with at least 6 different NaCl 
concentrations,, and 100 mM sodium citrate was used as a buffer. Final enzyme concentrations were 100 nM for the mutants S402A 
andd 50 nM for rVCPO, respectively. 

decreasedd from 300 sec"1 to 92 sec"1 for the S402A 
mutantt at pH 4.5 (Fig. 3A), the Km for Br" was not 
stronglyy affected by the mutation (Fig. 3B). The pH 
dependencee of the Km for bromide was also determined 
andd it is clear that the Km for VCPO and the mutant are 
hardlyy pH dependent. The inset in Fig. 3B shows that 
thee Km for Br" changes from 11 to 20 uM and from 7 to 
199 uM for S402A and rVCPO, respectively in the pH 
rangee of 3.5 - 6.3. As seen with VCPO [20,21] and Fig. 
2B,, C and D of this report, the inhibition of S402A by 
bromidee is observed especially at low pH. Between pH 
3.55 - 4.5, a concentration greater than 200 nM Br" 
inhibitedd the S402A, between pH 5.0 - 5.5 only 
concentrationss greater than 500 uM Br" had an effect, 
andd between pH 6.0 - 6.3 500 uM Br" did not inhibit the 
mutantt (results not shown). The specificity constant 
KJKKJKmm value for S402A was approximately one sixth of 

thatt for rVCPO (Fig. 3C). The pH dependence is similar 
too that of the tca, values because the Km values for 
S402AA and rVCPO do not significantly differ from each 
other.. The kcm/Km values imply that S402A and rVCPO 
havee similar specificity towards bromide at high pH. At 
loww pH there is significant difference and the mutation 
appearentlyy affects the binding of bromide considerably. 

Thee kinetic parameters for CI" oxidation by S402A 
andd rVCPO are shown in Fig. 4. Interestingly, the fcca, of 
S402AA increases marginally at higher pH, which differs 
fromm the pH dependence of rVCPO that shows an 
optimumm around pH 4.5 - 5.0 (Fig. 4A). As a result of 
thisthis mutation, the kat of rVCPO (23 sec') decreases to 
0.955 sec"1 at pH 4.5, and from 7.3 sec"1 to 1.4 sec"1 atpH 
6.3.. Fig 4B illustrates that the Km for chloride of both 
S402AA and rVCPO are strongly pH dependent. The log 
KKmm of each enzyme species increases linearly with pH 
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Fig.. 5 Kinetic values (A) £cat, (B) log Km and (C) kcJKm of mutant S402A (A) and rVCPO (A) for hydrogen peroxide as a function 
off  pH. Panel B inset shows the Km for hydrogen peroxide. Parameters were detemined by non-linear regression using 
EnzymeKineticss (Trinity Software). Measurements were performed at a fixed KBr concentration of 0.1 mM with at least 6 different 
hydrogenn peroxide concentrations, and 100 mM sodium citrate was used as a buffer. Final enzyme concentration was 10 nM. 

withh a slope of 0.8 and 0.6 for S402A and rVCPO, 
respectively.. The Km of S402A increases from 1.0 mM 
too 174 mM as pH increases, whereas that of rVCPO 
changess from 0.23 mM to 10 mM. This is in a clear 
contrastt to the pH dependence of the Km for bromide 
(Figg 3B). The Km values for CI" of rVCPO and the pH 
dependencee found here are similar to that of native 
VCPOO from C. inaequalis [2]. The specificity constant 
kcJKkcJKmm value for S402A is approximately 100-fold 
lowerr than that of rVCPO (Fig. 4C), showing a 
significantt decrease of specificity towards chloride 
causedd by the mutation. 

Fig.. 5 shows the kinetic parameters for H 2O2 which 
weree determined at a fixed concentration of 0.1 mM 
KBr.. Since these experiments were performed with Br", 
kkCMCM values (Fig. 5A) of both enzyme series are quite 
similarr to those shown in Fig. 3A. The Km values for 
H2022 of S402A and rVCPO both decreased strongly as 
thee pH increases. However, unlike for Br", the log Km 

forr H2O2 decreased with a slope of -1.0 and -0.8 for 
S402AA and rVCPO, respectively. At low pH, the 
differencee in Km for S402A and rVCPO is significant 
(Fig.. 5C inset, 1.5 mM and 310 uM, respectively), but 
att higher pH, the Km values became smaller than 10 uM 
andd are difficult to determine exactly. The difference in 
thee specificity constant between S402A and rVCPO 
becomess smaller as the pH increases (Fig. 5C). The 
specificityy of S402A towards H202 at high pH is nearly 
thee same as rVCPO. 

3.43.4 Kinetic properties ofmutant F397H 

Thee steady-state rate of MCD bromination by both 
rVCPOO and S402A are linear in time (not shown). 
Howeverr for F397H at pH 3.5 and 4.0, the rate of MCD 
brominationn decreases during turnover, which made the 
initiall  rate measurements very difficult . A similar 
inactivationn in time occurred at pH 4.5 at high 
concentrationn of bromide. This suggested that bromide 

wass responsible for the inactivation. Therefore, the 
MCDD activity assay was carried out in different ways. 
Thee reaction was started by either addition of bromide, 
H2022 or enzyme (Fig. 6). The rate of bromination by 
F397HH decreased significantly when F397H was 
preincubatedd with Br". As shown in Fig. 6A trace bi-bs, 
longerr incubation times resulted in larger inhibition of 
F397H.. After 2 min incubation of F397H with KBr, the 
activityy was only 20 % (see also Fig. 6C) of F397H 
comparedd to that seen when the reaction was started by 
thee addition of enzyme (Fig. 6A trace a). When KBr 
wass added to initiate the reaction (Fig. 6A trace c), the 
ratee of bromination was nearly equal to trace a, which 
clearlyy shows that the inhibition was caused by the 
interactionn of Br" with of F397H and is time dependent. 
AA similar phenomenon was found when 40 nM KBr 
wass used in the assay (results not shown), which implies 
thatt the affinity of the site for bromide causing the 
inhibitionn is very high. Chloride incubation also affected 
thee enzyme activity but was not as strong as that of 
bromide.. Fig. 6B shows the traces of MCD chlorination 
assayy with 100 mM CI", 10 mM H202 in 100 mM 
sodiumm citrate (pH 5.0) with 100 nM F397H. The 
chlorinationn activity decreased somewhat when chloride 
andd F397H were preincubated for 2 min (Fig. 6B and 
C). . 

Becausee of this inhibition by halides it was very 
difficul tt to perform a proper kinetic characterization of 
F397H,, therefore activities were measured only at pH 
5.00 and 6.3. In addition, the inactivation was more 
pronouncedd when a low concentration of H2O2 was used 
(resultss not shown), indicating that there is also a 
competitionn between halide and H202 in the active site. 
Becausee of the limitation in the H2O2 concentration that 
couldd be used, we were unable to determine kinetic 
parameterss for H2O2, and all measurements were 
performedd at a fixed concentration of H202 (10 mM). 
Tablee I summarises the kinetic parameters for rVCPO, 
mutantt S402A and F397. 
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Timee (sec) 
Fig.. 6 Inactivation of F397H by (A) bromide and (B) chloride. Panel A, MCD assay containing 100 mM sodium citrate (pH 5.0), 50 
uMM MCD, 1 mM KBr, 10 mM H202 and F397H (lOnM). Trace a, the reaction was initiated by addition of enzyme. Trace b,: F397H 
wass incubated in the assay mixture (without H202) for 10 sec, and reaction was started by addition of H202. Trace b2: 30 sec 
incubation.. Trace b3: 45 sec incubation. Trace b4: 60 sec incubation. Trace b5: 120 sec incubation. Trace c: F397H was incubated in 
thee assay mixture (without KBr) for 120 sec, and reaction was started by addition of 1 mM KBr. Panel B, MCD assay containing 100 
mMM sodium citrate (pH 5.0), 50 uM MCD, 100 mM NaCl, 10 mM H202 and F397H (100 nM). Trace a: reaction was started by 
additionn of enzyme. Trace b: F397H was incubated in the assay mixture (without H202) for 120 sec, and reaction was started by 
additionn of 10 mM H202. Trace c: F397H was incubated in the assay mixture (without NaCl) for 120 sec, and reaction was started by 
additionn of 100 mM NaCl. Panel C, inactivation of F397H by bromide ) and chloride ) as a function of time. The relative 
activityy was obtained from trace a in panel A and B, respectively, as a standard. 10 uM F397H was preincubated with 100 uM 
orthovanadatee in 100 mM Tris/acetate (pH 8.3) prior to the activity measurements. 

4.. Discussion 

4.14.1 Haloperoxidase activity ofS402A 

Thee residue Ser402 in the active site of VCPO is one 
off  seven residues involved in vanadate binding [3]. 
Moreoverr the EXAFS studies on the active site of 
VBPOO from A. nodosum by Dau et al. [16] suggested 
thatt the active site serine residue formed a carbon-
brominee bond during turnover. Site-directed 
mutagenesiss of this residue (Ser402 to Ala) provides us 
ann opportunity to verify the role of Ser402 in the 
vanadatee binding and the catalytic process. 

Thee mutation of Ser402 residue to Ala in VCPO 
resultedd in tuning down the rate of activity of the 
enzymee (4.4 % chlorination and 20 % bromination of 
rVCPOO at pH 4.5). However, the Km values for 
substratess of S402A were comparable to that of rVCPO. 
Thee Km values for bromide and H202 were nearly the 
samee as that of rVCPO, and the Km value for chloride 
wass approximately a factor of 10 higher than rVCPO at 
everyy pH value. There was striking difference in the pH 

dependencee for bromide and chloride oxidation. The Km 

valuee for bromide was not significantly dependent upon 
pH,, whereas the Km value for chloride was strongly 
dependentt upon pH. These observations confirm earlier 
proposalss that the chloride oxidation mechanism 
requiress protonation of the activated vanadium 
peroxocomplexx in the active site as proposed previously 
[7,18,20]]  (Fig.7 illustrates this proposal). In addition, 
modell  studies suggested the necessity of the addition of 
acidd for halide oxidation on each turnover [22]. The Km 

valuee for H202 is also strongly pH dependent, but in 
contrastt to the Km for CI' it increases strongly at low pH. 
Thiss has been explained before by the presence of 
protonablee groups that at low pH prevents binding of 
peroxidee [20]. Vanadate coordinated water or a histidine 
residuee were indicated as possible active site groups 
withh a pKa value in the range pH 5.6 - 6.5 and His404 at 
thee active site is a likely candidate [7]. 

Ourr study clearly shows that the S402A mutant is 
stilll  able to catalyse the oxidation of halides. This is 
contraryy to the suggestions that the serine residue is 
involvedd in bromide binding during turnover [16,23]. If 

45 5 



SITE-DIRECTEDSITE-DIRECTED MUTAGENESIS OF VCPO 

thee Ser402 hydroxy] moiety is critical in the bromide 
bindingg step, the mutation from serine to alanine should 
abolishh this reaction. Therefore, despite the decrease in 
S402AA activity compared to rVCPO, the serine residue 
iss not too crucial for the halogenation activity of this 
enzyme.. In addition, the specificity constants for both 
brominee and H2O2 upon bromination were not strongly 
affectedd compared to rVCPO especially at high pH, 
showingg that the mutation Ser402 to Ala had a minor 
effectt on bromination. Structural evidence from C 
officinalisofficinalis VBPO [24] indicates that the solvent 
accessibilityy of the corresponding serine (Ser483) seems 
too be too low in the phosphate bound form of the 
enzymee and support the idea that this residue has 
minimall  role in the bromide binding. 

cr r 
% % 

Br" " 
^ * * 

V V 
0+—— H 

\ \ 
V V 

o. . 
Lys+ + Lys+ + 

Fig.. 7 Protonation state of the side-on-bound peroxide that is 
postulatedd to be attacked by the incoming halide. Left: 
stronglyy oxidizing protonated form of the side-on bound 
peroxide.. Right; less oxidizing unprotonated form of the side-
onn bound peroxide. 

4.24.2 Haloperoxidase activity ofF397H 

Thee residue His478 in A. nodosum VBPO has been 
proposedd as a likely candidate that confers preference 
forr bromination rather than chlorination [5]. A VCPO 
variantt F397H was designed to emulate the active site 
off  VBPO in the VCPO and investigate the differential 
halogenn oxidizing abilities of essentially conserved 
activee sites. This mutation introduces an extra histidine 
(inn place of phenylalanine) in the VCPO active site that 
correspondss to His478 in A. nodosum VBPO. Kinetic 
analysiss of F397H presented here shows that the 
mutationn caused a decrease in activity compared to the 
rVCPO.. The relative brominating and chlorinating 

activitiess of F397H compared to rVCPO were 42 % in 
brominationn and 29 % in chlorination, respectively at 
pHH 5.0. Thus the effect of this mutation compared to 
otherr active site mutations (K353A. R360A, R490A and 
H496A)) analysed by Hemrika et al. [7,18] is relatively 
mild.. Although the only difference between VCPO and 
VBPOO in the active site is the presence of this 
phenylalaninee residue in VCPO where as in VBPOs it is 
aa histidine, mutation of this residue did not convert 
rVCPOO into an absolute bromoperoxidase. VBPO for 
examplee shows chlorination activity with high Km value 
(3444 mM, 0.49 U/mg at pH 5) [26], but F397H still has 
aa much higher affinity and rate of oxidation reaction 
(K(Kmm for CI" 16 mM. 5.8 U/mg at pH 5.0). From these 
dataa the specificity constants kCJJKm for chloride are 
calculatedd to be 3.3 M 'sec ' and 4.1 x 102 M"'sec"' for 
VBPOO and rVCPO F397H, respectively (Table I). Even 
thoughh VBPO shows chlorinating activity, the 
specificityy constant for chloride of F397H is a factor of 
1000 higher than that of VBPO. We conclude from our 
dataa that the difference in oxidative ability between 
VCPOO and VBPO is not simply due to a single residue 
butt apparently many factors are involved. We propose 
thatt the hydrogen bonding network in the active site and 
boundd water molecules play an important role in the 
tuningg of the reactivity of these enzymes. 

Thee mutation had another significant effect on the 
activityy during turnover. Although inhibition of VCPO 
andd VBPO by excess halides has been reported 
previouslyy [20], F397H was inhibited in somewhat 
differentt way. Both chloride and bromide bind relatively 
slowlyy to active site and once bound the enzyme is less 
active.. Further there appears to be a competition 
betweenn this halide binding site and peroxide. Lower 
concentrationss of H : 0 : resulted in a much stronger 
inhibitionn by bromide. 

Ass shown in Fig. 2 and Table I. the F397H appears 
too be a better bromoperoxidase at high pH value (£cal = 
33.55 sec ' at pH 6.3) than rVCPO (k\aX = 21.3 sec"1). 
Howeverr to make such comparison, the specificity 
constantt A-ca1/ATm should also be taken into account. It is 
obviouss that as shown in Table I, that the mutant is 
affectedd in catalytic activity. The kcal/Km decreased from 
8.33 x 105 Ivl'sec"' for rVCPO to 1.9 x 10' M"'-scc"' for 

Tablee 1 Kinetic parameters of rVCPO and mutants S402A and F397H'1. 

VCPO O 

rVCPO O 

S402A A 

F397H H 

Substrate e 

PH H 

5.0 0 

6.3 3 

5.0 0 

6.3 3 

5.0 0 

6.3 3 

Km Km 

<uM) ) 

15.0 0 

25.8 8 

15.3 3 

19.9 9 

66.7 7 

177 7 

Br" " 

t t 

(sec"1) ) 

200 0 

21.3 3 

81.7 7 

8.1 1 

84.4 4 

33.5 5 

*cai '^m m 

(M"W ) ) 
1.33 x 10 

8.33 x 105 

5.33 x 10" 

4.11 x 10' 

1.33 x 10" 

1.99 x 10s 

Km Km 
(mM) ) 

1.15 5 

10.2 2 

15.5 5 

174 4 

16.4 4 

474 4 

CI" " 

*™. . 

(sec-1) ) 

23.0 0 

7.3 3 

1.13 3 

1.42 2 

6.5 5 

5.7 7 

k,JKk,JKm m 

(M"W ) ) 
2.00 x 104 

7.11 x I0 : 

73.1 1 

8.1 1 

3.99 x 102 

12.0 0 

Km Km 
<uM) ) 

49.1 1 

2.6 6 

81.2 2 

1.3 3 

n.d. . 

n.d. . 

H;0; ; 

*™. . 

(sec'1) ) 

183 3 

15.2 2 

63.8 8 

6.4 4 

n.d. . 

n.d. . 

A'cat'^m m 

(M'W) ) 
3.77 x 106 

5.88 x 10h 

7.99 x 105 

4.99 x 106 

n.d. . 

n.d. . 

""  Parameters were detemined by non-linear regression using EnzymeKinetics (Trinity Software). For experimental details for rVCPO 
andd S402, see legends of Figure 4 - 6. For the determination of F397H kinetic parameters, measurements were performed at a fixed 
FFO22 concentration of 10 mM with at least 6 different halide concentrations, (n.d., not determined.) 
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thee F397H mutant. A previous study by Hemrika et al. 
[7]]  showed that the mutants R360A and R490A 
revealedd higher bromoperoxidase activity at high pH 
(Jtcatt = 333 sec"' and 239 sec"1 at pH 6.3, respectively) 
thann rVCPO, although the specificity constants for both 
mutantss were also lower than that of rVCPO because of 
thee increase in Km. In the terms of specificity constant, a 
mutantt with the higher kC3Ll/Km values than that of 
rVCPOO has not been found yet. However, our results 
indicatee that by mutagenesis it is possible to modulate 
thee kinetic properties and modify the pH activity profile 
off  these enzymes and that it should also be possible to 
shiftt the optimal pH of the enzyme activity. 
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