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INTRODUCTION INTRODUCTION 

1.. Vanadium Haloperoxidases 

1.11.1 General Introduction of Vanadium Haloperoxidases 

Vanadiumm haloperoxidases are enzymes that catalyse the oxidation of a halide (X) by hydrogen 

peroxidee to the corresponding hypohalous acids according to Eq. (1). 

H2022 + H+ + X" *  H20 + HOX (1) 

Thee enzymes are named after the most electronegative halide ion they are able to oxidize, 

thereforee chloroperoxidase (CPO) oxidizes CI", Br", I" and bromoperoxidase (BPO) oxidizes Br" and I". 

Thee formed hypohalous acid may chemically react with either an organic compound to form the 

correspondingg halogenated compound (Eq. 2) or in the absence of an organic compound with hydrogen 

peroxidee to form singlet oxygen (Eq. 3). 

HOXX + RH -> RX + H20 (2) 

HOXX + H202 -» '02 + X" + H+ +H20 (3) 

Thiss class of enzymes binds vanadate (HVO42') as a prosthetic group [1-3]. Vanadium-

containingg bromoperoxidases were found in the marine brown algae Ascophyllum nodosum [4], Fucus 

distichus,distichus, Macrocystis pyrifera [5], the red seaweed Corallina pilulifera [6] and Cor. officinalis [7]. 

Vanadiumm chloroperoxidases were found in the fungus Curvularia inaequalis [2], Drechslera biseptata, 

andd Embellisia didymospora [8]. More recently vanadium iodoperoxidases were found in Pelvetia 

canaliculatacanaliculata [9] and Laminariaceae family [10]. The prosthetic group vanadate can be removed by 

dialysiss against ImM EDTA in 100 mM citrate/phosphate (pH 3.8) [4] or by incubation in the presence 

off  phosphate [11]. The loss of vanadate leads to the inactivation of enzyme, resulting in formation of an 

apo-enzyme.. The apo-enzymes are easily reconstituted as a holo form by addition of orthovanadate at 

neutrall  pH [1]. However, the reconstitution by vanadate is inhibited competitively by phosphate, 

molybdatee and arsenate, which are tetrahedral compounds and structural analogues of vanadate, with 

inhibitionn constants K\ of 60 uM, 70uM and 120 uM, respectively [1,12,13]. The structural similarity 

betweenn vanadate and phosphate results in a striking and interesting connection between the vanadium-

containingg haloperoxidases and several phosphatases, which wil l be discussed later in this introduction. 

8 8 



CHAPTERCHAPTER 1 

1.21.2 Structures of Vanadium Chloroperoxidases (VCPO) and Bromoperoxidase (VBPO) 

Thee first X-ray crystal structure of a vanadium haloperoxidase was determined by Messerschmidt 

andd Wever [14] in 1996 (Fig. 1). The structural data of vanadium chloroperoxidase (VCPO) from 

CurvulariaCurvularia inaequalis yielded an enormous 

amountt of information not only to the field of 

vanadium-containingg enzymes but also to the field 

off  many phosphatases. Following this structure 

determination,, the crystal structures of the 

peroxidee form of VCPO [15], vanadium 

bromoperoxidasee (VBPO) from the brown 

seaweedd Ascophyllum nodosum [16] and the red 

algaee Corallina officinalis [17] were determined. 

Thesee studies show that vanadate in these enzymes 

iss covalently attached to a histidine (i.e. NE of 

His4966 in VCPO) while five residues (i.e. Arg360, 

Arg490,, Lys353, Ser402 and Gly403 in VCPO) 

donatee hydrogen bonds to the non-protein 
~,, ... . . • tu„ t „f „ Fie. 1 Ribbon-type representation of the VCPO molecule from C. 

oxygens.. The resulting structure is that of a ir£equalis ( p D é ro : UDQ) co-crystallized with vanadate. White 
partt represents the active site residues and vanadate as a prosthetic 
group.. The figure was prepared using PyMOL. 

ARG360 0 
ARGG 349 

GLYY 403 VCPO 

GLYY 417 ve™ 

ARGG 490 v 
ARGG 480 VBPO 

Fig.. 2 Superposition VCPO from C. inaequalis (PDB ID: 1IDQ) and VBPO from A. nodosum (PDB ID: 1QI9) active sites. The main 
differencee is found at the Phe397 residue in VCPO and the His4111 residue in VBPO. The figure was prepared using the Swiss PDB 

9 9 



INTRODUCTION INTRODUCTION 

trigonall  bipyramid with three non-protein 

oxygenss in the equatorial plane (Fig. 2). The 

ii  LYS353 Ê~'~\ 1 fourth oxygen (hydroxide group) and the 
V"" ^^ -—- <•— SER402 f ^—A 

nitrogenn atom from a histidine residue are at the 

apicall positions. Steady-state kinetics of both 

VCPOO and VBPO supported a model where a 

vanadiumm peroxo intermediate is formed during 

catalysiss prior to oxidation of the halide. Indeed 

thee crystal structure of the peroxide intermediate 

hass been obtained in which the peroxide is bound 

Fig.. 3 Active site structure of the VCPO peroxo intermediate from S ' d e " ° n [ ' 5 ] ( F i g ' 3 ) ' ™ S p e r 0 X ° V a " a d a t e 

L ^ p T B t l e l T I D : U D U ) T h e f i 8 U r e W a S p r e p a r e d U S i n gg intermediate plays an important role during 

vanadiumm haloperoxidase catalysis. Steady-state 

kineticss of VCPO suggests [18-20] that protonation of the peroxo-intermediate is required for chloride 

oxidationn whereas protonation is not required for bromide oxidation. This is based on the observation on 

thatt the Km for chloride is highly pH dependent but that of bromide is not significantly affected by pH. 

Fig.44 depicts the current proposal to explain the 

differencee between VCPO and VBPO. In the Q - ^ B r 

- \\ D ^ proposedd mechanism for chloride oxidation, the 
Q ++ LI Qf>+ 

side-onn bound peroxide is protonated to form a y ' " ' j V I 

strongg oxidizing state (Fig. 4, left). On the other X Q Oh~ 

handd bromide oxidation will already occur with '' [_VS+ LVS+ 

thee less reactive unprotonated side-on bound ^& 4 Protonation state of the side-on bound peroxide. Adopted 

peroxidee (Fig. 4, right). 

Anotherr very important feature of the peroxo intermediate is its large affinity to the active site. 

Peroxidee and vanadate form peroxo vanadate that is bound much more strongly to the enzyme than 

vanadatee alone [21]. It has also been reported that imidazole (such as histidine) binds to peroxo vanadate 

moree strongly than vanadate [22]. Furthermore, the affinity for peroxo vanadate which has a KA value of 

lesss than 5 nM at pH 5.0 is much higher than that of vanadate. The estimated Kd value of the binding of 

vanadatee to apo-enzyme is larger than 1 uM at pH 5.0 [18]. Physiologically the very small Kd value for 

peroxoo vanadate may be relevant since much lower concentrations of vanadate can be used effectively 

byy the enzyme [21]. Soedjak et al. have reported [11] that inactivation of VBPO from A. nodosum by 

phosphatee was prevented by addition of H202. This is also in line with the fact that vanadate binds to 

enzymee more strongly in the presence of H20:. 

10 0 



CHAPTERCHAPTER 1 

1.31.3 Mutagenesis of VCPO and VBPO 

Hemrikaa et al. have studied the role of the cofactor binding residues of VCPO by site-directed 

mutagenesiss [19], showing the importance of His496, a residue that forms a covalent bond to vanadate, 

andd the role of the positively charged residues. This is illustrated in Fig. 2 and 3. Mutation of the 

histidinee residue to alanine resulted in production of an inactive enzyme because of loss of ability to 

bindd vanadate [19]. The authors also proposed that the positively charged residues Arg360 and Arg490 

enhancee the withdrawal of electron density from the bound peroxide and that Lys353 polarises the 

boundd peroxide. When these residues are changed into alanines, the mutant enzymes lose the ability to 

oxidizee chloride, but still function as a bromoperoxidase [23]. Another histidine residue in the active site 

off  VCPO, His404 seems to play a role as acid-base catalyst in the binding of H202 by deprotonation of 

thee peroxide [15,20]. Data from steady-state kinetics suggested earlier [18] that vanadate coordinated 

waterr or a histidine residue may act as an acid-base catalyst with a pK3 value in the range pH 5.6 - 6.5. 

Thee mutation of His404 to Ala (H404A) [20] resulted in the loss of chlorinating activity, although 

brominatingg activity of H404A was clearly present. However, partial inactivation of the enzyme was 

observedd during turnover. The results of site-directed mutagenesis on the kinetic properties of VCPO 

studiess are summarised in Table 1. 

Tablee 1"  Summary of mutagenesis study of VCPO from C. inaequalis 

Residuee Property Mutants 
Chlorination n 

Relativee activity*  Km (mM) 

Bromination n 
Relativee activity*1 Km (mM) 

Hiss 496 Covalently bond to vanadate 
Acid-basee catalyst in the binding of 

Hiss 404 
H.O, , 

Enhancementt of electron density 
°° withdrawal 

Enhancementt of electron density 
™™ withdrawal 

Positivelyy charged residue directly 
L y ss linked to the bound peroxide 

H496A A 

H404A A 

R360A A 

R490A A 

K353A A 

inactive e 

noo activity 

14% % 

<< 1.5 % 

<< 1.5% 

19 9 

>> 1000 

>> 1000 

inactive e 

partiall  inactivation 

222 % (pH 4.2) 0.038 

9000 % (pH 6.3) 0.70 

433 % (pH 4.2) 0.20 

6900 % (pH 6.3) 4.3 

10%(pH4.2)) 4.5 

977 % (pH 6.3) 9.4 

""  For details, see [19] and [20] 
hh Specific activity compared to recombinant VCPO. 

Accordingg to the crystal structure, of VCPO from C. inaequalis [14,15] and VBPO from 

AscophyllumAscophyllum nodosum and Corallina officinalis [16,17], VBPOs contain a histidine residue (i.e. His411 

off  A nodosum VBPO and His478 [17] or His480 [24] of Cor. officinalis VBPO, respectively) instead of 

Phe3977 in VCPO as shown in Fig. 2. It has been proposed [16,19,20] that this histidine residue in VBPO 

mayy also play a role in protonation or deprotonation of the peroxide intermediate in the active site 

becausee His411 of A. nodosum VCPO is within hydrogen bonding distance to a modelled peroxo 

vanadatee [16]. In recombinant VBPO from Cor. officinalis the effect of mutating the histidine residue 

11 1 



INTRODUCTION INTRODUCTION 

intoo alanine has been examined [24], showing the loss of the bromide oxidation ability of the enzyme, 

andd conversion into an iodoperoxidase [24]. Actually this phenomenon is not surprising considering the 

mutagenesiss studies of VCPO, which showed that nearly all mutations resulted in loss of the activity to 

oxidizee chloride whereas the mutants still showed bromoperoxidase activity. The factors that determine 

whyy VCPO is a chloroperoxidase and VBPO is a bromoperoxidase are stifl not clear, despite the fact 

thatt the active site residues are identical. However, it is clearly not a single factor that is responsible for 

thee difference in reactivity between VCPO and VBPO. 

1.41.4 Conserved A ctive Site 

Inn 1997 the striking similarity in the active site residues of vanadium-containing haloperoxidases 

andd three families of acid phosphatases was published [25]. About that time Stukey and Carman [26] 

alsoo identified the conserved phosphatase sequence motif, and Neuwald [27] reported an unexpected 

structurall  relationship between integral membrane phosphatases, such as type 2 phosphatidic acid 

phosphatase,, and soluble vanadium haloperoxidases. The above mentioned vanadate-binding amino 

acidss in VCPO and VBPO were shown to be conserved in several acid phosphatases among others the 

largee group of soluble bacterial non-specific class A acid phosphatases, mammalian glucose-6-

phosphatasess (G6Pase) and lipid phosphatases [14,25-30]. 

Thee conserved amino acid residues in sequence motifs of domain I: KX6RP, domain II: PSGH and 

domainn III : SRX5HX3D play very important roles in catalysis. The active site residues participate in the 

Domainn 1 Domain 2 Domain 3 

KK RP PSGH SR- -LGHW- -DA 

Fig.. 5 Conserved active site domains of vanadium-containing haloperoxidases and acid phosphatases. 

bindingg of vanadate or phosphate, act as a nucleophile, stabilize the penta-coordinated transition state 

andd play a role in leaving group protonation [19]. As mentioned before, vanadium-containing 

haloperoxidasess are inactivated to an apo-form by incubation in or dialysis against phosphate buffers. 

Furthermoree phosphate competitively inhibits the reconstitution of VBPO by vanadate [12]. The 

cofactorr vanadate is the biologically active form of vanadium and it is structurally similar to phosphate. 

Vanadatee is also an inhibitor of many enzymes that function via a phospho-enzyme intermediate, 

includingg some phosphatases that bind ATP or other high-energy phosphate compounds. Thus, 

informationn on the binding of vanadate to vanadium haloperoxidases can be useful in modelling the 

phosphatasee active site as found in many phosphatases (Table 2). 

12 2 
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Tablee 2 Amino acid sequence comparison of three domains conserved in vanadium haloperoxidases and 
phosphatases0. . 

Enzyme e Accession n 
number r Domainn II Domainn III 

CurvulariaCurvularia inaequqlis 

DrecksleraDreckslera biseptata 

EmbellisiaEmbellisia didymospora 

AscophyllumAscophyllum nodosum 

CorailinaCorailina officinalis 

CorallinaCorallina pilulifera 

FucusFucus distichus 

EscherichiaEscherichia blattae 

MorganellaMorganella morganii 

PrevotellaPrevotella intermedia 

ProvidenciaProvidencia sluartii 

SalmonellaSalmonella enterica 

ShSh igella flexneri 

ShigellaShigella flexner 

ZymomonasZymomonas mobilis 

TreponemaTreponema denticola 

AstatotilapiaAstatotilapia nubila 

CanCan is f am iliaris 

HomoHomo sapiens 

MusMus musculus 

RattusRattus norvegicus 

EscherichiaEscherichia coli 

HaemophilusHaemophilus influenzae 

RattusRattus norvegicus 

HomoHomo sapiens 

HomoHomo sapiens 

HomoHomo sapiens 

MusMus musculus 

SaccharomycesSaccharomyces cerevisiae 

HomoHomo sapiens 

SaccharomycesSaccharomyces cerevisiae 

SaccharomycesSaccharomyces cerevisiae 

SaccharomycesSaccharomyces cerevisiae 

RattusRattus norvegicus 

DrosophilaDrosophila melanogaster 

VCPO O 

VCPO O 

VCPO O 

VBPO O 

VBPO O 

VBPO O 

VBPO O 

EB-NSAP P 

PhoC-Mm m 

PiACP P 

PhoN-Ps s 

PhoN-Se e 

PhoN-Sf f 

Apy-Sf f 

PhoC-Zm m 

Neutrall  Pase 

G6Pase e 

G6Pase e 

G6Pase e 

G6Pase e 

G6Pase e 

PGPasee B 

PGPasee B 

PAP2 2 

PAP2a a 

PAP2oc2 2 

PAP2b b 

LPP-1 1 

LPP-1 1 

LPP-2 2 

LBP-1/YSR1 1 

LBP-2/YSR2.1 1 

DGPPase e 

Dri42 2 

Wunen n 

X85369 9 

Yll  1123 

Y11620 0 

P81701 1 

AF218810 0 

D87657 7 

AF053411 1 

AB020481 1 

X64444 4 

AB017537 7 

X64820 0 

X59036 6 

D82966 6 

U04539 9 

M24141 1 

L25421 1 

AF008945 5 

019133 3 

P35575 5 

P35576 6 

L37333 3 

P18201 1 

P44570 0 

U90556 6 

AB0O0888 8 

AF043329 9 

AB0O0889 9 

D84376 6 

U33057 7 

AF035959 9 

Z49410 0 

P23501 1 

U51031 1 

Y07783 3 

U73822 2 

353-KWEF-EFWRP--

11 EFWRP-

349-KWEF-EFWRP--

341-KWQVHRFARP--

400-KFNIHRRLRP --

400-KFNIHRRLRP --

44 60-KWQVHRFARP-

133-KDHY-MRIRP --

133-KEHY-MRIRP --

135-KDHY-MRVRP --

133-KEKY-MRIRP --

123-KKYY-MRTRP --

133-KEYY-MRIR P P 

124-KEYY-KRVR P P 

132-KNNW-NRKRP P 

83-KRIL-KIPR P P 

72-KVJVL-FGER P P 

76-KWIL-FGQR P P 

77 6-KWIL-FGQR P 

76-KWIL-FGQR P P 

72-KWIL-FGQR P P 

97-KDKV-QEPRP P 

94-KALF-EEPR P P 

120-KYSI-GRLR P P 

120-KYSI-GRLR P P 

148-KVSI-GRLR P P 

148-KVSI-GRLR P P 

120-KYTI-GSLR P P 

136-KLII-GNLR P P 

117-KYMI-GRLR P P 

128-KDYW-CLPRP P 

129-KDYW-CLPRP P 

118-KNWI-GRLR P P 

149-KVSI-GRLR P P 

132-KYSI-GRLR P P 

 37-AYPSGHA-78-FENAISRIFLGVHWRFDAAAARDIL-50 8 

2 2 

1 1 

-62-SYPSGRA-54-VNVAFGRQMLGIHYRFDGIQGLLLG- 44 98 

-72-SYGSGHA-52-DNIAIGRNMAGVHYFSDQFESILLG-56 5 5 

-72-SYGSGHA-52-DNIAIGRNMAGVHYFSDQFESLLLG-56 5 5 

-62-SYPSGHA-54-VNVAFGRQMLGIHYRFDGIQGLLLG-61 7 7 

.21-SYPSGHT-25-YELGQSRVICGYHWQSDVDAARWG-219 9 

-21-SYPSGHT-25-YQLGQSRVICGYHWQSDVDAARIVG-21 9 9 

-21-SYPSGHT-25-YQMGQSRVICGYHWQSDVDAARWS-221 1 

-21-SYPSGHT-22 5-YELGQSRVICGYHWQSDVDAARIVA-21 9 

-21-SYPSGHT-22 5-WEFGQSRVICGAHWQSDVDAGRYVG-20 9 

-21-SYPSGHT-22 5-YELGDSRVICGYHWQSDVDAARIVG-21 9 

-21-SYPSGHA-22 5-YEFGESRVICGAHWQSDVEAGRLMG-21 0 

-21-SYPSGHT-25-QIFGTSRIVCGAHWFSDVQAGYIMA-21 8 8 

-15-STPSGHS-48-LLVGFSRVYLGVHYPTDVLLGWGLG-18 6 6 

-19-GSPSGHA-43-LWCISRVYMAAHFPHQVIAGIITG-18 4 4 

-29-GSPSGHA-43-LNVCLSRIYLAAHFPHQWAGVLSG-18 8 8 

-29-GSPSGHA-43-LNVCLSRIYLAAHFPHQWAGVLSG-18 8 8 

-29-GSPSGHA-43-LNVCLSRIYLAAHFPHQWAGVLSG-18 8 8 

-- 2 9 -GSPSGHA-4 3 -LNVCLSRIYLAAHFPHQWAGVLSG-18 4 

-- 5 2-AFPSGHT-3 O-TGVMGSRLLLGMHWPRDLWATLIS- 2 19 

-- 5 2-SFPSGHT-3 5-LU1LISRVRLGMHYPIDLLVATLLA- 2 2 1 

-37-SFYSGHS-38-IYVGLSRVSDYKHHWSDVLIGLIQG-23 5 5 

-33 7-SFYSGHS-38-IYVGLSRVSDYKHHWSDVLTGLIQG-23 5 

-37-SFFSGHA-38-FYTGLSRVSDHKHHPSDVLAGFAQG-263 3 

-33 7-SFFSGHA-38-FYTGLSRVSDHKHKPSDVLAGFAQG-263 

-37-SFYSGHS-38-IYVGLSRVSDYKHHWSDVTVGLIQG-23 5 5 

-39-STPSGHS-32-LWNVSRVIDHRHHWYDWSGAVLA-2 44 7 

-33 7-SFYSGHS-3 8-LYVGYTRVSDYKHHWSDVLVGLLQG- 2 3 2 

-18-GAPSSHT-36-MTLVFGRIYCGMHGILDLVSGGLIG-2 22 2 

-18-GAPSSHS-36-LTLVFGRVYCGHHGMLDLFSGAAVG-22 3 3 

-37-TTPSGHS-40-ALIALSRTQDYRHHFVDVILGSMLG-23 5 5 

-37-SFFSGHA-38-FYTGLSRVSDYKHHPSDVLAGFAQG-239 9 

-46-SFPSGHS-38-WYTALSRVSDYKHHWSDVLAGSLIG-256 6 

KXXX-XXXR P P XXXSGHX X XXXXXXRXXXXXHXXXXXXXXXXX X X 

"Thirty-fiv ee proteins that contain a novel haloperoxidase-phosphatase motif were used to generate the proposed consensus 
domains.. Numbers shown the outside of domains I and III refer to the numbering of the first and last amino acid in those domains 
fromm primary sequence, respectively. The intervening numbers refer to the number of amino acids between the domains. Bold 
letterss indicate amino acids that are conserved in the consensus sequence. The table was modified from [31], 

13 3 



INTRODUCTION INTRODUCTION 

1.51.5 From Vanadium Haloper-oxidases to Acid Phoshatases 

Basedd on sequence similarity it has been proposed [25-30] that the architecture of the active site in 

thee two classes of enzymes is very similar. In fact, it has been shown that apo-CPO possesses 

phosphatasee activity and is able to hydrolyse /«rra-nitrophenyl phosphate (/?NPP). The turnover with 

p»NPPP as a substrate is only 1.7 min"1 [25]. When the crystal structure of VCPO [14] was published and 

thee phosphatase activity of apo-CPO was discovered by Hemrika et al., no structural data for the related 

phosphatasess were available. A common architecture of the active site has important implications for 

researchh in the field of non-metal phosphatases. The fact that vanadium haloperoxidases and above 

mentionedd phosphatases share the conserved active site sequence and apo-CPO has phosphatase activity 

gavee significant clues to the understanding of the catalytic mechanism of the phosphatases. One of the 

mostt interesting enzymes in Table 2, which shows significant alignment with the vanadium 

haloperoxidases,, is mammalian G6Pases, the key enzyme in gluconeogenesis and glycogenosis. 

Despitee the intensive research on G6Pase, there is no crystal structure available up to now because of 

thee difficulty to purify this membrane-bound enzyme in a homogeneous state and to crystallize it. Thus 

itt is possible to predict which amino acid residues of these phosphatases are involved in catalytic 

activityy using VCPO as a model for a starting point. This is because the trigonal pyramidal co-

ordinationn of the vanadate in the vanadium haloperoxidases is so similar to that described for the 

nucleophilicc attack of a histidine to the orthophosphate in the phosphorylated substrate. In fact the new 

membranee topology suggested for GóPase was based on the similarity of the active site sequence 

betweenn VCPO and G6Pase [23,32]. 

Inn 2000, X-ray structures of a nonspecific acid phosphatase from Escherichia blattae (EB-NSAP) 

co-crystallisedd with the transition-state analogue sulfate and molybdate were determined by Ishikawa et 

alal [30] (see next section for details). The similarity of the residues involved in binding oxyanions in 

VCPOO from C. inaequalis and EB-NSAP is remarkable, confirming that these families are indeed 

evolutionaryy related and share the samee ancestor [25]. 

Sincee apo-CPO was found to function as a phosphatase on /;NPP hydrolysis, the next question 

arises.. "Do the soluble and membrane-bound phosphatases exhibit peroxidase activity when vanadate is 

boundd to their active site?" This was one of the main questions when this project was started and also to 

evaluatee more closely the degree to which catalytic activities for the different class of enzymes have 

beenn retained. This wil l be discussed later in the thesis. 
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2.. Acid Phosphatases 

2.12.1 Classification of Phosphatases 

Phosphatasess are the enzymes that catalyse the hydrolysis of phosphate monoesters and poly 

phosphatess (EC 3.1.). Classification of phosphatases was initially based on the biochemical and 

biophysicall  properties of these enzymes such as pH optimum (acid, neutral or alkaline), substrate profile 

(nonspecificc or specific for certain substrates) and molecular size (high or low molecular weight) [33]. 

However,, it is recognized now that phosphatases can be grouped into different molecular family 

accordingg to similarity at the level of primary structure [33]. In cell physiology, these enzymes play a 

veryy important role in phosphoryl group transfer. 

2.22.2 Bacterial Nonspecific Acid Phosphatases (NSAP) 

Bacteriall  nonspecific acid phosphatases (NSAP) are non-metal soluble periplasmic proteins or 

membrane-boundd lipoproteins. They are found in members of Enterobacteriaceae and are able to 

hydrolysee a broad range of unrelated phosphate monoesters. The optimal pH for this class of enzyme is 

att acidic to neutral pH values. NSAPs are monomeric or oligomeric proteins containing polypeptide 

componentss with an Mx of 25 -30 kDa. When cloning of some NSAP genes became possible, three the 

differentt molecular families of NSAPs were classified in molecular class A, B and C NSAPs. Although 

bothh class A and B of enzymes include a group of secreted phosphatases with an Mr of approximately 25 

kDa,, class A NSAPs and class B NSAPs are completely unrelated at the sequence level [33], After the 

discoveryy of class A and B molecular class C acid phosphatases have been identified as secreted 

bacteriall  lipoproteins with an Mr of approximately 30 kDa. Since vanadium haloperoxidases share 

conservedd active site residues only with a number of bacterial class A NSAPs [25,34] and not with class 

BB and C NSAPs, further introduction is focused on class A NSAPs. 

2.2.12.2.1 Bacterial class A1 acid phosphatases 

Thee c lass A N S A Ps possess a conserved sequence motif, 

KX6RP-(X]2_54)-PSGH-(X3i_54)-SRX5HX3DD [33]. The same motif is shared by several lipid 

phosphatases,, mammalian glucose-6-phosphatases and vanadium haloperoxidases as mentioned 

previouslyy [23,25,35]. The class A NSAPs are further classified into class Al , A2 and A3 NSAPs 

dependentt on the whole amino acid sequences, substrate specificities and inhibition effects. For 

instance,, fluoride inhibits the phosphatase activity of class A2 and A3 NSAPs but not that of class Al . 

Severall  metal ions (see section 2.2.2 and 2.2.3 for details) inhibit only class A3 NSAPs. Class Al 
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Tablee 3 Bacterial class A nonspecific acid phosphatases". 

Bacteriaa (strain) Enzymee Classification Genes (EMBL accession No.) PDB code References 

CedeceaCedecea davisea (CIP 8034) 

CedeceaCedecea davisea (ATCC 33855) 

EnterobacterEnterobacter aerogenes (CIP 6086) 

EscherichiaEscherichia blattae (JCM 1650) 

HafniaHafnia aivei (ATCC 29926) 

KlebsiellaKlebsiella oxyloca (CIP 666) 

KlebsiellaplanticolaKlebsiellaplanticola (CIP 8131 > 

KlebsiellaKlebsiella pneumoniae (CIP 52144) 

KlebsiellaKlebsiella terrigena (CIP 8007) 

MorganellaMorganella morganii (ATCC 25830) 

PrevotellaPrevotella intermedia (ATCC 25611) 

ProvidenciaProvidencia stuartii (ATCC 29914) 

SalmonellaSalmonella enterica ser, typhi (Ty2) 

SalmonellaSalmonella enterica ser, typhimurium (LT2) 

SerratiaSerratia plymutica (CIP 7712) 

ShigellaShigella flexneri (YSH 6000) 

ShigellaShigella flexneri (clinical isolate, serotype 2a) 

YokenellaYokenella regensburgei (ATCC 35313) 

ZymomonasZymomonas mobilis (CP4) 

EB-NSAP P 

PhoC-Kp p 

PhoC-Mm m 

PiACP P 

PhoN-Ps s 

PhoN-Se e 

PhoN-Sf f 

Apy-Sf f 

PhoC-Zm m 

Classs A1 

Classs A1 

Classs A1 

Classs A1 

Classs Al 

Classs Al 

Classs Al 

Classs A1 

Classs A1 

Classs A1 

Classs A3 

Classs A1 

Classs A2 

Classs A2 

Classs A2 

Classs Al 

Classs A3 

Classs Al 

Classs A 

--
--
--

--
--
--
phoC-Kp phoC-Kp 

--
phoC-MmphoC-Mm (X64444) 

PiACPP gene (AB017537)' 

phoN-PsphoN-Ps (X64820) 

--
phoN-SephoN-Se (X59036) 

phoX-Sf(D82966) phoX-Sf(D82966) 

ö/n-S/(U04539) ) 

--
phoC-ZmphoC-Zm (M24\4\) 

[33] ] 

[33] ] 

[33] ] 

1D2T,, 1EOI [30] 

[33] ] 

[33] ] 

[33] ] 

[33] ] 

[33] ] 

[33,36.37] ] 

[38] ] 

[33] ] 

[33] ] 

[33,39-41] ] 

[33] ] 

[33,42] ] 

[33,43] ] 

[33] ] 

[33] ] 

""  Acid phosphatases (EC 3.1.3,2). 
CIP,, Collection of the Institut Pasteur; ATCC. American Type Culture Collection; JCM, Japan Collection of Microorganisms 

'' The GenBank accession number. 

NSAPss show higher phosphatase activity on 5'- nucleotide monophosphates (NMPs) rather than 3'-

NMPss whereas class A2 NSAPs are able to hydrolyse both 5' and 3' NMPs well. Class A3 NSAPs 

preferablyy catalyse the hydrolysis of nucleotide triphosphates (NTPs), but they hardly hydrolyse NMPs. 

Althoughh Zymomonas mobilis NSAP (PhoC-Zm) was the first sequenced class A enzyme 

followedd by those from Salmonella enterica ser. typhimurium (PhoN-Se), Morganella morganii (PhoC-

Mm)) Shigella flexneri (PhoN-Sf), PhoC-Zm has not been purified and further characterized [33]. 

Amongg these class A NSAPs in Table 3, Escherichia blattae nonspecific acid phosphatase (EB-NSAP) 

wass the first enzyme for which the crystal structure was determined [30]. As shown in Fig 6, the active 

sitee structure of EB-NSAP shows the striking similarity to that of VCPO. Table 3 shows several class A 

NSAPss from bacteria (modified from [33]) and their classification. 

Thee class Al enzymes exhibit broad substrate specificity (Table 4). They are able to hydrolyse 5'-

andd 3 - nuculeoside monophosphates, glucose 6-phosphate and aryl phosphates, such as para 

nitrophenyll  phosphate (/?NPP) and phenolphthalein phosphate (PDP), but not diesters [33]. EB-NSAP 

catalysess hydrolysis of /?NPP, phenyl phosphate, glucose 6-phosphate and ATP. Although the activity is 

loww (4.5 % ofpNPP hydrolysis), the enzyme also uses glucose 1-phosphate as a substrate [30]. PhoN-

Mmm reveals the highest activity rates with 5-nucleotides, glucose 6-phosphate and aryl-phosphates, and 
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Fig.. 6 Structure of active site of vanadium chloroperoxidase from C. inaequalis (left, PDB ID: 11DQ) co-crystallized with vanadate 
andd the acid phosphatase from E. blattae (right, PDB ID: 1D2T) co-crystallized with sulfate. The figure was prepared using Swiss 
PDBB viewer, modified from [34], 

hass an optimum pH around 6 (pNPP as substrate) [36], PhoN-Sf also appears to be more active on 5'-

nuculeosidess than on 3'-nucleosides and the optimum pH is 6.6 with pNPP as substrate [42]. The 

phenomenonn that 5'-nucleotides are preferred above the 3'-nucleosides upon hydrolysis seems to be the 

commonn feature of this class of enzymes. The activity of class Al NSAPs is not inhibited by EDTA, 

tartratee or fluoride, but is slightly inhibited by high (100 mM) Pi concentrations. 

Thee amino acid sequence of PhoN-Sf shows significant homology to that of class Al NSAPs such 

ass PhoN-Ps (83.2 %) and PhoC-Mm (80.6 %), and less homology to that of class A2 NSAPs including 

PhoN-See (47.8 %) and PhoC-Zm (34.8 %) [42]. 

2.2.22.2.2 Bacterial class A2 acid phosphatases 

Thee prototype of class A2 NSAPs is the nonspecific acid phosphatase from Salmonella enterica 

serr typhimurium (PhoN-Se) [33]. NSAP from Salmonella enterica ser. typhimurium (PhoN-Se) was the 

firstfirst class A enzyme purified and characterized in detail [33]. Later this enzyme was classified as class 

A22 phosphatase. It has a wider substrate specificity compared to that of class Al enzymes (Table 4). 

Unlikee class Al enzymes, the reaction rates of PhoN-Se are similar for the various substrates with Km 

valuess in the range of 1 - 2 mM [33,39]. The substrate preference for 5'NMPs over 3'NMPs, which is 

seenn for class Al NSAPs, is not a property for class A2 NSAPs. Although PhoN-Se activity is not 

inhibitedd by EDTA or various divalent cations such as Mg2+, Mn2+, Co2+, Ca2+, Ba2+, Ni2+ and Zn2+, it is 

inhibitedd by fluoride and mercuric ions. High concentrations (>100 mM) of Pi partially inhibit enzyme 

activity.. The difference in fluoride resistance is a clear key point to distinguish class Al and A2 

enzymes. . 
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Tablee 4 Substrates for class A nonspecific acid phosphatases". 

Substrate e 

p-p- nitrophenyl phosphate (/JNPP) 

Pyrophosphatee (PPi) 

55 -nucleoside monophosphates 

33 -nucleoside monophosphates 

Nucleosidee diphosphates 

Nucleosidee triphosphates 

Glucosee 6-phosphate 

Glucosee 2-phosphate 

Glucosee 1-phosphate 

Phenolphthaleinn diphosphate (PDP) 

Phenyll  phosphate 

Carbamoylphosphate e 

Hexosee phosphate 

Pentosee phosphtase 

a-glycerophopsphate e 

/>-glycerophopsphate e 

Clas s 

A l l 

Al l 

A l l 

Al l 

A l l 

Al l 

Al l 

Al l 

Al l 

A l l 

Al l 

""  Bold letters indicate high activity of each cla 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

A2 2 

sss of 

A3 3 

A3 3 

A3 3 

A3 3 

Enzyme e 

PhoN-Sf,, PhoC-Mm 

PhoN-Sf,, EB-NSAP 

PhoN-Sf.. PhoC-Mm 

PhoN-Sf,, PhoC-Mm 

PhoN-Se e 

Apy-Sf f 

PhoN-Sf.. PhoC-Mm 

PhoC-Mm m 

EB-NSAP P 

PhoC-Mm m 

EB-NSAP P 

EB-NSAP P 

PhoN-Se e 

PhoN-Se e 

PhoN-Se e 

PhoN-Sf.. PhoC-Mm. 

enzymes. . 

EB-NSAP P PhoN-Se,, Apy-Sf 

PhoN-Se,, Apy 

EB-NSAP P 

EB-NSAP P 

EB-NSAP, , 

PhoN-Se e 

Sf f 

PhoN-Se e 

PhoN-Se e 

PhoN-Se e 

References s 

[30,33,36,42] ] 

[30,33,36,43,44] ] 

[30,33,36,42,44] ] 

[30,33,36.42,44] ] 

[33,42] ] 

[33,43] ] 

[30,33,36,42] ] 

[33,36] ] 

[30] ] 

[33,36] ] 

[30] ] 

[30] ] 

[42] ] 

[42] ] 

[42] ] 

[33,36,42] ] 

2.2.12.2.1 Bacterial class A 3 acid phosphatases 

Amongg the phosphatases in Table 3, only the Shigella flexneri apyrase (Apy-Sf) belongs to class 

A33 group. The enzyme shows a distinctive activity on nucleoside triphosphates (NTPs), which are 

hydrolysedd to corresponding nucleoside diphosphates (NDPs) [33]. It is active on pyrophosphate (PPi), 

butt has low activity on /?NPP. The hydrolysis reaction does not require metal ions and the activity is not 

inhibitedd by EDTA similarly to other class A NSAPs. However, like class A2 enzymes, its activity is 

inhibitedd by fluoride. Unlike class A2 enzymes various cations including Mg2\ Mn2t, Co2f, Ca2+, Ba2\ 

Cu"~~ and Zn ~̂ inhibit Apy-Sf. Sodium azide and orthovanadate also inhibit its activity. Because of its 

specificityy towards substrates and its optimum pH (between 7 to 7.5), Apy-Sf can be considered as an 

ATPP dephosphorydrolase or apyrase (EC 3.6.1,5.). Upon sequence comparison, in spite of functional 

dissimilarityy with other NSAPs, it shows the striking similarity with other class A enzymes [33], 

Becausee of the significant active site sequence similarity between Shigella apyrase, class A 

NSAPss and vanadium haloperoxidases, Babu et al. [43] assayed crude and purified apyrase for 

haloperoxidase,, peroxidase and catalase activities. None of these activities were found even though up 

too 1 mM of orthovanadate was added into the assay mixture. Moreover, the presence of H2O2 and NaCl 

orr Nal did not affect apyrase or pyrophosphatase activities. However, the assay for peroxidase activity 

wass carried out using chloride as a substrate. Bromide or iodide should have been used because it is 

veryy likely that if the phosphatases were able to function as a peroxidase, they would not be able to 

oxidizee chloride. In addition, considering the turnover of apo chloroperoxidase phosphatase activity 

(approximatelyy 1 min" ) [25], the peroxidase activity of phosphatase would require a long incubation 

time,, therefore incubation of the assay mixture for 15 min as carried out in their work [43] is likely to be 
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tooo short to detect any peroxidase activity. Further the experiments in which the effect of H202 and 

chloridee or iodide on apyrase activity was studied were performed without vanadate. Under this 

conditionn the apyrase will function as an "apo" haloperoxidase and the affinity for substrates of apyrase 

(NTPss or PPi) is probably much higher than that of halide. 

GlucoseGlucose  6-pho: 
<2K K 

>sphatase >sphatase 
< < 

ATP P 
Hexokinase Hexokinase 
Glucokinase Glucokinase 

ADP P 
UDPP Glucose 

II Glygogen synthase 

GLUCOSEE 6-PHOSPHATE b z z ** GLYCOGEN 

t t GlygogenGlygogen phosphorylase 

FRUCTOSEE 6-PHOSPHATE 

FructoseFructose 1,6-bisphosphatasT I I Phosphofructokinase 
Hfl^lHfl^l T*-ADP 

FRUCTOSEE 1,6-BIOPHOSPHATE 

GLYCERALDEHYDEE 3'-PHOSPHATE DEHYDROXYACETON PHOSPHATE 

1.31.3 Glucose 6-phosphatase (G6Pase) 

Ass glucose is the major energy source for many mammalian cells, glucose 6-phosphatase 

(G6Pase)) (EC 3.1.3.9.) plays a very important role in glucose homeostasis because the enzyme catalyses 

thee last step in gluconeogenesis and glycogenosis (Fig. 7). Unlike other soluble phosphatases it is 

tightlyy associated with the endoplasmatic reticulum (ER) and nuclear membranes of liver and kidney 

cellss [23,35,45,46]. The liver plays a 
|| GLUCOSE | 

majorr role in blood glucose 

homeostasiss by maintaining a balance 

betweenn the uptake and storage of 

glucosee via glycogenesis and the 

releasee of glucose via glycogenosis 

andd glugoneogenesis [45]. Glucose is 

formedd from gluconeogenic 

precursorss in both liver and kidney 

tissues,, and in the liver also from 

glycogen.. Both gluconeogenesis and 

elycogenolysiss result in the formation Phosphoenoipymvate 
bb J b J catboxykinase ^ ^ 

off  G6P, which has to be hydrolysed 

byy G6Pase before being liberated as 

glucosee into the circulation [46]. 

Glucosee is mostly stored as glycogen 

inn the liver. A deficiency of G6Pase 

causess a serious disease called 

glycogenn storage disease type 1 (von 

Gierkee disease), which is an 

autosomall  recessive disorder with an 

incidencee of about 

humanss [23]. 

OXALOACETICC ACID 

cytoplasm cytoplasm 

Fig.. 7 Circulation pathways of gluconeogenesis and glycogenosis. Glucose 
000 0 00 in 6-phosphatase catalyses the hydrolysis of glucose 6-phosphate to glucose. The 

systemm pathway forming glucose is stimulated when phosphoenolpyruvate 
calboxykinasee is increased by glucagon or glucocorticoid. On the other hand 
thee addition of insulin withholds the formation of glucose. 
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2.3.2.3. J Kinetic property — substrates and inhibitors 

Thee specificity of G6Pase seems rather narrow compared to that of NSAPs. In intact microsomes, 

itt catalyses almost specifically the hydrolysis of glucose 6-phosphate (G6P) [46]. The A;m value for G6P 

iss approximately 2 - 3 mM, which is higher than the intracellular concentration of G6P (0.05 - 1 mM). 

Thuss the physiological activity of the enzyme is regulated by substrate concentration [46]. Treatment 

withh detergents, whether anionic, cationic or neutral significantly increases its activity on mannose 6-

phosphate,, glucosamine 6-phosphate and 2-deoxy-D-glucose-6phosphate [46,57]. In addition to the 

abovee mentioned substrates, inorganic pyrophosphate (PPi) [57], carbamoyl phosphate [58] and 

adenosinee triphosphate (ATP) [59] are known as substrates of G6Pase. G6Pase is able to catalyse not 

onlyy the hydrolysis of G6P but also the synthesis of G6P from glucose and various phosphate donors 

suchh as PPi, mannose 6-phosphate and carbamoyl phosphate via phosphotransferase activity [46,57,60-

62].. These activities are more apparent in microsomes treated with detergents [46,63]. 

Phosphatee (Pi) inhibits G6Pase [64] as well as the NSAPs. Inhibition by Pi is non-comptitive in 

intactt microsomes, but competitive in the presence of detergents [46,65], Glucose is a non-competitive 

inhibitorr of the enzyme, irrespective of the presence of detergents with a Kt of 50 - 200 mM [46,66]. 

Vanadate,, a structural analogue of phosphate, is a competitive inhibitor of the phosphohydrolase and 

phosphotransferasee activity of G6Pase [46,48,67]. The vanadate inhibition is greater for the 

Insulinn and the insulin-mimetic effect of vanadate 

Overproductionn of hepatic glucose is the major cause of fasting hyperglycemia in all forms of diabetes [47]. 
Hepaticc glucose production is the balance between the fluxes through glucokinase (GK) and G6Pase [47] 
(seee Fig. 2). Insulin, a hormone produced and secreted by the p-cells of the pancreas, influences in vivo 
hepaticc glucose fluxes by changing Fmax or Km values of hepatic enzymes, and by changing hepetic 
substratee (glucose or G6P) concentrations. The activity and the Vm3X value of G6Pase are decreased by high 
insulinn concentrations [47], and insulin has a dominant negative effect on glucocorticoid stimulation of 
G6Pasee mRNA levels as well [45]. Vanadate, an essential prosthetic group for vanadium-containing 
haloperoxidasess and a strong inhibitor for phosphatases including G6Pase [48], and vanadium compounds , 
suchh as peroxyvanadium compounds, are able to mimic most of the biological effects of insulin [49,50]. 
Thee activating effect of vanadate and insulin on glycogenesis and on glycogen synthase, resulting in 
loweringg of the glucose level, resembles each other [49]. However the action of vanadium salts is mediated 
throughh insulin-receptor independent alternative pathways [50]. Vanadate treatment resulted in a decreace 
inn insulin-receptor mRNA level, but insulin does not have this effect [51]. It has been reported that vanadate 
normalizess the activities of hepatic enzymes and liver mRNA content of such enzymes including GK and 
phosphoenolpyruvatee carboxykinase [52,53], Interestingly tungstate [54], selenate [55] and molybdate [56] 
(onlyy in vitro) reveal similar insulin mimetic effect as vanadate. They are chemically similar to vanadate 
andd phosphate since they have similar tetrahedral configuration. However, it is important to note that 
vanadatee and pervanadate compounds are potential inhibitors of G6Pase (see next page for details). This 
couldd directly explain an insulin mimetic effect of vanadate compounds. G6Pase, which is evolutionally 
relatedd to vanadium chloroperoxidase, is likely to have higher affinity for pervanadate than vanadate. This 
couldd also be one of the reasons the enhanced insulin mimetic effect of pervanadate as compared to 
vanadatee [21], Although vanadium compounds are seriously considered as a possible treatment for diabetes 
[50],, their toxicity in clinical use should not be ignored. 
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phosphotransferasee (K, = 0.79 uM and 1.3 uM for detergent-treated microsomes and intact microsomes, 

respectively)) than the hydrolase activity (K[ = 2.2 uM and 5.6 uM detergent-treated microsomes and 

intactt microsomes, respectively) of the enzyme [46,48]. Similarly, peroxyvanadium compounds inhibits 

thee G6Pase activity [68]. Oxodiperoxo(l,10-phenanthroline) vanadate (V) and oxodioperoxo(pyridine-

2-carboxylate)) vanadate (V) are competitive inhibitors of G6Pase with K\ values of 0.96 uM and 0.42 

uMM (intact microsomes) and 0.50 and 0.21 uM (detergent-treated microsomes), respectively [68]. 

Tungstate,, another structural analogue of phosphate and vanadate, is also known as a potent competitive 

inhibitorr of G6Pase, with a K\ in the 10 - 25 uM range (intact microsomes) and in the 1 - 7 uM range 

(detergent-treatedd microsomes) [46,69]. 

Interestingly,, chloride ion competitively inhibits both G6P hydrolase activity and 

phosphotransferasee activities [45,70]. However, with intact microsomes, chloride ion inhibits carbamoyl 

phosphate// glucose phosphotransferase activity (K, = 19 mM) more extensively than G6P hydrolase 

activityy (Kt = 117 mM) [45,70]. When chloride ion concentration reduces from 35 down to 15 mM, 

whichh occurs in cells following the regulatory volume decrease, it leads to lessened inhibition of 

biosyntheticc activity of G6Pase (phosphotransferase activity for phosphorylation of glucose), but it has 

littl ee effect on the G6P hydrolase activity. The difference in chloride concentration affects significantly 

thee phosphotransferase activity (K{ = 19 mM) but not the hydrolase activity (Kt=  117 mM). This will 

resultt in an increase in the cellular concentration of G6P, in other words, shifting the flux toward G6P 

productionn [70]. G6P is an important glycogenic intermediate, and the net result is an increase in 

glycogenn synthesis [45]. 

2.3.22.3.2 Membrane topology 

Despitee decades of researches and the presence of enormous amount of experimental data, one of 

thee most difficult problems in G6Pase research is its purification because of the instability of the 

enzymee after the extraction from membranes [46,71,72]. As a consequence the enzyme has not been 

crystallizedd and structural data are not available. However, at the beginning of the 1990s, the cloning of 

cDNAA encoding the murine G6Pase [73] was successful, followed by the cloning of G6Pase genes from 

ratt and human [74,75]. This has led to the deduction of the primary amino-acid sequence of the catalytic 

subunit.. The first membrane topology model was proposed by Lei et al. [75] with six transmembrane a-

helicess (Fig. 8, top). Later the X-ray crystal structure of VCPO from C. inaequalis was determined [14] 

andd the striking similarity of active site residues between VCPO, mammalian G6Pases and several 

classess of phosphatases was discovered [25]. Based on the tertiary structure of VCPO, Hemrika et al. 

[23,32]]  proposed a new topology model for G6Pase with a nine transmembrane a-helices and its active 

sitesite oriented towards the luminal side of the ER (Fig. 8, bottom). As illustrated in Fig. 8, in the latter 
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modell  the three domains are placed in close proximity forming a compact active site on the ER luminal 

side,, whereas in the former model the active site residues are scattered on the ER luminal side and 

cytoplasmicc side. Considering the similarity of active site structure of VCPO and NSAP from E. blattae 

(Fig.. 6), it is now very likely that G6Pase has indeed a structure as proposed in the lower part of Fig. 8. 

Thiss new proposal was soon confirmed by Pan et al, using immunodetection of a chimeric protein 

containingg the expression tag FLAG and using partial proteolysis [35,62]. Their experiments using Isl-

andd C-terminal tagged G6Pase showed that in intact microsomes the N terminus was resistant to 

proteasee digestion, whereas C terminus was sensitive to such treatment. This confirms that G6Pase 

possessess an odd number of transmembrane helices with its N and C termini facing the ER lumen and 

thee cytoplasm, respectively [35], as illustrated in the new topology (Fig. 8, bottom) with 9 helices, 

whereass the old topology (Fig. 8, top) shows only 6 helices. Moreover the mutagenesis study of lipid 

phosphatee phosphatase-! (LPP-1), whose active site sequence is homologous to G6Pase (Table 2), 

supportss the new membrane topology of G6Pase. It was shown that the active site of LPP-1 is located 

onn the outer surface of plasma membrane [29]. 

Currentlyy there are two concepts of structure function relationship for G6Pase, the "substrate 

transport-catalyticc unit" hypothesis [65,76] and "combined conformational flexibility-subunit" 

hypothesiss [77,78]. In the former hypothesis, the catalytic unit of G6Pase is sequestered on the luminal 

sidee of the ER, and at least four additional membrane-spanning translocases allow substrates access to 

thee catalytically active site. In this case G6Pase is depicted as a multicomponent system. On the other 

handd "combined conformational flexibility-subunit" hypothesis proposes that the enzyme is deeply 

embeddedd within the ER membrane, and it possesses both catalytic and substrate/product transport 

activities.. This hypothesis views G6Pase as a multifunctional enzyme. The new membrane topology 

modell  alone does not lead to any conclusion which hypothesis is more adequately correct [32]. 

However,, at least the proposed location of active site towards the luminal side of ER membrane is not 

agreementt with the latter hypothesis [32]. The former proposal, the substrate transport-catalytic unit 

model,, is widely accepted at this moment [62]. 

2.3.32.3.3 Catalytic centre 

Thee phosphohydrolytic reaction involves the formation of a phosphoryl enzyme complex (EP) in 

whichh a covalent bond is present between the imidazolium group of a histidine residue (N-3) on the 

enzymee and the phosphate moiety of G6P [62,64,79]. The phosphohydrolase component of the 

microsomall  G6Pase system has thus been identified as a 36.5 kDa polypeptide by 32P-labeling of E-P 

complexx during steady-state hydrolysis [46,62,80]. 
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ERR lumen 

COOH H 

ERR membran e 

COOH H 

cytoplas m m 

Fig.. 8 Membrane topology models for G6Pase. Top: First proposed 6 transmembrane-helix topology model (adopted from [75]). 
Bottom:: Newly proposed & current 9 transmembrane-helix topology model (adopted from [23,35]). The current model presents all 
residuess aligning active site residues of VCPO facing the luminal side of ER membrane. 
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Basedd on the crystal structure of VCPO, the amino acids predicted to participate in G6Pase 

catalysiss include Lys76, Arg83, Hisl 19, Argl70, and Hisl76 (Fig. 8 bottom, highlighted) corresponding 

too Lys353, Arg360, His404, Arg490, and His496 in VCPO (see also Fig. 6 left). In VCPO His496 

covalentlyy binds vanadate. When this vanadate-binding residue is changed into alanine, the mutant 

enzymee is inactivated due to loss of the ability to bind the prosthetic group [19]. Thus it was predicted 

thatt Hisl76 of G6Pase would form a covalent bond with phosphate, forming a phosphoryl enzyme 

complex.. Later Ghosh et al. [81] confirmed that His 176 of G6Pase was indeed the phosphoryl acceptor 

usingg a [ P]G6Pase intermediate. As shown in Fig. 8, human G6Pase contains five methionine residues 

(positionss 1, 5, 121, 130 and 279). These methionine residues can be cleaved by cyanogen bromide. 

Thereforee after cleavage Hisl 19 is predicted to be within a 13.5 kDa peptide with isoelectric point of 5.3 

(residuess 6 - 121) and His 176 is predicted to be within a 16.8 kDa peptide with isoelectric point of 9.3 

(residuess 131 - 279). [32P]phosphate remains bound to a 17 kDa peptide with an isoelectric point above 

9,, showing His 176 is the phosphate acceptor in the enzyme [81]. 

G6PP Glucose 

E ,, mannose 6-P ^ r / ^ e n \ _̂ _ _ , mamose _ . _ . 
++ L - b(<jbr) ^. '^ E*P + y—** E + Pi 

carbamoyl-PP carbamate / 
PPi i 

HoO O 
Schemee 1 Reaction mechanism of G6Pase. E(G6P) represents the Michaelis (Enzyme-Substrate) complex, and E-P 
representss the phosphoryl enzyme complex. E-P consists of a phosphorylated histidine residue, later it was proposed 
andd confirmed that the histidine was Hisl79 in G6Pase. 

Glycogenn storage disease type la (GSD-la) is caused by a deficiency in G6Pase, and 75 G6Pase 

mutationss have been identified up to date [82]. The following active site mutations have been found in 

thee G6Pase gene of GSD-la patients, K76N, R83C, R83H, Hl 19L, R170Q and H176P. These mutations 

resultedd in abolishment of G6Pase activity [73,82,83]. Furthermore, the mutagenesis study by Ghosh et 

al.al. also shows that alanine mutagenesis of proposed active site residues Lys76, Arg83, Hisl 19, Argl70 

orr His 176 in G6Pase completely abolishes phosphatase activity, demonstrating the importance of these 

residuess [81]. In case of VCPO, mutations of Lys353, Arg360 or Arg490 resulted in decrease of 

enzymaticc activity but not abolishment. Because of these differences it has been clamed that the 

structurall  requirements for the active site residues in G6Pase and VCPO differ [81]. However, the 

differencee of enzymatic properties between G6Pase (membrane-bound) and VCPO (soluble) should also 

bee taken account. Because mutations of membrane protein may cause improper folding of the protein or 

itt may be more sensitive to mutations compared to soluble proteins. 
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3.. Vanadium Haloperoxidases and Acid Phosphatases in 

Biocatalysis s 

3.13.1 Enantioselective Sulfoxidation Catalysed by Vanadium Bromoperoxidase 

Opticallyy pure compounds are highly wanted in the synthesis of pharmaceuticals, foods and 

fragrances.. High enantioselectivity and purity of the chiral products is very important. One enatiomeric 

formm may have the required effect whereas the other is ineffective and even may be toxic. Although 

nowadayss there are many homogeneous catalysts available in stereoselective conversions, biocatalysts 

aree also popular because of their high degree of stereoselectivity. In general it is very difficult to change 

fromm a chemical process to a biocatalysis process. However, the advantages of biocatalytic procedures 

shouldd be appreciated for being more environmentally friendly, simpler or milder. 

bromoperoxidase e 
Vanadiumm <-• 

H 2 0 2 2 

Schemee 2 Enantioselective sulfoxidation of methylphenyl sulfide (thioanisole) catalysed by VBPO. 

Tenn Brink et al. have reported [85] that vanadium bromoperoxidases (VBPOs) are able to catalyse 

thee enantioselective sulfoxidation of organic compounds. The reaction rate of enantioselective 

sulfoxidationn of methyl phenyl sulfide catalysed by VBPOs is rather slow (approximately 1 min"). 

However,, the enantiomeric excess (ee) of VBPO from A. nodosum catalysed reaction has been 

improvedd up to 96 % ee for the (7?)-enantiomer dependent on the enzyme concentration [84]. VBPO 

fromm Cor. pilulifera shows 55 % ee for the (S)-enantiomer [85]. In contrast, VCPO from C. inaequalis 

catalysess the production of a racemic mixture even though its yield is 55%, which is higher than that of 

VBPOO from Cor. pilulifera (18%) [85]. This seems to be an intrinsic characteristic of VCPO, which is 

alsoo related to the difference between VCPO and VBPO. According to ten Brink et al. [84], VBPO from 

A.A. nodosum promotes the direct transfer 

off oxygen from the vanadium bound n 

peroxidee to the sulfide in a selective n / s \ „ R , \ ^2 

RR R R R 

manner.. This suggests that the aromatic ' ^ s ^ *  .-''*" X N S / 2 .--'*' 

sulfidee binds near/in the active site with \ a* e i s ' 

aa relatively low affinity (Fig. 9, left). v ^ o v ^ 0 8 ff 

However,, VCPO from C. inaequalis is Ri R2 
Fig.. 9 Schematic models for the sulfoxidation mechanism of VBPO (left) and 

nott  ab le to m e d i a te th e d i rect and VCPO (right). The sulfide is shown as R,SR2. Adopted from [84]. 
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selectivee transfer of peroxide oxygen to methyl phenyl sulphide. Therefore a different oxidation 

pathwayy in VCPO has been suggested. The peroxo vanadate intermediate of VCPO is able to oxidize 

thee aromatic sulphide by a 1-electron transfer step, resulting in the formation of a positively charged 

sulphurr radical, which migrates from the enzyme and is subsequently converted into the product via 

chemicall  steps (Fig. 9, right). Apparently the VCPO is too strongly oxidizing. 

Unfortunately,, despite many attempts, an expression system for VBPO from A. nodosum is not 

availablee up to now. If a large-scale production of VBPO becomes available, useful applications could 

bee envisaged. Also the possibility to carry out directed evolution on VCPO towards an enantioselective 

oxidationn catalyst may be of interest. 

3.23.2 Regioselective Phosphorylation of Nucleosides by Class A Acid Phosphatases 

Foodd additives such as glutaminic acid or inosine 5'-monophosphate (5'IMP) are widely used in 

Asiann countries. In Japan these flavours are called "umami", a fifth sense of taste following saltiness, 

sweetness,, bitterness and sourness. Umami means depth, tastiness or deliciousness in Japanese, when 

onee finds a food or drink appetizing. These umami flavours are found in seaweeds such as kombu 

(Laminaria(Laminaria japonica, giant kelp) containing glutaminic acid, and in fish such as bonito or anchovy, 

containingg 5'IMP. To extract the umami flavour, it is important to use bones or juice of meats, fish, 

mushroomss or seaweeds. Nowadays these flavours are synthesized chemically. 

Especiallyy nucleotides are often used not only as food additives but also as pharmaceutical 

intermediates.. Their biological activity is related to the position of the phosphate group. 5TMP or 

guanosinee 5'-monophosphate (5'GMP) are used as a flavour potentiator in various foods whereas 

inosinee 2'-monophosphate (2'IMP) and inosine 3'-monophosphate (3'IMP) are tasteless [86-90], The 

phosphorylationn of nucleosides in the C5'-position can be achieved both by chemical and enzymatic 

procedures.. The chemical method requires phosphoryl chloride (POCl3) during synthesis. However, the 

usee of POCI3 is not desirable because of its toxicity and its problem in handling. Moreover the chemical 

Classs A NSAP "° 
++ PR 

OHH H 

Schemee 3 Regioselective nucleoside phosphorylation using pyrophosphate (PPi) as phosphate donor. 
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methodd is rather complex. The enzymatic method is based upon the use of inosine kinase from 

EscherichiaEscherichia colt as a phosphorylating enzyme. Although the enzymatic process is simpler, inosine 

kinasee requires ATP as a phosphate donor, which is a rather expensive reactant and therefore it is 

necessaryy to regenerate ATP, making the process more complex. 

3.2.13.2.1 A new enzymatic phosphorylation 

Asanoo et al. discovered a new enzymatic method of regioselective phosphorylation of nucleosides 

byy enterobacteria [86] and purified acid phosphatases from these bacteria [87,89] using pyrophosphate 

(PPi)) as a phosphate donor. The advantage of this new method is its simplicity, low cost and mild 

reactionn conditions compared to the chemical or existing enzymatic processes. 

Tablee 5 shows several microorganisms and purified recombinant acid phosphatases screened for 

phosphotransferasee activity and that are able to use inosine as a phosphate acceptor and PPi as a 

phosphatee donor. Asano et al. [86] used 18 strains of bacteria and 11 strains of yeasts in the screening 

processs that had phosphotransferase activity. High regioselective phosphotransferase activity for 

phosphorylationn of inosine to synthesize 5'IMP was found in bacteria that contain class Al acid 

phosphatasess (Table 5). 

PPii  is a safe compound and also is used as a food additive. PPi can be simply synthesized from 

phosphatee at low costs. However, PPi has a chelating effect and binds multivalent metals such as Ca +, 

Mg2+,, and Fe2+. Therefore the use of PPi is not suitable for phosphatases that require metal ions [91] 

becausee PPi wil l inhibit the activity. Class A acid phosphatases do not require metal ions, and most of 

Tablee 5 Summary of phosphotransferase activity of microorganisms and recombinant acid phosphatases". 

RatioRatio of IMP Recombinant 
Bacteriaa (strain) 5':3':2" ' ' enzyme e 

Classificationn Km (mM)'* Vmax <U/mg)e References 

CedeceaCedecea davisea (JCM 1685) 

EnterobacterEnterobacter aerogenes (IFO 14930) 

EscherichiaEscherichia blatiae (JCM 1650) 

HafniaalveiHafniaalvei (IFO 3731) 

KlebsiellaKlebsiella planticola (IFO 14939) 

KlebsiellaKlebsiella pneumoniae (IF03318) 

MorganellaMorganella morganii (NCIMB10466) 100:3.4:1.4 

ProvidenciaProvidencia stuartii (ATCC 29851) 

100:3.9:1.5 5 

100:2.0:0.6 6 

100:0.2:0 0 

100:2.4:0.7 7 

100:1.0:0.2 2 

100:2.0:0.6 6 

100:3.4:1.4 4 

AP/TP-Ea a 

AP/TP-Eb b 

AP/TP-Kp p 

AP/TP-Mm m 

AP/TP-Ps s 

Classs A1 

Classs Al 

Classs Al 

Classs Al 

Classs Al 

218 8 

200 0 

231 1 

117 7 

156 6 

3.75 5 

2.75 5 

2.65 5 

6.09 9 

6.21 1 

[86] ] 

[86,89] ] 

[86,89] ] 

[86] ] 

[86,89] ] 

[86] ] 

[86,87,89] ] 

[89] ] 

""  Phosphorylation of inosine using PPi as a phosphate donor. 
hh JCM, Japan Collection of Microorganisms; IFO, Institute for Fementaion, Osaka; NCIMB, National Collections of Industrial 
Foodd and Marine Bacteria; ATCC, American Type Culture Collection 
'Thee 1ml reaction mixture contained 50 mg (wet weight) of cells. 
''Acidd phosphatase with regioselelective phosphotransferase activity (AP/TPase), named by Mihara et al [89], AP/TP-Eb; acid 
phosphatasee EB-NSAP, AP/TP-Mm; acid phosphatase PhoC-Mm. 
ff The reaction mixture contained a purified recombinant phosphatase. 
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enzymess in this class are able to hydrolyse PPi to form phosphoryl intermediate (Table 4). 

Phosphorylationn of nucleosides or polyhydroxycompounds is thought to be a two-step reaction 

(forr example, see also Scheme 1 in G6Pase section and Scheme 4 on the next page). First the enzyme 

bindss to phosphate donor compounds to form a phosphoryl intermediate. In the second step the 

phosphoryll  intermediate is either attacked by water (hydrolysis) or by a nucleoside/polyhydroxy 

compoundd resulting in phosphorylation. The Km for 
Tablee 6 Standard free energies of hydrolysis for common 

aa substrate, therefore, is a very important factor that metabolites 

determiness whether an effective reaction occurs. Metabolite e AG°(kJ/mol) ) 

Phosphoenolpyruvate e 

1,3-öwphosphoglycerate e 

compoundd is low the reaction preferes to proceed Phosphocreatine 
Pyrophosphatee (PPi) 

Phosphoarginine e 

physiologicall  conditions the phosphoryl group ATP —AMP + PPi 
Acetyll  CoA 

transferr is carried out by a coupling reaction using ATP —ADP + Pi 

Whenn the affinity for the nucleoside/polyhydroxy 

compoundd is low the reaction preferes to proceed 

viaa hydrolysis of phosphate monoesters. Under 

ATPP (or less frequently using other NTPs) as Glucose l-phosphate 
Glucosee 6-phosphate 

phosphatee donor. The ability of a phosphorylated Glyserol 3.phosphate 

compoundd to transfer its phosphoryl group(s) to AMP~* Adenosine + Pi 

-62 2 

-49 9 

-43 3 

-33 3 

-32 2 

-32 2 

-32 2 

-30 0 

-21 1 

-14 4 

- 9 9 

- 3 3 

High-energy y 
compounds s 

Low-energy y 
compounds s 

anotherr compound is termed its phosphoryl-group-

transferr potential. This is determined by the standard free energies of hydrolysis (Table 6). Each 

compoundd is capable of driving the phosphorylation of compounds lower on the scale of Table 6, 

providedd that suitable coupling mechanisms (enzymes) are available. For example, as written below 

phosphorylationn of adenosine to AMP or glucose to glucose 6-phosphate (G6P) using PPi is in principal 

possible. . 

(1)(1) Hydrolysis of PPi 

(2)) Phosphorylation of adenosine 

(11 )+(2) Coupled phosphorylation 

(1)) Hydrolysis of PPi 

(2)) Phosphorylation of glucose 

(l)+(2)) Coupled phosphorylation 

PPi i 

Adenosinee + Pi 

Adenosinee + PPi 

PPi i 

Glucosee + Pi 

Glucosee + PPi 

22 Pi 

AMP P 

AMPP + Pi 

22 Pi 

G6P P 

G6PP + Pi 

AG°° = 

AG°° = 

AG°° = 

AG°° = 

AG°° = 

AG°° = 

== - 33 kJ/mol 

== + 3 kJ/mol 

== - 30 kJ/mol 

== - 33 kJ/mol 

== + 14kJ/mol 

== - 19kJ/mol 

Thereforee high-energy phosphate compounds such as ATP, PPi, phosphoenolpyruvate or 

carbamoyll  phosphate (not shown in Table 6) are useful phosphate donors and they are capable of 

formingg the phosphoryl enzyme intermediate described in Scheme 3. As mentioned, under physiological 

conditionss ATP is used as a phosphate donor to play a major role as free energy currency. However in 
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applicationss PPi is an ideal phosphate donor in phosphorylation of nucleoside/polyhydroxycompunds. 

Thee broad substrate specificity of class A NSAPs is another very useful property that allows coupled 

phosphorylationn reactions. As long as high-energy phosphate compounds are substrates for class A 

NSAPs,, they can be used as a phosphate donor. At the same time, to make transphosphorylation 

possible,, the phosphate acceptors have to be substrates for this class of enzymes as well. The 

regiospecificityy of nucleosides phosphorylation by class Al NSAPs C5' on positions reported by Mihara 

etet al. [89] is likely to originate from preference of 5'NTPs over 3'NTPs (see also Table 4). The basis for 

thiss is the low affinity and activity for 3'NTPs of this class of enzymes. As a consequence these 

compoundss are hardly phosphorylated. This phenomenon and phosphorylation mechanism is described 

inn Chapter 5 [44] of this thesis. The difference between class Al NSAP (PhoN-Sf) and class A2 NSAP 

(PhoN-Se)) in phosphorylation and dephosphorylation is discussed, and the steady-state study confirms 

thatt the regiospecificity of phosphorylation of nucleoside is related to the specificity of substrates used 

inn dephosphorylation. 

Phosphorylation Phosphorylation 

(1) ) 
EE + PrO-Pi ER-O-R R 

Hydrolysis Hydrolysis 

R-OH H 

(2) ) (4) ) (5) ) 
"" EP " =S= E-P-O-RR =F= EE + R-O-P; 

H20 0 

(3) ) 

R-OH H 

Hydrolysis Hydrolysis 

1 1 
EE + p i 

Schemee 4 Overall mechanism of phosphorylation and dephosphorylation catalysed by acid phosphatases. Step (1) and (2), formation of 
phosphorylatedd enzyme intermediate. Reaction (3), hydrolysis of the intermediate "EP". Equilibrium (4), forward reaction; reaction of 
"EP""  to yield a binary enzyme-phosphorylated substrate (E-R-O-Pi), backward; dissociation of the dephosphorylated substrate. 
Equilibriumm (5), forward; dissociation into the phosphorylated substrate and free enzyme, backward; hydrolysis of the phosphorylated 
substrate.. Reproduced with permission [44]. 

3.2.23.2.2 Random mutagenesis of acid phosphatases from M. morganii and E. blattae for the 

enhancementenhancement of nucleoside phosphorylation activity 

Thee novel enzymatic method of nucleoside phosphorylation using class A NSAPs is very simple 

andd has great potential in biocatalysis. However, there are a number of problems to be solved. Firstly, 

thee solubility of nucleosides is often limited. In case of inosine, the solubility is approximately 80 mM 

att room temperature. According to Mihara et al. [88], the Km value for inosine of the wild-type PhoN 

fromm Morganella morganii (PhoN-Mm) is 117 mM, which is higher than the solubility of inosine at the 

conditionss they used. Secondly, all of the synthesized 5' IMP is rehydrolysed to inosine as the reaction 
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timee is prolonged during inosine phosphorylation 

(Fig.. 10). To solve these problems and in order to 

suppresss the dephosphorylation reaction and to 

increasee the efficiency of the transphosphorylation 

reaction,, Mihara et al. carried out a random 

mutagenesiss on the phoC-Mm acid phosphatase 

genee by error prone PCR [88]. About 2000 

transformantss that over-expressed mutated phoC-
22 3 4 5 6 

Reactio nn tim e (h) 
MmMm w e re s c r e e n ed for i n c r e a s ed y i e ld of the Fig. 10 The time course of 5' IMP synthesis at different pH 

valuess with 0.1 mM sodium acetate buffer: pH 3.5 (O), pH 4.0 
phosphotransferasee reaction. An improved variant (•), pH 5.0 (D), PH 5.5 (A), and pH 6.0 (A). The reaction 

wass carried out at 30°C in a reaction mixture consisting of 0.1 
PhoC-Mm m I 71TT  w a s Ob ta ined in the first  round, J" buffa containing 20 g/1 (74.6 mM) inosine 150 g/1 

'' (200mM) of disodium hydrogen pyrophosphate (PPi) and 10 
,, , . . , , g/1 (dry weight) of E. coli JM109 (pMPI501) cells carrying 

a n dd w a s c h o s e n a s t h e p a r e n t fo r t h e second phoC-Mm gene. Reproduced with permission [88]. The 
rehydrolysiss of 5' IMP is observed at each pH. 

generation.. About 3000 transformants were 

screenedd in the second round, and a more improved mutant PhoC-Mm 1171T-G92D was obtained. The 

timee course of 5' IMP synthesis using E. coli over-producing the wild-type and mutated phoC gene 

productss was measured (Fig. 11), showing a significant enhancement of inosine phosphorylation. The 

productivityy of mutant 1171T/G92D is superior to that of wild-type or other mutants. Furthermore, 

dephosphorylationn of the synthesized 5' IMP was considerably depressed. Therefore the mutated 

enzymee phosphorylates nucleosides to a useful extent at a practical level. 

Thiss enhancement is due to the change in Km 

forr substrates of PhoC-Mm by mutation. As 

summarisedd in Table 7, the kinetic constants are 

significantlyy changed in the I171T-G92D mutant. 

Thee affinity for inosine became much higher, 

whereass that of 5' IMP was decreased. This is why 

suppressionn of rehydrolysis of the synthesized 5' 

IMPP is observed. At the condition described in the 

legendd of Fig. 11, the mutant I171T/G92D is able 

too phosphorylate inosine very effectively because 

thee Km value of 43 mM is lower than the soluble 

122 16 
Reactio nn tim e (h) 

Fig.. 11 The time course of 5' IMP synthesis using E. coli 
over-producingg wild-type or mutated acid phosphatases. 5' 
IMPP synthesis by resting cells of E. coli JM109 over-
expressingg PhoC-Mm wild-type (thin lines), PhoC-Mm mutant : n r i s i r , „ n n n r P n I r a r i n n In nrlrtitinn thp mu t an t hn= a 
I171TT (broken lines) and PhoC-Mm mutant I171T-G92D l n o s l n e concentration, in addition, the mutant has a 
(thickk lines) was measured. The reaction was carried out at pH 
4.00 and 30°C in a reaction mixture consisting of 0.1 M sodium 
acetatee buffer containing various concentrations of inosine, 
1500 g/1 (200 mM) PPi and 10 g/1 (dry weight) of each type of IM P t h a n t h e w i l d - t y p e . T h e Km v a l u e for the 
cell.. Inosine was added to the reaction mixture at 20 g/1 (74.6 
mM)) (A), 40 g/1 (149 mM) (O), and 60 g/1 (224 mM) (•). phosphate acceptor (inosine, in this case) is a very 
Reproducedd with permission [88]. 

muchh lower Kmax in the dephosphorylation of 5' 
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Tablee 7" Summary of kinetic constants for transphofphorylation and dephosphorylation reactions. 

Activityy Substrate KKmm (mM) Kmaxx (U/mg) 

MorganellaMorganella morganii PhoC 

EscherichiaEscherichia blattae NSAP 

Wild-type e 

1171T T 

G92D D 

I171T/G92D D 

Wild-type e 

I171T T 

G92D D 

II71T/G92D D 

Wild-type e 

G74D/I153T T 

S72F/G74D/I153T T 

Phosphorylationn Inosine 

Dephosphorylationn 5' IMP 

Phosphorylationn Inosine 

117 7 

73.9 9 

114 4 

42.6 6 

0.836 6 

1.63 3 

1.49 9 

1.35 5 

202 2 

109 9 

37.0 0 

6.09 9 

2.77 7 

0.983 3 

2.67 7 

30.3 3 

11.6 6 

4.70 0 

5.67 7 

1.83 3 

1.39 9 

3.46 6 

""  For details, see [88] and [90] 

importantt factor. Transfer of the phosphoryl group to a phosphate acceptor leads to the production of a 

binaryy enzyme-phosphate acceptor-phosphate complex that ultimately dissociates to yield a 

phosphorylatedd acceptor and free enzyme [88]. However, the phosphate acceptor always competes with 

water,, and a rather high concentration of acceptor is required for the transphosphorylation reaction. 

Furtherr the affinity for the phosphate acceptor should be sufficiently high to be able to compete with 

H200 (Scheme 4) [44]. 

Basedd on the discovery by Mihara et al., Ishikawa et al. have made corresponding mutations into 

nonspecificc acid phosphatase from Escherichia blattae (EB-NSAP). Interestingly the variant 

G74D/I153TT in EB-NSAP, corresponding to G92D/I171T in PhoC-Mm, shows also the decrease in the 

KKmm value for inosine, resulting in the increase of productivity of 5' IMP [90]. Furthermore several 

mutationss were introduced into the EB-NSAP G74D/I153T. The strategy produced a S72F/G74D/I153T 

mutantt with a 5.4-fold lower Km value. Unlike PhoC-Mm mutants, the EB-NSAP S72F/G74D/I153T 

mutantt shows an enhanced Vmax value as compared to the wild-type enzyme [90]. It is very likely that 

thesee residues Gly74 and He 153 in EB-NSAP (corresponding to Gly92 and Ilel71 in PhoC-Mm) are 

responsiblee for the inosine binding. These residues are not the active site residues involved in binding to 

thee phosphate group. However they are located very close to the active site, and are conserved in other 

classs Al NSAPs. Therefore it is likely that mutagenesis of these residues wil l also affect the kinetic 

propertiess of other class Al NSAPs. 

Fromm an industrial point of view, it is important to have an engineering cycle of 1) a synthesis 

processs from reactants to products, 2) a test of biocatalyst selection and characterization, 3) the 

modellingg of biocatalyst for a suitable reaction, 4) the prediction and implementation of biocatalyst 

engineering,, 5) the application of the biocatalyst and 6) optimisation of the reaction and reactor. For 

biocatalystt engineering, random mutagenesis is a great tool to create a number of potential variants that 
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aree ideally suited for a specific reaction. Mihara et al. performed random mutagenesis [88] with 

screening,, and Ishikawa et al. used the data from the random mutagenesis as a model and a prediction 

tool.. Further they carried out site-directed mutagenesis [90] and created a mutant that was more 

effective.. If structural data are available, this is of great advantage in the cycle and helps to predict 

wheree in the protein mutatgenesis has to be carried out. In fact Ishikawa et al. published [30] the first X-

rayy structure of EB-NSAP nearly at the same time as the research on inosine phosphorylation started. 

Thesee studies from the Japanese group show that the biocatalytic studies are multidisciplinary. 

Biocatalysiss involves a broad range of sciences, such as Biochemistry, Microbiology, Molecular 

Biology,, Bioinformatics, and last but not least Organic Chemistry. It is likely that biocatalytic 

proceduress wil l find increasing applications in industry considering the environmental and economical 

restrictionss required nowadays. 

4.. Outline of This Thesis 

—— from vanadium haloperoxidases to acid phosphatases — 

Thee object of the research described in this thesis was to evaluate the relationship between 

vanadium-containingg haloperoxidases and acid phosphatases that share a conserved active site. The 

projectt was carried out using the recombinant vanadium chloroperoxidase (VCPO) from Curvularia 

inaequalis,inaequalis, the native vanadium bromoperoxidase (VBPO) from Ascophyllum nodosum, the 

recombinantt non-specific acid phosphatase from Salmonella enterica ser. (yphimurium (PhoN-Se) and 

thee recombinant non-specific acid phosphatase from Shigella flexneri (PhoN-Sf). When this project was 

started,, there were no structural data of the related phosphatases available. Thus VCPO was used as a 

templatee and compared with phosphatases to devise catalytic mechanisms for hydrolysis and to identify 

importantt residues in catalysis in these enzymes. Indeed, it is known that the apo CPO is able to convert 

aa phosphatase substrate. Therefore the main target was to investigate whether acid phosphatases were 

ablee to function as a peroxidase when substituted with vanadate in the active site. Furthermore the 

researchh was focused on understanding the mechanism of action of these enzymes in detail and the role 

off  the various amino acids in catalysis. Overall, the project aims to provide insights into the 

evolutionaryy and mechanistic relationship between the vanadium haloperoxidases and the acid 

phosphatases. . 

Inn Chapter 2, a site-directed mutagenesis study of VCPO was carried out to investigate the roles 

off  active site residues S402A and F397H. The former mutant was created to see the importance of the 

residuee Ser 402 in the halogenation reaction. The F397H was made to compare the active site of VCPO 
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andd VBPO. Analysis of the steady-state kinetic data point to an interesting difference in the protonation 

statee of the peroxo-intermediate in chloride and bromide oxidation, respectively. 

ChapterChapter 3 describes inhibition studies of VCPO using hydroxylamine, hydrazine and sodium 

azide.. These compounds were found to be catalytic inhibitors of VCPO, binding to the peroxo vanadate 

intermediatee during turnover. Furthermore, the inactivation of VCPO by phosphate ion was studied, 

showingg the rapid loss of co-factor vanadate. More importantly the inactivation was prevented in the 

presencee of H202, confirming the strength of binding of the peroxo vanadate intermediate to the 

enzyme. . 

ChapterChapter 4 gives an answer to the main question of this project. Class A acid phosphatases from 

ShigellaShigella flexneri (PhoN-Sf) and Salmonella enterica (PhoN-Se) show brominating activity when 

substitutedd with vanadate. Moreover these enzymes were able to catalyse the sulfoxidation of methyl 

phenyll  sulfide. 

Inn Chapter 5, the phosphorylation and dephosphorylaton of polyhydroxy compounds by PhoN-Sf 

andd PhoN-Se is reported. The characteristic difference in these reactions between class Al NSAP PhoN-

Sff  and class A2 NSAP PhoN-Se is discussed. Also apo BPO showed phosphatase activity, although the 

turnoverr of dephosphorylation ofpNPP and PPi was even slower than that of apo CPO. 
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Hiss and Ser402 to Ala on the kinetic properties of VCPO was 
studied.. A mechanism is proposed to explain the difference in 
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respectively. . 
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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.. Introductio n 

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 
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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 
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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" " 

"•cat 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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INHIBITIONINHIBITION STUDY OF VCPO 

Hydroxylamine,, hydrazine and azide inhibitio n and phosphate inactivation of 
vanadiumm chloroperoxidase from the fungus Curvularia inaequalis 

Naokoo Tanaka and Ron Wever 

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

Abstract t 

Thee first detailed inhibition study of rVCPO using hydroxylamine, hydrazine and azide has been carried out. 
Hydroxylaminee inhibits rVCPO both competitively and uncompetitively. The competitive inhibition constant KK and 
thee uncompetitive inhibition constant Klu are 40 ^M and 80 uM, respectively. The kinetic data suggest that rVCPO may 
formm a hydroxylamido complex, hydroxylamine also seems to react with the peroxovanadate complex during turnover. 
Thee kinetic data show that the type of inhibition for hydrazine and azide is uncompetitive with the uncompetitive 
inhibitionn constant Kiu of 350 uM and 50 nM, respectively, showing that in particular azide is a very potent inhibitor of 
thiss enzyme. Substitution of vanadate in the active site by phosphate also leads to inactivation of vanadium 
chloroperoxidase.. However, the presence of H202 clearly prevents the inactivation of the enzyme by phosphate. This 
showss that pervanadate is bound much more strongly to the enzyme than vanadate. 

Keywords:Keywords: Vanadium chloroperoxidase; peroxo intermediate; hydrogen peroxide; azide; hydrazine; hydroxylamine; 
phosphate;; inhibition; inactivation 

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

1.. Introductio n 

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 (HVO4') as a prosthetic 
groupp [1,2], which can be removed by dialysis against 1 
raMraM EDTA in 100 mM citrate/phosphate (pH 3.8) [3]. 
Apoo enzymes are reconstituted readily to the active holo 
formm by addition of vanadate. Phosphate, which is a 
structurall  analogue of vanadate, inhibits the 
rcconstitutionn by vanadate completely [1]. The crystal 
structuress [4-8] of vanadium chloroperoxidase (VCPO) 
thee fungus Curvularia inaequalis and bromoperoxidase 
(VBPO)) from the brown seaweed Ascophyllum 
nodosumnodosum and the red algae Corallina species show that 
vanadatee in these enzymes is covalently attached to a 
histidinee (i.e. N'2 of His496 in VCPO) while five residues 
(i.e.. Arg360, Arg490, Lys35\ Ser402 and Gly403 in VCPO) 
donatee hydrogen bonds to the non-protein oxygens. The 
resultingg structure is that of a trigonal bipyramid with 
threee non-protein oxygens in the equatorial plane. The 

fourthh oxygen (hydroxide group) and the nitrogen atom 
fromm a histidine residue are at the apical positions. A 
simplifiedd ping-pong type of mechanism for the 
haloperoxidasess has been reported [9]. The enzyme first 
reactss with peroxide to form a peroxo-intermediate after 
whichh a halide and a proton react to form an enzyme-
hypohalouss acid intermediate, which rapidly decays to 
enzymee and hypohalous acid. 

Incubationn in phosphate buffer slowly inactivates 
VBPOO from A. nodosum [10], and it was observed that 
thiss inactivation was prevented by the presence of H202. 
Itt is known now that these haloperoxidases form a 
peroxo-intermediatee upon addition of H202 [5]. It has 
beenn also demonstrated that the affinity of apo CPO for 
vanadatee becomes much higher in the presence of H202, 
andd this peroxo intermediate is fairly stable [11]. 

Despitee extensive research on VCPO including 
steady-statee kinetics [2,12,13], crystal structure 
determinationn [4,5] and mutagenesis studies [14-16], 
feww inhibition studies on VCPO have been reported. 
Vann Schijndel showed [13] that nitrate inhibits the 
enzymee in a competitive way with respect to chloride 
andd in an uncompetitive way with respect to hydrogen 
peroxidee with the inhibition constant value K-, of 2 mM. 
AA high concentration of chloride also inhibits the 
enzymee [13], and at low pH the enzyme is inhibited by 
2000 uM bromide [2,16]. A preliminary study reported 
byy Messerschmidt and Wever [4], showed that azide 
inhibitss VCPO at very low concentrations (< 1 uM). In 
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thiss report we investigate in detail the inhibition of 
VCPOO by sodium azide, hydroxylamine and hydrazine. 
Wee also study the inactivation of VCPO by phosphate 
andd the protective effect of H2O2 on this inactivation 
process. . 

2.. Material s and Methods 

2.12.1 Production and isolation ofrCPO 

Thee recombinant CPO (rCPO) was created in the 
expressionn vector pTNT14 [14]. The pTNT14 
derivativess were transformed to 5. cerevisiae BJ1991 
forr protein expression. The enzyme was isolated and 
purifiedd as described by Hemrika et al. [14]. The purity 
off  the preparations was checked on SDS-PAGE gels 
stainedd with Coomassie Brilliant Blue R-250, and the 
proteinn concentration was determined by using a protein 
assayy kit (Bio-Rad) with BSA as the standard. 

2.22.2 Enzyme activity assays 

Quantitativee VCPO activity was measured by 
monitoringg the chlorination or bromination of 
monochlorodimedonee (MCD, E = 20.2 mlvT'-cm" at 290 
nm)) to dichlorodimedon or monobromo-
monochlorodimedonn (e = 0.1 mlvr'-cm"1 at 290 nm) in 
1000 mM sodium citrate or sodium acetate (pH 5.0) for 
brominationn or chlorination assay, respectively, and 
usingg the appropriate concentrations of the substrates; 
chloridee or bromide and H202. Since rCPO is produced 
ass an apo enzyme by the yeast expression system, 
incubationn with cofactor vanadate is necessary to obtain 
thee holo enzyme. For the inhibition study, 1 uM apo 
CPOO was incubated with 10 uM sodium orthovanadate 
inn 50 mM Tris/acetate (pH 8.3) prior to the activity 
assayassay to exclude the effect of vanadate dissociation. For 
thee inactivation study, 5 uM apo CPO was incubated 
withh the 5 uM of sodium orthovanadate in 50 mM 
Tris/acetatee (pH 8.3) to prevent the reactivation by 
excesss vanadate prior to the activity assay. In this 
report,, the data points are means of at least triplicate 
measurements. . 

2.32.3 Inhibition of VCPO by sodium azide, 
hydroxylaminehydroxylamine and hydrazine 

Thee activity of rVCPO was measured by MCD assay 
containingg varying concentrations of each inhibitor and 
H2022 with a fixed concentration of KBr. Each 
measurementt was carried out by addition of rVCPO to 
MCDD assay. (NH2OH)H2S04 and N2H,H20 were 
purchasedd from Sigma (USA), and NaN3 was purchased 
fromm BDH Chemicals (England). 

2.42.4 Inactivation of VCPO by phosphate and protection 
ofof inactivation by H2O2 

rVCPOO (50 nM) was incubated in 1 ml of MCD 
assayassay mixture (without substrates) containing varying 
concentrationn of potassium phosphate buffer (10 - 1000 
uM,, pH 5.0) for various time periods in the absence or 
presencee of H202. The reaction was initiated by addition 
off  5 mM chloride and 1 mM H202 when H202 is absent 
duringg preincubation, or by addition of 5 mM chloride 
whenn 1 mM of H202 is present during preincubation. 

3.. Results and discussion 

3.13.1 Inhibition of rVCPO activity by hydroxylamine, 
hydrazinehydrazine and azide 

Thee inhibition of the enzymatic activity of rVCPO 
usingg hydroxylamine, hydrazine and sodium azide was 
investigated.. The steady-state rate of MCD bromination 
inn the absence of inhibitors is linear in time. However, 
inn the presence of inhibitors, the rate of MCD 
brominationn decreases during turnover (not shown). 
Priorr to the detailed inhibition studies, the effect of each 
inhibitorr was checked by starting the bromination 
reactionn in different ways. Starting the reaction in the 
presencee of an inhibitor by addition of KBr, H202 or 
additionn of rVCPO resulted in the same initial 
brominatingg activities (not shown). These results 
indicatee that inactivation occurred during turnover. 
Sincee the way of starting the reactions did not result in 
significantt differences in activity, all reactions were 

00 0 40 BO -100 -50 0 50 100 

Hydroxylaminee (|JM) Hydroxylamine (uM) 

Fig.. 1 The inhibitory effect of hydroxylamine on the 
brominatingg activity of rVCPO. (A) ^i c is obtained from 
plottingg 1/v against the hydroxylamine (inhibitor) 
concentrationss at various H202 concentrations at a fixed 
concentrationn of bromide (100 uM). (B) A"m is obtained from 
plottingg [S]/v against the hydroxylamine concentrations at 
variouss substrate concentrations with a fixed concentration of 
bromidee (100 uM). The concentrations of H202 (substrate) 
weree 20 uM (O), 50 uM (D), 100 uM (A), 200 uM (O) and 
5000 uM (•). The combination of intersecting lines in (A) and 
(B)) indicate mixed type of inhibition. Competitive inhibition 
wass seen as in (A) with Klc of 40 uM and uncompetitive 
inhibitionn was seen as in (B) with Km of 80 uM. The assay 
wass carried out in 100 mM citrate (pH 5.0). 
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COO 200 300 400 500 

Hydrazinee (uM) Hydrazine (uM) 

Fig.. 2 The inhibitory effect of hydrazine on the brominating 
activityy of rVCPO. (A) Plots of 1/v against the hydrazine 
(inhibitor)) concentrations at various H202 concentrations at a 
fixedfixed concentration of bromide (100 p.M). (B) K,u is obtained 
fromm plotting [S]/v against the hydrazine concentrations at 
variouss substrate concentrations. The concentrations of H202 

(substrate)) were 20 uM (O), 50 uM (D), 100 uM (A) , 200 
uMM (O) and 500 uM ( • ) . The parallel lines in (A) and the 
intersectingg lines in (B) indicate uncompetitive inhibition 
(catalyticc inhibition). Uncompetitive inhibition was seen as in 
(B)) with K,u of 350 uM. The assay was carried out in 100 rnM 
citratee (pH 5.0). 

Sodiumm azide (nM) Sodium azide (nM) 

Fig.. 3 The inhibitory effect of sodium azide on the 
brominatingg activity of rVCPO. (A) Plots of 1/v against the 
sodiumm azide (inhibitor) concentrations at various H202 

concentrationss at a fixed concentration of bromide (100 uM). 
(B)) Km is obtained from plotting [S]/v against the sodium 
azidee concentrations at various substrate concentrations. The 
concentrationss of H202 (substrate) were 20 uM (O) , 50 uM 
(D),, 100 uM (A), 200 uM (O) and 500 uM (•) . The parallel 
liness in (A) and the intersecting lines in (B) indicate 
uncompetitivee inhibition (catalytic inhibition). Uncompetitive 
inhibitionn was seen as in (B) with Km of 50 nM. The assay was 
carriedd out in 100 mM citrate (pH 5.0). 

initiatedd by addition of rVCPO and initial rates were 
determined.. The Dixon plot in Fig. 1 shows the 
inhibitionn of rVCPO by hydroxylamine (pH 5.0). The 
mechanismm of the inhibition is found to be a mix of 
competi t ivee (Panel A) and uncompeti t ive inhibition 
(Panell B) with respect to H 2 0 2 . From Fig. 1A the 
competitivee inhibition constant KK for hydroxylamine 
wass calculated as approximately 40 uM, whereas the 
uncompetitivee inhibition constant Km was about 80 uM 
(Fig.. IB) . A mixed type of inhibition implies that the 
inhibitorr hydroxylamine binds not only to the enzyme-
substratee complex but also to the enzyme itself. It is 
knownn [5,11] that VCPO first reacts with H 2 0 2 to form 
aa peroxovanadate intermediate. According to Tracy and 
coworke r ss [17-20], hyd roxy lamine and hydrogen 
peroxidee are isoelectronic with each other and they react 
similarlyy with vanadate. Vanadium (V) hydroxylamido 
complexess studies have been described of which 
e spec i a l l yy the hydroxylamido vanadate-imidazole 
complexx [21] is of interest. Considering the similarity of 
thiss complex with the active site and the peroxovanadate 
intermediatee complex, it is likely that hydroxylamine 
formss a complex with the enzyme preventing the 
bindingg of H 2 0 2 . Keramidas et al have reported [21] 
thatt the two hydroxyamido groups are coordinated to 
vanadatee side-on with the hydroxylamido nitrogen trans 
too the imidazole ligand in the equatorial plane and these 
compoundss are homologous to the known side-on 
biperoxovanadatee complexes. However, as shown by 
thee crystal structure of the peroxovanadate form of 
rVCPOO [5], a monoperoxo complex is formed as a first 
stepp in catalysis. Therefore it is likely that in rVCPO a 
monohydroxy lamidoo vanadate complex is formed. 
Interestingly,, hydroxylamine seems to bind to the 
enzyme-substratee complex as well, which is the peroxo 

formm of rVCPO, showing uncompetitive inhibition 
duringg catalysis (Fig. IB). 

Thee inhibition of rVCPO by hydrazine is illustrated 
inn Fig. 2. The parallel lines in Fig. 2A and the 
intersectingg lines in Fig. 2B indicate uncompetitive 
inhibitionn (catalytic inhibition) with respect to H 2 0 2 . 
Fromm Fig. 2B the inhibition constant value ATiu was 
ca lcula tedd to be approx imate ly 350 uM. The 
uncompetitivee inhibition suggests that hydrazine binds 
too the peroxo form of rVCPO and not to the free 
rVCPO. . 

Fig.. 3 shows the inhibition of the brominating activity of 
rVCPOO by sodium azide. As is observed with hydrazine, the 
inhibitionn type is uncompetitive (Fig. 3B). The inhibition 
constantt value Km is 50 nM. This very small value of the 
inhibitionn constant shows that azide is a much stronger 
inhibitorr of VCPO than hydroxylamine or hydrazine. 
Althoughh the crystal structure of a native VCPO-azide 
complexx is available [4], our inhibition studies suggest 

N3 3 N3 3 

CI" " V V Br r 
% % 

v v 
0 + - H H 

\ \ 
V V o
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\ \ 'Oö ö 

'"-- Lys+ '" Lys+ 

Schemee 1 Protonation state of the side-on-bound peroxide in 
vanadiumm haloperoxidases that is postulated to be attacked by 
thee incoming halide. Left; strongly oxidizing protonated form 
off the side-on bound peroxide with which azide reacts more 
effectively.. Right; less oxidizing unprotonated form of the 
side-onn bound peroxide. 
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thatt azide presumably preferentially binds to 
peroxovanadatee intermediate rather than to rVCPO 
itself.. Azide has also been reported to be an inhibitor for 
thee VBPO from marine algae [22,23], The inhibition by 
azidee of this enzyme is weak, requiring 10-100 mM of 
azidee for inhibition and it leads to irreversible 
inactivation.. The difference in inhibitory effect of azide 
onn VCPO and VBPO is surprising since the architecture 
off  the active site of the two enzymes is very similar [5-
24].. An explanation may be that in VCPO during 
catalysis,, the vanadium peroxo complex becomes 
protonatedd to allow oxidation of chloride to occur [14-
16,24].. This activated protonated state is very 
susceptiblee to reaction with the strong nucleophile 
azide.. In contrast for the VBPO, protonation of the 
boundd peroxide is not requited to allow oxidation of 
bromide.. The peroxo intermediate will therefore be less 
electrophilicc and for less reactive towards azide. 
Schemee 1 illustrates the difference in reactivity for azide 
forr VCPO and VBPO, respectively. 

Ass outlined in the presence of these inhibitors the 
brominatingg activity decreased in time during turnover 
andd in order to determine whether the inhibition was 
irreversible,, the following experiment was carried out. 
Afterr an activity measurement the MCD assay mixtures 
containingg 100 nM rVCPO and inhibitor were 
centrifugedd in a Centricon-30. Each sample was washed 
extensivelyy with 100 mM sodium citrate (pH 5.0) for at 
leastt 5 times by concentration and dilution cycles. The 
recoveredd enzyme samples were tested in a new assay 
mixture.. However, activity was not recovered 
suggestingg that inhibition by hydroxylamine, hydrazine 
andd azide is irreversible in line with the inhibition of 
VBPOO by azide [22,23], 

3.23.2 Inactivation of rVCPO by phosphate and effect of 
peroxoperoxo vanadate intermediate 

Itt has been shown that incubation of VBPO in 
phosphatee buffers leads to a slow inactivation requiring 
hourss of completion [10]. Preincucation of rVCPO with 

KPii (&jM) 

Fig.. 4 Inactivation of 50 nM rVCPO as a function of 
phosphatee concentration. rVCPO was preincubated for 10 
minutess with phosphate in the MCD assay and the reaction 
wass initiated by addition of 5 mM NaCl and 1 mM H202. The 
experimentt was carried out in 100 mM acetate (pH 5.0). 
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Fig.. 5 Phosphate-induced inactivation of 50 nM rVCPO and 
preventionn by H202. Panel A; the effect of H202 on the 
phosphatee induced inactivation. (•), 50 nM rVCPO was 
preincubatedd with 1 mM phosphate in MCD assay and the 
enzymaticc activity was initiated by addition of 100 uM NaCl 
andd 1 mM H202. (D), 50 nM rVCPO was first preincubated 
withh 1 mM H202 for 5 min to form the peroxovanadate 
intermediate.. The enzyme was subsequently added to the 
MCDD assay containing 1 mM phosphate and the enzymatic 
activityy was initiated by addition of 5 mM NaCl. Panel B; the 
effectt of H202 concentration on the phosphate-induced 
inactivation.. (•), 2.5 uM rVCPO was incubated for 5 min in 
500 mM Tris/S04 (pH 8.3). (O), 2.5 uM rVCPO was incubated 
forr 5 min with 2.5 uM H,02 in 50 mM Tris/S04 (pH 8.3). (A) 
2.55 uM rVCPO was incubated for 5 min with 25 uM H202 in 
500 mM Tris/S04 (pH 8.3). After the incubations, samples were 
takenn and diluted 50 times in the MCD assay containing 1 mM 
phosphatee and 100 mM sodium acetate (pH 5.0). This resulted 
inn final VCPO concentration of 50 nM and H202 
concentrationss of 50 nM and 500 nM, respectively. The 
enzymaticc activity was initiated by addition of 5 mM NaCl 
andd 1 mM H202. The slightly higher activity in the presence of 
vanadatee and H202 relates to the fact that in the native 
preparationn a small amount of apo enzyme was present. 

100 to 100 mM phosphate resulted in inactivation for the 
enzymee within a minute (results not shown). Thus 
VCPOO is inactivated by phosphate much faster than 
VBPO.. Because of the fast inactivation, further 
inactivationn studies were carried out by direct 
incubationn of enzyme in the assay mixture containing 
phosphate.. Fig. 4 shows the effect of phosphate 
concentrationn on the activity of the enzyme. It is 
obviouss that a relatively low concentration of phosphate 
inactivatess the enzyme. The Kd value for the 
inactivationn process is approximately 20 uM. The 
enzymee was only inactivated to about 50 % and 50 % 
remainedd active after 10 min incubation. Higher 
concentrationn of phosphate (10 and 100 mM) resulted in 
similarr extent of inactivation after 60 min incubation 
(resultss not shown). However, the initial inactivation 
raterate with higher phosphate concentration was faster than 
thatt of 1 mM phosphate. 

Fig.. 5A illustrates the time course study of rVCPO 
inactivationn by 1 mM phosphate for 1 hour in the 
brominationn assay. Upon incubation with 1 mM 
phosphate,, rVCPO was inactivated to 50 % of its 
originall activity. The inactivation is probably due to 
substitutionn of vanadate in the active site by the 
competitivee analogue phosphate. Preincubation of 
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rVCPOO with 1 mM H : 0 ; in MCD assay mixture 
preventss this inactivation by phosphate completely. 

Itt is well known [5] that HUO2 forms a stable peroxo-
intermediatee and that pervanadate has a very high 
affinityy for the enzyme [11]. The observation that H2O2 
preventss the inactivation by phosphate suggests that the 
peroxo-complexx is bound much more strongly than 
vanadatee itself. Therefore the effect of the concentration 
off  H2O2 on the inactivation phenomenon was studied. 
Fig.. 5B shows that exposure to very low concentrations 
off  H2O2 (50 nM) already hampered the inactivation 
somewhatt whereas 500 nM completely prevented the 
inactivationn by I mM phosphate. This shows that in the 
presencee of H2O2 the affinity of the enzyme for the 
vanadatee cofactor is much higher than in the absence of 
H2O2.. Addit ion of low concentrations of H202 to the 
enzymee leads to the formation of the peroxo-
intermediatee and as Fig. 5 shows that phosphate is 
unablee to inactivate the enzyme. This suggests that this 
in termedia tee is bound much more strongly than 
vanadatee to the active site. This has been observed 
beforee by Renirie et al [11]. The active site of VCPO 
containss a histidine (His4W) that is covalently bound to 
thee vanadate [4,5]. In this respect it is of interest that 
im idazo lee complexes bind peroxovanadate more 
stronglyy than vanadate [25]. The stronger binding of the 
peroxointermediatee probably explains why also in BPO 
thee presence of H 2 0 : prevents the inactivation by 
phosphatee [10]. As Fig. 4 illustrates only part of the 
rVCPOO is inactivated by phosphate. This may relate to 
thee presence of more stable peroxo species in the 
enzymee preparation. The concentrat ion of H 2 0 : to 
preventt the inactivation by phosphate was found to be 
veryy low. This may have a physiological reason. In 
nature,, phosphate is abundant and it may be that very 
loww amount of H202 protect VCPO and VBPO against 
inactivationn by phosphate. 

Inn summary, we present here the inhibition and 
inactivationn of rVCPO by nucleophilic compounds, and 
proposee a mechanism for the inhibition. We also show 
thatt the presence of H2O2 clearly prevents inactivation 
off  the enzyme by phosphate as pervanadate is bound 
muchh more strongly than vanadate to the active site in 
VCPO. . 
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Classs A acid phosphatases from Shigella flexneri (PhoN-Sf) 
andd Salmonella enterica (PhoN-Se), which share the 
conservedd active site with vanadium haloperoxidases and f^1Y A D ' f ' L ' P A. 
glucosee 6-phosphatases, show brominating activity when ^ . l l / t m m m.m\. *f 
substitutedd with vanadate. 
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Abstract t 

Vanadiumm haloperoxidases and the bacterial class A non-specific acid phosphatases share a conserved active site. 
Itt is shown for the first time that vanadate-substituted recombinant acid phosphatase from Shigella flexneri (PhoN-Sf) 
andd Salmonella entirica ser. typhimurium (PhoN-Se) in the presence of H202 are able to oxidise bromide to 
hypobromouss acid. Vanadate is essential for this activity. The kinetic parameters for the artificial bromoperoxidases 
havee been determined. The A:m value for H202 is about the same as that for the vanadium bromoperoxidases from the 
seaweedd Ascophyllum nodosum. However the Km value for Br" is about ten to twenty times higher and the turnover 
valuess of about 3.4 min ! and 33 min'1 for PhoN-Sf and PhoN-Se, respectively, are much slower than that of the native 
bromoperoxidase.. Thus, despite the striking similarity in the actives site structures of the vanadium haloperoxidases and 
thee acid phophatase, the turnover frequency is low and clearly the active site of acid phosphatases is not optimised for 
haloperoxidasee activity. As the native vanadium bromoperoxidase, the vanadate-substituted PhoN-Sf and PhoN-Se 
catalysee the enantioselective sulfoxidation of thioanisole. 

Keywords:Keywords: Vanadium bromoperoxidase; Vanadium chloroperoxidase; Acid phosphatase; Brominating activity; 
Enantioselectivee sulfoxidation 

1.. Introduction 

Vanadiumm haloperoxidases are enzymes that 
catalysee the oxidation of a halide by hydrogen peroxide 
too the corresponding hypohalous acids according to: 

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

2) as a prosthetic 
groupp [1,2]. It is possible to prepare an apo-form of 
thesee enzymes which is reactivated by vanadate. This 
reactivationn is competitively inhibited by structural 
analoguess of vanadate (tetrahedral compounds) such as 
phosphatee and molybdate [3,4]. The crystal structures 
[5-7]]  of vanadium chloro- and bromoperoxidase from 
funguss Curvularia inaequalis and the seaweed 
AscophyllumAscophyllum nodosum show that vanadate in these 
enzymess is covalently attached to a histidine residue 
whilee five residues donate hydrogen bonds to the non-
proteinn oxygens. The resulting structure shown for the 
chloroperoxidasee (Fig. 1A) is that of a trigonal 
bipyramidd with three non-protein oxygens in the 
equatoriall  plane and which are hydrogen bonded to 
Arg360,, Arg490, Lys353, Ser402, and Gly403. The 
fourthh oxygen (hydroxide group) at the apical position is 
hydrogenn bonded to His404. The nitrogen atom from a 
histidinee residue (His496) is at the other apical position. 
Thee above mentioned vanadate-binding amino acids 

weree shown to be conserved in two bromoperoxidases 
fromm seaweed and several acid phosphatases among 
otherss the large group of soluble bacterial non-specific 
Classs A acid phosphatases [5, 7, 8-12]. Examples are 
thee non-specific acid phosphatase, PhoN from Shigella 
flexneriflexneri (PhoN-Sf) and the enzyme from Salmonella 
entericaenterica ser. typhimurium (PhoN-Se) [13,14]. Based on 
sequencee similarity it has been proposed [8-12] that the 
architecturee of the active site in the two classes of 
enzymess is very similar. Recently the X-ray structure of 
aa novel acid phosphatase from Escherichia blattae was 
determinedd [15]. Fig.IB shows the active site structure 
off  this acid phosphatase. The similarity of the residues 
involvedd in binding oxyanions is remarkable. Sulfate 
co-crystallisess with the acid phosphatase and its binding 
sitee (Fig. IB) is comparable to that of vanadate in the 
chloroperoxidasee (Fig. 1A) confirming that these 
familiess are indeed evolutionary related and share the 
samee ancestor [8]. Hemrika et a I [8] showed that apo-
CPOO has some phosphatase activity though the turnover 
withh para nitrophenyl phosphate (/J-NPP) as a substrate 
iss only 1.7 min ' which is about 10,000 times slower 
thatt of various acid phosphatases. However, the Km for 
thee substrate is less than 50 u.M [8,16] which is of the 
samee order of magnitude as various acid phosphatases. 
Thesee data show that the active site of CPO has a good 
affinityy for the substrate but is not optimised for 
phosphatasee activity. On basis of the similarity of the 
activee sites and the fact that the phosphatase activity of 
phosphatasess is inhibited by vanadate [17,18], we 
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Fig.ll  Structure of the active site of vanadium chloroperoxidase from C. inaequalis (PDB ID: 1 IDQ) and that of the acid phoshatase 
fromm E. blallae.(PDB ID:1D2T) The phosphatase co-crystallized with sulfate. The figure was prepared using Swiss PDB viewer. 

expectt that vanadate-substituted phosphatase has 
haloperoxidasee activity. Indeed, as shown here, the 
recombinantt acid phosphatases from Shigella flexneri 
(PhoN-Sf)) and Salmonella enterica ser. typhimurium 
(PhoN-Se)) substituted with vanadate also catalyzed the 
oxidationn of bromide and the enantioselective oxidation 
off  thioanisole [19,20], 

2.. Material s and methods 

2.12.1 Materials 

Al ll  standard recombinant DNA procedures were 
performedd as described in Sambrook et al. (1989) [21]. 
Thee host strains Escherichia coli TOP 10 (Invitrogen) 
andd BL21(DE3) (Novagen) were used in subcloning and 
expressionn experiments. Salmonella enterica ser. 
typhimuriumtyphimurium strain SB3507 was used as a DNA source 
forr phoN-Se gene cloning. Bacteria were routinely 
grownn at 37°C in LB medium containing 100 (xg/ml 
ampicillinn when required (LA medium). Plasmid 
pKU1022 harbouring Shigella flexneri phoN locus was a 
giftt from Dr. K. Uchiya [13]. Expression vectors pET3a 
(Novagen)) and pBAD/glll A (Invitrogen) were used for 
cloningg the phoN gene from S. flexneri and S. 
typhimurium,typhimurium, respectively. pBAD/glll A holds the gene 
II II  signal sequence for secretion of the recombinant 
proteinn into the periplasmic space. 

2.22.2 Expression and purification of recombinant PhoN-
Se Se 

S.entericaS.enterica ser. typhimurium phoN gene was cloned 
inn the pBAD/glll A expression plasmid as follows. The 
maturee sequence (i.e. phoN gene without the 5' end 
codingg for the secretion signal) was PCR amplified from 
SalmonellaSalmonella enterica chromosomal DNA using the 
f o r w a r dd p r i m e r 5 ' -

ACCATGGAATATACATCAGCAGAA-3'' and the 
r e v e r see p r i m e r 5' -
CGCAAGCTTTCACCTTTCAGTAATT-3'' (the Ncol 
andd HindlU sites, respectively, are underlined). The 
PCRR was performed using the Expand'" High fidelity 
PCRR System (Roche) with the following conditions: 
lu.gg of chromosomal DNA, lu,M of each primer, 200 
uMM of each dNTP, 1.5 mM MgCl2, 2.6 U high fidelity 
polymerasee mix in a final volume of lOOul. A "hot 
start""  of 2 min at 94°C was followed by 30 cycles of 
denaturationn (15 sec at 94°C), annealing (30 sec at 
55 5°C) and extension (1 min at 72°C) using a 
programmablee heating block (Eppendorf Mastercycler 
5330).. The PCR product was restricted with Ncol and 
HindlllHindlll  and cloned into the corresponding sites of 
pBAD/gll ll  A, in frame with the gene III signal 
sequence.. The resulting clone was confirmed by DNA 
sequencingg using an Applied Biosystems 373A DNA 
Sequencer. . 

E.E. coli TOP 10 carrying the recombinant plasmid 
wass grown at 37°C in LA medium until the absorbance 
off  the culture suspension reached an OD6oo of 0.4-0.6. 
Thee expression of recombinant PhoN-Se was induced at 
byy adding 0.02% L-arabinose and the growth was 
continuedd at 37°C for 4 hours. The bacterial cells were 
harvestedd by centrifugation and secreted PhoN-Se was 
releasedd from E. coli periplasmic space by osmotic 
shock.. The cell pellet was resuspended in osmotic shock 
solutionn 1 (20 mM Tris-HCl pH 8, 2.5 mM EDTA, 20% 
sucrose)) to an OD60o of 5 and incubated on ice for 10 
min.. After centrifugation for 1 min at 4°C, the cell pellet 
wass resuspended in osmotic shock solution 2 (20 mM 
Tris-HCll  pH 8, 2.5 mM EDTA) to an OD600 of 5 and 
incubatedd on ice for 10 min. The secreted PhoN-Se was 
obtainedd in the supernatant (osmotic shock fluid) after 
centrifugingg 10 min at 4°C. The osmotic shock fluid 
wass dialysed overnight at 4°C against 20 mM sodium 
acetatee buffer (pH 6.0). The solution was passed 
throughh a 0.45 p.M filter (Millipore) and then applied to 
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aa SP Sepharose Fast Flow ion exchange column 
(Pharmaciaa Biotech). The recombinant protein was 
elutedd with a linear gradient of NaCl (0-0.3 M) in 20 
mMM sodium acetate buffer (pH 6.0). 

2.32.3 Expression and purification of recombinant PhoN-
Sf Sf 

S.S. flexneri phoN was cloned under control of the T7 
promoterr in pET3a as described below. S. flexneri phoN 
wass generated by PCR using pKU102 as a template and 
suitablee primers that allowed cloning of phoN between 
Nde\Nde\ and HinèlW sites of pET3a. The construct was 
transformedd into the T7 polymerase expressing strain 
BL21(DE3).. PhoN-Sf expression was induced with 0.4 
mMM IPTG for 5-7 hours at 37°C. 

Solublee PhoN-Sf was released from E. coli by 
breakingg the cells in a French press (750-760 psi). The 
solublee fraction was applied to a BioCAD ion exchange 
columnn (Perseptive Biosystems) and the enzyme was 
elutedd with a gradient of NaCl (0-1 M) in 30 mM Tris-
HC11 buffer (pH 7.5). The active fractions were pooled 
andd applied to a Sephacryl 200HR column (Pharmacia). 
Elutionn was done with 30 mM Tris-HCl buffer (pH 7.5) 
containingg 30 mM NaCl and 10% glycerol. 
Thee purity of the preparations was checked on SDS-
PAGEE gels stained with Coomassie Brilliant Blue R-
250.. To remove possible contaminating metal ions, the 
purifiedd phosphatases were eventually dialysed against 
1000 mM Tris-Cl (pH 7.5) and 1 mM EDTA which has 
noo influence on the phosphatase activity. 
Thee protein concentration was determined by using a 
proteinn assay kit (Bio-Rad) with bovine serum albumin 
ass the standard. 

2.42.4 Enzymatic assay of phosphatase activity 

Thee phosphatase activity was measured by 
hydrolysiss of 10 mM para-n\tTopheny\ phosphate ip-
NPP)) as a substrate in 100 mM MES (pH 6.0). The 
reactionn mixtures were quenched with 0.5 M NaOH to 
changee the pH to 12 and the production of para-
nitrophenyll  phenol (p-NP) was measured at 410 nm 
(extinctionn coefficient 16.6 mM"'- cm1). 

2.52.5 Enzymatic assay of bromoperoxidase activity 

PhoN-SfPhoN-Sf brominating activity assay 

Thee brominating activity of the recombinant 
phosphatasess was measured qualitatively by the 
brominationn of 40 uM phenol red in 100 mM citrate 
bufferr (pH 5.0) containing 2 mM H202 and 100 mM Br. 
Thiss assay is convenient since large colour changes are 
observedd which can easily be detected visually [22]. 
Sincee phosphate ions inhibit the brominating activity of 
PhoN-Sf,, it is likely that phosphate binds at the active 
sitee of the enzyme and prevents binding of the vanadate. 
Thereforee phosphate should be absent in the assay. To 

inducee the brominating activity of PhoN-Sf the 
recombinantt PhoN-Sf was pre-incubated with 100 uM 
vanadatee in 100 mM Tris-Cl (pH 7.5) for at least 30 
minutes.. Brominating activity of a final concentration of 
0.55 uM recombinant PhoN-Sf was quantitatively 
measuredd by monitoring the bromination of 50 uM 
monochlorodimedonn (MCD) at 290 nm (extinction 
coefficientt 20.2 mM"1 cm ') in 100 mM sodium acetate 
bufferr (pH 4.6) containing 200 mM Br and 2 mM H202 

onn a Cary 50 [23]. The kinetic parameters were 
determinedd using the EnzymeKinetics program from 
Trinityy Software. 

PhoN-SePhoN-Se brominating activity assay 

Brominatingg activity of PhoN-Se was measured by 
phenoll  red assay as mentioned above but using sodium 
acetatee (pH 4.6) instead of citrate. It is well known [24] 
thatt vanadate interacts with most buffers normally used. 
Thereforee the vanadate-induced brominating activity of 
PhoNN was measured in two different buffers. Since 
PhoN-See brominating activity was absent in citrate 
bufferr and since it is likely that citrate forms a complex 
withh vanadate inhibiting its incorporation in the active 
sitee of PhoN, sodium acetate was used as a buffer. 
Brominatingg activity of PhoN-Se was quantitatively 
measuredd by monitoring the bromination of 50 uM 
MCDD at 290 nm in 100 mM sodium acetate buffer (pH 
4.2)) containing 300 mM Br", 2 mM H202. The assay 
mixturee also contained 100 uM vanadate. 

2.62.6 Enantioselective sulfoxidation of organic sulfide 

Thee enantioselective sulfoxidation by the 
recombinantt phosphatases was demonstrated using 
thioanisolee as a substrate [20]. 2 mM of thioanisole was 
incubatedd with 2 mM H202, 100 |iM vanadate and 100 
nMM enzyme in 100 mM acetate buffer (pH 5.0) at 25 °C 
inn 1.7 ml sealed glass vials to prevent evaporation of the 
substrate.. After overnight incubation, remaining H202 in 
thee reaction mixture was quenched with Na2SO,. The 
enantiomericc products were extracted with CH2C12, 
evaporatedd to 20 \n\ and dissolved in 1ml hexane/2-
propanoll  (4:1). 20 ul of sample was used for HPLC 
analysiss on a Diacel chiral OD column (0.46 x 25 cm) 
equippedd with a Pharmacia LKB-HPLC pump 2248 and 
aa LKB Bromma 2140 rapid spectral detector. The 
columnn was eluted with hexane/2-propanol (4:1) at a 
floww rate of 0.5 ml/min. The retention times for the R 
andd 5 isomer were 14 and 17 min, respectively. The 
HPLCC effluent was monitored at 254 nm. The Borwin 
softwaree program (JMBS developments) was used for 
HPLCC data acquisition and evaluation. 
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3.. Results and Discussion 

3.13.1 Expression of recombinant acid phosphatases in E. 
coli coli 

Thee similarity in the active site structures of 
vanadiumm haloperoxidases and Class A bacterial acid 
phosphatasess has been first suggested by sequence 
alignmentss [8-10]. Indeed, the comparison of the crystal 
structuress of Escherichia blattae acid phosphatase and 
CurvulariaCurvularia inaequalis vanadium chloroperoxidase (Fig. 
1)) confirms this structural similarity [15]. 
Unfortunately,, the structure of the acid phosphatase 
complexedd to vanadate is not available, but only that of 
aa sulfate and a molybdate complex [15]. The similarity 
promptedd us to investigate whether Class A bacterial 
acidd phosphatases when vanadate is bound to the active 
sitee of these enzymes could also function as vanadium 
haloperoxidases.. S. enterica ser. typhimurium [25]and 
5.. flexneri acid phosphatases, that show respectively 
40%% and 80% homologies with E. blattae acid 
phosphatase,, were chosen for this study. A sequence 
alignmentt (not shown) of vanadium chloroperoxidase 
withh these enzymes points to three separate domains 
thatt are conserved. Domain 1 contains Lys353 and 
Arg360;; Domain 2, Ser402, Gly403, His404 and 
Domainn 3, Arg490 and His496. This shows clearly that 
thee binding pocket for vanadate in the peroxidases is 
veryy similar to the phosphate-binding site in 
phosphatases.. However, the overall similarity between 
vanadiumm chloroperoxidase and these phosphatases is 
veryy low (see also Ref. 8) and the domains are 
connectedd by regions that are highly variable. Both 
phosphatasess were expressed as recombinant proteins in 
E.E. coli, as described in Materials and Methods. No acid 
phosphatasee activity was detected in E. coli host strains 
TOP100 or BL21(DE3). In the absence of inducer, 
neitherr TOP 10 harboring the expression vector for 
PhoN-Se,, nor BL21(DE3) harboring the expression 
vectorr for PhoN-Sf, showed relevant levels of acid 
phosphatasee activity. Upon induction, the specific 
activityy of acid phosphatase in both strains was about 40 
U/mg. . 

Duringg purification, the acid phosphatase activity 
alwayss co-chromatographed with a protein of about 30 
kDa,, a size in agreement with the molecular mass of 
eachh phosphatase. The final preparations with a yield of 
1-22 mg of Pho-Sf per liter culture medium were judged 
att least 90% pure as determined by SDS-PAGE. There 
iss a minor band present with a slightly lower molecular 
mass.. However, this band originates from proteolytic 
degradationn of the native phosphatase according to a 
masss analysis of its tryptic peptides by MALDI-TO F 
(nott shown). In the case of PhoN-Se, 10 to 15 mg of 
enzyme,, with a specific activity of 140 U/mg, were 
obtainedd from 1 liter culture, indicating a high level of 
expressionn in E. coli. Moreover, the purification 
proceduree was greatly simplified by targeting the 
phosphatasee to E. coli periplasmic space. 
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Fig.. 2 Panel A. Dependence of the bromoperoxidase activity 
off  PhoN-Sf (200 nM) on the vanadate concentration. 20 \iM 
PhoN-Sff  was pre-incubated for 1 hour with various 
concentrationss of vanadate and the activity was measured in 
thee MCD assay (pH 4.6). Panel B. Dependence of the 
bromoperoxidasee activity of PhoN-Se (1 |iM) on the vanadate 
concentrationn by the MCD assay (pH 4.2). 

3.23.2 Haloperoxidase activity of vanadate-substituted 
acidacid phosphatases 

Thee brominating activity of recombinant non-
specificc acid phosphatases from Shigella flexneri 
(PhoN-Sf)) and Salmonella enterica ser. typhimurium 
(PhoN-Se)) was tested in a phenol red assay. After 
overnightt incubation of 1 uM PhoN-Sf and PhoN-Se, 
respectively,, in the presence of 100 uM vanadate, 
phenoll  red was clearly brominated to bromophenol blue 
byy both phosphatases. In the absence of vanadate or 
PhoN,, bromination of the dye was not detected. This 
meanss that the reaction is catalysed by the vanadate-
substitutedd PhoN-Sf and PhoN-Se. That vanadate binds 
too the active site of the PhoN-Sf is confirmed by the 
observationn that vanadate inhibits the phosphatase 
activityy of PhoN-Sf with a K, about 70 nM at pH 6.0 
(resultss not shown). Many other phosphatases are 
inhibitedd by vanadate [17,18], which is homologous in 
structuree to phosphate. Although it has no sequence 
similarityy to the bacterial acid phosphatases, the crystal 
structuree of the vanadate-substituted rat acid 
phosphatasee shows clearly that vanadate bound in a 
strikingg similar way as in the vanadium 

Fig.. 3 Panel A. pH dependence of the brominating activity of 
2000 nM PhoN-Sf. 20 uM PhoN-Sf was pre-incubated for 1.5 
hourr with 100 nM vanadate in 100 mM Tris-Cl (pH 7.5) and 
thee activity was measured in the MCD assay. Panel B. pH 
dependencee of the brominating activity of 1 |iM PhoN-Se. K^ 
andd V for KBr at each pH were collected. The activity 
measurementss were carried in triplicate using the MCD assay 
containingg 100 uM vanadate. 
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chloroperoxidasee from C. inaequalis [10]. Therefore, it 
iss likely that vanadate binds to the active site of PhoN, 
andd causes the peroxidase-like activity. 

Furtherr quantitative kinetic studies were carried out 
usingg the MCD assay. Fig.2A shows that about 10 uM 
vanadatee is necessary to obtain full activity of 500 nM 
PhoN-Sf.. From a Hill plot (not shown) it was possible 
too obtain a Kj of about 1 uM at pH 4.6. In the presence 
off  100 u.M vanadate it takes approximately 20 minutes 
too fully induce the brominating activity of PhoN-Sf 
(resultt not shown). Therefore, at least 30 minutes 
preincubationn with 100 uM vanadate was carried out 
withh PhoN-Sf as mentioned in Materials and Methods. 
Fig.2BB shows that about 20 uM vanadate is necessary to 
activatee 1 pM PhoN-Se, and a Kd of about 2 uM at pH 
4.22 was obtained. PhoN-Se reaches full peroxidase 
activityy within 2 minutes when 100 uM vanadate is 
presentt (result not shown). In case of PhoN-Se 
preincubationn was not necessary, therefore 100 uM 
vanadatee was added to the MCD assay mixture for 
furtherr experiments. 

Ass mentioned in Materials and Methods, citrate and 
phosphatee containing buffers are not suitable for 
brominatingg activity of PhoN and sodium acetate was 
usedd in the assay to determine the pH optimum. Fig.3 
showss that the maximal brominating activity is observed 
att pH 4.6 and 4.2 for PhoN-Sf and PhoN-Se, 
respectively.. Due to the restrictions in choice of buffers, 
experimentss were carried out in a limited pH range. 
Sodiumm acetate was used in the pH range 4.2 to 5.4 and 
pHH 3.8 to 6.0 for PhoN-Sf and PhoN-Se, respectively. 
Thiss makes it difficult to evaluate the pKa value of the 
groupp involved in the bromination activity of these 
phosphatases.. Since there was limited amount of 
enzymee available, optimum pH determination of PhoN-
Sff  was based on single substrate concentration (200 mM 
KBrr and 2 mM H202). For PhoN-Se it was possible to 
measuree Km and V at each pH value. Fig.3B shows the 
pHH dependence of the V. The data suggest that a group 
withh a pKa of about 4.3 is involved in the bromination 
reaction.. The K,„  for bromide was also pH dependent 
andd increases with increasing pH (not shown). 

AA steady-state kinetic study of vanadate-substituted 
PhoN-Sff  and PhoN-Se brominating activity was carried 
out.. For PhoN-Sf a Km value for bromide was obtained 
off  about 350 mM (Fig.4A) and for PhoN-Se a K„,  of 
aboutt 160 mM (Fig.4C). The maximal turnover value of 
thee brominating activity of vanadate-substituted PhoN-
Sff  is 3.4 min"1 (0.13 U/mg) which is considerably slower 
thann the values of 120-180 U/mg observed for vanadium 
haloperoxidasess [26,27]. However, the turnover in the 
brominatingg activity of the acid phosphatases is of the 
samee order of magnitude as the phosphatase activity of 
apo-CPOO (1.7 min"1) [8]. The Km for H202 was also 
determinedd and a value of 15 uM was obtained with a 
maximall  turnover of 2.7 min"1 (Fig.4B). Surprisingly, 
thee maximal turnover value of the brominating activity 
off  vanadate-substituted PhoN-Se was 33 min"1 (1.23 
U/mg)) which was about 10 times higher than that of 

KBrr jmM) ^ O , (mM) 

Fig.. 4 Bromoperoxidase activity of vanadate-substituted 
PhoN-Sff  (0.2 uM) at pH 4.6 and PhoN-Se (1 uM) at pH 4.2 as 
functionn of the substrate concentrations. PhoN-Sf was pre-
incubatedd for 1 hour in 100 mM Tris-HCl (pH 7.5) with 100 
uMM vanadate and the activity measured in the MCD assay. A, 
PhoN-Sff  in 2mM H202 and variable concentrations of Br". B, 
PhoN-Sff  in 300 mM Br" and variable concentrations of H202. 
C.. PhoN-Se in 2 mM H202 and variable concentrations of Br". 
D.. PhoN-Se in 300 mM Br" and variable concentrations of 
H202.. The data points are the means of triplicate 
measurements. . 

PhoN-Sff  and the phosphatase activity of apo-CPO. 
Althoughh PhoN-Se has higher brominating activity than 
PhoN-Sf,, the Km value for H202 was about 400 uM 
(Fig.. 4D). The specificity constants (kCM/Km) that can be 
calculatedd from these data are for bromide oxidation by 
PhoN-Sff  and PhoN-Se 0.16 M"' s"' and 2 M"'s"', 
respectively.. If one compares these values with the 
specificityy constant for bromide oxidation [28] by the 
bromoperoxidasee from Ascophyllum nodosum (1.8 10 
5MM 's ') it is clear that the vanadate substituted acid 
phosphatasess are poor catalysts in bromide oxidation. 
Sincee several vanadium haloperoxidases are able to 
catalysee the enantioselective sulfoxidation of thioanisole 
[19,20],, we investigated whether the PhoN-Sf and 
PhoN-See catalysed this reaction. Indeed, when 0.500 
uMM PhoN-Sf was incubated overnight with 2 mM 
thioanisolee and 2 mM H202 in 100 mM acetate (pH 5.0) 
inn the presence of 100 uM vanadate, the thioanisole was 
partiallyy converted to the /t-enantiomer of the sulfoxide 
withh an enantiomeric excess (e.e.) of 57 % (results not 
shown).. Due to the limited amount of enzymes available 
furtherr studies were carried out at a relatively low 
enzymee concentration of 0.1 uM. At the lower 
concentrationn of PhoN-Sf (0.1 pM) the e.e. decreased to 
399 %. This has been noted before and is due to an 
increasedd contribution of the direct reaction between the 
sulfidee and H202 leading to a racemic mixture [20] 
Somee conversion to the sulfoxide was noted in the 
absencee of vanadate but a racemic mixture resulted (not 
shown).. Also when vanadate was incubated with 
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thioanisolee and H202, a minor amount of a racemic 
mixturee resulted. It is clear that vanadate is essential for 
thee enantioselective sulfoxidation activity of the PhoN-
Sf.. PhoN-Se also catalyzes the sulfoxidation of 
thioanisolee but in this case the 5-enantiomer was 
producedd with a selectivity of 36 %. Surprisingly, in the 
absencee of vanadate also an enantioselective conversion 
wass observed (e.e. 24 %). However, the conversion was 
muchh slower than when vanadate was present. Since 
furtherr incubation of the PhoN-Sf, the sulfide and H202 

withh 1 mM EDTA resulted in a lower e.e. the 
sulfoxidationn observed in the absence of vanadate may 
bee due to metal contamination in the preparation which 
wass not completely removed by dialysis against 1 mM 
EDTA.. Recently, it has been reported that also 
vanadate-incorporatedd phytase [29], a non-related 
phosphatasee that mediates the hydrolysis of phosphate 
esters,, catalyses the enantioselective sulfoxidation of 
prochirall  sulfides with H202 to the 5-sulfoxides. 
Brominatingg activity, however, was not detected. 
Thee kinetic data obtained earlier [8,16] already showed 
thatt despite the great similarity in the architecture of the 
activee sites of the vanadium haloperoxidases and the 
acidd phosphatases (see Fig. 1 1) that apo CPO is not 
optimisedd for the phosphatase activity. Vice versa the 
vanadate-substitutedd phosphates show only moderate 
peroxidasee activity. This means that other residues 
fartherr away of the active site and probably near or at 
thee entrance to the active site play a very important role 
inn tuning the activity and specificity of these enzymes. 
Identificationn of these residues even with a full 
knowledgee of the crystal structure and sequence is 
difficul tt if possible at all. Studies carried out as to which 
factorss determine whether a vanadium haloperoxidase is 
aa bromo- or chloroperoxidase [7,16] have also been 
elusive.. Despite the fact that for these enzymes 
structurall  data and kinetic details are available and even 
site-directedd mutagenesis studies have been carried out 
[29]]  there is no clear answer as to the nature of these 
factors. . 

Ourr findings have also important implications. There 
aree many attempts to build enzyme mimics or create 
syntheticc enzymes based on knowledge of active site 
structuree of enzymes. In general these mimics are poor 
catalystss compared to the natural enzymes. Our study 
clearlyy shows that despite the good similarity in active 
sitee structure the activity of these enzymes differ 
widely.. As pointed out these differences are probably 
duee to amino acid residues outside the active site and 
thesee are apparently very important in catalysis and 
determiningg specificity. Considering this it is obvious 
thatt the construction of artificial enzymes based on an 
activee site of an enzyme and with activities similar to 
enzymess is much more difficult than anticipated. 
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Abstract t 

Nonspecificc acid phosphatases share a conserved active site with mammalian glucose-6-phosphatases (G6Pase). In 
thiss work we examined the kinetics of the phosphorylation of glucose and dephosphorylation of glucose-6-phosphate 
(G6P)) catalysed by the acid phosphatases from Shigella fle.xneri (PhoN-Sf) and Salmonella enterica (PhoN-Se). PhoN-
Sff  is able to phosphorylate glucose regiospecifically to G6P. glucose-1-phosphate is not formed. The Km for glucose 
usingg pyrophosphate (PPi) as a phosphate donor is 5.3 mM at pH 6.0. This value is not significantly affected by pH in 
thee pH region 4 - 6. The Km value for G6P by contrast is much lower (0.02 mM). Our experiments show these bacterial 
acidd phosphatases form a good model for G6Pase. Wc also studied the phosphorylation of inosine to inosine 
monophosphatee (IMP) using PPi as the phosphate donor. PhoN-Sf regiospecifically phosphorylates inosine to inosine 
5'monophosphatee whereas PhoN-Se produces both 5'1MP and 3'IMP. The data show that during catalysis an activated 
phospho-cnzymee intermediate is formed that is able to transfer its phosphate group to water, glucose or inosine. A 
generall  mechanism is presented of the phosphorylation and dephosphorylation reaction catalysed by the acid 
phosphatases.. Considering the nature of the substrates that are phosphorylated it is likely that this class of enzymes is 
ablee to phosphorylate a wide range of hydroxycompounds. 

1.. Introductio n 

Nonspecificc acid phosphatases (NSAPs) are 
bacteriall  enzymes which are able to catalyse the 
hydrolysiss of phosphate monoesters. On the basis of 
aminoo acid sequences. NSAPs are categorized into three 
classes,, designated as class A, B and C [1,2]. Three 
domainss are present in the amino acid sequences of 
classs A acid phosphatases which contain their active site 
residues.. These are also conserved in mammalian 
glucose-6-phosphatasess (G6Pase), lipid phosphatases 
andd the vanadium containing haloperoxidases [2-9]. The 
aminoo acid residues in sequence motifs of domain I: 
KX 6RP,, domain II: PSGH and domain III : SRX5HX,D 
playy very important roles in catalysis. The active site 
residuess participate in the binding of vanadate or 
phosphate,, act as a nucleophile, stabilize the penta-
coordinatedd transition state and play a role in leaving 
groupp protonation [10]. 

G6Pase,, a key enzyme in glucose homeostasis, 
catalysess the hydrolysis of G6P to glucose and 
phosphate,, the terminal steps in gluconeogenesis and 
glycogenolysis.. Mutations have been identified [11] in 
G6Pasee that cause glycogen storage disease type la 
whichh is an autosomal recessive metabolic disorder. It 
wass shown that these mutations alter the active site 
residuess and abolish G6Pase activity demonstrating the 
importancee of these residues in phosphatase action. The 
importancee of these residues was also demonstrated in 
mutagenesiss studies in the conserved domain of two 
lipidd phosphatases [8,12]. Similarly, Renirie et al. 
investigatedd the effect of 6 mutations of putative 

catalyticc residues on the phosphatase activity of apo 
CPOO [13]. Based on these mutagenesis studies, a model 
wass derived that may serve as a template for G6Pase 
andd other related phosphatases. The kinetic data on the 
phosphatasee reaction catalysed by apo CPO point to a 
mechanismm in which during turnover a phosphorylated 
enzymee intermediate is present. 

Althoughh a crystal structure of the G6Pase is not 
avairablee yet, the crystal structure of the nonspecific 
acidd phosphatase from Escherichia blattae [14] and the 
vanadium-containingg chloroperoxidase from the fungus 
CurvulariaCurvularia inaequalis [3] are available, showing the 
strikingg similarity of the active sites of those enzymes 
[9,]]  4], A similar architecture of the active site of the 
acidd phosphatases, the lipid phosphatases, the vanadium 
haloperoxidasess and the mammalian G6Pases [15] 
suggestss that in principle this super family of enzymes 
iss able to catalyse essentially the same basic reactions 
withh variations in specificity and catalytic efficiency. 
Thiss has already been demonstrated by us showing that 
vanadatee substituted acid phosphatases have 
bromoperoxidasee activity [9] and apo CPO has 
phosphatasee activity [5], 

Recently,, Asano et al. [16-20] reported a new 
enzymaticc method of phosphorylation of inosine to 
producee inosine-5'-monophosphate (5TMP) using 
pyrophosphatee (PPi) as a phosphate donor by the 
recombinantt PhoC from Morganella morganii 
[17,18,20].. They investigated the phosphotransferase 
activityy of a number of enterobacteria [16,19], and using 
PPii  as the phosphate donor they showed that especially 
classs Al acid phosphatases, which are not inhibited by 
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f luor ide,, exhib it high reg iose lec t i ve 
transphosphorylationn activity [19]. M. morganii PhoC 
belongss to class Al acid phosphatase in which the 
nonspecificc acid phosphatase from Shigella jlexneri 
(PhoN-Sf)) is also classified. 

G6Pasee catalyses not only the hydrolysis of G6P but 
itt has phosphotransferase activity, being able to 
synthesizee G6P from glucose and various phosphate 
donorss including PPi [21]. These studies prompted us to 
studyy the phosphorylation and dephosphorylation of 
glucosee and G6P, respectively, by acid phosphatases, 
andd compare the catalytic mechanism and parameters 
withh that of G6Pase. We also compare the 
phosphorylationn of glucose by the acid phosphatase 
withh that of inosine. Although this reaction has been 
studiedd by Asano et al. [16-20], some kinetic details for 
thiss enzymatic phosphorylation are still lacking. Our 
dataa point to the evidence of an activated 
phosphorylatedd enzyme intermediate that is able to 
regiospecificallyy transfer its phosphate group to an 
appropriatee substrate acceptor. It is concluded that the 
enzymaticc formation of phosphate esters catalysed by 
thee acid phosphatases using pyrophosphate as a cheap 
phosphatee donor may present a viable alternative for the 
classicall  chemical synthetic methods using POCl3. 

2.. Results and Discussion 

2.12.1 Expression and purification of recombinant PhoN-
Sf Sf 

Sh.Sh. flexneri phoN was cloned in pET3a and 
expressedd under control of T7 promoter in pET3a [9]. 
Duee to instability of expression system using pET3a, it 
wass decided to amplify and subclone the mature 
sequencee of phoN-sf and fuse it to the gene III signal 
sequencee in pBAD/gHIB. PhoN-Sf was inducibly 
expressedd in the periplasmic space of E. coll TOP 10 
hostt cell. On average, the yield was approximately 30 
mgg per litre of culture. The final specific activity of acid 
phosphatasee in the strain was about 40 U/mg with over 
95%% purity. This expression system was a significant 
improvementt over the previous system [9]. 

2.22.2 Phosphorylation of inosine to inosine 
monophosphatemonophosphate by nonspecific acid phosphatases 

Thee phosphorylation of inosine to inosine 
monophosphatee using pyrophosphate (PPi) by 
recombinantt nonspecific acid phosphatases from 
ShigellaShigella flexneri (PhoN-Sf) and Salmonella enterica 
(PhoN-Se)) was tested by using different enzyme 
concentrations.. The amount of inosine phosphorylated 
iss linearly dependent upon the enzyme concentration 
(resultss not shown). This indicates that this 
phosphotransferasee activity is catalysed by both PhoN-
Sff  and PhoN-Se. PhoN-Sf catalyses the phosphorylation 
off  inosine to inosine-5'-monophosphate (5'IMP), 

Reactionn time /hour 

Fig.. 1 Time course of 5'IMP synthesis from inosine and PPi 
byy PhoN-Sf at pH 3.5 - 6.0. The reaction mixture contains 1 
uMM of phosphatase. 40 mM inosine, 100 mM disodium 
pyrophosphatee and 100 mM sodium acetate buffer pH 3.5 
(•) ,, 4.0 (•), 4.5 (A), 5.0 (•), 5.5 (D) and 6.0 (O). 

whereass PhoN-Se synthesizes both 5'IMP and inosine-
3'-monophosphatee (3'IMP). Fig. 1 shows the time course 
off 5'IMP synthesis by PhoN-Sf. The phosphorylating 
activityy of PhoN-Sf is highly dependent on pH, while 
thee highest yield of 5'IMP was obtained at pH 5.0. 
However,, the activity of PhoN-Se was hardly affected 
byy pH in the range of 4.5 to 6.0, only at pH 3.5 the 
activityy was much lower. The maximal amounts formed 
weree 6.8 mM 5'IMP for PhoN-Sf (Fig. 1) and 
approximatelyy 4.3 mM 5'IMP and 1.7 mM 3'IMP for 
PhoN-See (results not shown), respectively. The turnover 
off PhoN-Sf is 76 min"1 (2.8 U mg"1) and that of PhoN-
See 5'IMP synthesis is 18 min"1 (0.67 U mg"1). These 
valuesvalues are comparable to those reported by Mihara et al. 
forr various other acid phosphatases. The phenomenon, 
thatt class Al acid phosphatase PhoN-Sf has a much 
higherr regioselectivity for the formation of 5'IMP, has 
alsoo been observed by Mihara et al. [18,19]. They imply 
thatt class Al nonspecific acid phosphatases exhibit 
regioselectivee PPi-nucleoside phosphotransferase 
activityy [19]. On the other hand PhoN-Se class A2 acid 
phosphatasee catalysed the synthesis of 5'IMP and 3'IMP 
withh a 4-fold lower turnover. The overall sequence 
similarityy of PhoN-Se and PhoN-Sf is about 40%, 
althoughh the active sites domains of those enzymes are 
identical.. Mutagenesis studies of PhoC from 
MorganellaMorganella morganii [17-19] and non-specific acid 
phosphatasee from Escherichia blattae [20] have shown 
considerablee enhancement of phosphorylation activity 
off these enzymes by changing a few amino acid 
residuess near a potential inosine-binding site. Thus the 
highh regioselectivity in 5'IMP synthesis is determined 
byy amino acid residues that are not involved in binding 
thee phosphate moiety of substrate. 

Thee amounts of 5'IMP (Fig. 2; panel A) and 3'IMP 
(Fig.. 2; panel B) produced by PhoN-Se were also 
dependentt on PPi concentrations. It is clear that the total 
yieldss of IMPs differ at different concentrations of PPi 
andd that they are very low at low PPi concentrations. 
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Fig.. 2 Time course of 5'IMP (panel A) and 3'IMP (panel B) 
synthesiss from inosine and by PhoN-Se using (O) 5 mM, (A) 
100 mM, (O) 40 mM and ( • ) 100 mM PPi at pH 6.0. The 
reactionn mixture contains 500 nM of PhoN-Se, 40 mM 
inosine,, and 100 mM sodium acetate buffer (pH 6.0). 

Nott only was the yield of 5'IMP during phosphorylation 
higherr than 3'IMP, but also the dephosphorylation rate 
off 3 ' IMP v/as faster than that of 5'IMP. A major 

problemm in the study of the phosphorylat ion by 
nonspecificc acid phosphatases is the hydrolysis of 
synthesizedd 5'IMP and 3'IMP that occurs at the same 
time,, which makes analysis of the events difficult. 

Basicallyy five reactions are thought to occur at the 
samee time (Scheme 1). First the enzyme reacts with PPi 
too produce a binary pyrophosphate-enzyme complex 
(stepp 1). This complex dissociates (step 2) to yield an 
activatedd phosphorylated enzyme intermediate ("E-P"). 
Inn the next step, a reaction (step 3) with water may 
occurr resul t ing in dissociat ion of the act ivated 
phosphorylatedd enzyme as well as the hydrolysis of 
pyrophosphate.. The intermediate ("E-P") may also 
transferr (step 4) the phosphate to a bound phosphate 
acceptorr (R-OH, in this case inosine), which dissociates 
too form E + ROPi, resulting in the production of IMP. 
Thuss competition with water occurs, and a high inosine 
c onc en t r a t i onn is r equ i r ed for an e f fec t ive 
t r a n s p h o s p h o r y l a t i o nn r e a c t i on . At low PPi 
concentration,, the maximal yields of 5'IMP and 3'IMP 
aree very low because the intermediate concentration of 
thee phosphorylated enzyme intermediate is very low and 
alsoo rapid hydrolysis by water occurs. Further as the 
reactionn proceeds in time PPi becomes exhausted and 
dephosphorylationn of IMP occurs via formation of the 
activatedd phosphorylated enzyme intermediate and 
againn hydrolysis by water occurs. At higher PPi 
concentration,, the difference in yields between 5'IMP 
andd 3'IMP became clearer, and 3'IMP is hydrolysed 
earlierr than 5'IMP. 

Fig.. 3 shows the substrate dependency of 5'IMP and 
3'IMPP during the dephosphorylation at pH 6.0. There is 
aa striking difference in the dephosphorylating activity of 
PhoN-See and PhoN-Sf. The latter enzyme has hardly 
anyy activity towards 3 'IMP and is se lect ively 
hydrolysingg 5'IMP. The Vmax is 24.4 U mg"1 with a Km 

off 300 u.M. The class A2 acid phosphatase PhoN-Se 
hydrolysess both 5' and 3'IMP with a similar Vm„  (6.2 U 
mg"11 and 5.8 U mg"1, respectively), but the Km values 
differr considerably (225 uM and 34 uM, respectively). 

PhosphPhosph oryla tio n 

R-OH H 

(1) ) (2) ) 
EE + P.-O-P, 

(4) ) (5) ) 
E-P,-OP, , "" E-P " = EP-O-RR =5= EE + R-O-P: 

Hydrolysis Hydrolysis 

H20 0 

(3) ) 

R-OH H 

Hydrolysis Hydrolysis 

Schemee 1 Overall mechanism of phosphorylation and dephosphorylation catalysed by acid phosphatases. Step (1) and (2), formation 
off phosphorylated enzyme intermediate. Reaction (3), hydrolysis of the intermediate "E-P". Equilibrium (4), forward reaction; 
reactionn of "E-P" to yield a binary enzyme-phosphorylated substrate (E-R-O-Pi), backward; dissociation of the dephosphorylated' 
substrate.. Equilibrium (5), forward; dissociation into the phosphorylated substrate and free enzyme, backward; hydrolysis of the 
phosphorylatedd substrate. 
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Fig.. 3 Dephosphorylation of 5'IMP (•, solid line) and 3'1MP 
(O,, broken line) by (A) PhoN-Sf and (B) PhoN-Se at pH 6.0. 
Thee reaction mixture contains 100 nM of phosphatase, 100 
mMM sodium acetate buffer (pH 6.0) and various concentrations 
off IMPs. Km and Kmax were calculated by a non-linear-
regressionn plot using EnzymeKinetics (Trinity Software). The 
dataa points are means of triplicate measurements. 

Thiss difference in Km values is probably the reason why 
thee amount of 3'IMP produced by PPi is decreasing 
moree rapidly during turnover (Fig. 2). The dependence 
off the phosphorylation rate on the inosine concentration 
wass also studied but it was difficult to obtain accurate 
KKmm value due to the solubility of inosine which is less 
thann 80 mM under our condition. For E. blattae 
nonspecificc acid phosphatase a Km value of 202 mM 
wass reported [20]. 

Thee effect of vanadate on the phosphorylation of 
inosinee has been studied. Vanadate, which is 
structurallyy homologous to phosphate, is known as an 
inhibitorr of numbers of acid phosphatases [22,23]. The 
K,K, for vanadate of PhoN-Sf in the dephosphorylation of 
pNPPP is about 70 nM [9]. Furthermore, we have shown 
thatt vanadate is incorporated into the active site of 
PhoN-Sff and PhoN-Se with a high affinity and these 
vanadate-substitutedd enzymes show bromoperoxidase 
activityy [9]. When 100 mM PPi was used as phosphate 
donorr in the phosphorylation of inosine, the addition of 
1000 u.M vanadate to the reaction mixture at pH 6.0 
unexpectedlyy did not show inhibition. However, as 

shownn by Tracy et al. [24] PPi is known to form a 
complexx with vanadate and it is likely that vanadate is 
scavengedd by PPi, therefore inhibition may be 
quenched.. During the experiment the yields of 5'IMP 
andd 3'IMP (results not shown) were increased 
somewhat.. It is likely that vanadate inhibits hydrolysis 
off synthesized 5'IMP and 3'IMP. Therefore the effect of 
1000 uM vanadate was studied on the hydrolysis of 
5'IMP.. Indeed in the presence of vanadate, the 
hydrolysiss was completely inhibited (results not shown). 

2.32.3 Phosphorylation of glucose to glucose-6-phosphate 
byby nonspecific acid phosphatases 

PhoN-Sff and PhoN-Se also mediate the 
phosphorylationn of glucose to glucose-6-phosphate 
(G6P)) using PPi as the phosphate donor. The enzymatic 
assayy system used (see Experimental) allows us to 
monitorr in a convenient way the formation of G6P. The 
amountt of glucose which was consumed by the reaction 
wass also determined by HPLC (results not shown) and 
iss in agreement with that of the enzymatic assay. 
Glucose-1-phosphatee (G1P) was not formed upon 
phosphorylationn according to the enzymatic assay using 
phosphoglucomutase.. Thus this phosphorylation 
reactionn of glucose is also regiospecific. As shown in 
Fig.. 4, glucose phosphorylation by PhoN-Sf is 
dependentt upon pH, although the behaviour differs from 
thee observation of inosine phosphorylation. Unlike 
inosinee phosphorylation, the hydrolysis of G6P hardly 
occurredd within 8 hours (Fig. 4). However, at low pH 
afterr initial formation of G6P, the phosphorylated sugar 
wass re-hydrolysed as the reaction continued (results not 
shown).. Since the PhoN-Se produced only 5 mM G6P at 
pHH 4.0, which is considerably less than the 40 mM of 
G6PP produced by PhoN-Sf under the same conditions, 
wee restricted our study to PhoN-Sf. As Fig. 4 shows the 
amountt of G6P produced reaches a maximal value of 
approximatelyy 40 mM at pH 4 after 3 hours and then 
remainss constant. Inspection of Fig. 1 and Fig. 2 show 

00 1 2 3 4 5 6 

Reactionn time /hour 

Fig.. 4 Time course of G6P synthesis from glucose and PPi by 
PhoN-Sf.. The reaction mixture contains 1 uM of PhoN-Sf, 
1000 mM glucose, 100 mM disodium pyrophosphate and 100 
mMM sodium acetate buffer pH 3.5 ( • ) , 4.0 (•), 4.5 (A), 5.0 
(•),, 5.5(D) and 6.0(O). 
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Fig.. 5 Time course of G6P synthesis from glucose and PPi by PhoN-
Sff  followd by 3IP NMR. The reaction mixture contains I uM of PhoN-
Sf,, 100 mM glucose, 100 mM disodium pyrophosphate and 100 mM 
sodiumm acetate buffer pH 4.0. At zero time a spectrum was taken from 
thee reaction mixture without PhoN-Sf. The reaction was initiated by 
additionn of 1 uM PhoN-Sf in the NMR tube. Concentrations of 
productt and reactants were determined using dimcthyl-
methylphosphonatee as an externa! standard. Peaks at ö -9.39, 1.21 and 
1.844 correspond to pyrophosphate, phosphate and glucose-6-
phosphate,, respectively. 

thatt under these conditions nearly all PPi is consumed 
ass a consequence of both phosphorylation of glucose 
andd by the hydrolysis of he activated phosphorylated 
enzymee intermediate. It is likely therefore that further 
convers ionn of glucose can be obtained by further 
addit ionn of PPi. Indeed a second addit ion of PPi 

increasedd the conversion to about 60 % (results not 
shown).. Fig. 5 illustrates the phosphor nuclear magnetic 
resonancee (3 IP NMR) spectra taken at several time 
pointss during the incubation. In the line with the 
experimentss in Fig. 4, at pH 4.0 approximately 30 mM 
G6PP was produced after 3 hours incubation. Fig. 5 only 
showss chemical shifts corresponding to G6P, free 
phosphatee and PPi. Other phosphorylated compounds 
weree not detected, confirming that phosphorylation of 
glucosee by PhoN-Sf is very regiospecific. 

Tablee I shows the kinetic constants for the 
phosphorylat ionn of glucose by PhoN-Sf that were 
obtainedd from initial rate measurements. The Km value 
forr glucose is only slightly dependent upon pH whereas 
thee Fmax increases more rapidly at low pH values. The 
hydrolysiss of G6P was also studied, and Table I shows 
thatt at pH 6.0 the K,„  value of G6P is considerably less 
(211 uM) than for glucose in the phosphorylat ion 
reactionn (5.3 mM). Similarly the Km values for inosine 
inn the phosphorylation reaction is higher (192 mM) than 
thee Km va lues for 5TMP (0.3 mM) in the 
dephosphorylationn reaction. The data indicate that non-
phosphorylatedd substrates have a lower affinity for the 
enzymee than the phosphorylated substrates. 

Thee difference in Km values for glucose and inosine 
(5.33 mM versus 192 mM) may explain that G6P is 
hardlyy dephosphorylated (Fig. 4) and 5'IMP is relatively 
eas i lyy d e p h o s p h o r y l a t ed (F i g. 1) d u r i ng 
phosphorylat ion.. Scheme 1 shows that there is a 
competitionn between the phosphate acceptor R-OH and 
waterr for the phosphate-enzyme intermediate "E-P". 
Loww values of the Km for the phosphate acceptor R-OH 
orr its high concentration wil l drive the equilibration in 
thee direction of the phosphorylated intermediate and 
inhibitt the hydrolytic reaction. 

Thiss also explains why glucose inhibits the 
dephosphorylationn of G6P. Fig. 6 shows inhibition of 
PhoN-Sff  on G6P phosphorylation by glucose (pH 6.0). 
Thee mechanism of the inhibition is complex. Panel A 

Tablee 1 Kinetic constants" of phoshorylation and dephosphorylation by PhoN-Sf. 

Reaction n Substrate e pii  I Km(mM) ) ^ „ ( U m g 1 ) ) 

Phosphorylation n 

dephosphorylation n 

Glucose e 
Glucose e 
Glucose e 
Glucose e 
Glucose e 
Inosine e 
G6P P 

5'IMP P 
PPi i 

4.0 0 
4.5 5 
5.0 0 
5.5 5 
6.0 0 
5.0 0 
0.0 0 
0.0 0 
6.0 0 

8.22  1.9 
3.22 4 
3.22 5 
3.66 2 
5.33 0 
1922 2 

0.0211 4 
0.2988  0.004 
0.0877 9 

26.33  1.3 
12.99 3 
8.22 2 
4.22 1 
2.55 1 

18.55  1.4 
19.22 4 
23.77 0 
20.33 0 

""  To obtain initial rate constants of glucose phosphorylation, the reaction mixture containing 1 uM of PhoN-Sf, 100 mM disodium 
pyrophosphate,, 100 mM sodium acetate buffer (pH 4.0 - 6.0) and various concentrations of glucose was incubated for 5 min at 30°C, 
thenn the amount of G6P was assayed using G6P dehydrogenase. For inosine phosphorylation, the reaction mixture containing 1 uM 
off  PhoN-Sf, 100 mM disodium pyrophosphate, 100 mM sodium acetate buffer (pH 5.0) and various concentrations of inosine were 
incubatedd for 10 min at 30°C, and the amount of the formed 5'IMP was determined using HPLC. Dephosphorylation of G6P, 5TMP 
andd PPi was carried out using the reaction mixture containing 100 nM of PhoN-Sf, various concentrations of each substrate in 100 
mMM sodium acetate (pH 6.0). After incubating for 1 min. the reaction mixture was quenched by addition of Biomol Green™ reagent. 
Thee kinetic constants were determined by using EnzymeKinetics (Trinity Software). The data points are means of triplicate 
measurements. . 
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Fig.. 6 Inhibition of PhoN-Sf on G6P dephosphorylation by 
glucose.. (A) Kic is given by plots of 1/v against glucose 
(inhibitor)) concentrations at various substrate concentrations. (B) 
KKiaia is given by plots of [S]/v against glucose (inhibitor) 
concentrationss at various substrate concentrations. The 
concentrationss of G6P (substrate) were 0.02 mM (<>), 0.10 mM 
(D),, 0.20 mM (A) , 0.50 mM (O) and 2.0 mM ( • ) . The 
combinationn of intersecting lines in (A) and (B) indicate mixed 
typee of inhibition. Competitive inhibition was seen as in (A) with 
K,K,cc of 50 |iM and uncompetitive inhibition was seen as in (B) 
withh ATiu of 150 uM. The reaction mixture was buffered with 100 
mMM sodium acetate (pH 6.0), and reaction was quenched by 
additionn of Biomol Green™ reagent. 

indicatess competitive inhibition by glucose, which gives 
KKKK of 50 u.M, and panel B indicated uncompetitive 
inhibitionn with Km of 150 uM. The inhibition of G6P 
dephosphorylationn by glucose gives an interesting clue 
too the understanding the scheme of dephosphorylation 
andd phosphorylation. In this case the glucose reacts with 
thee phosphorylated enzyme intermediate resulting in re
formationn of G6P. It is interesting to note that inhibition 
off mammalian G6Pase activity by glucose has been 
observedd and this inhibition gave a clue to the 
mechanismm of G6Pase [25]. The values found here for 
thee Km of the acid phosphatase for glucose and G6P of 
5.33 mM and 0.021 mM at pH 6.0, respectively (Table 
1),, are much lower than those for liver microsomal 
G6Pase.. For this enzyme, values reported are a Km for 
glucosee of 90 - 120 mM (pH 5.5 - 7.0) in the 
phosphotransferasee reaction and 0.65 mM for the 
hydrolysiss of G6P (pH 6.5), respectively [21]. 

Itt is noteworthy that the Vmax values for the 
dephosphorylationn catalysed by the PhoN-Sf of G6P, 
5'IMPP and PPi arc about the same (Table 1), despite the 
differencee in size and charge of these substrates. This 
pointss to a step in the mechanism where hydrolysis of 
thee phosphorylated enzyme intermediate by water and 
liberationn of phosphate is rate-limiting. Such a rate-
limitingg step has been suggested for the phosphatase 
reactionn catalysed by apo CPO [5], and it is likely that it 
correspondss to step 3 in Scheme 1. 

Thee classical chemical introduction of a phosphate 
groupp into a polyhydroxycompound is tedious since it 
requiress a number of protection and deprotection steps. 
Furtherr POCl3 that is being used should be handled with 
cautionn and it may give rise to a number of side 
products.. Employing enzymes may eliminate many of 
thee disadvantages associated with these chemical 
syntheses.. In fact kinases have been used to 

phosphorylatee a number of compounds [26]. A problem 
associatedd with the use of these enzymes is that they 
requiree expensive ATP as a cofactor. Although 
recyclingg of ATP is possible the system has as a major 
drawbackk that for each class of substrate converted 
anotherr enzyme has to be used. The kinetic studies 
reportedd here show clearly that these acid phosphatases 
cann be used to regiospecifically phosphorylate inosine 
andd glucose under very mild conditions using 
pyrophosphatee as a phosphate donor. These substrates 
aree structurally very different and both 
polyhydroxycompoundss are apparently able to enter the 
activee site of the acid phosphatases and to become 
phosphorylatedd as well. If so, the enzymatic method 
mayy become a useful alternative to the existing 
chemicall methods. 

2.42.4 Dephosphorylation and phosphorylation by apo 
haloperoxidases haloperoxidases 

Itt has been shown now that the binding pocket for 
vanadatee in the haloperoxidases is similar to the 
phosphatee binding site in the acid phosphatases and 
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Fig.. 7 Phosphatase activity of apo BPO and apo CPO. (A) 
Dephosphorylationn of various concentrations ofpNPP by 500 
nMM apo BPO in 100 mM Tris/acetate at pH 8.7. The reaction 
mixturee was incubated for 21 hours. (B) Dephosphorylation of 
variouss concentrations of PPi by 500 nM apo CPO in 100 mM 
sodiumm acetate buffer at pH 4.5. The reaction mixture was 
incubatedd for 30 min and quenched by Biomol Green 
reagent. . 
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G6Pasee [5]. It has also been demonstrated that apo CPO 
hass phosphatase activity when para-nitrophenyl 
phosphatee (pNPP) was used as a substrate [5]. Taking 
thiss analogy into consideration, we studied the 
dephosphorylationn of substrates for acid phosphatases 
byy apo haloperoxidases. Adenosin-5'-monophosphate 
(5'AMP),, 5'1MP, guanosine-5'-monophosphate 
(5'GMP),, adenosin diphosphate (ADP), inosine 
triphosphatee (ITP), guanosine triphosphate (GTP), 
xanthinee triphosphate (XTP), /?NPP, PPi, G6P, phenyl 
phosphate,, phenolphthalein monophosphate, 
phenolphthaleinn diphosphate, and carbamyl phosphate 
weree tested, but only /?NPP and PPi were hydrolysed by 
apoo CPO and apo BPO. Since the active site of the 
vanadiumm CPO is similar to that of the vanadium BPO, 
wee also studied the phosphatase activity of apo BPO 
fromm AscophyUum nodosum. Indeed as Fig. 7 (panel A) 
shows,, pNPP was hydrolysed but the maximal turnover 
off  pNPP hydrolysis by apo BPO is 0.08 min"1 at pH 8.7. 
Thiss turnover is about 15 times lower than that for apo 
CPOO [5]. Apo CPO was also able to hydrolyse PPi with 
aa turnover of about 1.9 min ' at pH 4.5 (Fig. 7 panel B). 
Thiss should be compared to the hydrolysis rate of PPi 
byy PhoN-Sf (Kmax of 550 min-1 at pH 6.0, Table 1), 
whichh is about 300 times faster than that of the apo 
haloperoxidases.. The Km for PPi on hydrolysis by apo 
CPOO was approximately 50 uM, which is nearly in the 
samee order as that of PhoN-Sf (87 uM at pH 6.0, Table 
1). . 

Wee also investigated whether apo BPO or CPO were 
ablee to phosphorylate inosine or glucose using 100 mM 
PPii  as a phosphate donor. Conversion of inosine into 
5'IMPP or 3'IMP or that of glucose into G6P was not 
observedd even after incubation with these enzymes for 
244 hours. Our studies on the acid phosphatases show 
thatt an activated phosphorylated enzyme intermediate 
("E-P")) must be present catalysing the transfer of a 
phosphatee group to an acceptor (R-OH). Considering 
thee very low hydrolysis rate of PPi by apo 
haloperoxidase,, only a very low intermediate 
concentrationn of an activated phospho-enzyme ("E-P") 
iss present. This makes phosphate transfer by these 
enzymess to a phosphate acceptor very unlikely. 

Thee obvious question is why the PPi reacts so 
sluggishlyy with the apo haloperoxidases compared to 
thee acid phosphatases despite the fact that the binding 
pockett for phosphate is identical in the two classes of 
enzymes.. However, the nature of the amino acid 
residuess in the channel giving access to the phosphate 
bindingg pocket is probably very different. A comparison 
off  the active site channel of the apo CPO [3] and that of 
thee acid phosphatase from E. blattae [14] shows clearly 
thatt the active site channel in the former enzyme is 
muchh more restricted. This may also be the reason why 
thee NSAPs have such a wide range in substrate 
specificity. . 

72 2 

3.. Experimental 

3.13.1 Materials 

Al ll  standard recombinant DNA procedures were 
performedd as described by Sambrook et al. [27]. 
Expressionn and purification of Salmonella enterica 
PhoNN (PhoN-Se) was as described elsewhere [9]. 
Plasmidd pET3a harbouring phoN-sf was a kind gift from 
Prof.. A. J. Lange [9]. 

Thee host strains Escherichia coli and TOP 10 
(Invitrogen)) was used in subcloning and expression 
experiments.. Bacteria were routinely grown at 37°C in 
Luria-Bertanii  (LB) medium (10 g L 1 tryptone, 10 g L"1 

NaCII  and 5g L"' yeast extract at pH 7.5) [27] containing 
1000 ugml"1 ampicillin. Expression vectors pBAD/gHIA 
andd pBAD/gUIB (Invitrogen) were used to clone the 
phoNphoN gene from S. enterica and Sh. flexneri 
respectively.. pBAD/gHIA and pBAD/gUIB carry the 
genee III signal sequence for secretion of the 
recombinantt protein into the E. coli periplasmic space. 

Vanadium-containingg bromoperoxidase was purified 
fromm the seaweed AscophyUum nodosum as described 
previouslyy [28,29]. Recombinant chloroperoxidase was 
purifiedd from the fungus Curvularia inaequalis using 
thee Saccaromyces cerevisiae expression system [30]. 

D-glucose,, glucose-6-phosphate, inosine, 5'IMP, 
3'IMP,, tetrasodium pyrophosphate (Na4P207) and 
disodiumm pyrophosphate (Na2H2P207) were purchased 
fromm Sigma (USA), and glucose-6-phosphate 
dehydrogenase,, phosphoglucomutase and NADP were 
purchasedd from Roche (Germany). 

3.23.2 Expression and purification of recombinant PhoN-
Sf Sf 

Thee gene for PhoN-Sf was cloned in the expression 
vectorr pBAD/gUIB as follows. The mature sequence of 
phoN-sfphoN-sf (i.e. phoN gene without the 5'-end coding for 
thee secretion signal) was PCR amplified from pET3a 
phoN-sfphoN-sf gene using the forward primer 5'-
CATGCCAIGGCTCAATTCCTCCGGGAAATG-3' ' 
andd the reverse primer 5' - C C C AAGCJT-
ATTTTTTCTGATTGTTAGCGAATTC-3'' (the Ncol 
andd HindlU sites, respectively, are underlined). The 
PCRR was performed using the Expand™ High Fidelity 
PCRR System (Roche) with the following conditions: 10 
ngg pET3a/7/?o/v'-s/'gene, 1 jag each primer, 200 uM each 
dNTP,, 1.5 mM MgCl2, 2.6 U high-fidelity polymerase 
mixx in a final volume of 50 u.1. A "hot start" of 3 min at 
95°CC was followed by 30 cycles of denaturation (1 min 
att 95°C), annealing (1 min at 55°C) and extention (! 
minn at 72°C), and 7 min at 72°C using a programmable 
heatingg block (Eppendorf Mastercycler 5330). 
pBAD/gUIBB (Invitrogen) was chosen for phoN-Sf gene, 
ass it holds the gene III signal sequence for secretion of 
thee recombinant protein into the periplasmic space [9]. 
Thee PCR product was restricted with Ncol and HindlU 
clonedd into the corresponding sites of pBAD/gUIB, and 
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thee resulting clone was confirmed by double-stranded 
DNAA sequencing. 

E.E. coli TOP 10 harbouring the recombinant plasmid 
pBAD/glUBB phoN-sf'was grown at 37°C in LB medium 
untill  the absorbance of the culture suspension reached 
ann AfMnm of 0.4 - 0.6. The expression of recombinant 
PhoN-Sff  was induced by adding 0.02% L-arabinose and 
thee growth was continued at 37°C for 4 h. The bacterial 
cellss were harvested by centrifugation, and secreted 
PhoN-Sff  was released from E. coli periplasmic space by 
osmoticc shock. The cell pellet was resuspended in 
osmoticc shock solution 1 (20 mM Tris/HCl, pH 8.0, 2.5 
mMM EDTA and 20% sucrose) to ^6oonm = 5, and was 
incubatedd on ice for 10 min. After centrifugation for 15 
minn at 4°C, the cell pellet was resuspended in osmotic 
shockk solution 2 (20 mM Tris/HCl, pH 8.0 and 2.5 mM 
EDTA)) to é̂oonm = 5, and was incubated on ice for 10 
min.. The secreted PhoN-Sf was obtained in the 
supernatantt (osmotic shock fluid) after centrifuging for 
155 min at 4°C. The osmotic shock fluid was applied 
ontoo a DEAE sepharose (Pharmacia Biotech) ion-
exchangee column which was washed with 20 mM 
Tris/HCll  (pH 8.8), and the enzyme was eluted with 1 M 
NaCll  in 20 mM Tris/HCl (pH8.8). The active fractions 
weree pooled and exhaustively dialysed against 20 mM 
sodiumm acetate (pH 5.0). The dialysate was centrifuged 
att 20,000 g for 30 min and the supernatant was passed 
throughh a 0.45 |im filter (Millipore) and then applied 
ontoo a SP Sepharose Fast Flow (Pharmacia Biotech) 
ion-exchangee column. The enzyme was eluted with a 
linearr gradient of NaCl (0 - 0.3 M) in 20 mM sodium 
acetatee (pH 5.0). The active fractions were pooled and 
dialysedd against 50 mM Tris/acetate (pH 7.5) and 
concentratedd by membrane filter Amicon PM 10 
(Millipore).. Sephadex G75 column (Pharmacia Biotech) 
wass used to perform a gel filtration step. The 
recombinantt PhoN-Sf was eluted with 50 mM 
Tris/acetatee (pH 7.5) at a flow rate of 0.1 ml min'1, and 
wass concentrated on a membrane filter Amicon PM 10. 

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. . 

3.33.3 Enzymatic Assay of Phosphotransferase Activity 

Thee enzymatic phosphorylation of inosine was 
assayedd as described by Asano et al. [16-20]. A 
standardd reaction mixture contains 40 mM inosine, 100 
mMM disodium pyrophosphate (PPi) and 0.1 - luM of 
enzymee solution in a total volume of 1 ml. It was not 
convenientt to use tetrasodium pyrophosphate under 
acidicc condition because the pH of the solution was 
alkalinee (about pH 11), therefore disodium 
pyrophosphatee (pH 4.2) was used for the detailed 
studiess unless mentioned otherwise. The pH of all 
reactionn mixtures was adjusted after addition of sodium 

acetatee buffer and PPi. For the time course study, 100 ul 
off  sample was taken from the reaction mixture and 
dilutedd 2 - 10 times before injection into the HPLC. The 
amountt of inosine and phosphorylated products 5'IMP 
andd 3'IMP were determined by HPLC using Nucleosil 
100-55 C,8 column (0.45 x 12 cm; Macherey-Nagel) 
equippedd with a Pharmacia LKB-HPLC pump 2248 and 
ann LKB Bromma 2140 rapid spectral detector. The 
columnn was eluted with 10 mM CH3COOH/NH4OH 
(pH5.0)) containing 200 uM sodium azide at a flow rate 
off  0.5 ml min"1. The retention time for 5'IMP, 3'IMP and 
inosinee were 4, 6 and 15 min, respectively. The HPLC 
effluentt was monitored at 254 nm. The Borwin software 
programm (JMBS developments) was used for HPLC data 
acquisitionn and evaluation. 

Duringg glucose phosphorylation, the formation of 
G6PP was assayed enzymatically by glucose-6-phosphate 
dehydrogenase.. This assay is based on the method of 
Noltmann et al. [31]. A phosphorylation reaction mixture 
containss 1 uM PhoN, 100 mM glucose and 100 mM 
disodiumm pyrophosphate in 100 mM sodium acetate (pH 
3.55 - 6.0). To determine the amount of G6P, 10 ul of 
phosphorylationn reaction mixture was added to 1 ml of a 
G6PP assay mixture. This assay mixture contains 0.01 
mgg ml"1 glucose-6-phosphate dehydrogenase, 1 mM of 
NADP**  and 10 mM MgCl2 in 100 mM Tris/acetate (pH 
7.5).. The formed NADPH can be monitored at 340 nm 
(extinctionn coefficient 6.22 mM"1 cm'1). The formation 
off  glucose-1-phosphate (G1P) was measured by 
conversionn of G1P to G6P using 0.06 mg ml'1 

phosphoglucomutasee in the same assay system as 
mentionedd above. After measuring the absorption at 340 
nmm and a stable reading was obtained, 
phosphoglucomutasee was added to the same mixture, 
andd the additional increase of absorption at 340 nm was 
monitored. . 

Thee quantity of glucose and free phosphate were 
alsoo determined by HPLC using Alltech OA 1000 
organicc acid column (0.65 x 30 cm; Alltech) equipped 
withh a Dionex 580 LPG pump and Dionex UVD-340D / 
Shodexx RI-101 detector. The column was eluted with 25 
mMM H2SO4 at a flow rate of 0.4 ml min"1. The 
Chromeleonn software program (Dionex) was used for 
HPLCC data acquisition and evaluation. 

G6P,, PPi and free phosphate were quantified by 
phosphorr nuclear magnetic resonance (31P NMR). 
Spectraa were determined in D20 on a Varian Unity 
Inovaa at 202 Mhz. Chemical shifts (ö) are expressed in 
ppmm relative to 85% phosphoric acid. 

Att zero time a spectrum was taken from the reaction 
mixturee containing 100 mM PPi, 100 mM D-glucose, 
1000 mM sodium acetate buffer (pH 4.0) in a 10 mm 
NMRR tube. The reaction was initiated by addition of 1 
uMM PhoN-Sf, and was carried out in the NMR tube. 
Concentrationss of product and reactants were 
determinedd using dimethylmethylphosphonate as an 
externall  standard. The peak at 6 = 1.84 corresponds to 
thatt seen in authentic G6P (80 mM). 
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3.43.4 Enzymatic Assay of Phosphatase Activity 

Thee phospha tase act iv i ty was measured by 
hydrolysiss of 10 mM p-ni t rophenyl phosphate as a 
substratee in 100 mM sodium acetate (pH 6.0). The 
reactionn mixtures were quenched with 0.5 M NaOH to 
changee the pH to 12, and the product ion of p-
nitrophenoll  was measured at 410 nm (extinct coefficient 
16.66 mM'1 cm"1). 

Whenn PPi, 5'IMP , 3'1MP or G6P were used as a 
substrate,, Biomol Green™ reagent (Biomol), which is a 
modificationn of a malachite green method [32,33], was 
usedd for the detection of free phosphate. A reaction 
mixturee contained 100 mM sodium acetate (pH 6.0), 
variouss concentrations of substrate and 20 - 100 nM of 
PhoNN in a total volume of 100 ul, and incubated for 1 
minn at room temperature. The reaction was quenched by 
additionn of 1 ml of Biomol Green™ reagent. Following 
200 min incubation at room temperature, the absorbance 
valuess at 620 nm were measured. 
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Summary y 

Thee research described in this thesis evaluates the relationship between vanadium-containing 

haloperoxidasess (VHPOs) and non-specific acid phosphatases (NSAPs) that share a conserved active site. 

Thee project was carried out using the recombinant vanadium chloroperoxidase (VCPO) from the fungus 

CurvulariaCurvularia inaequalis, the native vanadium bromoperoxidase (VBPO) from the brown seaweed Ascophvllum 

nodosum,nodosum, the recombinant NSAP from Salmonella ent erica ser. typhimurium (PhoN-Se) and the 

recombinantt NSAP from Shigella flexneri <PhoN-Sf). The conserved amino acids play an important role in 

catalysiss and are located in three domains containing the following sequence motifs; domain I: KX6RP, 

domainn II: PSGH and domain III : SRX5HX3D. These two different classes of enzymes. VHPOs and NSAPs, 

catalysee completely different reactions. VHPOs are able to catalyse the oxidation of a halide by hydrogen 

peroxidee to the corresponding hypohalous acids, whereas NSAPs catalyse the hydrolysis of phosphate 

monoesterss and polyphosphates. Vanadate, the co-factor of VHPOs, is essential for the activity of VHPOs. 

Thee vanadate reconstitution and activity of VHPOs are inhibited by phosphate, a structural analogue of 

vanadate.. Similarly, the activity of related phosphatases is strongly inhibited by vanadate. The structural 

similarityy of active sites between VCPO and non-specific acid phosphatases suggests that apo CPO possesses 

phosphatasee activity. Indeed, this was confirmed using para nitrophenyl phosphate (pNPP) as substrate. This 

raisedd the next question. "Do the soluble and membrane-bound phosphatases exhibit peroxidase activity 

whenn vanadate is bound to their active site?" To solve the above-mentioned question this project was started, 

andd the structural relationship between VHPOs and NSAPs in catalysis was investigated. This work resulted 

inn the finding that NSAPs could have a potential application as phosphorylating enzymes. 

ChapterChapter 1 presents a general introduction on VHPOs and NSAPs, including their potential 

applicationss in biocatalysis. The steady-state kinetics studies carried out in the past, the X-ray structures and 

thee mutagenesis studies of VCPO from C. inaequalis and VBPO from A, nodosum are reviewed. Moreover, 

thee structural similarity between VHPOs and a number of phosphatases is described, which is the main focus 

off  this project. Additionally, several properties of the related non-specific acid phosphatases (especially 

bacteriall  class A NSAPs) and the glucose 6-phosphatases are discussed and their significant similarity to 

VHPOss in the catalytic centre is explained. Possible applications using VBPO and NSAPs as catalyst for 

sulfoxidationn reaction and as phosphorylating enzymes, respectively, are also presented in this chapter. 

Finallyy a directed evolution project on class A NSAPs that may provide useful insight to further research is 

discussed. . 

ChapterChapter 2 describes a site-directed mutagenesis study of VCPO to investigate the roles of active site 

residuess Ser402 and Phe397. A mutant S402A was created to determine the importance of the residue Ser402 

inn the halogenation reaction. A prominent difference in the active site architecture of VCPO and VBPO is the 

presencee of a second histidine in VBPO, a residue substituted by a phenylalanine (Phe397) in VCPO. A 

mutantt F397H was made to compare the active site of VCPO and VBPO and to study the effect on the 
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kineticc properties. Alanine mutation of an active site residue Ser402 (S402A), a residue proposed to be 

brominatedd during turnover, caused a decrease in its activity, however the mutant still catalyses effectively 

thee oxidation of both chloride and bromide, indicating that the serine residue in the active site is not a crucial 

factorr in halide oxidation. A detailed kinetic analysis of the pH dependence of the chlorinating and 

brominatingg activity of the wild type VCPO and the S402A yielded an interesting difference between the two 

activities.. The results show that for S402A the Km for CI was pH dependent whereas the Km for Br" was 

hardlyy pH dependent. The data confirms that protonation of an active site residue or the bound peroxide is 

essentiall  for chloride oxidation. The mutation of Phe397 to His (F397H) resulted in the enhancement of 

brominatingg activity under certain conditions. However, inactivation of F397H by halide especially at low 

pHH was observed during turnover. 

Inn Chapter 3, inhibition studies of VCPO using hydroxylamine, hydrazine and sodium azide are 

discussed.. These compounds were found to be catalytic inhibitors of VCPO, binding to the peroxo vanadate 

intermediatee during turnover. The kinetic data show that the type of inhibition for hydrazine and azide is 

uncompetitivee with the uncompetitive inhibition constant Kiu of 350 uM and 50 nM, respectively, showing 

thatt in particular azide is a very potent inhibitor of this enzyme. Furthermore, the inactivation of VCPO by 

phosphatee ion was studied, showing the rapid loss of co-factor vanadate. More importantly the inactivation 

waswas prevented in the presence of H202, confirming the strength of binding of peroxo vanadate intermediate 

too the enzyme. 

ChapterChapter 4 gives an answer to the main question of this project. Class A acid phosphatases from 

ShigellaShigella flexneri (PhoN-Sf) and Salmonella enterica (PhoN-Se), which share the conserved active site with 

VHPOss and glucose 6-phosphatases, show brominating activity when substituted with vanadate. Steady-state 

kineticc studies on bromide oxidation by vanadate-substituted acid phosphatases are presented. Moreover, as 

thee VBPO, these enzymes are able to catalyse the enantioselective sulfoxidation of methyl phenyl sulfide. 

ChapterChapter 5 deals with the phosphorylation and dephosphorylaton of polyhydroxycompounds by PhoN-

Sff  and PhoN-Se. The characteristic difference in these reactions between class Al non-specific acid 

phosphatasee PhoN-Sf and class A2 non-specific acid phosphatase PhoN-Se is discussed in detail. 

Interestingly,, the class Al NSAP has higher regioselectivity in the phosphorylation of 

polyhydroxycompounds,, such as inosine or glucose, than class A2 NSAP. This phenomenon relates to the 

substratee specificities of these enzymes. Glucose phosphorylation to glucose 6-phosphate by PhoN-Se 

showedd a high conversion rate, suggesting a potential application to use the enzyme as a phosphorylating 

agent.. Moreover, related to chapter 4, it is shown that apo BPO has phosphatase activity, although the 

turnoverr of dephosphorylation of/?NPP and pyrophosphate (PPi) was even slower than that of apo CPO. 
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Samenvatting g 

Hett doel van het onderzoek, zoals beschreven in dit proefschrift, is om de functionele verwantschap 

tee onderzoeken tussen vanadium haloperoxidasen (VHPO) en niet-specifiek zure fosfatasen (NSAP). Deze 

enzymenn hebben een katalytisch centrum dat geconserveerd is. Het onderzoek is uitgevoerd met het 

recombinantt vanadium chloroperoxidase (VCPO), oorspronkelijk afkomstig uit de schimmel Curvularia 

inaequalis,inaequalis, het natieve vanadium bromoperoxidase (VBPO) uit het bruine zeewier Ascophyllum nodosum, 

hett recombinant NSAP oorspronkelijk afkomstig uit de bacterie Salmonella enterica ser. typhimurium 

(PhoN-Se)) en het recombinant NSAP oorspronkelijk afkomstig uit de bacterie Shigella flexneri (PhoN-Sf). 

Dee geconserveerde aminozuurresiduen in domein I met het sequentiemotief: KX6RP, domein II: PSGH en 

domeinn III : SRX5HX3D spelen een belangrijke rol in katalyse. De twee verschillende klassen van enzymen, 

VHPO'ss en NSAP's, zijn vernoemd naar totaal verschillende reacties. Het VHPO katalyseert de oxidatie van 

eenn halide ion met waterstofperoxide tot het hypohalogeen zuur. Het NSAP katalyseert de hydrolyse van 

fosfaatt monoesters en polyfosfaten. Vanadaat is de co-factor van het VHPO's en het is essentieel voor de 

activiteitt van VHPO. Vervanging van vanadaat door fosfaat, een structuur analoog van vanadaat, in VHPO 

remtt de activiteit competitief. De structurele gelijkenis van de actieve centra van VCPO en NSAP suggereert 

datt apo CPO fosfatase activiteit kan hebben. Inderdaad kan dit aangetoond worden met para nitrofenyl 

fosfaatt ONPP) als substraat. Dit leidde tot de volgende vraag: "Vertonen de oplosbare en de 

membraangebondenn NSAP's peroxidase activiteit in aanwezigheid van vanadaat?" Om deze vraag te 

beantwoordenn werd de relatie tussen VHPO's en NSAP's wat betreft katalytisch eigenschappen verder 

onderzocht.. Dit werk resulteerde onder andere in de vondst dat NSAP een potentiële industriële toepassing 

kann hebben als fosforylerend enzym van bepaalde alcoholgroepen in moleculen. 

HoofdstukHoofdstuk 1 geeft een algemene inleiding over VHPO en NSAP, inclusief hun mogelijke toepassing 

inn de biokatalyse. Een beschrijving wordt gegeven van het onderzoek naar steady-state kinetiek dat in het 

verledenn is uitgevoerd, de X-ray structuren en het mutagenese onderzoek van VCPO uit C. inaequalis en 

VBPOO uit A. nodosum. Bovendien wordt de structurele gelijkenis tussen VHPO en een aantal fosfatasen 

beschrevenn die de leidraad in dit proefschrift vormt. Verder worden verscheidene eigenschappen van 

verwantee niet-specifiek zure fosfatasen (in het bijzonder, de bacteriële klasse A NSAP) en glucose 6-

fosfatasenn behandeld, en hun belangrijke overeenkomst met VHPO wat betreft het katalytisch actieve 

centrumm wordt besproken. Mogelijke toepassingen van VBPO en NSAP als bio-organische katalysatoren in 

fosforylerings-- of sulfoxidatie reactie worden behandeld. Tot slot wordt het "directed evolution project" aan 

dee NSAP's besproken dat als mogelijke leidraad kan dienen voor verdere research. 

HoofdstukHoofdstuk 2 behandelt een plaatsgerichte mutagenese studie van VCPO om de rollen van de 

residuenn Ser402 en Phe397 in het actieve centrum te onderzoeken. Een mutant S402A werd gemaakt om de 

roll  van het residu Ser402 in de halogenerings reactie te bepalen. Aanzien in de actieve centrum van VBPO 

zichh een tweede histidine bevindt terwijl dit op dezelfde plaats in VCPO een fenylalanine is, werd een 
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F397HH mutant gemaakt om de katalytische centra van VCPO en VBPO te vergelijken en het effect op de 

kinetischee eigenschappen te bestuderen. Alanine mutatie van het actieve residu Ser402 (S402A), een residu 

waarvann gedacht wordt dat het wordt gebromineerd tijdens turnover, veroorzaakte een afname in de 

activiteit,, maar de mutant katalyseert nog steeds de oxidatie van zowel chloride als bromide. Dit geeft aan 

datt het serine residu in het actieve centrum geen cruciale factor in halide oxidatie vormt. Een uitvoerige 

kinetischee analyse van de pH afhankelijkheid van de chlorerings en bromerings activiteit van VCPO en de 

S402AA laat een interessant verschil tussen de twee activiteiten zien. Voor S402A bleek de Km voor Cl pH 

afhankelijk,, terwijl de Km voor Br" nauwelijks pH afhankelijk was. De gegevens tonen aan dat protonering 

vann een actief residu of van het gebonden peroxide molecule voor de oxidatie van chloride essentieel is. De 

mutatiee van Phe397 naar His (F397H) leidde tot een verhoging van brominerings activiteit onder specifieke 

condities.. Echter de F397H mutant werd geïnactiveerd door halide, in het bijzonder bij lage pH, gedurende 

turnover. . 

Inn Hoofdstuk 3 worden inactiverings studies van VCPO met hydroxylamine, hydrazine en azide 

behandeld.. Deze verbindingen bleken remmers van de katalyse door VCPO te zijn, door binding aan het 

peroxovanadaatt intermediair onder turnover condities. De kinetische gegevens laten zien dat het type 

remmingg door hydrazine en azide niet-competitief is met remmings constanten ATiu van 350 uM en 50 nM. 

Voorall  azide blijkt een effectieve remmer van dit enzym te zijn. Verder werd de inactivatie van VCPO door 

hett fosfaat ion ondergezocht, waarbij de snelle uitwisseling van de cofactor vanadaat werd aangetoond. Een 

belangrijkee waarneming was dat de inactivatie door aanwezigheid van H202 werd voorkomen. De grotere 

bindingsterktee van peroxovanadaat intermediair aan het enzym wordt door deze waarneming bevestigd. 

HoofdstukHoofdstuk 4 geeft een antwoord op de belangrijkste vraag van dit project. Klasse A niet-specifiek 

zuree fosfatasen uit Shigella flexneri (PhoN-Sf) en Salmonella enterica (PhoN-Se), die het geconserveerde 

actievee centrum met VHPO en glucose 6-fosfatases hebben, vertonen bromerings activiteit na incubatie van 

dezee enzymen met vanadaat. Een steady-state kinetische studie van de bromide oxidatie door vanadaat 

bevattendee zure fosfatasen wordt gepresenteerd. Het bleek dat deze enzymen, net als het VBPO, de 

enantioselectievee sulfoxidatie van methyl fenyl sulfide kunnen katalyseren. 

HoofdstukHoofdstuk 5 behandelt de fosforylering en defosforylering van verbindingen met meerdere 

hydroxylgroepenn door PhoN-Sf en PhoN-Se. Het karakteristieke verschil in deze reacties tussen klasse Al 

niet-specifiekk zure fosfatase PhoN-Sf en klasse A2 niet-specifiek zure fosfatase PhoN-Se wordt in detail 

behandeld.. Interessant is dat de klasse Al NS AP een betere regioselectiviteit heeft in de fosforylering van 

verbindingenn met meerdere hydroxylgroepen, zoals inosine of glucose, dan klasse A2 NSAP. Dit fenomeen 

heeftt te maken met de substraat specificiteit van deze enzymen. Fosforylering van glucose naar glucose 6-

fosfaatt door PhoN-Se verloopt met een hoge omzettingssnelheid, hetgeen een potentiële toepassing van dit 

enzymm mogelijk maakt. Verder, analoog aan Hoofdstuk 4, wordt aangetoond dat apo BPO fosfatase activiteit 

heeft,, hoewel de turnover van defosforylering van /?NPP en pyrofosfaat (PPi) langzamer was dan die van apo 

CPO. . 
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