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Abstract 

H:lloperoxidaer are enzymes lvhich catalyze the oxidation of halide ions (i.e. chloride, 
bronlide ;l:ld iodide) by hydrogen peroside. These enzymes Usui~lIy contain the FeHeme 
moiety or \ anadium ;is ;m rssential constituent ;rt their nctive site. hoivever. ;L fed halopertix- 
i&l;& \\hich lxk ;i metal cotltctor XC knm~~. This review will examine ( I) the reactivity of 

the \anaJium haioperosid;tses. particularly the mechanism of halid< oxidation by hydlogrn 

peroxide. and the mechanism of haloprnation iind sulfclxidation. including the newly 

rc’ported rcpioseieclkit! and enantioselecti~itv of the wnaditrm hiiloperoxidases: (1) the 
X-my str\IcILirc of’ v;tnadium chloroperosidase. the unadium(V) active site and the role of 

critical ;lmino acid side Alins for catalysis and (3) functional biomimetic systems. with 
t;nccifie relex;mcr to the mechanism of the \:madium haloperosidasr enzymes. C I934 

ilwkr Scicncc S.A. All rights rr;wed. 

1. Introduction and scope 

H = Br, 6,6’-dibromombgo8n 
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(e.g. antimicrobial properties. feedin g deterrents. etc.) or pharmacological proper- 
ties to volatile halogenated hydrocarbons (e _s. bromoform, chloroform, etc) which 
are produced on a very large scale. 

The function of the marine haloperoxidases is thought to be in the biosynthesis 
at’ these natural products. On the other hand. halogenated natural products have 
not been isolated from the fungi (e.g. Crrr*r~rrl~n?~j iwqdis and other dematiaceous 
hyphomyLetes) which produce vanadium chloroperoxidase (V-UFO). instead the 
function of the fungal V-CIPO is proposed to be in the degradation of the plant 
host cell wall through production of hypochlorous acid (HOCI). The reactivity 
differences between the fungal V-CIPO and the marine algal vanadium bromoper- 
oxiduse (V-BrPO) may reflect variations in their biological functions. 

Several reviefvs of the vanadium haloperosidnse enzymes have appeared recently 
[I -6,ll,l2]. Tl le emphasis of this review \vill be (1) to examine the reactivity of the 
vanadium haloperoxidases. particulurly the mechanism of halide oGdation by 
h>fdrogen peroxide. and the mechunism of hnlogenation and sulfoxidation, includ- 
ing the tie~vly reported regio- and enantioselectivity of the vunadium haloprroxi- 
dases: (2) to examine the X-ray structure of vanadium chloropcroxidase. the 
vanadium(V) active site and the role of critical amino acid side chains for catalysis 
und (3) to esamine I’unctional biomimetic systems. bvith specific relevance to the 
mechanism of the vanadium h~~loperoxidase enzymes. Recently the sequence ol 
V- ClPO (C. irwqrrdi.s) was round to be similar to the sequence of the acid 
phosphatasrs [13- 151. In fact. the apo form of V-CIPO exhibits phosphatase 
activity [I 31. The phosphatuse activity of V-CIPO will not be reviewed here, 
hobvever an interttstin~ result ol‘ ;I phosphatasc to which vanadium(V) was added 
ivill bc presented in the section on sulfosid~~tion (Scctiorfi 7,4). 

X t t&OT -I- K I--I t I-I -+ R K -t 21&O (1) 

N + ZHJI1 -a1 + 3!,O 4- M (2) 

Both reactions proceed through a11 oxidized halogen intermediate that is two- 
clcctrons osidized above the halide oxidation state [18]. The exact speciution of the 
osidizcd intermediate is still not known, ~dthouph for bromide, it is the equivalent 
of llypch-c~lllous xid, brominr. trtbromidc, or a\~l enzyme-bound bromonium 
;on-tvpc species. The actual spcciution may vary considerably, depending on the 
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conditions (e.5. pH. substrate concentrations. etc.) and the nature of the organic 
substrate. as described more fully belo\v. 

The classic organic substrate used to e\.aluate and compare halopcrosidases from 
different sources is monochlorodimedone (3-chloro-5.j-dimetl~~l- I .3-dimedone: 
MCD: Reaction (3 I 1. 

Cl 

0 
haloperoxidase 

+ %’ + H,O, + H* - + 2H,O (.I, 
x= Br’. Cl’ 

(31 



Hydrogen peroxide is a substrate for vanadium haloperoxidases, however it can 
also inhibit or inactivate V-BrPO under certain conditions [17,18]. Hydrogen 
peroxide is a fully reversible, noncompetitive inhibitor of V-BrPO when the steady 
state kinetics are observed during the initial portion of the reaction [18]. If the 
reaction proceeds for longer times, the specific activity of V-BrPO decreases, The 
inactivation that occurs on prolonged turnover at ca. neutral pH is the result of 
vanadate loss from V-BrPO. The activity can be fully restored by the addition of 
vanadate [IS]. At lower pH (e.g. pH 4 and 5). however, inactivation also occurs 
under turnover which is again accompanied by the release of vanadium, but this 
inactivation is not restored by the addition of vanadate. The irreversible inactiva- 
tion of V-BrPO ~vas ilccompanied by the formation sf 3-osohistidine [23]. Inacti- 
vation of V-BrPO and formation of 2-oxohistidine require ali the components of 
turnover (i.e. bromide. hydrogen peroxide and V-BrPO) in addition to tow pH 
(Reaction 14)). 

V-BrPWBr-/H,C$ or 

HN4N HOBr/6r.@r 3’ 

pH 4-5 
HN’NH 

(4) 

It has not been possible 10 det~cr the c~~zymc intcrmccliatc directly because its 
reaction \!ith organic substrates or with excess H&I, to produce 0, is faster than 
its formation. preventing irs build up in solulion. The nature of the oxidized 
intermediate as enzyme-bound or released may actually depend on the nature of the 
organic substrate and whether it binds to VPBrPO. TM conclusion is the result of 
competitive kinrlic stildies, compikrin, (1 the Isrumination of a variety of organic 
jub~i;t~.;ttes by thr ‘v’~-BrPU H,rS, KEr s>‘stem to that of bromination by ‘aqueous 
bromine’ (i.e. the equilibrium mi.uturc of’ HOBr = Br2 = Br, ) [Ml. We have found 
that the kinetic profiles lisr the bromination of a variety of organic substrates, such 



i1S indole >\nd tet~penc dcrit,atives. both of which are the precursors of many 

halogenated natural products. are consistent v+ith bromination by an enzyme- 
trapped brominating intermediate [34]. Indole binding was confirmed by Ruores- 
crnce qucnchin_c [U]: the binding constant of 2-phenylindole to V-BrPO (.il. 
,~ork~~s~r~~ ) \\.a~ I. 1 x 10’ M ’ determined from the Stern-Voimer analysis [ZS]. A 
mechanistic scheme inl.oiving substrate binding is sho~vn in Scheme Z [14]. 

V-BrPO binds H:O, and Br leading to a putative ‘enzyme-bound’ or ‘active- 
site trapped’ brominating moiet!. ‘E-Br’. ~~hich in the absence of an indole ma) 
release HOBr lor other bromine species. e.g. BrZ. Brz ). When indole is present. it 
binds to V-BrPO. preventing release of an oxidized bromine species and leading to 
morrl direct indcrle bromination. 



V-BrPO 
Br’ 
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Diastereomers of 
2-bromo-1-phenyl-butan-l,&dio[ 

Fig. 2. 



tvere carried out at pH 4.5 which is lower than the pH of the V-BrPQ reactions 
(i.e. pH ca. 4.5). The build up of HOC1 is consistent with the observation that the 
reduction of HOC1 by excess H,Q, producing dioxygen is significantly- slower at pH 
4. j compared to higher pHs. Since only ca. 50 mM HOC1 was detected starting 
with an initial concentration of 300 mM H20Z, it was inferred that some reduction 
of HOC1 by HZOZ could have occurred. Thus the overall reactivity in Scheme 1 
likely holds for V-CIPO with chloride. Other than MCD. V-CIPO-catalyzed 
reactions have not been extensively explored with V-ClPO. In contrast to V-ClPO. 
oxidized halogen intermediates have not been isolated during the turnover of 
V-&PO (.3. twl~sw~r) at pH 6.5. Production of the oxidized halogenating interme- 
diate is rate limiting under optimum conditions for V-BrPO. 

V-BrPO (A. mdosttrrt ) can catalyze the peroxidation of chloride, although a 
much larger concentration of chloride is required ( > 1 M [JO]) compared to 
V-CIPO (0.1 mM Cl - for standard turnover conditions). Similar to the V-BrPO 
t.4. mhszm) reactivity faith bromide. the rate of perosidative chlorination of MCD 
is equivalent to the rate of the chloride-assisted disproportionation of hydrogen 
peroxide forming diosygen (i.e. Scheme 1). However in the presence of primary-. 
secondary or tertiary amines. the rate of diosygen formation is much slower due to 
the formation of primary, secondary or tertiary chloramines. which do not readill 
oxidize hydrogen peroxide [30]. The formation of chloramines can be observed 
spectrophotometricall>r by their charxtcristic CW absorption mxGma. In contrast 
to chloramine formation. bromamine formation Lit pH 6S is not observed with 
V- BrPO using hydrogen peroxide [31] since bromamincs are rapidljr reduced by 
H,O, to sin+ oxygen and bromide [3?]. Lrsing acyl prrucids as the oxidant instead 
of hydrogen pcrosidc. brornamines were observed [3I]. 

The rate ot’ chlorination of MCD cittiII>‘Zed by V -. BrPO (.-I. ttfukvt~/tt ) is Iht SLINK 
in the presence ;ind absence ($,I’ an itmine [N]. Hotvrver. bccausc the rate of 
chlorination 01’ the oryanic substriltc by the chlor;m~ins is wry rapid, \ve tvere 
utl;lblu lo d~t~riiiine \~~Ii~tIirr MCD chlorin~ltion prww_ls through ;I clilornminc 
ln~crmt’di:~tc \\,hctl ~111 iiminc \i’;\s prcwnt. Chloride crxid;r&m hj, V _ BrPO (:I. 

I~~J~~~III 1 seen% to be most fLvorable at about pH 5 under conditions of I mM 
H,O,. I .5 M KCl. 50 &tM MCI) in il.1 M citrate buffer. pH 5.0 [JO]. 



V-BrPO 

1 .J-benzoxathiole (3) and 1.3, dihydrobenzo-[c]thioyheue (4) are all oxidized to the 
corresponding sulfosidc BS shown in Fig. 3. 

With the exception of 4 bvhich is symmetrical, the osidation of all the other 
substrates occur stereospecifically. Th e sterochenkxl orientation of all of the 
sulfoxide products of 1, 2, :md 3 are the same in Fis. 3. however, the R identity for 
the sulfoside product of 3, compared tn the S identity of the sulfoxidc product of 
1 and 2 is a result of the nomcwlature rules. 

The concentration of hydrogen peroxide and its rate of addition to the reaction 
solution u‘as found to significantly affect both the yield and ennntioselectivity of 
sulfosidntion. When H&II, is slo~vly added via syringe pump to 1 (7.5dihydroben- 
zothiophenet o\w the course 01 2 h. the yield (QG) was ne;wly doubled compared 
to initiating the reaction by ;ldding the full aliquot of HQ all at once (yield N’;I). 
In addition the yield from the spontaneous uncirtalyZed sulfosidation reaction \vas 
cul in h;lli: iltld tlw e.t‘. incrcascd I’rolll 65 to 57” I) I-731, When the rate 01’ ~ldclition 
of l-lJOJ N;I~ decreased C'\UI furrhcr to I6 II. instead ot 1 11. thl: yield and C.C. 
increased to 93 and 00”~~. respectiveI>,. 

The slow rate of addition of k-lJO1 IVUS illso required to itchieve high yields and 
el~;lntic~selcctivity for sulfosidation citt;llyZCd by Fcl-kme chloroperosidase (C. 

,/hfpJ). Whet1 HJI~ \Yi\S i\ddrd ;\I1 itt OWC, the FCI-ICIW CIl’O-~~~t~tly~d dispro- 
pcwtirm;\tion of hydrogen peroxide. svhich produces dioxygen, was observed, HOW- 

ever in the V-BrPQ reaction, dinsygon li,rmation is not observed in the absrnce of 
halide [I&- l&33]. In hct even in the presence of I m,l bromide. dioxygen 
formation \v;~s not c;\titIyzed by V-BrPO. which the authors attributed to the 
preferential osidation of the sulfide over bromide [33]. Of course, ;IS Wits A~ 
rewgnized. bromide could be oxidized preferentially. and sullbxida~ion could occur 
G the oxidized bromine intcrmediatc. The enantiosetectivity. however. in the 
prcscncc of bromide. ax not reported r3.71, We h;lvo observed sulfoxidation in the 
presence of hrtrmide and hydrogen peroxide. however. without enantioseleclivity 



These sulfosidation reactions are the first report of direct oxidation by the 
peroso--V-BrPO derivative its opposed to other oxidation reactions which are 
2111 mediated by an oxidized halogen intermediate, This reaction also confirm; 
that oxidation is occurring within the active-site of the enzyme. Sulfide oxidation 
by oxoperosovalladiutll(VI compleses is well known [35]. 

,-is mentioned briefly above, the sequence of V-ClPO (C. inaeyzdis) is related 
r~ the sequences of three acid phosphatase f+amilies [13- 151. V’anadate and vana- 
date oligotners. which can bind to phosphate sites in proteins, are well known 
inhibitors ol‘ certain acid phosphatases [36]. At this point. the haloperoxidase 
activity of vanadium(V)-incorporated acid phosphatases has not been reported, 
however. the apo form of vanadium chloroperoxidase (C. i~mymdis 1 has been 
found to catalyze the hydrolysis of I+nitrophenol phosphate. forming p-nitrophe- 
no! [13]. p-Nitrophenol phosphate also displaces wmadiurn from V-CIPO. Phy 
tase is a phosphatase which catalyzes hydrolysis of phgtic acid to inositol 
and phosphate inn [37]. Of relewnce to this reviebv, is ;I recent report tl1ut 
~,an~~dium(V)-incorporated phytase (,4s~~~r~gill~r.s $L*IIIIIII ) caIyzes the sulfoxidation 
of thioanisole by hydrogen peroxide. proceeding with lQO’~;I conversion and 
genera tinf the S enantiomeric product preferentially (i.e. 50-605 ex.). 
However, surprisingly it was also found that phytase in the absence of vanadate 
could also oxidize sulfide to sulfoside by hydrogen peroside [37]: the yield and 
enantioselectivity were somewhat less than in the \an~ldium-incorpor~~ted phy- 
tase sample. but nevertheless appreciabIe (e.g. as high as 8 1”~ yield and 51” II 
e.e, at the highest concentration of ph>*tase) The X-M>, structure of phytase 
(A, jkrm ) reveals an aspartate residue at the xtive we which the authors 
suggest could generate aspartyl peracid. thus pro::iding the oxidant of sul- 
tide [37]. It will be interesting to t,llon. further progrecs 01‘ this reaction. partcu- 
Iarl>, regarding the s&ctiCty of’ the I~~lni~d;lte-I‘ree ph> t;~se. The haiopcrosidr~se 
CCitCtil ity Of the ~,~lliadiuIii(VI-incc~rpor;ttrd ph! Llsc deri ;atiw I\ i1S 1101 kpurted 

[37]. 

3. l\\‘hot does the S-w>, structure of wnadium chloroprrnsid;lsr tevwl aht the 
reactivity of the vanadium halaperasidasus? 
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Fig. 4 

The X-ray structure of the qm (imn 01‘ V-CIPO is supc~imposable on the native 
structure. suggesting that the protein matrix is rigid md provides a preformed metal 
binding site [40]. A water molecule in ;~po-V- ClPO is bound in place of the 
~allird~lte ion in the nntivc ibrtn. This water molecule is hydrogen bonded to 
His-496 and the m~ide nitrogen of Gly 303. The X-ray structure ol’ the tWlpstilte- 



substituted V-CIPO reveals replacement of vanadate by tungstak. however His-496 
is either not coordinated to W or 0111~ \paeitkly coordinated. siwe the distance 
between the NE2 atom of His-446 and W is long. 2.55 A (Fig. 6(C)). The tuqstate 

Fermi4 OH... 
,:o- 7 l-i- ,,HN (Arg 360) A. The native site 

. . . . ..a.:... 
W~md NH” 

Y 
\o:;-- 

- HN (Aru 3d 

N (His 49zbb’HN (LYS ~3) 

Arup 

C. The W-subnirutrd sitt. 



As discussed above. vanudiuta(V) is bound in a petltasonal bipyramidal geometry 
ligated by a single protein side chain, His 496. The three equatorial oxygen ligands 
and the axial hydroxide ligand are hydrogen bonded to multiple protein side chains 
or the protein backbone (see Figs. 4-6), His-404, which is present in the active site 
channel. must be deprotonated for W,C& to bind to V-ClPO [7], and thus it is 
thought to function in acid-base catalysis. One might have expected to find His 404 
hydrogen bonded to the vanadium(V)-bound peroxide. however. the X-ray structure 
of peroxn-V-ClPO, prepared by addition of H,O, to crystals of native-V-CIPO 
revealed that Lys 353 was hydrogen bonded to one of the bound peroxide oxygen 
atoms. From a mechanistic stand point. the hydrogen bond of His 404 to the axial 
hydroxide in nntivo V-ClPO and the hydrogen bond of Lys 35.7 to a V(V)-bound 
peroxide oxygen atom may be significant. although it is conceivable that His 404 
could still activate the bound peroxide during turnover. 

Enzyme kinetics with V- BrPO ‘lnd V-CIPC) show saturation in bromide and 
chloride If halide binding occurs prior to the rate-limiting step, then saturation 
establishes that a halide binding site exists. If the step or steps involving halide occurs 
after the rate-limiting step, then a binding site cannot be established by kinetic means. 
Messerschmidt and Wever had proposed that the hydrophobic residues Trp-3jO and 
Phe-397 form a chloride binding site along with His-404 in V-CIPO [38]. Halides 
;lre known to bind at hydrophobic sites in other proteins such as in haloalk~ne 
dehaiogenase [42] and certain amylases [43]. The sequence of V- BrPO (A. ~tohswt ) 

varies somewhat from V-ClPO in this region, in thi\t in the V-BrPO (A. I~&,SUIII) 
sequence. ih histidine takes the place of Phe-397 in V-C1PO. However in the 
sequences for V-ErPO from Fwws di.vfirhs and C’. pihrl&w. histidine is not present 
in this site [44.45]. Thus the origin or the h;Gdc specificity from this perspective is 
still open. The h;dide binding site could be at the vunadium(V) center, however, no 
difference in the exafs of V- BrPO (A. rwdm~~~rr) was observed in the presence versus 
absence of bromide [46]. Moreover, it is not clear what the differences are in the 
vicinity of the vanadium site between V-CIPO and V- BrPO, particularly which 
could mediate the halide selectivity. Thus the origin nf the halide selectivity rernaims 
one of the interesting, yet unanswered questions. 

V - BrPO Urom both il. II~~IIII illId C.‘~~r~cdlirr~~ r!ffi~ Wlis [47,48] have been 
cryst;lllized, &hough the structures have not been reporttd. The full sequence of 



V- BrPO (.3 _ /lOdO~lf~~l I has also ml been reported. but from the partiat sequence of 
.d, IIO~/~~S~IIII [6]. and the sequences of V-BrPO from C, pil~l$~~*tr [45] and Furs 
di.vrirhu.s [+I]. it is clear that V-BrPO is similar to V-ClPO. particulariy in the 
iMi\kz site region. The similarities include regions containing the amino acid 
rttsiducs \rhich h>~drogw bond to the vanadatr osygens (i.e. Arg-350, Ser-402. 
City-W-amide backbone, and Arg-390; [The numbers refer to the sequence of 
V-CIPO from c. imwpdis~). the histidine tignd (H&-496). and the acid- base 
hktidine (His-W!), Thus it SWMS likely that the \xnadium site in V-BrPO is 
comparable Icl that in V-CIPO (ix. Figs. 4-G), 

4, What do biomimetic studies reveal about the mechanism of the vanadium 
haloperusidascs? 
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site in each form. Messerschmidt and Wever have proposed that chloride binds to 
the vanadium(V) center l39.401. At this point spectroscopic studies have not 
established whether the halide attacks the coordinated peroxide directly or whether 
it coordinates to vanadium(V) prior to oxidation (Fig. 7). 

From mechanistic studies with the molybdrnum( VI) functionai mimics. compar- 
ing hIO(O1),(H,O) \vith MO(O,)l(C,O,)’ -. it appears lhat a vacant coordination 
site on the oxoperoso metal species is not a prerequisite for halide oxidation [53]. 
Thus. the oxidation could occur via nucleophitic attack by halide on the cnordi- 
nated peroxide. 

After coordination of peroxide to the vaTradium center and subsequent oxidation 
of xhe halide, the question arises ivhethir a discrete vanadium h>*pohatite intermedi- 
ate is formed for any appreciable length of time. 

‘l-r 

x.’ 
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5. Summary 

Vanadium(V) compounds are well known to coordinate peroxides and carry out 
a wide range of oxidation reactions [73]. Vanadium haloperoxidases coordinate 
peroxide. and oxidize chloride, bromide or iadidc, as well as sulfides and pseudo- 
halides [4. I I ,12,35]. The vanadium haloperoxidases are still the most efficient 
oxidants of halides among the vanadium catalysts so far investigated. Such effi- 
ciency is influenced by the protein active site and the role of certain amino acids in 
;rctivation of vanadium(V)-bound peroxide for halide oxidation and atso possibly in 
the selechity of the halide. With the recent isolation of the penes for vanadium 
chloroperosidase [7] and vanadium bromaperoxidnse 144,451, it is likely that the 
roles of the critical amino xids will be investigated through site-directed mutagen- 
esis studies. The fworable reactivity and robust srability of these enzymes makes 
them attractive candidates for biocatalytic conversions. With the emerging under- 
standing of the mechanism of halogen~~tion, the bitqenesis of important marine 
natural products can be anticipated, as quell as the development of catalysts for 
other important selective halogenation reactions. 
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