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The mechanism-based inactivation of four horseradish peroxidase (HRP-C) cnzymc variants hits been 
studied kinetically with eithcr hydrogen peroxide o r  the xcnobiotic m-chloropcroxybcnzoic acid (mC10,- 
BxOH) as sole substrate. The concentration and time dependcnce of inactivation was investigatcd for the 
wild-type plant enzyme (HRP-C), the unglycosylated rccombinant enzyme (HRP-C*), and two site-di- 
rccted mutants with Phc143 replaced by Ala (I F143AIHRP-C:':) or Arg% replaced by Lys ([R3XK]HRP- 
P). The number of turnovers ( r )  of H,O, requircd to completely inactivate h e  enzymes was found to 
vary between the different enzymes with HRP-C being iiiost resistant to inactivation ( u  = 625), HRP-C* 
and IF1 43AIHRP-C* being approximately twice its sensitive ( r  = 335 and 385, respectively) in conipari- 
son, and LR38KIHRP-C* being inactivatcd much Inore casily ( r  = 20). In the cases of HKP-C* and 
LF143A]HRP-C*, compared to HRP-C! the dirfcrences wcre duc to the iibsencc of glycosylation on the 
cxterior of the proteins, whilsl the [R3XKlHRP-(Y variant exhibited a distinct mechanistic difference. 
When mCI0,BAIH was U S G ~  as the substratc the differences in sensitivity to inactivation disappeared. 
The valucs of r were all around 3 retlecting the strorig affinity of ~HCIO,BZOH for the active site. The 
apparent rate constant for inactivation by H 2 0 ,  was found to be about twofold higher in [R38K]HRP-C" 
than the other enxyincs and thc catalytic constant for turnover of H 2 0 1  wits approxirriately ten times lowcr. 
The al'finity of compound I for H,02 leading to the fortnation of a transitory interiiicdiate implicated in 
the inactivation of peroxidase dccreased in the order HRP-C, HRP-C", [F143A]HRP-C*, [R38K]HKP-C*. 

K6,ywordv: horseradish pcroxidase; recombinant; mutant; hydrogen peroxide; suicide inactivation. 

Horseradish peroxidase (HRP) (donor:hydrogen peroxide 
oxidorcductase) is a classical haem pcroxidase and a incinber ol' 
the supcrfaniily of peroxidase enzymes found in plants, fungi 
and bacteria. Following thc classification of Wclinder 11 J ,  HRP 
is a class IT1 secretory enzyme which is involvcd i n  the forrna- 
tion of free radicals vital in polymerisation reactions such as 
lignification and suberization. It occurs in it wide varicty of iso- 
forms 121, slightly basic (cationic) HRP-C being the tnost aloun- 
dant [ 3 I. 

The cnzyrrie has been characterised as a single polypeptide 
chain, heavily plycosylated ('I 8 %  by mass) [4] and containing a 
single high-spin ferric protohiicm IX prosthetic group; two 
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Fux: +34 68 36.7963. 
Abhruviutions. HKP-C, horscrndish peroxidase isocnzyrne C (planf 

cnLyme); HRP-CQ, recombinant horseradish pcroxidase isocnzyrne C; 
[1'143A]HRP-C*, recomhinanr horscradish peroxidase isocnsytne C in 
which Phc143 has becn replaced by Ala, [R38KIHRF-C", rccornbiiiant 
horseradish peroxidasc isoenzyrnc c' in which Arg3X has been rzplaccd 
hy Lys; mClO,RzOH, nr-chloroptiroxyhcnzoic L i d ;  rnCIBzOII, m - c h h  
rohenzoic acid ; I hydrogen peroxide; AT3TS. 2,2'-a7,ino-bis(3-ethyl- 
be1i~~hia7,oline-h-stiIf~~iiic acid) ; CCP, cytochrornc c peroxidase. 

Eiizynzc,,~. IIorseradish pcroxidase, acovado pcroxidase (EC 
1.1 1.1.7); cytochrorne-c pcroxidase (EC 1 . 1  1.1.5). 

calcium ions are bound [S, 61, one of which is important for 
prolcin folding [ 7. 81. The detailed X-ray crystallographic struc- 
iurc has not yet been clucidatcd for any of thc isoenzymes of 
HRP although preliminary co-ordinates are available for Ihc 
highly basic isoenzyme, ES [Y I .  Sequence comparison with yeitst 
cytochrotne (. pcroxidasc (CCP), of which the high-resolution 
X-ray structure is known [lo]. has been used to produce a model 
of thc enzyme 11 1 1 and, i n  particular, its active site containing 
the haem with His170 at the fifth (proximal) iron co-ordination 
position, nnd conserved His42 and Arg3X residucs important for 
peroxide binding a n d  reuction on the distal side. One haern edgc 
( S - n r ~ s o  carbon) is thought to be exposed to solvent and to con- 
stitute part of the binding site for some rcductant substrates [12]. 

'l'he calalytic cycle of HRP proceeds via a number of distinct 
steps. 111 thc first step. peroxidc (normally H,OL) binds and rcacts 
iit the czctivc site to gencrate compound 1 by a two-electron pro- 
cess 1131 i n  which the hncm iron is oxidised to the oxyferryl 
(Fc'" =O) state, with thc second clectrnn rcmoved froin the por- 
phyrin ring lo gcnerate a n-cation r d i c a l  [4] where the charge 
is delocalised civcr the ring rather than transferred to an ainino 
acid as is observed in yeast CCP [14]. The second product of 
thc reaction is water. The apparent second-order rate constant 
for the formition of compound 1, k ,  = 1.7X 10' M ' s - '  141. In 
the presencc of a suihble reduchnt substrate the second step of 
thc cycle involves in most cases ii single eleclron oxidalion of 
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thc substrate by compound I in which the n-cation radical is 
discharged and oxyfcrryl compound II and a free radical product 
are formed. The rate of this reaction is dependent on the sub- 
strate [ 151 but is lower than the previous proccss. The third step 
results in the oxidation of a second subsirate molecule by reduc- 
tion of compound I1 back to the ferric enzyme. Again the rate 
of reaction is lower ( IO-20-fold), coinpound IT being observed 
under steady-statc iurnover conditions [ 161. A liniited number 
of substrates appear to undergo one double electron oxidation 
by coinpound I with the concotnitant direct regeneration of ferric 
enzymc, ihese include halides (iodide) and thioaiiisoles [ 17 - 
201, Furthermore, in the case of thiounisole sulfoxidation, the 
oxygen is derived from the oxyferryl iron group indicating that 
HRP is acting ovcrall as a monoxygenasc [ZO]. 

In the absence of the usual reductant substrates, H,O, will 
react with conipound I as an electron donor (reductant) [2l, 221. 
Keduction of compound I may proceed either via a catiihe-like 
two-electron process, resulting in thc fortnation of moleculur o x -  
ygen, or iii two single-electron [ransfers in which compound 11, 
cornpound 111 and superoxide riitlical anion (0.: ) arc fortned 
1231. Howevct; the reaction of HKP with peroxide only also 
leads to the progrcssive inactivation of the enzyme. Inactivation 
results in ihe generation of a number of inactive chromophores 
the final product being a verdohaetiic)protein, P-670 1241. The 
catalatic r ind corripound 111 (superoxide anion) gencraling activi- 
ties of HRP have a protective effect against inactivation and the 
partition between protection and inactivation probably occurs at 
the [compound I . HIOJ cotnplex 124, 251. The catalase-like 
process is the major protective tnechanisni [2S1. This is w p  
ported by the replacement of H201 as substrate by the xcnobioiic 
pseudo-substrate N1-~hloroperoxyhen~oic acid (mC102BzOII) 
which ciinno( undergo u catalatic dismutation and inactivates 
HKP-C approximately 'I 00 times more effcclively than K O ?  

I n  order to examine sonie of the structurul requireinenis for 
the processes of protection and iniictivation,'we have studied the 
rcaciions (of H,O1 and nzC10,BzOtl with recombinant enzyme 
(HKP-C*) [27 I produced by refolding iilter expression in E s t h -  
richirr coli and two mutant enzymcs (1R3XKlHRP-C" and 
[F 143A]HRP-C+ ) produced hy site-directed tnutagencsis [ 28 1. 

HRP-C" is idcniical to the wild-type plant enzyme in atnino 
acid sequence, cxcept for an additional amino-terminal Met, but 
is lion-glycosylatcd, thus it providcs ii way of examining the role 
of thc sugars attachcd to [he wild-type enzyme. 

In the [R38KIHRP-C" mutant the conscrved Arg3X rcsidue 
i n  the active site has heen chunged to a Lys. Poulos and Kraut 
[29] proposed a general acid/basc catdytic mechanism for hy- 
drogen peroxide binding and reduction in yeast CCP with csscli- 
tial roles for two highly conserved residues in ihe distal heme 
pocket, Arg4X and HisS2, which are equivalent to Arg3X and 
His42 in HKP. The CCP variants [K4SK]CCP and IR48L]CCP, 
react with hydrogen peroxide 2-fold and 200-fold slowet; re- 
spectivcly, than does native CCP 130, 311. T I  was concludetl that 
a bask I-esitiue at position 48 in CCP is not an obligate require- 
ment for the fortnation of an  oxyfcrryl intermediate and that ihe 
distal His phys  a far more significant role (3Oj. ?'he ligation 
state and steady-state activity of IK38KIHRP-C* havc nlrcady 
been investigated and show a pH-dependence drainatically 31- 

tered fi-om those of HRP-C* o r  the p h i  enzyme [32]. In cotl- 
irast to the corresponding CCP mutant, a pre-steady-stutc kitietic 
analysis of [R38K]HRP-C* has shown B 500-fold decrease in 
h e  rate of coinpound I fortnation which involves :I rcvet-sihly 
forrned intermediatc 1331. Further more, compound I 1  could not 
be observed kinetically, suggesting that in  contrast to the wild- 
type peroxidase, formiition of resting enzyme from compound 11 
wits fasier than the formation of  compvund IJ  from coinpound 

1261. 

1. In this paper we report on the itnplications foi- the inectivation 
of [K38KIHKP-C4: by peroxide of thcse kinetic ch:uigcs, i n  thc 
light of an existing scheme for ii~echanisni-hascd illactivation by 
peroxide [251. 

[F143A]HRP-C* is a hyperactive (with the rcductant sub- 
strate ARTS) peroxiduse mutant in  which Phc I43 has been rc- 
placed hy a smaller Ala residue. Phe'l43 i!i belicved to be situ- 
ated o n  the periphery of thc substrate access channel and W H S  

initially tentnrively idcntified fruin NMK studics iis one ol' a p i r  
of highly rnohilc Phe residues (normally lahellcd PheA i tnd  
PheR) 134, 351 poteniially implicated in the binding of iiiwn;itic 
substrates cluse to the (5-meso carbon of  the hiicni. Subsequent 
NMK characterization of the same IF143A1HRP-C:': tnutanl 
studied i i i  this work has shuwn that i t  is ncither PhcA n o r  PIicB 
[361. We havc studied 1F143AIHKP-C'i' in order tu investigate 
the effect V I I  itiactivalion by pernxidc ut' a inittation t o  u residue 
not directly involved in peroxide binding. 

MAI'KRIALS AND METHODS 

Enzymes. Purified horscrudish pcroxidasc (IITIP) wiis oh- 
tuined from Sigilla ('hcmical C h . ,  type IX, purity indcx (A,,,,, ,,,,,/ 
A275,1,>,) = 3.15. The specific activity (1322 pinol mg I mit i - ' )  
was cstimatecl using 0.2 mM H,02 and 0.5 tnM ARTS iis rtduc- 
taiit suhsiritte in  50 niM Gly/HCI pH 4.5 at 25°C. The cnzynie 
qtnple wiis characterized by isoelectric l'ocussing using the 
niethod presented below. The comil-iercial siiinple cxhihited only 
one ina,jor bunti using both protein-silver stain aiid pcrc)xidiase- 
specific stain ; this band possessed i in ihoelcctric point (pl) of 
8.5. A minor hand (less than 10%) was sccti with pl - 6.8. The 
rnLyrne conczntrations of HRP type IX wcrc estimated by iliea- 
suring the itbsorhance of solutions at 403 tiin using i ; A O !  ,,,,, I00 
ttiM I tin- 1371. 

'l'he recoinbinani, HRP-Pk,  was expressed in B. c d i  frnm ii 

synthetic gcne; the inactive polypeptide, containing o n l y  ti-iices 
of  haem, was extracted from inclusion hodies :mi folded i n  the 
presence of haem arid Ca". After clilotiiutograplii~ purification 
following previously determined procedures. active non-glyco- 
sylutetl enzymc was chtainctl 1271. The rnutant cnzymrs, 
IFI43AlHRP-C'I' and [R3XK]tiKP-C", wcrc geiierated by siie- 
dircclcd rnutagencsis o f  the synthetic genc, expressed and puri- 
ficd i n  the same way [ZS]. The cxpccted sequence changes in  the 
mutants wet-e confirmed by DNA-sequence :itnalysis. The purity 
index and the enzytnic activity with ABTS for each synilietic 
HRP werc: IMP-C", 2.34 and 1271 pnid  trig ' min ! ; 
1t;143A]HRP-C:'", 2.S2 and 1779 pino1 nip I miti-' ; 
[RMKIHKP-C":, 2 3 0  and 39 p t n o l  mg- ' miii I. All thcsc syn- 
thetic peroxidiises were charlicteri/ecl by isoelectric focussing. 
When pel-cjxidase-spccific stain wiis used, only  two bnnds zip- 

pearcd in  cacti case, with pT values of 8.7 (which rcprcseiited 
about 90% of ihe peroxiduse present) and 7.5. The enzyme CUII- 

centrations were estitnated using the following tiiolar absorption 
cocfficicnt<: HRP-C", c,, ,.,,,,,, 1 ) tnM--' cni I; [F143AIHKP- 
P. I:,(,, ,,,,, 7 124 rnM-' ctn I tnith, A. 'r., uiipihlishcd); 
IR38KlHRP-P, e.n,,,l,,, = 146 riiM I cm-l 1381. 

Chemicals. rn-Cliloroperoxybeli~oic acid ( ~ I L I O , ~ B ~ O H )  in 
the solid state was supplied by Aldricli C:hemical Co., conlaitiing 
ni-chlorohctizt,ic acid (niCIBzOt1) iis iiii  itnpurity. One satnplc 
(of m~. '102U~OH was used which, according to ihe supplier, had 
ii purity between 80-90% (lot 38005 I I ). The actual purity w;ts 
estitnated by 'TI-NMR using B Variari llnity 300-MHz spectron- 
eter. Thc smiplrs (SO rng) were dissolved in ('1 i.,)chloroforrn ; 
telr;rtnelhylsil~ine WHS u s d  iis :I s i g d  relkrence. The pcltk sig- 
nals corresponding to mCII3zOI-I and mC?IO,UzOH were idcn- 
iified using mCIBzOH (99% purity) :IS stiindard and wiis i n  ilc- 
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cordance with the Aldrich Library of NMR spectra [39]. Using 
this protocol, the actual atnount of mCQBzOH in the sample 
was determined at 75 %. 

However, for the inactivation assays, the mCI0,BzOH sam- 
ples were purified by recrystallization from light petroleum ethcr 
(b.p. 40-6O0C)/diethylether (3: 1 ,  by vol.) in accordance with 
Davies et al. 1401. After purification, the product obtained was 
more than 96% pure (NMR analysis and a single melting point 
at 92-94"C, corresponding to mC102BzOH). 

Solutions of mC10,BzOH were made up in absolute ethanol/ 
water (1 : 1 ,  by vol.) immediately prior to use. The concentralion 
was estimated using a calculated c232 ,,,,, = 8940 M-'  cni-I, thc 
value being corrected by the purity factor obtained from NMK. 

In some experiments, samples of mCIO,BzOH without fur- 
ther purification were used. Solutions prepared from this mate- 
rial were corrected by the NMR purity factor, and assayed to 
measure the rale of HRP inactivation. Results similar to thosc 
obtained with purified mCIOZBzOH were obtained in every case. 
Moreover, the addition of pure rnCIBzOH to a medium contain- 
ing HRP did not produce any changes in the enzyme spectrum 
and, also, the addition of mClBzOH did not affect the ABTS 
oxidation calalyzcd by HRP. Therefore, rnClBzOH did not seem 
to be an alternative substratc of HRP and so had no effect on 
the reaction studied. 

2,2'-Azino-bis(3-ethylbenzthiazolin~-6-sulfonic acid) (ABTS), 
in the form of the crystallized dianimonium salt, was supplied 
by Boehringcr-Mannheim. The concentration of' ABTS was de- 
termined using E,~",,,,, = 36 mM-' cni [41]. Hydrogen peroxide 
(30%, by vol.) was from Merck. The concentrittioii of H,O, was 
determined by measuring absorbance at 240 n m  using cZ4,) " , ~  = 
43.6 M-' cm ' [42]. Buffer substances (analytical reagent grade) 
were also obtained from Merck. All solutions were prcpared 
using deionized water obtained from a Milli-Q system (Milli- 
pore). 

Equipment. Spectrophotometric measurements were re- 
corded using a Perkin-Elmer Lambda-2 UV-VIS spectrophotorn- 
eter interfaced on-line with an Olive,Ni PCS/386. SX computer. 
The tempcratiirc was thermostatically controlled at 25 "C using 
a Haake DlG circulating water bath wirh a hcater/cooler to a 
precision of 2 0.1  "C. 

lsoelectric focussing was donc on a PhastSystem (Phar- 
macia-LKR) using the PhastImagc gel analyzer and the Phast- 
Image software v. 1.0 (Pharmacia-LKB). 

Inactivation of peroxidase. HRP was inactivated at 25°C 
in 0.5-ml incubations of SO mM sodium phosphate pH 6.5 con- 
taining a fixed amount of the enzyme (0.5 pM). The reactions 
were started by the addition of H,O, (over a range of concentra- 
tions). At specified time intervals, 10-pl aliquots of the incuba- 
tion mixtures were transferred to ciivettes containing 2 ml of an 
assay mixture composed of 0.5 mM ABTS and 0.2 mM H20, in 
SO mM Gly/HCl pH 4.5. The peroxidase activity was ineasured 
by the incrcasc in absorbance at 414 nm, which is characteristic 
for the ABTS oxidation product ( c ~ , ~ , , , , ,  = 31 100 M cni-') 
14'1 J ; neither ABTS nor HRP present in the assay mixture inter- 
fered with the measurement. A minimum of four incubation 
assays for each peroxide concentration wcrc made. The residual 
enzymic activity (A,()  was taken as thc cnzyniic activity remain- 
ing (A,) as it percentage of the initial activity (Au). The data 
plot and the non-linear fittings wcrc niadc using SigtnaFlot for 
Windows (Jandel Scientific Software, 2591, Kerner Blvd., San 
Rafael, CA 94901, USA). 

The dependence of initctivation on thc molar concentration 
of mCIO,BzOH or H20 ,  was measured in 0.2-ml incubations 
containing the enzyme (0.25 pM) and peroxide at the required 
ratio in 50 mM sodium phosphate pH 6.5. The res;iclual activity 
with ABTS was assayed after I h (mCI0,BzOH) or 4 h (H,Oz). 
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Fig. 1. Sensitivity to inactivation of each enzyme at different molar 
ratios ol' H,O,. (a) HRP-C; (b) HRP-C*; (c) [F143A]HRP-C:#; (d) 
IR?XK]HRP-C". Rcactions were incubated in 0.2 rnl 50 mM sorliurn 
phosphate pH 6.5 containing 0.25 pM eozynx over a range of substrate 
concentrations. Kesidr~al activity was measured using ABTS after 4 h. 
Lines wcrc fitted using Sigmaplot for Windows. Thc values of' the in- 
tcrccpts at the x-axis werc used to calculate the values of r (see text and 
'Iable 1) .  

Table 1. Values of r (turnover) €or inactivation with H,O, and 
mCI0,HzOH. Values wcrc calculated from plats as shown 111 Fig. 1 
using thc prc)cedui-e described in thc results and discussion. 

Emyine r for 

HKP-C 625 2.6 
HKP-CY 33s 2.5 
I F143AJHRP-C" 385 3.0 
[R38K]HRP-C" 20 3.1 

Isoelectric focussing. Isoelectric focussing was performed 
on a PhnstSystem (Pharmacin-LKB) using PhastGel TEF 3-9 pre- 
pared gcls and the broad-pT calibration kit (3.50-9.30) (Phar- 
macia-LKB). This kit contained the following proteins with the 
corrcsponding pI values: lentil lectin, basic (8.65); Icutil lectin, 
middle (8.45); lentil lectin, acidic (8.15); horse myoglobin, basic 
(7.35); horse myoglobin, acidic (6.8s); human carbonic anhy- 
drase B (6.55); bovine carbonic anhydrase B (5.85); /)-lacto- 
globulin A ( S . 2 0 ) ;  soybean trypsin inhibitor (4.55); amyloglu- 
cosidase (3.50). 

Thc proteins were stained using the silver stain kit (Phar- 
tnacia-LKB) following the method of development given. Thc 
band evaluations and the pI delemlinations were made using the 
PhastIniage gel analyzer and PhastIrnage software v. 1.0 (Phar- 
maci a-I >KR) I 

For percixidase activity staining, PhastCels were incubated 
in 25-ml solutions containing 1 niM 4-methoxy-l -naphthol, 



0.4 mM HLO, in 50 mM Tris/HCI pH 7.5 at 4"C, for 15 min. in 
the dark 1431. The stained gels were analyzed using the Phast- 
Image gel analyzer. 

RESULTS AND DISCUSSION 
The cnzyrnic activity of recombinant unglycosylated horse- 

radish peroxidasc measured with ABTS is similar to that of the 
plant enzyme a s  noted previously 1271. Despite the presence of 
an additional amino-terminal Met in the former, both enzymes 
have bcen shown to be highly siniilar i n  activity [271, NMR 
[ 381 and resonance Raman [441 spectroscopic measurements. In 
contrast, lF143A]HRP-C* exhibited increased activity whilst 
[R3XK]HRP-C* showed greatly reduced activity. Examination 
of these results revealed a number of interesting differences bc- 
tween the enzymes. The mutation of the bulky Phe residue into 
a much smaller Ala in [F143A]HRP-CY increased the activity 
with ABTS. This may be due to improved access for the reduc- 
tan( to the active site or a change in the product dissociation 
rate, as has been observed with some other mutants [2X, 451. 
[R38K]HRP-C* is known to have lowered affinity for H20, ,  a 
slower (ratc-limiting) and partially reversible reaction with the 
oxidant to produce cornpound I, and reduced stability of this 
intermediate [331; the effect on activity with ABTS is a global 
reduction in rate mediated by the forination of compound I. 

The differences observed in the presence of reductant suh- 
stxate along with H,O, as the oxidant provided a justification for 
a detailed examination of the effect of using H,O, as both oxi- 
dant and reductant substrate which, when provided in  cxcess, 
has bcen shown to inactivate HRP-C [2Sl. 

Incubation of the enzymes with different ratios of excess 
H,O, followed by the determination of the residual activity with 
ABTS at the end of the reactions permitted the susceptibility of 
thc cljfferent variants to be measured in an easily comparable 
way. The values of the intercepts at the x-axis (molar ratio of 
H1O,> required for 200% inactivation) are shown in Fig. 1 .  The 
values of r (number of turnovers of H,Oz by the enzyme before 
inactivation) were calculated in accordance with [46] using the 
equation: 

(1) ' A, l t r  [HRP] 

where A, is the residual activity; A, and A, are the activities at 
time t (end of reaction) and zero. rcspectively; r is the number 
of turnovers; [ROOHJ and lHRP1 are the initial concentrations 
of peroxide and enzyme. Taking into account the consumption 
of two moles H,O, in each catalytic cycle (one mole for com- 
pound 1 formation and another for inactivation or catalysis) 1251, 
the values of r obtained and sumniarised in Table 1, were 625 
(HRP-C), 335 (HRP-C*), 385 ([F143A]HRP-C*) and 20 
(LR38KlHRP-C"). Thus HRP-C was most resistant to inactivn- 
tion, HRP-C* and [F143AJHRP-C* mutant were about twice its 
sensitive and [R38K]HRP-C* was very much more sensitive. I t  
i s  not clear why HRP-C* was more sensitive to H,O, than plant 
HRP-C. However a similar increase in sensitivity has previously 
been seen in partially deglycosylated avocado peroxidase [47 1, 
and a protective role for the sugar residues of the wild-type plant 
proteins has been suggested [48J. Deviation from linearity was 
observed for IR38K]HRP-Ch for molar rati 
proximately 30 and above where the level 
was around 30% or less. This was either due to a mechanistic 
change in the proccss of inactivation for this mutant or to the 
presence of an inactive low-spin form of [R38K]HRP-C* 
(termed the I form in [32]) in slow equilibrium with the active 
form. Sanders et al. [321 have suggested that approximately 40% 
of [R38KJHRP-C* may be in the I form at pH 6.5. It is appar- 
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Fig.2. Time dependence and kinetics of the inactivation of HKP-C* 
hy H,Oz. (a) Inactivation of HRP-C* followed against t ime. EnLyiiic 
(0.5 pM) WBS iiicubatcd with H,OI at mM oonccntnitions of (e) 0.5, 
(0) 1.0. (M) 5.0, (n) 10.0, (A) 30.0 and (A) 100; 1O-pl aliquots werc 
assayed for residual activity using ABTS :it the spccified timcs. (h) Plot 
of i., against H,O1 concentration. The apparent rate conslant of inocliva- 
tion, k;:?,!:,. and the dissociation conslant, QL'p, were obtained using Sig- 
inaplot for Windows. 

ent that the R38K mutation renders this variant considerably 
inore sensitive to H,O, than is thc case for [F143AIHRP-C* 
which behaved in essentially the same way as the recombinant 
rnzytnc under the same conditions. 

The xenobiotic peroxidase substrate mCIO,BzOH has been 
previously identified as a potent inactivator of wild-type HRP- 
C (261. Incubation of the recoinbinant and mutants with a range 
of ratios of rnClO,BzOH/enzyme yielded very similar values of 
r (Table I )  to the plant enzyme, ranging from 2,s to 3.1 for 
100% inactivation of' the sample, indicating that this inactivator 
was equally potent with all the enxymcs. This suggests thiit its 
rnode of action is in some way distinct from that of HLOl and 
must relate to the ability of H,02 to function both as an oxidant 
and a rcductant. Bccause of the similarity of all these results, 
thc effects of mClO,BzOH were not investigated further in the 
present work, although a carcful kinetic study has been devel- 
oped for the inactivation of wild-type HRP-C by mC102BzOH 
[491. 

The inactivation of each of thc enxymes by HZO, at a range 
of concentrations was also followcd with time (the results for 
HRP-C' which were reprcsenlative of those obtained for each 
enzynic are shown in Fig. 2 a). Double-~:xponential decays in the 



Table 2. Apparent kinetic constants calculated for the inactivation of pcraxidasc variants by H,O,. k;!;,, rate conslant of inactivation; p. 
dissociation constant of the enzymc substrate coinplcx, ES ; l/A':p", affinity constant 01' enzyrne and HzO,; k:y. r;liL: constant of catalysis; e;f/K,, 
cfficiency of catalysis; k ; : Y : . J P ,  elliciency or inactivation : k, inactivation C o n s r i m  lor the slowcst phase (Eqn. 2). Values of k::;,, ;111d A2 are 
rneans 2 crror. 

s '  niM M '  s '  s-' M ' s '  

HRP-C: 4.6 t 0.2 1.3 * 0.2 77s 2.9 2248 3.5 0.3 2 0.02 
HRP-C* 4.3 + 0.4 3.1 * 1.4 238 1 .s 391 1.2 0.3 2 0.07 
[F14SAJHRP-C* 3.5 2 0.2 5.2 t 1.0 193 I .4 260 0.7 0.3 ? 0.06 
[K38KJHRP-C? 8.9 2 1.0 6.3 2 2.5 160 0.2 29 1.4 0.4 2 0.1 

Scheme I .  A minimal scheme describing the action of a mechanism- 
based inactivator (suicide substrate). For the i-raction iindcr study, thc 
spccies reprcscnted :ire: E, cornpound I ; S. peroxide: ES, cornpoimil -I- 
pcroxide complex: ?(, compound-T- peroxide modified complex (tnunsi- 
tion stale). A', i s  the dissociation constant 0 1  ES: k,,,,,,. thr apparent rate 
cotistant of inactivation : k,,, the appareiit rate constani of catalyhir. 

x Ki E + s +[ES] - 
I 
lkioaet 

etuyniic activity werc seen. Such bchaviour hds been previously 
described using I-IKP-C from various cources (25, SO]. Tlic ob- 
served pseudo-first-order i i i k  constant3 of inactivation arc de- 
scribed by the cquation: 

where A, and A, ,  are (he mciisures or peroxidase activity ut incu- 
bation titnes o f t  and zero; 2, arid i2 are the apparent inactivation 
constants of the systern; and and 11, are the amplitudes of the 
exponential terms. An alternative simplified forrn of Eqn (2) if 
one considers that y1 + y, = 1:  

ln this case, only three parameters (;I?, %, irnd i,) appear. 
I)ouble-exponential fits were made to the data to obtain the 

apparent inactivation constants d ,  and lbz. Plotting the valucs of 
A l  against the H,02 concenlriition produced a hyperbolic curve 
from which it was clear that thc inactivation process exhibited 
saturation kinetics (Fig. 2b). However, the values for A, were 
independent of the H,O, concentration, one order of inagnitiidc 
lower than those h r  A, and very sirnilar for all thc samples tested 
(Table 2). Therefore, wc did not consider further the contribution 
of i, in the cornparativc study. 

The rnininial inodel capable uf dcscribing the observed rcnc- 
tion is givcn i n  Scherrle 1 ,  ii modd describing the action of a 
suicidc substrate (rnechanisiii-bnscd inhibitor) 1s 1 -53 1. The 
general scheme was applied to the present reaction i n  the 
iollowing way. The reaction of fcrric HRP with peroxidc t o  form 
compound I was not taken into account in the model because 
this reaction occurs at a very rnuch faster ratc than the overall 
processes of inactivation or catalytic turnover; E in Scheme I is 
therefore compound I, and ES the complex between compoLmd 

I and a second molecule of peroxide, [compound 1 . H,,O,j. X 
rcpresenls B tnodificd complex or transition statc, [compound I 
. H,02]'F, required by the kinetic model from which the enzyme 
can follow either an iniictivatory pathway, or the protective cat'i- 
lytic turnover of substrate to generate products and active en- 
zyme. The rciiction proceeds in the transition phase until a11 tlic 
enzyme is inuctivated. The inoilel is in fact a simplification oC 
thc full kinetic approach developed previously by us 1251, but i t  
offers a rcasonable approximation suitable for cornparativc 
purposcs as required here. Double-reciprocal plots of the riitc of 
inhibition against inhibitor c o n c e n t d o n  have often h e m  used 
to examine the forination of complexes between enzymes and 
inhibitors 150, 54, 551. Wt: uscd non-lincar least-squares fits to 
thc data (Fig. 2 b) to determine the relationship between thc dif- 
ferent enzymes and €I& We havc obtained for each variant the 
apparent values of the rate constant of inactivation (&'fCt) and 
the dissocialion constant (K;pp) of the enzyrndinhibitor complex, 
and i n  conjunction with the turnnvei- numbers ( r )  above, the vnl- 
UGS ol' lhc catalytic constant (&) using the relationship: 

(4) 

The rcsults obtiiincd are given in Table 2 and summarised bclow. 
, with H,O, was very sirnilar for HRP-C', 

HRP-C':' and (F143AIHRP-C* but the compound I of HRP-C 
had the highcst affinity for HZO, (I/K; 'pp),  rate constunt for catal- 
ysis (k:!::')- efhcicncy of cakrlysis ( k ~ ! ~ / ' / ~ ~ ' ~ ' )  and also efl'icicncy 
of inactivution (k;'!,:!:I/K;p''). HRP-C* was inactivated at about the 
s~iine rate as HRP-C and all the other paranietcrs described 
above were lower by a factor o i  2-3 except for &:l/Fr'l' which 
was reduce.d ubout sixfr,ld. [Fl43AIHRP-C* had a lower k':rtl/ 
K;""' i n  ccrnjunction with ii lowcr affinity of its compound 1 for 
per-oxidc, but :I k:!:;' compnrable to that of HRP-C*. Thc k""" l l l i l V t  

and of [R38K]liRP-C* were 2-fold and S-Cold higher, re- 
spectively, than those of HRP-C, the k;'!:;' and k:t:I'/K;"'l' 1 S-fold 
and 75-fold lower, I-espcctively, the el'ficicncy of inactivation 
however was half that of HRP-C'. 

Coinp:iring the two mutants, [f;143AIHRP-Ck and 
[R38K]HRP-C"', which have comparable values of affinity for 
H202,  it is seen that thc coupling o f  u high k::,!:$ with low k::: 
has exposed [R38K]HRP-C!k to inactivation, whcreas 
[FI 43AJliKP-C* is protected from inactivation by virtue of its 
highcr catalytic ccmtitnt (e::) which allows the enzyrne to l u m -  
over HzO, rather than progress clown thc inactivatory pathway. 
In the ciisc of HRP-C the high affinity of compoimd 1 for perox- 
ide with similarly high values of k;!;? and k;!p/P(:''l' havc given it 
the greatest efficicncy of inactivation. Thc rate of inactivation is 
coiriparablc to that obtained for HRP-C* or [F143A IHRP-C*, 
but the greiilcst number of turnovers (highest r) of substriitc are 
made by the euzymc before it is inactivated. 
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It is concluded that structural and mechanistic perturbations 
induced by the mutation in [R38K]HRP-C* have a dramatic ef- 
fect on the partitioning of the [compound I . H,O,]* complex 
(Scheme 1) between inactivation and catalysis. Catalytic activity 
was reduced and the enzyme made more sensitive to inactivation 
by H,O,. However, residue changes which improve these param- 
eters, i.e. increase activity or reduce sensitivity, could become 
evident with further work. 

The accessibility to substrate of the reductant binding site in 
the haem pocket or its affinity for the product is important for 
enzyme activity as was observed with [F143A]HRP-C*. Sub- 
strate specificity can be altered by changes affecting reductant 
binding [28] and it may be possible to adjust further the specific- 
ity and level of activity of HRP by judicious changes in this 
region. 

The glycosylation of wild-type HRP-C appears to be signifi- 
cant in protecting the enzyme from inactivation but does not 
affect the activity of HRP-C*. The physiological significance to 
the susceptibility of HRP-C to inactivation by H,O, will remain 
unclear until more is known about the physical changes which 
are induced by the process. However, the native enzyme is the 
most active in the normal peroxidase cycle, suggesting that the 
active site of the enzyme had evolved not only for improving 
catalytic efficiency but also for impeding inactivation by the 
highly reactive H,O, substrate. 
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