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The cysteines of catalase HPII of Escherichia coli, 
including Cys438 which is blocked, do not have a catalytic role 
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Site-directed mutagenesis of the katE gene of Escherichia coli was used to change, individually and 
in combination, Cys438 and Cys669 to serine in catalase HPII. The Cys438-Ser mutation caused a 30% 
reduction in the specific activity of the enzyme, whereas the Cys669+Ser mutation did not affect enzyme 
activity. The titration of free sulfhydryl groups in HPII revealed that Cys669 was reactive whereas Cys438 
was unreactive. Properties of the modification on Cys438 included alkali lability, insensitivity to methyl- 
amine, hydroxylamine or reducing agents, and a mass determined by mass spectrometry to be approxi- 
mately 43 ? 2 Da. A hemithioacetal structure is consistent with these properties. Although free sulfhydryl 
groups do not play a significant role in the stability or catalytic mechanism of HPII, the sulfhydryl agent 
2-mercaptoethanol caused a 50% inactivation of HPII along with an irreversible change in the absorption 
spectrum of the protein. Other sulfhydryl agents, including dithiothreitol, cysteine and glutathione, and 
the organic peroxide, t-butylhydroperoxide, which cannot directly access the active site, do not affect 
HPII activity, but they do cause a small reversible change in the absorption spectrum, possibly by a 
mechanism involving superoxide. 
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Catalase is responsible for the conversion of toxic H,O, into 
H,O and 0,. Despite rather large subunits, catalases generally 
have only a small number of cysteine residues. For example, 
plant catalases have 6-8 Cys/60-kDa subunit; bovine catalase 
has 4 Cys/60-kDa subunit; and the largest catalase, Escherichia 
coli HPII, with a subunit of 84 kDa, has just two cysteines. 
There is some conservation of cysteines in catalases from plant 
and mammalian sources, but only one cysteine, corresponding 
to Cys438 in HPII, was found to be conserved throughout the 
catalases from all species (von Ossowski et al., 1993). Despite 
the obvious sensitivity of sulfhydryl groups to oxidation and re- 
duction, none of the cysteines are found in the active site of the 
bovine enzyme nor are any implicated in the catalytic mecha- 
nism (Fita and Rossmann, 1985). However, the single conserved 
cysteine, Cys438 of HPII, is situated on the surface of the sub- 
unit close to the entrance of the channel used by the substrate 
H,O, to access the deeply buried heme group (Murthy et al., 
1981 : Bravo et al., 1993) and potentially might affect access to 
the active site. This study directly addresses the question of the 
role of the two cysteines of catalase HPII by changing them 
individually and in combination to serine by site-directed muta- 
genesis. 

Despite the small number of cysteines, catalases are gen- 
erally sensitive to sulfhydryl reagents. For example the porcine 
catalase suffers almost complete and irreversible inactivation 
when treated with 2-mercaptoethanol, and is partially and re- 
versibly inhibited by dithiothreitol and glutathione (Takeda et 
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al., 1980). An active oxygen species was proposed to explain 
the dithiothreitoYglutathione inhibition but no explanation was 
proposed for the effect of mercaptoethanol. We have employed 
the cysteine-replacement mutants of HPII to investigate the 
mechanism of sulfhydryl inhibition of catalases. 

MATERIALS AND METHODS 
Materials. Standard chemicals and biochemicals were ob- 

tained from Sigma Chemical Co. Restriction endonucleases, po- 
lynucleotide kinase, DNA ligase and the Klenow fragment of 
DNA polymerase were obtained from either GIBCO-BRL or 
Pharmacia. 

Strains and plasmids. E. coli strain NM522 supE thi A(1ac- 
proAB) hsd-5 [F’proAB lacP luqZdl51 (Mead et al., 1985) was 
used as host for the plasmids and for generation of single- 
stranded phage DNA using helper phage R408. E. coli strain 
UM255 pro leu rpsL hsdM hsdR end1 lacy katG.2 katE12 : :TnlO- 
recA (Mulvey et al., 1988) was used for expression of the mutant 
kutE genes and isolation of the mutant HPII proteins. E. coli 
strain CJ236 dut-1 ung-1 rhi-1 relAl [pCJIOS (camR) F’] was 
used for the production of uracil-containing single-stranded 
DNA for site-directed mutagenesis (Kunkel, 1985). The plasmid 
pAMkatE72 (von Ossowski et al., 1991) was used as the source 
of the katE gene. Phagemids pKS+ and pKS- from Strategene 
Cloning Systems were used for mutagenesis, sequencing and 
cloning. Sequence confirmation was by the Sanger method 
(Sanger et al., 1977) on single-stranded DNA from the same 
phagemids. The mutagenized fragments were then reincorpo- 
rated into pAMkatE72 to generate the mutagenized katE genes 
and transformed into UM255 for expression. 

Enzyme purification. Culhres of UM255 transformed with 
plasmids carrying one of the mutant katE genes were grown 
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Table 1. Kinetic and physical properties of various HPII mutant enzymes. The kinetic parameters of various purified enzymes were determined 
as described in Materials and Methods. For HPII-MSH, the enzyme was treated with 5 mM 2-mercaptoethanol for 3 h at 37OC. 

Enzyme mutant Specific activity Apparent KM kcat A4o7izm A m m o 7  

U/mg protein mM H,O, S-1x10-7 
HPII 11 740 
[C438S]HPII 7350 
[C669S]HF’II 10840 
[C438S, C669SlHPII 8 050 
HPII-MSH 5 892 

86.5 2 1.5 5.0 2 0.1 0.988 0.127 
68.5 t 9.5 2.9 t 0.6 1.015 0.111 
90.0 +- 7.0 3.9 ? 0.5 0.951 0.129 
86.5 t 12.5 3.1 t 0.3 1.020 0.112 

133.5 t 3.5 3.0 t 0.1 0.850 0.144 

in Luria-Bertani medium containing 10 gA tryptone, 5 gfl yeast 
extract and 5 g/l NaCl supplemented with 100 pg/ml ampicillin 
for 16 h at 37°C with shaking. Cells were harvested and HPII 
isolated (Loewen and Switala, 1986) sometimes using the 
following two modifications. The resuspended ammonium sul- 
fate pellet was extracted three times with ethanoUCHC1, (5  : 3 by 
vol.; Nadler et al., 1986) before adding to DEAE-cellulose 
DE52 (Whatman) which was used in place of DEAE-Sephadex 

Catalase activity was determined (Rorth and Jensen, 1967) 
in a Gilson oxygraph equipped with a Clark electrode. 1 U cata- 
lase is defined as the amount that decomposes 1 pmol H,O,/min 
in a 60 mM H,O, solution at pH 7.0 at 37°C. Protein was esti- 
mated according to the methods outlined by Layne (1957). The 
subunit size and purity were estimated by electrophoresis on 8 % 
SDS/polyacrylamide gels (Weber et al., 1972). 

Oligonucleotide-directed mutagenesis. Oligonucleotides 
were synthesized on a PCR-Mate DNA synthesizer from Ap- 
plied Biosystems. For the Cys438-Ser mutation, the sequence 
TGC at 2132 (von Ossowski et al., 1991) was changed to TCC 
using 5’-CGTCCGACCTCCCCTTACCAT. A 0.6-kb fragment 
containing the TGC codon corresponding to nucleotides 1856- 
2452 of the katE sequence, generated by Hind111 and EcoRI 
cleavage of pAMkatE72, was cloned into pKS- for mutageniza- 
tion (Kunkel, 1985). For the Cys669+Ser mutation, the se- 
quence TGC at 2825 (von Ossowski et al., 1991) was changed 
to TCC using 5’-ATTGTCCCTTCCGGCAATATC. A 1.6-kb 
fragment containing the TGC codon corresponding to nucleo- 
tides 1856-3462 of the katE sequence, generated by EcoRI and 
CZaI cleavage of pAMkatE72, was cloned into pKS’ for muta- 
genization according to the method of Kunkel (1985). [C438S, 
C669SlHPII was produced by transferring the 2.6-kb BamHI- 
generated fragment from a pAMkatE72 variant containing the 
Cys438+Ser mutation into the 3.9-kb BamHI-generated frag- 
ment from a pAMkatE72 variant containing the Cys669-Ser 
mutation. 

Spectral determinations. Absorption spectra were obtained 
using a Milton Roy MR3000 spectrophotometer. Samples were 
dissolved in 50 mM potassium phosphate, pH 7.0, unless other- 
wise stated. CD spectroscopy was carried out using a Jasco 
500A spectropolarimeter equipped with a water-jacketed cell of 
0.5-cm pathlength and calibrated with (+)-1-camphorsulfonic 
acid (Hennessey and Johnson, 1982). Secondary structure was 
analyzed using the convex constraint algorithm (Perczel et al., 
1992). Samples were scanned in 0.25-nm sections from 201 nm 
to 260 nm. Four pure components corresponding to a helix, /3 
sheet, p turn and unordered structures were assigned and com- 
pared to a reference data set of 25 proteins. The heme chromo- 
gen was extracted in acetone containing 0.08 % (by vol.) concen- 
trated HCI, and, after removal of the precipitated protein by cen- 
trifugation, the spectrum was determined directly. 

Determinations of sulfhydryl groups. The amount of free 
sulfhydryl group in the proteins was determined spectrophoto- 

A-25. 

metrically at 41 2 nm using 5,5’-dithiobis-(2-nitrobenzoic acid) 
(Nbs,) (Ellman, 1959). The blocked Cys438 was made Nbs, sen- 
sitive by treatment with 0.25 M NaOH at 20°C for 3 h (Wardell, 
1974). Reactions of HPII with hydroxylamine (Lipmann and 
Tuttle, 1945) and methylamine (Motoshima et al., 1988) were 
also attempted. 

Matrix-assisted laser desorptiodionization mass spec- 
trometry (MALDI MS). 200 pg protein in 0.4 ml 0.1 M HC1 
was mixed with 2 pl 5 M CNBr in acetonitrile and incubated 
overnight at 20°C. The resulting mixture was dried and resus- 
pended in 2 ml saturated a-cyano-4-hydroxycinnamic acid in 
acetonitrile/O.l % trifluoroacetic acid (1 : 2 by vol.). 2 p1 was ap- 
plied to the sample probe and air dried for MALDI MS by using 
the Manitoba reflecting time-of-flight mass spectrometer (Ens et 
al., 1993). The instrument was operated in positive-ion linear 
mode. Desorptiodionization was achieved by a pulsed ultravio- 
let laser beam (N, laser, A = 337 nm). The acceleration voltage 
was 30 kV and the laser power density was approximately lo6 
W/cm2. For better target uniformity the crushed-matrix method 
in which the matrix was crushed with a glass slide was em- 
ployed (Xiang and Beavis, 1994). The mass spectrum of each 
sample was the average of more than 100 shots. For mass cali- 
bration, ubiquitin (8565 Da), cytochrome c (12360 Da) or myo- 
globin (16951 Da) were used. 

RESULTS 

Properties of the cysteine-replacement mutant enzyme. The 
preliminary crystal structure of the HPII subunit (Bravo et al., 
1993) has revealed that the two cysteines, Cys438 and Cys669, 
are on the surface of the subunit with the conserved Cys438 
being located in proximity to the entrance of the cavity leading 
to the heme. To investigate the role of the cysteines in the cata- 
lytic mechanism, both residues were changed to serine, individu- 
ally and in combination, by site-directed mutagenesis of the katE 
gene. Some of the kinetic constants for the purified enzymes are 
contained in Table 1. They reveal that the Cys669+Ser mutation 
had very little effect on the enzyme’s specific activity or appar- 
ent K, for H,O, while the Cys438+Ser mutation caused a re- 
duction in specific activity by about 30% and a small reduction 
in apparent KM. All three mutant enzymes exhibited slightly re- 
duced k,,, values compared with the wild type, with the Cys438 
-Ser mutation having the greatest effect. CD spectra revealed 
no significant structural differences among the enzymes (data 
not shown). 

The sulfhydryl group of Cys438 is modified. The free sulfhy- 
dry1 content of HPII was quantified, initially without denatur- 
ation, with the object of confirming that the cysteines were ex- 
posed on the surface of the protein. 

Only one free SH was found, regardless of whether the reac- 
tion was carried out under native or denaturing conditions (Table 
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Table 2. Quantification of free sulfhydryl groups in HPII mutant 
enzymes. Free sulfhydryl groups were quantified in purified enzyme 
using Nbs, as described in Materials and Methods. 

Enzyme/mutant SWsubunit 

HPII 

HPII + NaOH 
[C438S]HPII 
[C438S]HPII + NaOH 
[C669S] HPII 
[C669S]HPII (boiled) 
[C669S]HPII + NaOH 
[C438S, C669SlHPII 
[C438S, C669SlHPII + 

HPII ( -0J 

NaOH 

1.11 ? 0.10 
0.96 ? 0.07 
1.77 2 0.10 
1.27 2 0.01 
0.84 ? 0.07 
<0.01 
<0.01 
1.01 2 0.11 
co.01 
0.10 ? 0.01 

Table 3. Observed mass of the CNBr peptides containing Cys438 
determined by MALDI MS. For calculated mass, it was assumed that 
cysteine was unmodified. 

Enzyme/mutant Calculated Observed Mass 
mass mass difference 

Da 

HPII 8524 8567 2 2 +43 
[C438S]HPII 8508 8505 ? 1 - 3  
[C669S]HPII 8524 8566 ? 2 + 42 
[C438S, C669SlHPII 8508 8505 -1- 1 - 3  

2). Similar quantification of sulfhydryl content in the Cys+Ser 
mutants confirmed that only one of the cysteines, Cys669 in 
[C438S]HPII, was reactive while Cys438 in [C669S]HPII was 
not reactive. With only 2 Cyslsubunit of which one was in the 
reduced form, an intrasubunit disulfide bond to block the second 
was not possible. Among other possibilities for blocking groups, 
we eliminated the possibility of an intersubunit disulfide bond 
when we found no difference in subunit mobility on denaturing 
SDSlpolyacrylamide gels with or without 2-mercaptoethanol in 
the sample buffer (data not shown). Furthermore, treatment with 
2-mercaptoethanol or sodium borohydride did not generate a 
free sulfhydryl group, confirming that a simple disulfide bond 
was not involved in the modification. The modification was pre- 
sent in a number of different preparations of HPII regardless of 
whether or not ethanol :chloroform treatment was used in the 
purification. 

To further characterize this modification, we subjected a 
mixture of CNBr-generated peptides from the wild-type and mu- 
tant enzymes to MALDI MS. The CNBr-generated peptide con- 
taining Cys438 should have a molecular mass of 8524 Da if the 
cysteine is unmodified or 8508 Da in the case of [C438S]HPII. 
There were 12 other peptides in the mixture but they differed 
significantly in size from the fragment of interest with the clos- 
est fragments having masses of 12070 Da and 4835 Da. As sum- 
marized in Table 3, the fragment from the wild-type enzyme and 
from [C669S]HPII had molecular masses of 8567 +- 2 Da, larger 
by 43 Da than the expected size. The same fragment from 
[C438S]HPII had a mass of 8505 Da in excellent agreement with 
the expected mass. 

Four possible modifications with an approximate mass of 
43 Da include acetylation to form a thiol ester (-S-COCH,, 
Amass = 42 Da), carbamoylation (-S-CONH,, Amass = 43 Da) 
hemithioacetal formation with acetaldehyde [-S-CH(OH)CH,, 
Amass = 44 Da] and oxidation to cysteic acid (-SO,H, Amass = 

Time (h) 

Fig. 1. Effect of various sulfhydryl agents on the activity of catalase 
HPII. HPII was treated in 50 mM potassium phosphate, pH 7.0, at 37°C 
as follows. (W) Control; (A) 5 mM 2-mercaptoethanol; (A) 5 mM di- 
thiothreitol; (0) 5 mM glutathione. Results are expressed as percentages 
of the original catalase activity remaining. 

1 2 3 

Time (h) 

Fig. 2. Effect of varying concentrations of 2-mercaptoethanol on the 
activity of catalase HPII. HPII was treated with the following concen- 
trations of 2-mercaptoethanol in 50 mM potassium phosphate, pH 7.0, at 
37°C. (H) 0 mM (control); (0) 0.5 mM; (0) 1 mM; (0) 2.5 mM; (A) 
5 mM; (A) 10 mM. Results are expressed as percentages of original 
catalase activity remaining. 

48 Da). To differentiate among these possibilities, we first 
treated HPII with 0.25 M NaOH which caused the generation of 
a reactive sulfhydryl group at Cys438 (Table 2) within 20 min. 
This eliminated the possibility of a cysteic acid which would not 
be alkali labile. Attempts to react either native or denatured HPII 
with methylamine or hydroxylamine were unsuccessful in that 
no free sulfhydryl group was generated and no hydroxamate was 
formed. These tests eliminated both the thiol ester and carbam- 
oyl derivatives which would be expected to react with both rea- 
gents. This process of elimination leaves us with the hemithio- 
acetal structure, but clearly more work will be required to con- 
firm such an assignment. 

Effect of sulfhydryl reagents on HPII activity. As the presence 
or absence of Cys669 did not affect HPII activity and because 
Cys438 is blocked, we can conclude that sulfhydryl groups play 
no role in the catalytic mechanism of HPII. We went on to inves- 
tigate whether HPII, like mammalian catalases, was sensitive to 
sulfhydryl reagents. Treatment of HPII with 5 mM 2-mercapto- 
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Wavelength (nm) 
Fig. 3. Absorption spectra of wild-type HPII (A) and [C438S]HPII 
(B) after incubation for 3 h at 37°C without (-) and with (...*.) 
5 mM 2-mercaptoethanol. 

ethanol caused a rapid inactivation of the enzyme to 50% of its 
original activity (Fig. 1). The final level of activity was indepen- 
dent of 2-mercaptoethanol concentration between 2.5 mM and 
10 mM (Fig. 2) with only the rate of inactivation being slower 
at the lower concentrations. Treatment of all of the Cys-Ser 
mutants with 2-mercaptoethanol resulted in the same extent of 
inactivation, suggesting that cysteines were not involved in the 
reaction causing the decrease in activity. In addition to the spe- 
cific activity of the enzyme being decreased, the apparent KM of 
the enzyme for H,O, increased by 55% suggesting a decrease 
in the affinity of the enzyme for the substrate (Table 1). 

The inactivation of HPII was accompanied by changes in the 
absorption spectrum of the enzyme including decreases in both 
the Soret peak at 407 nm and the peak at 590 nm, and a signifi- 
cant increase in a peak at 635 nm (Fig. 3). The same changes 
were elicited in all of the cysteine mutants confirming that the 
reaction was not cysteine dependent. Dialysis of the enzyme to 
remove the reducing agent did not reverse either the spectral 
changes or the inactivation, indicating that the changes caused 
by 2-mercaptoethanol were irreversible. Significant changes in 
the CD spectrum of HPII were elicited by 2-mercaptoethanol 
consistent with there being changes in the heme environment 
(Fig. 4). These changes were different from those noted in the 
porcine enzyme in that they occurred above 430 nm rather than 
in the Soret region around 405 nm. The spectra of heme prepara- 
tions isolated from HPII with or without treatment with 2-mer- 
captoethanol were the same, indicating that whatever reaction 
was taking place, it did not involve an irreversible modification 
of the heme. 

Other sulfhydryl agents, including glutathione and dithio- 
threitol, have also been observed to cause an inactivation of bo- 
vine catalase (Takeda et al., 1980). However, because the inacti- 
vation was reversible and the absorption and CD spectral 
changes were different from those caused by 2-mercaptoethanol, 
it was concluded that the mechanism of inactivation was dif- 
ferent. Treatment of HPII with glutathione and dithiothreitol had 
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Fig. 4. CD spectra of HPII untreated (-) and following treatment 
for 3 h at 37°C with 5 mM 2-mercaptoethanol (----). 
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Fig.5. Absorption spectra of HPII following treatment with (A) 
5 mM dithiothreitol, (B) 5 mM glutathione and (C) superoxide ion 
generated in situ from 0.25 U/ml xanthine oxidase and 100 pM xan- 
thine. The spectra were taken at the following times; (-), Onlin or 
before treatment; (. . . . .), 15 min; and (- - - -), 3 h after addition of the 
reagents. 

no effect on enzyme activity (Fig. 1) but did cause a small reduc- 
tion in both the Soret peak at 407 nm and the peak at 590 nm. 
These spectral changes were reversed during 3 h additional incu- 
bation (Fig. 5A and B). There were no observable changes in 
the CD spectra following incubation for either 15 min or 2 h 
(data not shown). The effect of cysteine as a sulfhydryl agent 
was also investigated and found to be the same as for dithiothrei- 
to1 and glutathione. 
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It was hypothesized that an active oxygen species was re- 
sponsible for the reversible inhibition of bovine catalase by glu- 
tathione and dithiothreitol although the actual species was not 
identified (Takeda et al., 1980). One possible reactive species 
that is generated from the reaction of reducing agents with dis- 
solved oxygen is the superoxide anion which has been shown to 
inhibit bovine catalase (Mono and Fridovich, 1982; Shimizu et 
al., 1984) by converting it to inactive compounds I and 111. We 
investigated the effect of enzymically generated superoxide ion 
on HPII and found no change in enzyme activity (data not 
shown). A decrease in the 590-nm peak and an increase in the 
635-nm peak was evident within 15 min of adding xanthine oxi- 
dase, but the changes were reversed during a subsequent 3-h 
incubation (Fig. 5 C). 

Effect of t-butyl hydroperoxide on HPII. The organic peroxide 
t-butyl hydroperoxide is a substrate for bovine catalase, but in 
the absence of hydrogen donors causes an apparent destruction 
of the enzyme. A complex-11-like intermediate is formed in the 
reaction of t-butyl hydroperoxide with bovine catalase for which 
the spectrum is very similar to the spectrum induced by the reac- 
tion of catalase with dithiothreitol or glutathione (Pichorner et 
al., 1993). Incubation of HPII with t-butyl hydroperoxide had 
no effect on enzyme activity (data not shown), but did cause 
some minor and reversible spectral changes similar to those 
caused by dithiothreitol and glutathione. These results axe con- 
sistent with the bulky organohydroperoxide not being able to 
access the active site, and with the minor spectral changes being 
caused by superoxide. 

DISCUSSION 

Of the two cysteines in HPII, Cys438 is conserved in 16 of 
20 known catalase sequences which has lead to conjecture about 
its catalytic and structural roles. The fact that Cys438 is modi- 
fied demonstrates that the free cysteine does not have a role in 
the catalytic mechanism. Furthermore, even the modified cyste- 
ine is largely dispensable because its replacement with serine by 
site-directed mutagenesis caused only a small reduction in spe- 
cific activity. The possibility remains that a reduced cysteine at 
that location is detrimental to the enzyme, although this seems 
unlikely because the bovine enzyme contains an unmodified cys- 
teine at an equivalent location. 

Two classes of cysteine modifications other than the com- 
mon disulfide linkage have been reported. One involves oxida- 
tion to a cysteine-sulfenic acid and cysteic acid such as in Strep- 
tococcal NADH peroxidase where it is proposed to arise during 
the catalytic process (Poole and Claiborne, 1989). The second 
involves thiol ester linkages in glyceraldehyde dehydrogenase, 
in a,-macroglobulin (Motoshima et al., 1988), and between 
ubiquitin and ubiquitin-conjugating enzyme (Sullivan and Vier- 
stra, 1993). Therefore, the hemithioacetal structure proposed for 
the group blocking the sulfhydryl of Cys438 is a novel modifica- 
tion and further work is required to confirm the structure. A 
thiamine-pyrophosphate-mediated two-carbon acetaldehyde 
transfer from pyruvate to the sulfhydryl group of HPII is a pos- 
sible source of the modification. 

More puzzling is the reason for the modification. Unlike the 
postulated catalytic role of oxidized cysteine in NADH peroxi- 
dase, there does not seem to be a mechanistic role for the 
blocked cysteine in HPII. The residue is on the surface of the 
enzyme close to the entrance to the channel leading to the deeply 
buried heme and associated active site. However, the H,O, 
should be able to enter the channel without contacting the cyste- 
ine, and the distance precludes any influence of the putative 

hemithioacetal on the active site itself. The modified cysteine 
enhances the activity of the enzyme by 30% but its removal as 
in [C438S]HPII resulted in no other observable structural or 
spectral changes in the enzyme. What is the role of this modifi- 
cation? One hypothesis that will be investigated is that it is a 
means of marking stationary-phase proteins to protect them 
against proteolytic degradation. 

The reaction of HPII with 2-mercaptoethanol poses another 
puzzle. The sulfhydryl agent causes a partial inactivation of the 
enzyme but via a mechanism that does not involve the cysteines. 
Essentially the same pattern and extent of inactivation is ob- 
served in both HPII and [C438S, C669SlHPII. Furthermore, it is 
a reaction unique to 2-mercaptoethanol, with the larger reducing 
agents, cysteine, glutathione and dithiothreitol, not affecting ac- 
tivity and causing only a transient change in the absorption 
spectrum via a superoxide-mediated reaction. Ethanol is a sub- 
strate for catalases and can therefore traverse the channel to the 
active site making it a reasonable assumption that 2-mercapto- 
ethanol can do the same. However, because ethanol does not 
affect HPII activity, we can conclude that the sulfhydryl part of 
2-mercaptoethanol is required for the reaction, and while an ad- 
duct with the iron or some other part of the heme seems most 
likely, an irreversible reaction with some other component of the 
active site cannot be eliminated. 

HPII is an extremely stable enzyme retaining activity at ele- 
vated temperatures and in the presence of urea and SDS. The 
data described here provide two further examples of the robust- 
ness of HPII compared to mammalian catalases. First, HPII is 
less sensitive to irreversible inactivation by 2-mercaptoethanol 
than is bovine catalase, and second, HPII is not inhibited by 
superoxide ions generated enzymically or chemically. 
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