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ABSTRACT: Catalase (hydroperoxidase) HPII ofEscherichia coliis the largest catalase so far characterized,
existing as a homotetramer of 84 kDa subunits. Each subunit has a core structure that closely resembles
small subunit catalases, supplemented with an extended N-terminal sequence and compact flavodoxin-
like C-terminal domain. Treatment of HPII with trypsin, chymotrypsin, or proteinase K, under conditions
of limited digestion, resulted in cleavage of 72-74 residues from the N-terminus of each subunit that
created a homotetramer of 76 kDa subunits with 80% of wild-type activity. Longer treatment with proteinase
K removed the C-terminal domain, producing a transient 59 kDa subunit which was subsequently cleaved
into two fragments, 26 and 32 kDa. The tetrameric structure was retained despite this fragmentation, with
four intermediates being observed between the 336 kDa native form and the 236 kDa fully truncated
form corresponding to tetramers with a decreasing complement of C-termini (4, 3, 2, and 1). The truncated
tetramers retained 80% of wild-type activity. TheTm for loss of activity during heating was decreased
from 85 to 77°C by removal of the N-terminal sequence and to 59°C by removal of the C-terminal
domain, revealing the importance of the C-terminal domain in enzyme stability. The sites of cleavage
were determined by N- and C-terminal sequencing, and two were located on the surface of the tetramer
with a third being exposed by removal of the C-terminal domain.

Catalase is a key oxidative defense enzyme that is common
in aerobic organisms. Its role is to degrade hydrogen peroxide
to oxygen and water (H2O2 f H2O + O2) before it or its
degradation products can cause cellular damage. The im-
portance of the enzyme is evident in the evolution of three
distinctly different enzymes with the same catalytic activ-
ity: the monofunctional catalases, the bifunctional catalase-
peroxidases and the non-heme manganese-containing cata-
lases (1). The most widespread type is the monofunctional
catalase, examples of which are found in most aerobic
organisms. They are typically homotetrameric with one heme
per monomer, the small monomers (55-65 kDa) containing
hemeb and the large monomers (80-84 kDa) containing
heme d. Phylogenetic analyses have grouped the small
subunit catalases into one of two main groups, clade 1 or 3,
and the large subunit enzymes exclusively into clade 2 (2).

The large and small subunit catalases share several highly
conserved structural domains, which are supplemented in the
large subunit enzyme with an additional 50 residues at the
N-terminus and a 150-residue flavodoxin-like domain at the
C-terminus. The role of these added domains remains an open

question, but HPII1 exhibits enhanced resistance to thermal
denaturation (3), which has been attributed in part to the
N-terminal extension, which forms part of the 80 residues
that is overlapped by an adjacent subunit in the formation
of the characteristic interweaving of subunits exhibited by
all catalases. For comparison, just 30 residues of BLC and
5 residues of CatF are overlapped, and these enzymes are
inactivated at temperatures almost 30°C lower.

The catalase-peroxidases are found in bacteria, archae-
bacteria, and fungi and are typically homodimers or homo-
tetramers containing about 0.5 hemeb per monomer (1).
Their sequence reveals similarity to the plant peroxidases,
and this was confirmed by the conversion from a predomi-
nant catalase activity into a predominant peroxidase activity
by changing a single tryptophan to a phenylalanine (4, 5).
The non-heme or manganese-containing catalases are less
common and have been characterized from only a small
number of organisms.

Most bacteria encode multiple catalases, andEscherichia
coli is typical in producing two, a bifunctional catalase-
peroxidase HPI (hydroperoxidase I), expressed during ex-
ponential growth phase as part of theoxyRregulon (6), and
the large subunit, monofunctional catalase HPII, expressed
in stationary phase as part of therpoSregulon (7). HPII has
served as a model for catalases in biochemical and structure-
function studies investigating the role of active site residues
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and the catalytic mechanism (1). The enhanced thermal
stability of HPII has been described (3), but its sensitivity
to other disruptive influences has not been described. This
paper describes the enhanced resistance to proteolysis
exhibited by HPII in comparison to other catalases.

MATERIALS AND METHODS

Materials.BLC, trypsin, chymotrypsin, proteinase K, and
common biochemicals were obtained from Sigma Chemical
Co. Catalase HPII and catalase-peroxidase HPI were puri-
fied from transformed strains as previously described (8, 9).

Enzyme and Protein Determinations.Catalase activity was
determined by the method of Rørth and Jensen (10) in a
Gilson oxygraph equipped with a Clark electrode. One unit
of catalase is defined as the amount that decomposes 1µmol
of H2O2 in 1 min in a 60 mM H2O2 solution at pH 7.0 at 37
°C. Protein was estimated according to the methods outlined
by Layne (11). Absorption spectra were obtained using
Pharmacia Biotech Ultrospec 4000 spectrophotometer. Samples
were dissolved in 50 mM potassium phosphate, pH 7.0.
Thermal denaturation studies were done using a Neslab
Instruments Model RTE 111 programmable water bath. The
temperature was increased at 0.6°C/min from 50 to 90°C
(3). N-Terminal sequencing was performed by the Protein
Microsequencing Laboratory at the University of Victoria.
C-Terminal sequencing was performed by Dr. J. Keen of
the School of Biochemistry and Molecular Biology, Uni-
versity of Leeds.

Gel Electrophoresis.Visualization of catalase activity on
an 8.5% polyacrylamide gel was done according to Gregory
and Fridovich (12) with modifications as described previ-
ously (13). The method of Hedrick and Smith (14) was used
to determine the nondenatured molecular weights of the
truncated variants of HPII on different acrylamide gel
concentrations of 7%, 8%, and 9%. The gels were stained
for protein with Coomassie brilliant blue dye. SDS-
polyacrylamide gel electrophoresis was performed on 8%
gels according to the method of Laemmli (15).

Conditions of Proteolysis.Limited digestions of HPII,
BLC, and HPI were performed at 37°C in 50 mM potassium
phosphate, pH 7.0, for various times with trypsin, chymo-
trypsin, and proteinase K. The ratio of catalase to protease
(w/w) is described for each experiment. Proteolysis was
stopped by the addition of phenylmethanesulfonyl fluoride
(1 mM).

Electrospray Ionization Time-of-Flight Mass Spectrometry
(ESI TOF MS). All spectra were acquired on a non-
commercial orthogonal time-of-flight mass spectrometer
constructed at the University of Manitoba (16, 17). Before
mass spectrometric analysis, pure catalase protein was
dialyzed into 100 mM ammonium acetate (Aldrich 99.999%)
by ultrafiltration in a Centricon 50 (Amicon). To determine
the mass of the subunit, an aliquot of protein was denatured
by diluting to about 10µM in 2% acetic acid and 50%
methanol and analyzed by electrospray ionization with a
declustering voltage of 150 V and nitrogen as the curtain
gas. To examine the intact complex, a further aliquot of the
protein was diluted to 5µM subunit in 100 mM ammonium
acetate. After proteolysis, samples were again dialyzed into
100 mM ammonium acetate, using a Centricon 50 to remove
the protease and the phosphate buffer. These samples were

diluted in the same manner as the intact protein. For each
sample, a new New Objective PicoTip was cut to the required
length, rinsed with a small amount of sample, and then loaded
with 3 µL of sample. Spectra were acquired with SF6 as the
curtain gas, and the declustering voltage was varied from
100 to 400 V in order to assess the stability of the complexes.

RESULTS

SensitiVity of Catalases to Proteinase K, Trypsin, and
Chymotrypsin.The three catalases, HPII, BLC, and HPI,
exhibited varying sensitivities to digestion with proteinase
K, chymotrypsin, and trypsin (Figure 1) at ratios (w/w) of
protease to catalase from 1:100 to 1:20. HPII (Figure 1A)
was the least sensitive to digestion by all three proteases,
followed in order of increasing sensitivity by BLC (Figure
1B) and HPI (Figure 1C). Of the three proteases, proteinase
K was the most effective, causing the loss of more than 75%
of HPI activity after just 1 h of incubation with a 1:20 ratio
of protease to catalase. This is consistent with the observation
that HPI was rapidly proteolyzed to a 35 kDa fragment
containing the inactive C-terminal portion (19).

Time Course of Digestion of HPII.Because low protease
to HPII ratios did not seem to have a significant effect on

FIGURE 1: Effect of treatment with proteinase K, trypsin, and
chymotrypsin on the activity of HPII (A), BLC (B), and HPI (C).
Mixtures of protease and catalase at 0 (a), 1:100 (b), 1:50 (c), and
1:20 (d) (w/w) were incubated for 1 h at 37°C and quenched with
trypsin inhibitor or PMSF (1 mM). Error bars indicate the standard
error of three individual assays.
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HPII, the time courses of digestion of HPII by a 1:2 ratio
(w/w, protease to catalase) were followed by SDS-poly-
acrylamide gel electrophoresis, revealing an initial cleavage
by all three proteases of the 84 kDa subunit via several
intermediate-sized fragments to a relatively stable 76 kDa
fragment (Figure 2). The formation of the 76 kDa fragment
was slowest with trypsin (Figure 2B) compared to chymo-
trypsin and proteinase K (Figure 2A,C). Longer digestion
with proteinase K at a 1:1 ratio generated a transient 59 kDa
band and, eventually, two bands at 26 and 32 kDa (Figure
3C). The third band at approximately 35 kDa corresponds
to proteinase K. Very little smaller material was observed
from chymotrypsin and trypsin digestions even after 16 h
of digestion at a 1:1 ratio (data not shown). In contrast to
HPII, digestion of BLC with any of the proteases did not
produce distinguishable partial digest fragments (data not
shown). Digestion of HPI produced only the expected 35
kDa C-terminal fragment after treatment with a 1:100 ratio
of protease to catalase, and higher ratios of protease
eliminated even this fragment (data not shown).

Whereas denaturing gels presented a picture of at least
three cleavage sites within HPII resulting in sequential
cleavage to 26 and 32 kDa fragments, 20% of the original
activity remained in the digest mixture, suggesting that much
of the tertiary and quaternary structure had not been
significantly affected. This was confirmed in the time course
of cleavage of HPII with proteinase K visualized by
Coomassie brilliant blue (Figure 3B) and activity (data not
shown) staining after electrophoresis on nondenaturing gels.
There was a rapid conversion of the 336 kDa tetramer to a
band of approximately 310 kDa, composed principally of
76 kDa subunits. This was followed by the appearance and
disappearance of bands at approximately 290, 270, and 240
kDa. The subunit sizes associated with these conversions
included bands at 76, 59, 32, and 26 kDa. All HPII was
eventually converted to a band of protein of approximately
220 kDa, containing equal amounts of the 32 and 26 kDa
fragments.

HPII samples digested for either 1 h (N-termini removed)
or 16 h (N- and C-termini removed) were purified by size
exclusion chromatography. Both forms of the truncated
enzyme exhibited similar specific activities of 14800 and
14400 units/mg (compared to 17100 units/mg for the native
enzyme), indicating that loss of the N- and C-terminal

domains had little effect on the function of the deeply buried
active site. Therefore, the rapid reduction in activity to an
apparent residual 20% (Figure 3A) is most likely an artifact
of the high concentration of proteinase K (1:1 w/w) in the
mixture interfering with catalase activity. Heme exhibits a
negligible 62 units/µmol compared to 1.4× 106 units/µmol
of heme in HPII, too low a level for the small amount of
heme released to have contributed to the residual activity
observed.

N- and C-Terminal Sequence Analysis of Protease Frag-
ments.To identify the sites of cleavage in HPII, the various
fragments separated on SDS-polyacrylamide gels were
subjected to N-terminal sequencing. The 76 kDa fragments
generated by all three proteases had very similar sites of
cleavage (Table 1), with N-terminal residues at Lys73, Gly74,
and Ser75 for chymotrypsin, trypsin, and proteinase K,
respectively. The unusual cleavage by chymotrypsin is most
likely the result of a trypsin contaminant in the chymotrypsin.
The 59 kDa fragment generated by proteinase K also had
Ser75 at the N-terminus, and the shorter size arose from
cleavage after Tyr591 which removed the C-terminal domain
(Table 1). The 26 and 32 kDa bands had Ser75 and Lys309
at their N-termini, respectively, revealing a third site of
proteinase K cleavage in HPII.

FIGURE 2: Products of proteolytic cleavage of HPII by trypsin (A),
chymotrypsin (B), and proteinase K (C). HPII and protease (2:1
w/w) were incubated at 37°C for the times indicated (in minutes),
and the mixtures were separated by electrophoresis on 8% SDS-
polyacrylamide gel. The protein was visualized by staining with
Coomassie brilliant blue. Size markers indicated as×103 Da were
determined using the GIBCO protein ladder. The 76 kDa product
is indicated with the arrow labeled with 76.

FIGURE 3: Correlation of product size and activity during proteolytic
cleavage of HPII by proteinase K. Samples were incubated in a
1:1 ratio (w/w) with proteinase K at 37°C for the times indicated.
Catalase activities were determined, and the activity remaining is
shown in (A). Samples were separated on a nondenaturing 8% gel
(B) or a denaturing 8% gel (C), and the protein was visualized by
staining with Coomassie brilliant blue. Size markers indicated as
×103 Da were determined using HPII (336 kDa), bovine liver
catalase (238 kDa), and HPI (160 kDa, not visible) in panel B and
the GIBCO protein ladder in panel C.
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The sizes of the truncated variants of HPII were confirmed
by electrophoresis on nondenaturing gels, correlating the rate
of migration with molecular weights on a series of different
percentage gels (14) (data not shown), and by electrospray
ionization mass spectrometry (Figure 4). Denatured HPII
protein was measured by mass spectrometry to be 84035 Da
(data not shown), which agrees well with the expected mass
of 84031 Da for the full-length protein lacking the N-terminal
methionine residue. On the basis of this value, the expected
size of the tetramer with heme is 338596 Da [4(84031+
618)], and the major ion in the deconvolution of the spectrum
(Figure 4A) is centered at 339514, with the extra mass arising
from water and buffer salts bound to the protein (20). The
secondary ion centered at 337295 Da has probably lost two
heme residues and some of the buffer and salts (calculated
mass of 337364 Da). The smallest and least well resolved
ion is the tetramer without heme. After proteolysis and
inactivation of the proteinase K with phenylmethanesulfonyl
fluoride, a majority of the proteinase K was removed by rapid
filtration, allowing the ions from catalase to be clearly
apparent atm/z 7000-8000 at 200 V declustering voltage.
Resolution was not as good as for the native protein complex
(Figure 4B), but deconvolution gives a major ion with a
measured mass centered at 223012 Da, smaller by 13648
Da than the expected 239092 Da [4(59155+ 618)]. This
discrepancy may have arisen from loss of heme from a more
easily denatured protein and from additional cleavage during
extensive proteinase K digestion that removed small frag-
ments totaling about 3400 Da from each subunit in the
complex. Such small fragments would have been lost from
the complex during the extensive dialysis used in sample
preparation, and it is not possible to say whether this small
amount of protein was removed in a single or multiple
fragments. The locations of the three main cleavage sites on
the tetrameric structure of HPII (Figure 5) reveal that the
first two sites at S75 and Y591 are located on the surface of
the protein while the site at K309 becomes exposed when
the C-terminal domains are removed.

Thermal Stability of the Truncated HPII Variants.HPII
is relatively insensitive to thermal denaturation, exhibiting
a Tm for loss of activity of 83-84 °C (3). Furthermore,
heating above 95°C was necessary to dissociate a dimer
association, evident on SDS-urea denaturing gels (3). A
thermal denaturation study of the truncated variants of HPII
was undertaken to determine the role, if any, of the N- and
C-terminal domains in enhancing the stability of HPII. The
310 kDa multimer, composed of N-terminally truncated 76
kDa subunits, showed an 8°C reduction in theTm for activity
to 77°C (Figure 6), and the stability of the dimer association
was reduced, requiring heating to only 80°C for dissociation
(Figure 7). TheTm of the truncated form was independent
of the protease used. By contrast, the 220 kDa multimer,
composed of 26 and 32 kDa fragments lacking both the N-
and C-termini, exhibited a 22°C reduction in theTm for
activity loss to 59°C (Figure 6), and the multimer dissociated
upon mixing in SDS-urea loading buffer at room temper-
ature, indicating that the stability of the dimer association
was significantly reduced. Both properties are similar to those
of BLC, which exhibits aTm of 56 °C (3) and dissociates at
room temperature in loading buffer.

DISCUSSION

HPII exhibits unusual resistance, compared to other
catalases, not only to proteases such as trypsin and chymo-
trypsin with greater substrate specificity but even to the broad

Table 1: Sequences at Protease Cleavage Sites in HPII

FIGURE 4: Mass analysis by nanospray ionization of HPII protein
before (A) and after (B) treatment with proteinase K. Deconvolu-
tions of the data from each spectrum are shown as insets with the
errors of measurement shown as fwhm. Both spectra were acquired
at 200 V with SF6 as the curtain gas. At lower voltage, the ions of
the tetramer were not as well resolved. Higher voltage did not
change the spectra.
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substrate range protease, proteinase K. Globular proteins
generally exhibit some level of resistance to proteolysis at
least initially because the tertiary structure of the protein
chain imparts sufficient inflexibility that it cannot fit into
the protease active site. Such resistance to proteolysis is
usually demonstrated under conditions of limited digestion
involving protease to substrate ratios of 1:100 and temper-
atures around 25°C (21). What makes HPII unusual is its
resistance to cleavage even at a very high (1:1) ratio of
protease to HPII at 37°C. This property must be considered
in the light of another unusual property of HPII, its enhanced
thermal stability (3).

The quaternary structure of HPII might be described as a
dimer of dimers in which monomers first associate by
forming an interwoven structure in which the 80 N-terminal

residues of each subunit are threaded through a loop formed
by the wrapping domain of the adjacent subunit (subunit A
with subunit C and subunit D with subunit B in Figure 5).
Such interweaving was suggested to be an explanation for
the enhanced stability of the dimers that dissociate only above
95 °C and for the elevatedTm for thermal inactivation, 84
°C (3). A recent comparison of the properties of 16 different
catalases, however, observed that there was no correlation
between the length of the N-terminal extension involved in
the interweaving and the thermal stability (23). The current
work supports this conclusion by demonstrating that removal
of the N-terminal domain, leaving only seven residues
overlapped in the interwoven structure, reduced theTm by
only 6 °C, to 77°C. Furthermore, the truncated dimers still
required incubation at over 80°C to dissociate. On the other
hand, removal of the C-terminal domain caused a significant
reduction in theTm for thermal inactivation to 59°C. An
even more striking result of the double truncation was the

FIGURE 5: Location of the three main locations on the HPII tetramer that are sensitive to proteolytic cleavage. HPII is shown in panels a
and b rotated 90° around theR axis with respect to each other to show the surface locations of the cut sites at residues 75 and 591 in each
of subunits A (blue), B (green), C (red), and D (yellow). The N- and C-terminal fragments removed by these cuts are presented as heavier
lines in panels a and b and are removed in panel c where the protein has the same orientation as in panel b. The surface locations of the
third main cut site at residue 309, exposed by the removal of the excised domains, are evident in panel c. The figure was prepared using
SETOR (27).

FIGURE 6: Activity changes in HPII (open squares) and HPII treated
for 1 h (solid triangles) and 16 h (solid squares) at 37°C with 1:1
(w/w) proteinase K as the temperature is increased at 0.6°C/min
from 40 to 90 °C. The enzymes were in 50 mM potassium
phosphate buffer (pH 7). The dashed lines indicate the midpoints
or temperatures of 50% inactivation.

FIGURE 7: Conversion of HPII dimers to monomers. HPII was
treated with proteinase K in a 1:1 ratio (w/w) for 1 h at 37°C.
Samples were then incubated for 10 min at 70, 75, 80, and 100°C
in 50 mM potassium phosphate buffer (pH 7). The temperatures
of incubation are indicated above each lane. Samples were removed,
cooled to room temperature, and added to SDS-urea loading buffer.
Samples were loaded and run without further heating on an 8%
SDS-polyacrylamide gel. Size markers indicated as×103 Da were
from the GIBCO protein ladder. The band at 120 kDa is a dimer
of two HPII subunits that are resistant to thermal denaturation (3).
As the temperature of incubation is increased, the dimer dissociates
into monomers at 76 kDa.
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effect on the stable dimer association, which dissociated on
mixing with gel loading buffer, even without heating, making
it impossible to assess the temperature of dissociation.

While the C-terminal domain appears to be a key factor
in enhancing the thermal stability of HPII, it was not possible
to assess the effect of C-terminal domain removal in the
presence of the N-terminal region, because the latter domain
was more sensitive to proteolysis and was rapidly removed.
Attempts have been made to address this question through
the construction of truncated genes, but the truncated variants
did not fold correctly and protein did not accumulate (22).
The conclusion that the C-terminal domain is more important
than subunit interweaving in dimer stability calls into
question the previous surmise that the interweaving was the
reason for the enhanced stability of HPII dimers. Rather, the
current work suggests that it is the interaction of subunits
along theR axis (subunit A with subunit D and subunit B
with subunit C in Figure 5), specifically the wrapping of
the C-terminal domain around theâ-barrel core of the
adjacent subunit, that is the major determinant of dimer
stability in HPII.

A globular protein must change conformation to fit into
the active site of proteases, and resistance to proteolysis arises
in less flexible proteins. In the case of HPII, a combination
of interweaving and wrapping of domains on adjacent
subunits undoubtedly creates a structure that is much less
flexible than that of small subunit catalases. Consequently,
the very same structural features that enhance thermal
stability may be responsible for the enhanced resistance to
proteolysis. In addition, the presence of the unusual covalent
linkage between the Câ of Tyr415 and Nδ of His 392 may
serve to enhance this rigidity (24).

Are these two unusual properties of HPII, enhanced
thermal stability and protease resistance, related evolution-
arily? Resistance to thermal denaturation is unusual in an
enzyme from a bacterium that does not survive exposure to
temperatures anywhere near the 83°C required to inactivate
the enzyme. Examples of lateral gene transfer of catalase
genes are becoming more common, and it is possible that
katE, encoding HPII, originated in an organism with a
thermophilic background. Given thatkatE is typical of other
E. coli genes in its nucleotide composition and codon usage
pattern (25, 26), any such lateral transfer event must have
either been from an organism with composition and codon
usage similar to that ofE. coli or happened long enough
ago that the original nucleotide and codon patterns had been
lost. Curiously, the phenotype of thermal stability was
retained, despite the absence of thermal stress as an
evolutionary determinant. By contrast, the property of
enhanced resistance to proteolysis in HPII can be easily
explained in terms of bacterial physiology. The expression
of katE is induced in early stationary phase, and HPII
accumulates in stationary phase cells. This is a period of
rapid protein turnover as cells adapt to a period of slow
metabolism, and resistance to proteolysis would be important
to allow HPII to survive and function in its role as a
protective enzyme. Because both thermal stability and
protease resistance may have a common basis in a very stable
and rigid structure, the original properties of thermal stability
in HPII may have been adapted to the physiological need
for protease resistance in the niche of stationary phase
metabolism. For comparison, the more protease-sensitive HPI

is expressed mainly in log phase where protease resistance
would not be as important.

REFERENCES

1. Nicholls, P., Fita, I., and Loewen, P. C. (2001) Enzymology and
structure of catalases,AdV. Inorg. Chem. 51, 51-106.

2. Klotz, M. G., Klassen, G. R., and Loewen, P. C. (1997)
Phylogenetic relationships among prokaryotic and eukaryotic
catalases,Mol. Biol. EVol. 14, 951-958.

3. Switala, J., O’Neil, J. O., and Loewen, P. C. (1999) Catalase HPII
from Escherichia coliexhibits enhanced resistance to denaturation,
Biochemistry 38, 3895-3901.

4. Hillar, A., Peters, B., Pauls, R., Loboda, A., Zhang, H., Mauk, A.
G., and Loewen, P. C. (2000) Modulation of the activities of
catalase-peroxidase HPI ofEscherichia coli by site directed
mutagenesis,Biochemistry 39, 5868-5875.

5. Regelsberger, G., Jakopitscj, C., Ruker, F., Krois, D., Peschek,
G. A., and Obinger, C. (2000) Effect of distal cavity mutations
on the formation of compound I in catalase-peroxidases,J. Biol.
Chem. 275, 22854-22861.

6. Christman, M. F., Morgan, R. W., Jacobson, F. S., and Ames, B.
N. (1985) Positive control of a regulon for defenses against
oxidative stress and some heat-shock proteins inSalmonella
typhimurium, Cell 41, 753-762.

7. Loewen, P. C., and Hengge-Aronis, R. (1994) The role of the
sigma factorσS (KatF) in bacterial global regulation,Annu. ReV.
Microbiol. 48, 53-80.

8. Hillar, A., and Loewen, P. C. (1995) Comparison of isoniazid
oxidation catalyzed by bacterial catalase-peroxidase and horse-
radish peroxidase,Arch. Biochem. Biophys. 323, 438-446.

9. Loewen, P. C., and Switala, J. (1986) Purification and character-
ization of catalase HPII fromEscherichia coliK12, Biochem. Cell
Biol. 64, 638-646.

10. Rørth, M., and Jensen, P. K. (1967) Determination of catalase
activity by means of the Clark electrode,Biochim. Biophys. Acta
139, 171-173.

11. Layne, E. (1957) Spectrophotometric and turbidimetric methods
for measuring proteins,Methods Enzymol. 3, 447-454.

12. Gregory, E. M., and Fridovich, I. (1974) Visualization of catalase
on acrylamide gels,Anal. Biochem. 58, 57-62.

13. Loewen, P. C., Switala, J., and Triggs-Raine, B. L. (1985)
Catalases HPI and HPII inEscherichia coliare induced inde-
pendently,Arch. Biochem. Biophys. 243, 144-149.

14. Hedrick, J. L., and Smith, A. J. (1968) Size and charge isomer
separation and estimation of molecular weights of proteins by disc
gel electrophoresis,Arch. Biochem. Biophys. 126, 155-164.

15. Laemmli, U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4,Nature 227, 680-
685.

16. Krutchinsky, A. N., Chernushevich, I. V., Spicer, V. L., Ens, W.,
and Standing, K. G. (1988) A collisional damping interface for
an electrospray ionization time-of-flight mass spectrometer,J. Am.
Soc. Mass Spectrom. 9, 569-579.

17. Verentchikov, A. N., Ens, W., and Standing, K. G. (1994)
Reflecting time-of-flight mass spectrometer with an electrospray
ion source and orthogonal extraction,Anal. Chem. 66, 126-133.

18. Wilm, M., and Mann, M. (1996) Analytical properties of the
nanoelectrospray ion source,Anal. Chem. 68, 1-8.

19. Carpena, X., Guarne, A., Ferrer, J. C., Alzari, P. M., Fita, I., and
Loewen, P. C. (2002) Crystallization and preliminary X-ray
analysis of the hydroperoxidase I C-terminal domain from
Escherichia coli, Acta Crystallogr. D58, 853-855.

20. Rostom, A. R., and Robinson, C. V. (1999) Detection of the intact
GroEL chaperonin assembly by mass spectrometry,J. Am. Chem.
Soc. 121, 4718-4719.

21. Spolaore, B., Bermejo, R., Zambonin, M., and Fontana, A. (2001)
Protein interactions leading to conformational changes monitored
by limited proteolysis: apo form and fragments of horse cyto-
chromec, Biochemistry 40, 9460-9468.

22. Sevinc, M. S., Switala, J., Bravo, J., Fita, I., and Loewen, P. C.
(1998) Truncation and heme pocket mutations reduce production
of functional catalase HPII inEscherichia coli, Protein Eng. 11,
549-555.

23. Switala, J., and Loewen, P. C. (2002) Diversity of properties among
catalases,Arch. Biochem. Biophys. 401, 145-154.

24. Bravo, J., Fita, I., Ferrer, J. C., Ens, W., Hillar, A., Switala, J.,
and Loewen, P. C. (1997) Identification of a novel bond between

5734 Biochemistry, Vol. 42, No. 19, 2003 Chelikani et al.



a histidine and the essential tyrosine in catalase HPII ofEschirichia
coli, Protein Sci. 6, 1016-1023.

25. Klotz, M. G., Klassen, G. R., and Loewen, P. C. (1997)
Phylogenetic relationships among prokaryotic and eukaryotic
catalases,Mol. Biol. EVol. 14, 951-958.

26. Klotz, M. G., and Loewen, P. C. (2003) The molecular evolution
of catalatic hydroperoxidases: Evidence for multiple lateral

transfer of genes between prokaryota and from bacteria into
eukaryota,Mol. Biol. EVol. (in press).

27. Evans, S. (1993) SETOR: hardware lighted three-dimensional
solid model representations of macromolecules,J. Mol. Graphics
11, 134-138.

BI034208J

Protease Resistance of Catalase HPII Biochemistry, Vol. 42, No. 19, 20035735


