
Protein Engineering vol.11 no.7 pp.549–555, 1998

Truncation and heme pocket mutations reduce production of
functional catalase HPII in Escherichia coli

M.Serdal Sevinc1, Jacek Switala1, Jerónimo Bravo2,
Ignacio Fita2 and Peter C.Loewen1,3

1Department of Microbiology, University of Manitoba, Winnipeg, MB R3T
2N2, Canada
2Departamento de Biologia Molecular y Celular, CID (CSIC), Jordi Girona
18–26, 08034 Barcelona, Spain
3To whom correspondence should be addressed

The subunit of catalase HPII from Escherichia coli is 753
residues in length and contains a core of ~500 residues,
with high structural similarity to all other heme catalases.
To this core are added extensions of ~80 and 180 residues
at the N- and C-termini, respectively. The tetrameric
structure is made up of a pair of interwoven dimers in
which 90 N-terminal residues of each subunit are inserted
through a loop formed by the hinge region linking the β-
barrel and α-helical domains of the adjacent subunit. A
high concentration of proline residues is found in the
vicinity of the overlap regions. To study the influence of
the extended regions on folding and subunit association of
HPII, a diversity of modifications have been introduced.
Removal of the complete C-terminal domain or the N-
terminal extension, either separately or together, effectively
creating a small subunit catalase, resulted in no enzyme
accumulation. Systematic truncations showed that only nine
C-terminal residues (Ile745 to Ala753) could be removed
without significantly affecting the accumulation of active
enzyme. Removal or even conservative replacements of the
side chain of Arg744 significantly reduced the accumulation
of active enzyme despite this residue interacting only with
the C-terminal domain. Removal of as few as 18 residues
from the N-terminus also reduced accumulation of active
enzyme. Changes to other residues in the protein, including
residues in the heme binding pocket, also reduced the
accumulation of active protein without substantially
affecting the enzyme specific activity. Implications of these
data for the interdependence of subunit folding and sub-
unit–subunit interactions are discussed.
Keywords: catalase/folding/proline/protein–protein interaction/
structure–function

Introduction

Escherichia coli produces two catalases: the bifunctional
catalase–peroxidase HPI (hydroperoxidase I) and the mono-
functional catalase HPII (hydroperoxidase II). HPI bears
~5% sequence similarity with the much smaller yeast
cytochromec peroxidase (Welinder, 1991) and is synthesized
in response to oxidative stressors under the control of OxyR
(Christmanet al., 1989). HPII is synthesized as part of the
stationary phase response under the control of the RpoS
(KatF) (Loewen et al., 1985), the stationary phase sigma
factor (Loewen and Hengge-Aronis, 1994). HPII, with 753
residues per subunit, is the largest catalase so far character-
ized, existing as a homotetramer of 84.2 kDa subunits (von
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Ossowskiet al., 1991). More normal catalases typified by
the bovine liver (Fitaet al., 1986) andProteus mirabilis
(Gouet et al., 1995) structures have subunit sizes of 55–60
kDa. Other large subunit catalases have been isolated from
such diverse species as the fungiPenicillium vitale,
Aspergillus fumigatusand Aspergillus nidulans and the
bacteria Xanthomonas oryzae, Mycobacterium aviumand
Streptomyces coelicolor.

Comparison of the primary sequence of the HPII subunit
with other catalases reveals that the additional sequence is
contained in both N-terminal and C-terminal extensions. The
crystal structure of HPII (Figure 1), determined to 2.8 Å
(Bravo et al., 1995) and more recently refined to 1.9
Å (J.Bravo, M.J.Mate, T.Schneider, J.Switala, K.Wilson,
P.C.Loewen and I.Fita, unpublished work), confirmed that
the HPII subunit includes a core region, of ~500 residues,
organized in aβ-barrel andα-helical domains, with high
structural similarity to the smaller catalases (Bravoet al.,
1997b). The HPII N-terminal extension is 75–80 residues
longer than in most other catalases. It contains a small
amount of secondary structure, but presents a large number
of intersubunit interactions. In turn, the C-terminal extension,
of ~180 residues, is organized as a globular domain, of
~150 residues with a flavodoxin-like topology and a
high content of secondary structure that interacts, almost
exclusively, with residues from the same subunit. This C-
terminal extra domain is connected to theα-helical domain
of the core by an extended hinge of about 30 residues. The
detailed HPII structure has revealed a number of intriguing
peculiarities besides the presence of the N- and C-terminal
extensions, including (1) the ‘flipped’ orientation of the
heme, (2) the oxidized nature of the heme as a heme d
with a cis-hydroxyspirolactone on ring III (Murshudovet al.,
1996), (3) the presence of a unique covalent linkage between
the β-carbon of the essential, heme proximal ligand Tyr415
and the δ-nitrogen of the nearby His392 (Bravoet al.,
1997a) and (4) an as yet uncharacterized modification of
one of the two cysteines, Cys438, by a group of mass 42
Da (Sevincet al., 1995).

Another noteworthy aspect of the structure of HPII is the
complex and unique interweaving of subunits that occurs
during the formation of the catalase tetramer (Bravoet al.,
1997b). Every subunit has 90 residues of the N-terminal
extension inserted through a loop of the adjacent subunit
that is formed by residues from the long hinge region that
joins the β-barrel with theα-helical domain in the catalase
core. The role of the extended sequences in HPII has
remained undefined, but their involvement in the interwoven
structure may provide an explanation for the enhanced
stability of HPII over a broad pH range (from 4 to 10) at
70°C and even in 1% SDS or 7 M urea. This paper
addresses the question of the folding and subunit association
of catalase, in particular in relation to the role of the
extended regions in the largest catalases, by introducing a
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Fig. 1. Structure of the protein backbone of the subunit of catalase HPII. The core of the protein which is similar in structure and sequence to other small
subunit catalases is shown in gray. The N-terminal extension of 80 residues is highlighted in red and the C-terminal extension of 180 residues is highlighted
in blue. The final nine C-terminal residues (745–753) that are expendable are colored green. The deeply buried heme d is colored purple. The region in the
dashed box is expanded to illustrate the location of the Arg744 side chain (in red) projecting into the C-terminal domain, its potential hydrogen bonds with
carbonyl groups on adjacent chains (heavy dashed lines) and the lack of interaction of the other terminal side chains with the C-terminal domain.

diversity of modifications in the HPII subunit and studying
their effect.

Materials and methods
Materials
Common chemicals and biochemicals were obtained from
Sigma Chemical. Restriction nucleases, polynucleotide kinase,
DNA ligase and the Klenow fragment of DNA polymerase
were obtained from GIBCO-BRL.

Strains and plasmids
The plasmid pAMkatE72 (von Ossowskiet al., 1991) was
used as the source for thekatE gene. Phagemids pKS1
and pKS– from Stratagene Cloning Systems were used for
mutagenesis, sequencing and cloning.E.coli strains NM522
{ supE thi ∆(lac-proAB) hsd-5 [F9 proAB lacIq lacZ∆15]}
(Mead et al., 1985), JM109 [recA1 supE44 endA1 hsdR17
gyrA96 relA1 thi∆(lac-proAB)] (Yanisch-Perronet al., 1985)
and CJ236 (dut-1 ung-1 thi-1 relA1/pCJ105 F9) (Kunkel et al.,
1987) were used as hosts for the plasmids and for generation
of single-strand phage DNA using helper phage R408. Strain
UM255 (pro leu rpsL hsdM hsdR endI lacY katG2 kat-
E12::Tn10 recA) (Mulvey et al., 1988) was used for expression
of the mutantkatE constructs and isolation of the mutant
HPII proteins.

Oligonucleotide-directed mutagenesis
Oligonucleotides were synthesized on a PCR-Mate synthesizer
from Applied Biosystems and are listed in Table I. The
restriction nuclease fragments that were mutagenized following
the Kunkel procedure (Kunkelet al., 1987), sequenced and
subsequently reincorporated into pAMkatE72 to generate the
mutagenizedkatEgenes are also listed. Sequence confirmation
of all sequences was by the Sanger method (Sangeret al.,
1977) on double-stranded plasmid DNA generated in JM109.
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Subsequent expression and purification were carried out as
described previously (Loewenet al., 1993).

Construction of the N-terminal deleted HPII
Two restriction sites were introduced into thekatE gene (see
Table I) such thatNruI cut at codon 3 andEco47III cut at one
of codons 21, 35, 50 or 74. Both enzymes create blunt-end
cuts which are in-frame for creating the correct, but shorter,
katE open reading frame when rejoined with polynucleotide
ligase.

Catalase assay and protein determination
Catalase activity was determined by the method of Rørth and
Jensen (1967) 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 60 mM H2O2 solution
at pH 7.0 at 37°C. Protein was estimated according to the
methods outlined by Layne (1957).

Pulse chase demonstration of mutant HPII proteolysis
Cultures of UM255 untransformed or transformed with pAM
katE72 or pS167A (encoding the Ser167Ala mutant variant of
HPII) were grown in LB to late log phase (OD600 5 2.5) and
transferred to M9 medium (Miller, 1974) supplemented with
glucose, proline and [3H]leucine. Aeration was continued for
16 h at 37°C allowing the culture to grow marginally to
OD600 5 3. The labeled cultures were then transferred back
to the same LB medium in which they had originally been
grown and shaken at 37°C. After 4 h, the cultures had grown
to a normal stationary phase cell density of OD600 5 5.
Aliquots were removed at various times and cells lysed by
boiling in a solution of 1% SDS, 7 M urea, 10 mM 2-
mercaptoethanol, 50 mM Tris, pH 7. Following the addition
of unlabeled HPII carrier, samples were separated by electro-
phoresis on 8% polyacrylamide gels containing SDS (Weber
et al. 1972) and stained with Coomassie Brilliant Blue. The
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Table I. Oligonucleotides andkatE restriction fragments used in oligonucleotide-directed mutagenesis ofkatE

Mutant Sequence change Oligonucleotidea Restriction fragment

K750*b (AAA →TAA) TAAGATTGAC TAA ATTCCTGC EcoRI–ClaI (1856–3466)
K747* (AAG→TAG) CGCATTCCTTAGATTGACAAA EcoRI–ClaI (1856–3466)
P746* (CCT→TGA) TCACGCATTTGAAAGATTGAC EcoRI–ClaI (1856–3466)
I745* (ATT→TAA) TGGTCACGCTAA CCTAAGATT EcoRI–ClaI (1856–3466)
R744* (CGC→TGA) GTGTGGTCATGAATTCCTAAG EcoRI–ClaI (1856–3466)
W742* (TGG→TAG) CACCGCGTGTAGTCACGCATT EcoRI–ClaI (1856–3466)
L571* (CTG→TAG) TGACGACCAGTAGAATATCACCC EcoRI–ClaI (1856–3466)
I593* (ATT→TGA) TTGTACGCCTGACCTGACGGT EcoRI–ClaI (1856–3466)
V603* (GTA→TGA) GGTCGCGTGTGAGCGATTTTA EcoRI–ClaI (1856–3466)
R744A (CGC→GCC) GTGTGGTCAGCCATTCCTAAG EcoRI–ClaI (1856–3466)
R744K (CGC→AAA) GTGTGGTCAAAA ATTCCTAAG EcoRI–ClaI (1856–3466)
I274S (ATT→AGT) GGCTTCGGTAGTCACACCTTC HindIII–EcoRI (1246–1861)
P356L (CCA→CTA) CTTCTCGATCTAACCAAACTT EcoRI–ClaI (1856–3466)
L407M (CTG→ATG) AACGATCCGATGTTGCAGGGA EcoRI–ClaI (1856–3466)
Q3R (CAA→CGA) TTCAATGTCGCGACATAACGAA PstI–HindIII (1–1251)
E21A (GAA→GCT) ATTCCAGCGCTGCGAAACG PstI–HindIII (1–1251)
G34S/S35A (GGC→AGC/TCT→GCT) CTGAGGACAGCGCTCATCGT PstI–HindIII (1–1251)
T50S (ACC→AGC) ACAACCTAGCGCTCCAGGGACT PstI–HindIII (1–1251)
G74S/75A (GGC/AGT→AGC/GCT GTACGCAAAAGCGCTGAAAATTATG PstI–HindIII (1–1251)
F518S (TTT→TCA) CAGACGCCATCAGAGCAGCGC EcoRI–ClaI (1856–3466)
F317S (TTC→TCC) GACCCGGACTCCCACCGCCGC HindIII–EcoRI (1246–1861)
V303S (GTT→AGT) GCCTCACTCAGTTGGGATGAA HindIII–EcoRI (1246–1861)

aThe sequence in bold is the codon that has been modified.
bAsterisks denote a change to a stop codon.

region of the gel in each lane corresponding to HPII was
excised and solubilized for scintillation counting.

Spectral and heme determinations
Absorption spectra were obtained using a Milton Roy MR3000
spectrophotometer. Samples were dissolved in 50 mM potas-
sium phosphate, pH 7.0. The hemochromogen from all samples
was extracted and analyzed by reversed-phase HPLC as
described previously (Loewenet al., 1993).

Figures
Figures were generated using Setor (Evans, 1993) and
Quanta96 (MSI).

Results
Structures of the N- and C-terminal extensions in HPII
The N-terminal arm of catalase HPII is an extended structure
of over 120 residues that reaches to the essential catalytic
histidine, His128, at the beginning of theβ-barrel domain.
The arm makes a large number of inter-subunit interactions
that include its closing and defining the heme pocket of the
adjacent subunit and its participation in subunit interweaving.
The structural similarity between HPII, which has the longest
N-terminal extension, and the smaller catalases starts about 48
residues before the essential histidine, at Leu80 in HPII, and
this has been defined as the first residue of the core structure
of catalases (Bravoet al., 1997b). Despite the N-terminal
extensions before that point differing widely in size and
sequence, all catalases exhibit a unique and complex interweav-
ing of subunits that would seem to require the threading of
the N-terminal end through a narrow loop on an adjacent
subunit. The length of the N-terminal end that is trapped varies
from 10 residues in the case of small subunit enzymes to 90
residues in the case of HPII (Figure 2). The first 26 residues
of HPII are not visible in the crystal structure, probably
because of conformational flexibility, and the structure between
residues Asp27 and Leu80 appears to be stabilized mainly by
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inter-subunit interactions in addition to anα-helix encom-
passing Asn61 to Val72.

The C-terminal extension of HPII from Gly600 to Ala753
is contained in a globular domain that is clearly visible in the
electron density and is situated close to the longest molecular
binary axis (Bravoet al., 1995). The nine C-terminal residues,
Ile745 to Ala753 inclusive, show a limited number of direct
interactions and these interactions are only with other portions
of the C-terminal domain including the side chain of Lys747
interacting with the side chain of Glu715 and the NHα of
Ile745 hydrogen bonding with the carbonyl oxygen of Trp742.
The only interaction outside this region is mediated by a water
molecule that forms hydrogen bonds with the NHα of Ala753
and the Nε of Lys690 which in turn interacts with the side
chain of Asp305, a residue that is part of theβ-barrel domain.
The side chain of Arg744, on the other hand, presents a
diversity of direct interactions (hydrogen bonds with residues
Tyr689, Lys693 and Val741), all within the C-terminal domain
(Figure 1). In spite of having a flavodoxin topology, no
nucleotides have been found to bind to the large subunit
catalases.

Truncation of the C-terminus of HPII
Stop codons were introduced inkatE such that the encoded
HPII subunit was truncated at various locations between
Ala753 and Trp742. The catalase activity of each of these
mutant proteins was assayed in crude extracts of cells harboring
the mutant genes grown at either 28 or 37°C (Table II).
Truncation up to and including Ile745 had little effect on the
level of catalase activity in the 28°C extracts, but removal of
Arg744 resulted in a.90% reduction in activity, suggesting
that the side chain of Arg744 was essential either for activity
or for maintenance of a stable HPII structure.

The mutant variants of HPII were purified and characterized
(Table II), revealing near wild-type specific activity and kinetic
constants (data not shown) for all of the mutants truncated up
to Ile745 and slightly lower specific activity in the mutants
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Fig. 2. Illustration of the interweaving of two HPII subunits. The approximate course of the protein backbone extending from the N-termini (N1 for the blue
subunit and N2 for the red subunit) is indicated by the heavy dashed line. The approximate course of the overlapping C-terminal segment is shown by the
heavy solid line. The segment contained in the dashed box is expanded to show the locations of eight prolines (31, 38, 42, 44, 45, 49, 52 and 58) colored
green near the N-terminus and 10 prolines (426, 432, 436, 439, 457, 462, 470, 474, 475 and 477) colored yellow in the overlapping C-terminal segment.

Table II. Catalase activity in cultures grown at either 28 or 37°C producing
mutant variants of HPII truncated at the C-terminus and specific activities of
the purified enzymes

Mutant Catalase activity Specific activity
(units/mg dry cell weight) (units/mg)

28°Ca 37°Ca

Wild-type 3886 59 4256 51 14322
K750*b 345 6 28 4366 33 15067
K747* 344 6 33 3676 26 15349
P746* 3536 24 2266 24 15022
I745* 288 6 30 596 5 13753
R744* 246 4 ,0.1 8600
W742* 6.5 6 1.3 ,0.1 ndc

R744K 216 2 ,0.1 nd
R744A 546 7 ,0.1 nd
R744K/I745* 296 5 ,0.1 9284
R744A/I745* 246 4 ,0.1 nd

aDenotes the temperatures at which the cultures were grown for 16 h prior
to catalase assay.
bAsterisks denote mutation to a stop codon.
cNot determined.

truncated at or lacking Arg744. The spectra and heme content
of the mutant variants were all indistinguishable from those
of the wild-type enzyme (data not shown), indicating that,
once formed, the mutant variants were not functionally different
from the wild-type protein. Because truncation, up to and
including Arg744, did not significantly affect enzyme specific
activity but there was a.90% drop in activity in cell extracts,
it was concluded that the loss of activity in the cell extracts
was a result of poor accumulation of functional protein. This
was further confirmed by significantly reduced amounts of
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HPII-like protein in cell extracts of strains harboring many of
the mutantkatEgenes visualized following denaturing PAGE.

It is clear from these results that the presence of a correctly
folded C-terminal domain is essential for the folding of the
large subunit catalase into a catalytically active form. However,
small subunit catalases with sequences very similar to the core
of the large subunit enzymes lack the domain, but fold into
an active enzyme. This raises the possibility that an improperly
folded C-terminal domain interferes with folding of the core
and association of the monomers. To determine if complete
removal of the C-terminal domain would improve the accumu-
lation of HPII, stop codons were introduced intokatEreplacing
codons encoding residues 603, 591 and 571. Barely detectable
levels of catalase activity were evident in crude extracts of
transformants harboring the mutantkatE genes, even when
grown at 28°C (Table III). A complete absence of the C-
terminal domain, therefore, was even more detrimental to
the accumulation of active protein than removal of Arg744,
confirming that a properly folded C-terminal domain is essential
for proper folding of the core domain of HPII and/or its
association into tetramers.

The dramatic effect that the absence of the C-terminal
domain had on HPII accumulation was surprising because the
protein resulting from truncation at residue 571 would be
similar in structure to the small subunit catalases which are
fairly stable. One possible explanation is that removal of the
C-terminal domain exposes hydrophobic residues that might
result in destabilization of the small subunit protein. An
investigation of the region of the core protein facing the C-
terminal domain identified three hydrophobic residues that
would be exposed by removal of the domain. These included
Phe518, Val303 and Phe313, which are replaced by hydrophilic
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Table III. Catalase activity in cultures grown at 28°C producing mutant
variants of HPII truncated so as to remove the complete C-terminal domain
and with key hydrophobic residues changed to serine

Mutant Catalase activity
(units/mg dry cell weight)

Wild-type 3886 59
V603*a ,0.1
I593* 0.22 6 0.08
F317S 3276 42
F317S/V303S 2.16 0.2
F518S/I593* 0.216 0.1
F518S/F317S/I593* 0.236 0.1
F518S/F317S/V303S/I593* 0.206 0.1
F518S/L571* 0.166 0.1
F518S/P317S/L571* 0.186 0.1
F518S/F317S/V303S/L571* 0.126 0.1

aAsterisks denote mutation to a stop codon.

residues (most commonly Ser) in small subunit catalases. Each
of these residues was changed to Ser in the HPII variants
truncated at residue 571, either individually or in concert, but,
in all cases, barely detectable catalytic activity was evident in
the crude extracts (Table III). A small amount of protein of
the correct molecular weight was observed in crude extracts
of the truncation variant with three replacements, but the small
amounts coupled with the lack of activity precluded its
isolation.

Effect of growth temperature on protein accumulation

The temperature at which the cultures expressing the mutant
katE genes were grown had a significant effect on the level
of catalase in extracts containing mutants truncated shorter
than Pro746 (Table II). Much lower, and in some cases
undetectable, levels of catalase were found for some of the
mutant variants in extracts of cells grown at 37°C as compared
with 28°C. This suggested that the lower temperature provided
better conditions for correct folding of the protein into a
catalytically active form. In the cases where the lower growth
temperature did not result in accumulation of any mutant HPII
protein, it was concluded that the disruption in folding was
too great to be overcome by a longer folding period.

Analysis of the crude extracts by denaturing PAGE (data
not shown) revealed that many mutant extracts with no
catalase activity also contained very little catalase protein.
This suggested that the absence of activity was not the
result of inactive protein being produced and accumulating in
inclusion bodies. Rather, the mutant variants were defective
in accumulating any HPII-like protein at all. Sequencing
had confirmed that all mutant constructs contained the same
promoter and ribosome binding site sequences, making it
unlikely that reduced transcription or translation was the reason
for reduced accumulation of protein. This left proteolytic
degradation of improperly folded protein as a likely possibility.
The synthesis of HPII takes place during 16–20 h of growth into
stationary phase, a time when proteolysis is well documented as
a means for the cell to generate needed metabolites (Reeve
et al., 1984). HPII is normally produced in stationary phase
as part of the survival response and, as such, is more resistant
to proteolysis, whereas improperly folded HPII may lack the
conformational features that impart resistance. A pulse chase
experiment in which the amounts of3H-labeled wild-type HPII
and a mutant variant were followed during growth into
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Fig. 3. Fate of wild-type HPII (d) and the mutant variant Ser167Ala (s)
following pulse labeling with [3H]leucine. Correction for non-HPII proteins
in the HPII region of the gel was made using extracts from untransformed
UM255 and the resulting HPII-specific label was normalized to zero time.
Results are an average of five experiments.

stationary phase confirmed that proteolysis of mutant HPII
does occur (Figure 3), whereas wild-type HPII is resistant.

Importance of the N-terminal domain
HPII is extended at the N-terminus ~80 residues as compared
with other small subunit catalases (Figure 1). Because this is
the region of the subunit that is trapped underneath the fold
of an adjacent subunit (Figure 2), it was possible that the
presence or absence of this region might influence the stability
of the HPII variants truncated at the C-terminus. Mutant
variants lacking varying lengths of the N-terminal 72 residues
were therefore constructed. The protocol required the introduc-
tion of two restriction sites causing the mutation of two or
three codons near the 59 end of the gene. For example, a
mutant variant Gln3Arg/Gly74Ser/Ser75Ala was required for
the construction of the∆(3–74) mutant variant. Despite these
three residue changes, the mutant variant accumulated normal
amounts of enzyme with retention of wild-type levels of
activity (Table IV). This was also true of the replacement
mutants at codons 21, 34/35 and 50. However, deletion of the
18 (∆3–20), 32 (∆3–34), 48 (∆3–50) or 72 (∆3–74) residue
segments resulted in loss of 80 to.99% of activity (Table
IV). Simultaneous removal of both the C- and N-terminal
segments (in combination with the internal hydrophobic to
hydrophilic changes at residues 303, 313 and 518) to generate
what is effectively a small subunit enzyme also resulted in
barely detectable catalase levels in crude extracts (Table IV).
Analysis of these crude extracts by PAGE revealed small
amounts of truncated HPII-like protein, but unsuccessful
attempts to purify it suggested that it had very different
properties from HPII, suggesting an abnormal folding pattern.
The N-terminal 26 residues of HPII are undefined in the crystal
structure (Bravoet al., 1995), suggesting a less ordered
structure, but not even as few as 18 residues could be
removed from the N-terminus without a reduction in protein
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Table IV. Catalase activity in cultures grown at 28°C producing mutant
variants of HPII truncated so as to remove the N-terminal segment

Mutant Catalase activity
(units/mg/dry cell weight)

Wild-type 3886 59
Q3R 4186 28
Q3R/E21A 6266 40
∆(3–20)a 21 6 3b

∆(3–34) 846 11b

∆(3–50) 0.36 0.1
Q3R/G74S/S75A 4396 88
∆(3–74) 0.66 0.1
∆(3–74)/F518S/F317S/V303S/L571*c 0.19 6 0.06
No plasmid ,0.1

a∆ denotes the deletion of the residues in parentheses.
bThese values were determined in cultures grown at 37°C because these
truncated variants were unique in accumulating more active enzyme at the
higher temperature.
cAsterisks denote mutation to a stop codon.

Table V. Catalase activity in cultures grown at 28°C producing mutant
variants of HPII with changes in the heme binding pocket and specific
activities of enzyme purified from the cultures

Mutant Catalase activity Specific activity
(units/mg dry cell weight) (units/mg)

Wild-type 3886 59 143226 690
I274S 556 10 68166 238
P356L 2036 20 132206 849
L407M 3296 40 126796 308
I274S/P356L 1.56 0.5 nda

I274S/L407M 3.06 1.0 nd
P356L/L407M 916 9 124376 786
I274S/P356L/L407M ,0.1 nd

aNot determined.

accumulation. The only two mutants in this study that accumu-
lated more protein at 37 than 28°C were the∆(3–20) and∆(3–
34) mutants (Table IV).

Effect of modifications to the heme binding pocket
The heme bound to HPII has been characterized as acis-
hydroxy spirolactone hemed (modified on ring III) and it is
bound to the enzyme such that it is ‘flipped’ 180° relative to
the heme in other catalases (Murshudovet al., 1996). We had
previously found that a significant disruption in the heme
binding pocket such as replacement of the essential Tyr415,
the proximal fifth ligand to the heme, with His or Phe prevented
the accumulation of any HPII protein (unpublished data),
suggesting that disruption in heme binding could interfere
with protein folding. We corroborated this observation by
constructing a number of more subtle mutations within the
heme binding pocket (Table V). Of the single mutants, the
Ile274Ser variant had the greatest effect in reducing the amount
of catalase activity and causing a reduction in enzyme specific
activity. Two other mutations, Pro356Leu and Leu407Met,
caused only 20–45% reductions in catalase activity in crude
extracts and had no effect on enzyme specific activity. The
double mutant, Pro356Leu/Leu407Met, accumulated ~25% of
wild-type amounts, but the purified enzyme also exhibited
near wild-type levels of activity. As with the truncation mutants,
it was accumulation of the protein that was being affected by
the mutations, not the function of the enzyme, confirming that
modifications to the heme pocket, that interfered with heme
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binding, were affecting the folding pathway and not the
structure of the final product of those molecules which over-
came the blockages to folding.

Discussion
In contrast to the nine C-terminal residues (Ile745 to Ala753),
Arg744 plays a critical role in the accumulation of active HPII
as the removal or replacement of the residue causes a significant
reduction in the amount of active enzyme that accumulates.
The purified Arg744-mutated enzyme is indistinguishable from
wild-type enzyme in its properties, revealing that a mutation
of Arg744 does not change the properties of the enzyme once
it is folded correctly, but, rather, that there is a significant
reduction in the amount of active enzyme produced. It seems
unlikely that reduced transcription or translation is the reason
for reduced enzyme amounts because the mutant genes differ
only in one or two base pairs at the 39 end of the gene. An
alternative explanation, that the mutation in Arg744 interferes
with the folding pathway resulting in incompletely or abnor-
mally folded protein, is supported by the observation that
larger amounts of active enzyme are found in cells grown at
28°C as compared with 37°C, by the recent report that
chaperones do interact with catalase and protect it against
thermal stress (Hook and Harding, 1997) and by the enhanced
sensitivity of HPII mutants to proteolysis, the rate of which is
increased in stationary phase cells (Reeveet al., 1984). At the
lower temperature, some combination of a slower rate of protein
synthesis allowing a longer contact time with chaperones to
promote correct folding and a slower rate of proteolysis may
be responsible for the accumulation of larger amounts of
properly folded protein.

The side chain of Arg744 interacts only with residues from
the C-terminal domain (Figure 1) and its removal should only
have a direct effect on that domain. The fact that protein
accumulation is affected suggests that disruption of the C-
terminal domain structure affects the ability of the whole
protein to fold correctly. This conclusion is further supported
by the inability of mutant variants lacking the complete C-
terminal domain to accumulate active enzyme. A similar
conclusion can be drawn with respect to the N-terminal
extension, the deletion of any part of which also prevents
accumulation of protein. Therefore, despite the apparent hybrid
structure of HPII, suggestive of a small subunit enzyme with
extensions at both the C- and N-termini, both extensions are
essential for correct folding into a protease resistant, stable
structure with catalytic activity.

A recent study (Bergdollet al., 1997) included bovine liver
catalase (BLC) as one of several examples of proteins that
exhibit ‘arm exchange’ or interaction of a portion of one
subunit with an adjacent subunit to stabilize the quaternary
structure. It was proposed that such interactions are enhanced
by the presence of one or more proline residues which may
contribute to a more rigid structure of the adjacent region that
interacts with the second subunit and which may influence the
folding pathway. The key proline affecting the N-terminal
structure of BLC was hypothesized to be Pro69 (Bergdoll
et al., 1997), which is conserved in 79 of 81 catalase sequences
and for which the equivalent in HPII is Pro123. In fact, the
involvement of prolines in catalase subunit interactions may
be more complex because the interweaving of catalase subunits
involves more than a simple ‘arm exchange’ and because of
the presence of two proline-rich segments.

In all catalase tetrameric structures determined, every subunit
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has its N-terminal end inserted through a narrow loop formed
on an adjacent subunit, thereby creating an interwoven subunit
pair (Figure 2). Within the sequence of HPII and located in
close proximity to the interwoven regions, there are two
segments of HPII that have a high proline content. The segment
with the highest proline content actually forms the loop over
the N-terminus and includes residues 416–477 where 10 of 52
residues are proline. In the equivalent region of BLC, residues
367–415, eight of 49 residues are proline. Three of these
prolines, (426, 432 and 435 in HPII and 367, 373 and 377 in
BLC) are highly conserved. Furthermore, one proline in BLC
(405) and two in HPII (462 and 470) exist in the less common
cis configuration. A survey of 80 other catalase sequences
reveals the presence of a region of high proline density in the
hinge segment. The second region of HPII with a high proline
content lies between residues 31 and 58 where eight of 28
residues are proline. Because this lies in the N-terminal
extension of HPII, there is no equivalent segment in the small
subunit catalases. In Figure 2, the eight prolines between
residues 31 and 58 and the ten prolines between residues 426
and 477 of HPII are all visible in the immediate vicinity of
one subunit interweaving with the second.

The reduced conformational flexibility caused by such a
high concentration of prolines in this region should stabilize
the interactions between subunits in HPII and, in general, in
all catalases. However, the reduced flexibility makes it more
difficult to understand how the interweaving of subunits can
be achieved by the threading of the N-terminal end through a
loop formed in a fully folded neighbor subunit. Two other
considerations also create difficulty in understanding the inter-
weaving process in terms of threading. First, threading would
seem to require extremely precise interactions between the N-
terminal region and the residues from the overlapping loop,
but great divergence is evident among the N-terminal sequences
of catalases. Second, the lengths of N-terminal sequences that
are introduced through the loop vary from 10 to almost 90
residues among different catalases. An alternative explanation
to threading involves the association of catalase subunits when
they are only partially folded. This would imply an intimate
relationship between subunit folding and subunit association
and the N- and C-terminal truncation studies with HPII appear
to support the existence of such a close relationship.

Tetrameric yeast catalases are normally composed only of
heme-containing monomers. Even if heme-less monomers
predominate because of a heme deficiency, tetramers form
only after heme has bound to the subunits (Ruis, 1979). These
observations are supported by the modifications of the heme
binding pocket in HPII reported in this work, where only the
accumulation of protein and not the function of the enzyme is
affected by the mutations. Therefore, the mutational studies
of HPII strongly suggest that subunit folding and formation
of the fully active, tetrameric molecule are interdependent
processes in catalases. Such a folding path allows us to
visualize how the unique and complex interweaving of subunits
can be achieved producing the catalase molecule.

Acknowledgements
This work was supported in Canada by an operating grant (OGP 9600) from
the Natural Sciences and Engineering Research Council and in Spain by
funding from DGICYT (PB95-0218) and from the European Union through
HCMP to Large Installations Project (contract CHGE-CT93-0040).

References
Bergdoll,M., Remy,M.-H., Cagon,C., Masson,J.-M. and Dumas,P. (1997)

Structure, 5, 391–401.

555

Bravo,J., Verdaguer,N. Tormo,J., Betzel,C., Switala,J., Loewen,P.C. and Fita,I.
(1995)Structure, 3, 491–502.

Bravo,J., Fita,I., Ferrer,J.C., Ens,W., Hillar,A., Switala,J. and Loewen,P.C.
(1997a)Protein Sci., 6, 1016–1023.

Bravo,J., Fita,I. Gouet,P, Jouve,H-.M., Melik-Adamyan,W. and
Murshudov,G.N. (1997b) In Scandalios,J. (ed.),Oxidative Stress and the
Molecular Biology of Antioxidant Defenses. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY, pp. 407–445.

Christman,M.F., Storz,G. and Ames,B.N. (1989)Proc. Natl Acad. Sci. USA,
86, 3484–3488.

Evans,S.V. (1993)J. Mol. Graphics, 11, 134–138.
Fita,I., Silva,A.M., Murthy,R.N. and Rossmann,M.G. (1986)Acta Crystallogr.

B, 42, 497–515.
Gouet,P., Jouve,H.M. and Dideberg,O. (1995)J. Mol. Biol., 249, 933–954.
Hook,D.W.A. and Harding,J.J. (1997)Eur. J. Biochem., 247, 380–385.
Kunkel,T.A., Roberts,J.D. and Zakour,R.A. (1987)Methods Enzymol., 154,

367–382.
Layne,E. (1957)Methods Enzymol., 3, 447–454.
Loewen,P.C. and Hengge-Aronis,R. (1994)Annu. Rev. Microbiol., 48, 53–80.
Loewen,P.C., Switala,J. and Triggs-Raine,B.L. (1985)Arch. Biochem. Biophys.,

243, 144–149.
Loewen,P.C., Switala,J., Van Ossowski,I., Hillar,A., Christie,A.,Tattrie,B. and

Nicholls,P. (1993)Biochemistry, 32, 10159–10164.
Mead,D.A., Skorupa,E.S. and Kemper,B. (1985)Nucleic Acids Res., 13,

1103–1118.
Miller,J.H. (1974)Experiments in Molecular Genetics. Cold Spring Harbor

Laboratory Press, Cold Spring Harbor, NY.
Mulvey,M.R., Sorby,P.A., Triggs-Raine,B.L. and Loewen,P.C. (1988)Gene,

73, 337–345.
Murshudov,G.N.et al. (1996)J. Biol. Chem., 271, 8863–8868.
Reeve,C.A., Bockman,A.T. and Matin,A. (1984)J. Bacteriol., 157, 758–763.
Rørth,M. and Jensen,P.K. (1967)Biochim. Biophys. Acta, 139, 171–173.
Ruis, H. (1979)Can. J. Biochem., 57, 1122–1130.
Sanger,F.S., Nicklen,S. and Coulson,A.R. (1977)Proc. Natl Acad. Sci. USA,

74, 5463–5467.
Sevinc,S., Ens,W. and Loewen,P.C. (1995)Eur. J. Biochem., 230, 127–132.
von Ossowski,I., Mulvey,M.R., Leco,P.A., Borys,A. and Loewen,P.C. (1991)

J. Bacteriol., 173, 514–520.
Weber,K.,, Pringle,J.R. and Osborn,M. (1972)Methods Enzymol., 26, 3–27.
Welinder,K.G. (1991)Biochim. Biophys. Acta, 1080, 215–220
Yanisch-Perron,C., Vietra,J. and Messing,J. (1985)Gene, 33, 103–119.

Received October 22, 1997; revised February 20, 1998; accepted February
25, 1998


