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A 3,466-bp nucleotide sequence containing the katE gene of Escherichia coli has been determined. An open
reading frame of 2,259 bp was found and was preceded by a potential ribosome-binding site. The predicted
N-terminal sequence agreed with the sequence determined by direct amino acid sequencing, and the predicted
direction of transcription was confirmed by expression of the gene cloned in both directions behind a T7
promoter. The start site of transcription was determined to be 127 bp upstream from the start of the open
reading frame, and a potential RNA polymerase-binding site similar to a sequence preceding the xthA gene,
which is also controlled by the KatF protein, was identified. The predicted sequence of the 753-amino-acid
protein was comnpared with known sequences of other catalases, revealing significant similarity to the shorter
catalases, including the residues in the putative active site and residues involved in heme binding.

Escherichia coli produces two catalases, a bifunctional
catalase-peroxidase (hydroperoxidase I [HPI]) and a mono-
functional catalase (HPII). Both enzymes have been purified
and characterized to be quite different from each other and
from the typical catalase, which is active as a tetramer of
65,000-Da subunits and four protoheme IX groups. HPI was
found to be a tetramer of 78,000-Da subunits with just two
protoheme IX groups per tetramer and with an associated
broad-spectrum peroxidase activity (6). HPII was purified
(7) and characterized as a hexamer of 93,000-Da subunits
(18) and six heme d-like groups (5) per hexamer. The genes
encoding HPI and HPII, katG and katE, respectively, are
unlinked, mapping at 89.2 (21) and 37.2 (17) min, respec-
tively. A third gene, katF, mapping at 59.0 min (20), was
found to be required for expression of katE but not katG.
The katF gene has been cloned (28) and sequenced (27),
revealing a striking similarity between the KatF protein and
known sigma transcription factors, suggesting its mechanism
as a positive effector of katE (27), of xthA (32), and possibly
of other genes involved in resistance to near-UV radiation
(33).
The katG gene has been cloned (22, 42) and sequenced (41)

and predicts an amino acid sequence that bears no resem-
blance to any of the known catalase sequences. Instead, a
striking resemblance to a peroxidase from Bacillus stearo-
thermophilus has been observed (23), suggesting that the
bifunctional HPI is more closely related to the family of
peroxidases than catalases. On the basis of its very different
physical structure, it seemed unlikely that HPII would have
any sequence or structural similarity to the common cata-
lases. This paper describes the sequence analysis of katE,
the identification of the site of transcription initiation, and a
comparison of the predicted amino acid sequence of HPII
with the sequences of other catalases.

MATERIALS AND METHODS
Bacterial strains and plasmids. The strains JM101 (45) and

NM522 (25) were used for plasmid preparations and for the
preparation of single-stranded DNA for sequencing. Cul-

* Corresponding author.

tures were grown in LB medium (26) which was supple-
mented with 150 ,ug of ampicillin per ml for transformed
strains. The plasmid pAMkatE72 was prepared by ligating a
3.5-kb PstI-ClaI fragment containing katE from pAMkatE6
(28) (Fig. 1) into the M13 Bluescript KS' vector (Stratagene
Cloning Systems). Subclones of pAMkatE72 were prepared
in the M13 Bluescript SK+, SK-, KS', and KS- vectors by
using various combinations of restriction nucleases. The
4.0-kb ClaI fragment from pAMkatE6 was cloned into pT7-5
(38) in two orientations relative to the T7 promoter to
generate pT7E1 and pT7E2 (Fig. 1).

Expression of katF. The plasmids pT7E1 and pT7E2 were
transformed into UM255 (28) along with pGP1-2. The double
transformants were heat shocked by transferring a cell
culture from 30 to 42°C as described previously (38). After 30
min, the cells were collected and lysed by sonication.
Extracts of the crude extract were separated by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(16, 44). The proteins were labeled with [35S]methionine, and
the labeled protein bands were localized by autoradiography
(4).
DNA manipulation and sequence analysis. DNA manipula-

tions, including restriction digests, ligations, transforma-
tions, and electrophoresis, were carried out as described by
Maniatis et al. (24). DNA sequencing was by the dideoxy
chain termination method of Sanger et al. (34). The following
synthetic oligonucleotides were used as primers in the chain
elongation reactions from the multiple cloning site into the
cloned regions of the hybrid M13 plasmids: universal primer,
5'-GTAAAACGACGGCCAGT; reverse primer, 5'-AACA
GCTATGACCATG; SK primer, 5'-TCTAGAACTAGTG
GATC; and the KS primer, 5'-CGAGGTGGCGACGGTA
TCG. The following synthetic oligonucleotides correspond-
ing to portions of the katE gene were used for sequencing: 1,
5'-TTTGCGTGTATTTCATA; 2, 5'-TTCGGTATTCACAC
CTT; 3, 5'-CGCTGTTGCAGGGACGT; 4, 5'-ACGTCCCT
GCAACAGCG; 5, 5'-CACGTTGTGCAGAGTTT; 6, 5'-GG
TAGGTTGTGCACCTG; and 7, 5'-TACCACGCGACCTT
TCA.
The transcription initiation site was identified by the

primer extension method (1) by using reverse transcriptase
to elongate the primer 5'[32P]CTGATGTGGGTTCTTTTCG
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FIG. 1. Construction of various katE-containing plasmids. For the construction of pAMkatE72, used for sequence analysis, the plasmid
pAMkatE6 (28) was cut with PstI and Clal and the 3.5-kb fragment containing katE was inserted into pM13KS+, also cut with PstI and ClaI
in the multiple cloning site. For the construction of pT7E1 and pT7E2, used for determining the direction of transcription, pAMkatE6 was
cut with ClaI and the 4.2-kb fragment was inserted in pT7-5, also cut with ClaI. The two BamHI sites in pT7E1 and pT7E2 were used to
determine the orientation of the insert relative to the T7 promoter, indicated by the large arrows in pT7-5, pT7E1, and pT7E2. The unfilled
portion of the various plasmid outlines indicates the chromosomal DNA insert, and the heavy filled segments in pT7E1 and pT7E2 indicate
the location of the katE gene. The arrow inside pAMkatE72 indicates the approximate location and direction of transcription of katE. The
cross-hatched segments indicate the location of the bla gene in the pT7 plasmids. The following abbreviations were used for restriction
enzymes: C, ClaI; B, BamHI; E, EcoRI; H, HindlIl; P, PstI; and V, EcoRV.

TTATGTTGCGA, which corresponds to the complement of
bases +4 to +33 of katE annealed to mRNA synthesized
from plasmid pAMkatE72. Total RNA was isolated as de-
scribed by Gilman and Chamberlin (12), with the following
procedural modifications. Cells were ruptured by extracting
twice with an equal volume of redistilled phenol, and the
subsequent nucleic acid precipitate was redissolved in 100
mM sodium acetate (pH 5) and 10 mM MgSO4 for the DNase
I and proteinase K treatments.

N-terminal sequence analysis. Catalase HPII was purified
as described by Loewen and Switala (18) from strain UM255
(39) transformed with pAMkatE22 (28). The N-terminal
sequence was determined by the Tripartite Microanalytical
Center at the University of Victoria, Victoria, Canada.
Amino acid analysis. Samples containing 1 nmol of HPII

subunit were mixed with constant boiling HCI, sealed in a

glass tube, and incubated at 110°C for 24, 48, and 72 h. For
cysteic acid determination, 1 nmol of HPI was oxidized for
20 h at 5°C in performic acid (prepared by mixing 0.2 ml of
30% H202 with 1.8 ml of 90% formic acid), followed by
lyophilization and hydrolysis. The amino acid analyses were

performed on an LKB 4151 Alpha Plus amino acid analyzer
operated by the Department of Animal Science, University
of Manitoba.

Nucleotide sequence accession number. The GenBank ac-

cession number for the katE gene is M55161.

RESULTS

Direction of transcription. Plasmids pT7E1 and pT7E2
were constructed with the ClaI fragment of pAMkatE72

inserted in the two possible orientations behind the T7
promoter of plasmid pT7-5 (Fig. 1). They were then trans-
formed into a strain containing the plasmid pGP1-2, which
encodes T7 RNA polymerase downstream from the lambda
PL promoter and is controlled by the heat-sensitive c1857
repressor. Heat induction of the doubly transformed strain
resulted in expression of T7 RNA polymerase from pGP1-2,
which in turn initiated transcription of DNA downstream
from the T7 promoter on the pT7 plasmids. Of the two
plasmids containing katE, only pT7E1 yielded a 93-kDa
protein band labeled with [35S]methionine (Fig. 2). This
indicated that the direction of transcription was from the
PstI end of pAMkatE72 towards the ClaI end, as shown in
Fig. 1.

Nucleotide sequence of katE. The size of the chromosomal
insert containing katE in pAMkatE72 was 3.5 kb, of which
approximately 2.5 kb was required to encode the 93,000-Da
HPII subunit. The strategy for sequencing both strands of
the katE-containing insert in pAMkatE72 is shown in Fig. 3
and resulted in the definition of a 3,466-bp sequence, extend-
ing from the Pstl to the ClaI sites (Fig. 4). A single open
reading frame of 2,259 bp (821 to 3079) which encodes a
protein of 753 amino acids is indicated in Fig. 4. The
molecular weight of the predicted protein was 84,173 Da,
smaller than the 93,000 Da observed on SDS-polyacrylamide
gels (18), possibly a result of its slightly acidic character. The
predicted amino acid composition of the protein is compared
with the experimentally determined composition in Table 1,
revealing close agreement and a slight predominance of
acidic (14.2%) over basic (10.8%) residues. Analysis of the
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FIG. 2. Analysis of proteins expressed from the pT7 katE-con-
taining plasmids to determine the direction of transcription of katE.
Extracts from cells transformed with the following plasmids were
separated on a 9% gel: pGP1-2 (lane 1), pGP1-2 and pT7E1 (lane 2),
pGP1-2 and pT7E2 (lane 3), and pGP1-2 and pT7F2 (lane 4) (27). The
location and sizes (103) of various molecular weight markers are
indicated alongside the gel.

codon usage pattern suggests that katE is a moderately
expressed gene, with codons characteristic of both weakly
and strongly expressed genes being used (13). The N-termi-
nal sequence of the protein was determined to be xxx-Ser-
Gln-His-Asn-Glu-Lys-Asn-Pro-His-Gln, consistent with the
predicted amino acid sequence from residues 2 to 10. The
identity of the first amino acid was not determined for
technical reasons.

Potential control regions flanking katE. There is a 5-base
ribosome-binding or Shine-Dalgarno sequence, AGGAG, 10
bp upstream from the ATG codon. The potential -10 and
-35 regions of an RNA polymerase-binding site are indi-
cated at 133 and 154 bp upstream from the ATG codon.
These sequences are very different from the consensus -10
and -35 sequences (14) but were chosen on the basis of the
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FIG. 3. Sequencing strategy for katE. The restriction map of the
chromosomal insert in pAMkatE72 was used to generate a number
of subclones of portions of the insert which were used for sequenc-
ing. The arrows indicate the direction and extent of elongation in the
sequencing reactions. Where the arrow commences with a number,
the sequence was initiated with a synthetic primer, and the number
corresponds with the list of primers in Materials and Methods. Both
strands of the insert were sequenced. In addition to the restriction
enzyme abbreviations used in Fig. 1, the following abbreviations
were used: D, DraI; A, Sau3A; R, RsaI; Ha, HaeIII; N, NruI; S,
SspI; and St, StuI.

CGCCTCATATTGTTAACAAAATTATTATCTCATTTAAATCTAAGTCATTTACAATATAAGTTTAAGAGCGACGCCACAGGATGAACTATC
271

AAAAATAGCTCATCATGATTAGCAAAACTTAACCATTTTAAAATAAATAAACAATTAAAGAAAAAAGATCACTTATTTATAGCAATAGAT
361

CGTCAAAGGCAGCTTTTTGTTACAGGTGGTTTGAATGAATGTAGCAACGAAATACAGAATTTCAGGTCATGTAACTCCCGGCAAACCGGG
*51

AGGTATGTAATCCTTACTCAGTCACTTCCCCTTCCTGGCGGATCTGATTTGCCCAACGTTGGGCAGATTCAGGCACAGTAAACGCCGGTG
541

AGCGCAGAAATGACTCTCCCATCAGTACAAACGCAACATATTTGCCACGCAGCATCCAGACATCACGAAACGAATCCATCTTTATCGCAT
61

GTTCTGGCGGCGCGGGTTCCGTGCGTGGGACATAGCTAATAATCTGGCGGTTTTGCTGGCGGAGCGGTTTCTTCATTACTGGCTTCACTA

AACGCATATTAAAAATCAGAAAAACTGTAGTTTAGCCGATTTAGCCCCTGTACGTCCCGCTTTGCGTGTATTTCATAACACCGTTTCCAG
-35 -10

AATAGTCTCCGAAGCGGGATCTGGCTGGTGGTCTATAGTTAGAGAGTTTTTTGACCAAAACAGCGGCCCTTTCAGTAATAAATTAAGGAG
S.D.

901
ACGAGTTCAATGTCGCAACATAACGAAAAGAACCCACATCAGCACCAGTCACCACTACACGATTCCAGCGAAGCGAAACCGGGGATGGAC

H S 0 H N E K N P H 0 H Q S P L H D S S E A K P G N D
991

TCACTGGCACCTGAGGACGGCTCTCATCGTCCAGCGGCTGAACCAACACCGCCAGGTGCACAACCTACCGCCCCAGGGAGCCTGAAAGCC
L A P E D G S N R P A A f P T P P G A Q P T A P G S L K A

1061
CCTGATACGCGTAACGAAAAACTTAATTCTCTGGAAGACGTACGCAAAGGCAGTGAAAATTATGCGCTGACCACTAATCAGGGCGTGCGC

TD R N E K L N S L E D V R K G S E N Y A L TT N Q G V R

ATCGCCGACGATCAAAACTCACTGCGTGCCGGTAGCCGTGGTCCAACGCTGCTGGAAGATTTTATTCTGCGCGAGAAAATCACCCACTTT
A D D Q N S L R A G S R G P T L L E D F I L R E K I T H F

126i
GACCATGAGCGCATTCCGGAACGTATTGTTCATGCACGCGGATCAGCCGCTCACGGTTATTTCCAGCCATATAAAAGCTTAAGCGATATT
D,8H E R I P E VI v H A R G S A A H G Y F Q P Y K S L S D I

ACCAAAGCGGATTTCCTCTCAGATCCGAACAAAATCACCCCAGTATTTGTACGTTTCTCTACCGTTCAGGGTGGTGCTGGCTCTGCTGAT
f62K A D F L S D P N K I T P V F v R F S T V Q G G A G S A D

ACCGTGCGTGATATCCGTGGCTTTGCCACCMAGTTCTATACCGAAGAGGGTATTTTTGACCTCGTTGGCAATAACACGCCAATCTTCTTT
9V RD I RG F A TK F Y T E E G I F D L V G N N T P I F F

IS31
ATCCAGGATGCGCATAAATTCCCCGATTTTGTTCATGCGGTAAAACCAGAACCGCACTGGGCAATTCCACAAGGGCAAAGTGCCCACGAT
20QD A H K F P D F V H A V K P E P HN A I P 0 G Q S A H D

1621
ACTTTCTGGGATTATGTTTCTCTGCAACCTGAAACTCTGCACAACGTGATGTGGGCGATGTCGGATCGCGGCATCCCCCGCAGTTACCGC

WF D Y V S L Q P E T L H N V NW A N S D R G I P R s Y R
1711

ACCATGGAAGGCTTCGGTATTCACACCTTCCGCCTGATTAATGCCGAAGGGAAGGCAACGTTTGTACGTTTCCACTGGAAACCACTGGCA
2.H E G F G I H T F R L I N A E G K A T F V R F HN K P L A

1801
GGTAAAGCCTCACTCGTTTGGGATGAAGCACAAAAACTCACCGGACGTGACCCGGACTTCCACCGCCGCGAGTTGTGGGAAGCCATTGAA

K A S L V H D E A Q K L T G R D P D F H R R E L W E A I E
1891

GCAGGCGATTTTCCGGMTACGAACTGGGCTTCCAGTTGATTCCTGAAGAAGATGMTTCAAGTTCGACTTCGATCTTCTCGATCCAACC
fiG D F P E Y E L G F Q L I P E E D E F K F D F D L L D P T

lffl
AAACTTATCCCGGAAGAACTGGTGCCCGTTCAGCGTGTCGGCAAAATGGTGCTCAATCGCAACCCGGATAACTTCTTTGCTGAAAACGAA

L I P E E L V P V Q R V G K N V L N R N P D N F F A E N E
2071

CAGGCGGCTTTCCATCCTGGGCATATCGTGCCGGGACTGGACTTCACCAACGATCCGCTGTTGCAGGGACGTTTGTTCTCCTATACCGAT
L,A A F H P G H I V P G L D F TN D P L L Q G R L F S VT D

ACACAAATCAGTCGTCTTGGTGGGCCGAATTTCCATGAGATTCCGATTAACCGTCCGACCTGCCCTTACCATAATTTCCAGCGTGACGGCT18Q I s R L G G P N F H E I P I N R P T C P Y H N F Q R D G
2251

ATGCATCGCATGGGGATCGACACTAACCCGGCGAATTACGAACCGAACTCGATTAACGATAACTGGCCGCGCGAAACACCGCCGGGGCCG
H8H R N G I D T N P A N Y E P N S I N D N I/ P R E T P P G P

23 1
AAACGCGGCGGTTTTGAATCATACCAGGAGCGCGTGGAAGGCAATAAAGTTCGCGAGCGCAGCCCATCGTTTGGCGAATATTATTCCCAT
,R G G F E S V Q E R v E G N I V R E R S P S F G E Y VS H

CCGCGTCTGTTCTGGCTAAGTCAGACGCCATTTGAGCAGCGCCATATTGTCGATGGTTTCAGTTTTGAGTTAAGCAAAGTCGTTCGTCCG
R L FW L SQ T P F E Q R H I V D G F S F E L S K V V R P

TATATTCGTGAGCGCGTTGTTGACCAGCTGGCGCATATTGATCTCACTCTGGCCCAGGCGGTGGCGMAAMATCTCGGTATCGAACTGACT
5Y&I R E R V V D Q L A H I D L T L A Q A V A K N L G I E L T

GACGACCAGCTGAATATCACCCCACCTCCGGACGTCAACGGTCTGAAAMAGGATCCATCCTTMGTTTGTACGCCATTCCTGACGGTGAT
D,06D Q L N I T P P P D V N G L K K D P S L S L V A I P D G D

GTGAAAGGTCGCGTGGTAGCGATTTTACTTAATGATGAAGTGAGATCGGCAGACCTTCTGGCCATTCTCMGGCGCTGMGGCCAMGGC
5fK G R V V A I L L N D E V R S A D L L A I L K A L K A K G

GTTCATGCCAAACTGCTCTACTCCCGAATGGGTGAAGTGACTGCGGATGACGGAACGGTGTTGCCTATAGCCGCTACCTTTGCCGGTGCAL8H A K L L V S R N G E V T AD D G T v L P I A A T F A G A

CCTTCGCTGACGGTCGATGCGGTCATTGTCCCTTGCGGCMTATCGCGGATATCGCTGACMCGGCGATGCCMCTACTACCTGATGGAA
6P S L T v D A V I V P C G N I A D I A D N G D A N Y r L H E

GCCTACAAACACCTTAAACCGATTGCGCTGGCGGGTGACGCGCGCAAGTTTAAAGCAACAATCAAGATCGCTGACCAGGGTGMGAAGGG
f,r K H L K P I A L A G D A R K f K A T I K I A D Q G E E G

ATTGTGGAAGCTGACAGCGCTGACGGTAGTTTTATGGATGAACTGCTAACGCTGATGGCAGCACACCGCGTGTGGTCACGCATTCCTAAG
1,tV E A D S A D G S F N D E L L T L N A A H R V S R I P K

ATTGACAAAATTCCTGCCTGATGGGAGCGCGCAATTGCGCCGCCTCAATGATTTACATAGTGCGCTTTGTTTATGCCGGATGCGCGTGAA
ID I P A3

CGCCTTATCCGGCCTACAAAACTGTGCAAATTCAATATATTGCAGGAAACACGTAGGCCTIAAGCGAAGCCAJTCWAGTTTTGCGT
331

TTGTCAGCAGTCTCAAGCGGCGGCAGTTACGCCGCCTTTGTAGGAATTAATCGCCGGATGCAAGGTTCACGCCGATCTGGCAAACATCCT
3421

CACTTACACATCCCGATAACTCCCCAACCGATAACCACGCTGAGCGATAGCACCTTTCAACGACGCTGATGTCAACACATCCAGCTCCGT

TAAGCGTGGGAAACAGTMGCACTCTGACGGATAGTATTATCGAT

FIG. 4. Sequence of the 3,466-bp chromosomal insert in
pAMkatE72 containing katE. The open reading frame commences at
base 821, and the predicted amino acid sequence is indicated in
italics underneath the DNA sequence. The transcription start site, a
G at position 695, is indicated by *, and potential -10 and -35
components of the promoter are underlined and labeled upstream of
the start base. A potential palindromic sequence is underlined about
60 bp after the end of the open reading frame. A potential ribosome-
binding site is underlined and labeled S.D. just upstream of the open
reading frame.
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TABLE 1. Comparison of predicted and actual amino acid
compositions of catalase HPII

Amino acid Predicted no. (%) Actual no. (%Y'

Alanine 64 (8.5) 61.2 (8.1)
Arginine 44 (5.8) 41.4 (5.5)
Asparagine 33 (4.4)
Aspartate 58 (7.7) 95.1 (12.6)
Cysteineb 2 (0.3) 2.2 (0.3)
Glutamine 26 (3.5)
Glutamate 49 (6.5) 86.3 (11.5)
Glycine 53 (7.0) 57.0 (7.6)
Histidine 28 (3.7) 22.7 (3.0)
Isoleucine 43 (5.7) 40.7 (5.4)
Leucine 60 (8.0) 57.7 (7.7)
Lysine 37 (4.9) 36.6 (4.9)
Methionine' 12 (1.6) 11.5 (1.5)
Phenylalanine 40 (5.3) 31.9 (4.2)
Proline 59 (7.8) 60.0 (8.0)
Serined 40 (5.3) 31.8 (4.2)
Threonine 37 (4.9) 39.0 (5.2)
Tryptophane 9 (1.2) 12.5 (1.7)
Tyrosine 19 (2.5) 13.8 (1.8)
Valine 40 (5.3) 43.7 (5.8)

a The asparagine and glutamine values are combined with the aspartate and
glutamate values, respectively, because of hydrolysis of the amides.

b Determined as cysteic acid following performic acid oxidation.
c Determined as methionine solufoxide and methionine sulfone following

performic acid oxidation.
d Determined by extrapolation of hydrolysis time to zero to compensate for

hydrolytic destruction.
e Determined by the method of Edelhoch (8).

fact that the start site of transcription identified by primer
extension on the mRNA is G at position 695 (Fig. 5).
Furthermore, a similar sequence exists just upstream from
the transcription start site in xthA (35) (Fig. 6), another gene
controlled by the KatF protein. About 130 nucleotides
beyond the putative termination codon, there is an element
of twofold symmetry with a predicted stability of -9.1
kcal/mol which is followed by a run of four T's, indicative of
a moderately strong transcription termination site.
Comparison of the predicted HPII sequence with other

catalase sequences. A comparison of the deduced amino acid
sequence of the HPII subunit with the known sequences of
catalases from bovine liver, rat liver, human kidney, Can-
dida tropicalis, Saccharomyces cerevisiae, and maize (Zea
mays) revealed significant similarity between portions of
HPII and all of the shorter catalases (Fig. 7). Because of its
greater length, HPII contained long stretches at both the N
terminus (57 amino acids) and the C terminus (168 amino
acids) that were not similar to any parts of the shorter
enzymes. However, rat liver (11), bovine liver (36), human
kidney (2), S. cerevisiae (15), C. tropicalis (30), and maize
(3) catalases were found to be, respectively, 51.8, 53.6, 51.2,
41.8, 49.4, and 46.9% similar (considering both identical
amino acids and conservative replacements) to the remain-
ing amino acids in the core of HPII. In fact, the degree of
similarity was much greater for certain portions of the
sequence; for example, residues 161 to 213 were 84.3%
similar to the corresponding portion of the rat liver catalase.
Generally, the similarity was greatest in the N-terminal half
of the proteins and decreased towards the C-terminal end.
Most significantly, the three residues identified as participat-
ing in the active site of the enzyme of the bovine liver
enzyme, His-74, Ser-113, and Asn-147 (9), were conserved
in the form of His-128, Ser-167, and Asn-201. Furthermore,

P A C G T

_ A670

- T680

-_ G690

_ T700

-_ C710

_ A720

FIG. 5. Primer extension mapping of the katE promoter. The
32P-labeled primer was elongated and electrophoresed on a 6%
polyacrylamide sequencing gel in lane P alongside a sequencing
ladder (lanes A, C, G, and T) generated by using the same primer.
The sequence shown is of the strand complementary to that shown
in Fig. 4, but the numbered bases shown on the right of the gel
correspond to the sequence in Fig. 4. For the primer extension
reaction, 25 ±g of total RNA from NM522 carrying pAMkatE72 was
used. The predominant and longest extended primer band migrated
adjacent to the C complementary to G-695.

the seven residues identified as interacting with the heme
group of the bovine liver enzyme, Val-73, Thr-114, Phe-152,
and Phe-160 on the distal side of the heme and Pro-335,
Arg-353, and Tyr-357 on the proximal side of the heme, have
as counterparts in the HPII sequence Val-127, Thr-168,
Phe-206, Phe-214, Pro-393, Arg-411, and Tyr-415, respec-
tively. Of the four amino acids involved in NADPH binding
in the bovine liver enzyme (10), Arg-202, Asp-212, Lys-236,
and His-304, the first three are conserved as Arg-260,
Glu-270, and Lys-294, but the fourth, His-304, has been
replaced by Glu-362.

DISCUSSION

The sequence of HPII deduced from the nucleotide se-

quence of katE contains a core segment that is approxi-
mately 50% similar to the complete sequences of six other
catalases, considering both identical amino acids and con-

1 5bp 6bp

katE GTTTAGC ------- ACGTCC -------G
III 111

xthA GGTAAGC------- CCATCC-------A
17bp

-35 -10
4bp

+1

FIG. 6. Comparison of the DNA sequences upstream of the first
transcribed base in katE and xthA (35). The initiation site is
indicated by + 1, and the -10 and -35 regions are indicated by -10
and -35. The spacing between the various sequences is also
indicated.
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HPII: msqhneknphqhqsplhdsseakpgmdsl apedgshrpaaeptppgaqptapqSl kapDtrnEkLNsleDvRkGSENyaLTT
RLC: adsrDpasDqMQewkEqRapqkpdvLTT
BLC: adnrDpasDqMkhwkEqRaAqkpdvLTT
HKC: adsrDpasDqMQhwkEqRaAqkNdvLTT
SCC: MNvfgk KeekQEkvySl
CTC: aptfTn
ZMC: vrrSgsssslatamdpykharRapStp vLd

t*
HPI I: NQGvrIAIJDqN SLRAGsRGPtLLDEFI LrEKItHFDHERIPERIVHARGSAAHGYFQpyKSLSDIT KAdFLsDpnKi T
RLC: ggGnpI6DklN iNtAGpRGPl LVQDvVftDeMaHFDRERIPERVVHAKGaGAfGYFEvtH DITrysKAkvfehigKrT
BLC: ggGnpV6DklN SLtAGpRGPlLVQDvVftDeMaHFDRERIPERVVHAKGaGAfGYFEvtH DITrysKAkvfehigKrT
HKC: gaGnpVGDklN vItAGpRGPl LVQDvVftDeMaHFDRERIPERVVHAKGaGAfGYFEvtH DITkysKAkvfehigKkT
SCC: QN6fpyshhpyaSqysrpdGPi LLQDFhL EnIasFDRERVPERVVHAKGgGcRl eFEl tdSLSDIT yAapyqNvgykc
CTC: sNGqpIpEpfa TqRvGqHGPlLLQDFnLiDsLaHFDRERIPERVVHAKGSGAyGvFEvtd DITdvcaAkFLdtvgKkT
ZMC: hNsaprvEQrQ lLtvGaRGPiLLEDlVV EKLanFDRERIPERVVHrcGasAKGFFEvtH DITtdvadsagrtagmqa

*t * t t
HPI I: PVFVRFSTVqGGaGSADTVRDiRGFATKFYTEEGI FDLVGNNTPIFFIqDAhKFPdFVHAvK PEpNIWaiPQgqsahDTF
RLC: PIaVRFSTVaGesGSADTVRDpRGFAvKFYTEDGnWDLVGNNTPIFFIrDAM1FPsFIHsqKrnPQtHl kdP Dnv
BLC: PIaVRFSTVaGesGSADTVRDpRGFAvKFYTEDGnWDLVGNNTPIFFIrDA1 1FPsFIHsqKrnPQtHl kdP mnv
HKC: PIaVRFSTVaGesGSADTVRIpRGFAvKFYTEDGnWDLVGNNTPIFFIrDpilFPsFIHsqKrnPQtHlkdP Dnv
SCC: Pgl VRFSTVgGesGTpDTVRFpRGvsfKFYTEwGnhDwVfNNTPVFFLrDAiKFPvFIHsqKrdPQsHl nqfQ DTti
CTC: rIFtRFSTVgGelGSADTaRDpRGFATKFYTEEGnlDLVyNNTPVFFIrDpsKFPhFIHtqKrnPEtH1 kda NmF
ZMC: vlaVslncValAlryhDgspEtlGprvasvytgGnWt Vet 1P slIrDGiKsghv HAIKpnPrtHigdn wri

N N N
HPI I: iVDYVSLQPETLMNVAiamSDRGIPrSYRTNEGFGIHTFRLINAEGKATFVRFhKPl aGkaSLvwDEAqKLTGrDPDFHrR
RLC: IVDFwSLcPESLHQVtFl fSDRGIPdghRhD9NGYGsHTFKLVNANGeAvYcKFHYKtdqGi knLpvEEAgRLaqeDPDYgl R
BLC: MDFwSLrPESLHQVsFl fSDRGIPdghRhMDGYGsHTFKLVNADGeAvYcKFHYKtdqGi knLsvEDAaRLaheDPDYgl R
HKC: VDFwSLrPESLHQVsFl fSDRGIPdghRhMGYGsHTFKLVNANGeAvYcKFHYKtdqGi kwLsvEDAaRLSqeDPDYgiR
SCC: yi/DYLTLNPESIHQItYmfgDRGtPaSWaSM4AYsgHSFKMVNkEGKdTYVqFHvl sdtGfeTLtgDkAaeLSGshPDYnqa
CTC: iVDYLTTNeESVHQVNv1 fSDRGtPaSYReMdGYsgHTYiwsNnkGewfYVqvHFi sdqGi kTLtnEEAgsLaGsNPDYaqe
ZMC: lDFfShhPESLAnfsFl fdDcGIPadvRphgGsGVHTYtLVsraGtvTYVKFWRPtcGvrSLmdDEAvaVgAq PQpRtK

4 N
HPI I: ELWEAIEAGDFPEYELgfQLIpEEDEfKFDF DLLDpTKLiPEe1 VPVqRVGXMVLNRNPDNFFAENEQMFhPGHIV PGL
RLC: DLFNAIasGNYPsWtfyiQVMtfkEaetFpF NpfDl TVwPhkdyPLi pVGKLVLNRNPaNYFAEvEQmAFdPsnMp P6I
BLC: DLFNAIatGNYPsWtLyi QVMtfsEaeiFpF NpfDl TKVwPhgdyPLi pVGKLVLNRNPvNYFAEvEQl AFdPsnMp P6I
HKC: DLFNAIat6kYPsWtfyiQVMtfNQaetFpF NpfDl TKVwPhkdyPLi pVGKLVLNRNPvNYFAEvEQiAFdPsnMp P6I
SCC: kLFtqLQnGEkPkFNcyvQtNtpEQatKFrY sVnDl TKIwPhkefPNrkfGtItLteNvDWYFqEiEQvAFsPtntciPhI
CTC: DLFknIaAQNYPsVtcyiQtNtEaQakeaEF sVfDlTKVwPhgkyPLrRf6KftLNeNPkNYFAEvEQAAFsPAHtV PGM
ZMC: DLtDAIaAGNFPEWtLyiQtNdpEmEdRl Qhl DpLDvTKtwPE dVPLEpVGRLVLNRNiDNFFAENEQl AFsPGl IV P6I

4 4
HPII: DFTNDPLLQGRLFSYTDTQisRL6gPNFhEIPINRPt CPYH NFQ RI16 NnrNGiDTNpaNYe
RLC: EpSpDkMLQGRLFaYpDThrhRLG PNYlQIPVN CPYRa rvaNYQ RDGpNcmhdnQggapNYy
BLC: EpSpDkHLQGRLFaYpDThrhRLG PNYlQIPVN CPYRa rvaNYQ RDGpNcmNdnQggapNYy
HKC: EaSpDkNLQGRLFaYpDThrhRLG PNYlhIPVN CPYRa rvaNYQ RXGpNcmqdnQggapNYy
SCC: kpSNDsVLQARLFSYpDTQrhRLG aNYqQLPVNRPrnl gCPYskgdsqytaeqcpfkavNFh RDGpNsyy nfgpepNYi
CTC: EpSaDPVLQsRLFSYaDThrhRLG tNYtQIPVN CPvtg avfNpQmRXGpNnvnGnIgNhpNYl
ZMC: yYSDDkLLQtRIFSYSDTQrhRLG PNYllLPaN aPlca hhnNhy DGsNnfN hrTEevDYp

HPII: PNSiNDNWpreTpPgPKrggfesyQerVe6NkVrERsPsfgEYyshPRLfwlsQtpFeq rHIVDGFsF el sKvVRpY
RLC: PNSfsapeqqgSalehHsqcsadvkrfnsANednvtqvrtfytkvlneeerkrl cenia nHLkDAqlF iq rKaVKn
BLC: PdfsapehqpSal ehRthfsgdvQrfnsAddnvtqvrtfyl kvl neeqrkrl ceni a gHLkDAql F i q kKaVKn
HKC: PNdfgapeqqpSal ehsliysgevrrfntANddnvtqvrafyvnvl neeqrkrl ceni a gHLkDAqiF iq kKaVKn
SCC: ssl pmQtl kfknevndevsdkfkgivldiqteVsvRkqeqdQi rnehiVdakiNqyYyvygi spldFeqpralyekvyndeq
CTC: asdkpiEFkqfSl qedqevwhgaatpfhwkEtpaDfkqatel Wkvl kKypnqq ehl ahnvaVhAsaadapiqdr Vi aY
ZMC: PsryDavrnapryPiPtahiagrrEktViskennfKqPgeryramdParqe rfitngs t Leipgyr ar iRnhgh

HPI I: iRE rvvDqLAH ID1 tLaQaVAKnl GIeLtDdql nlTpppdVNgl kkDpsl slyai pdGdvkgrvvai 11 ndevrsadl 1
RLC: ftD vhpDygAR VQa lLdQynsqkpknalhtyvqagShiaakgkanl
BLC: fsD vhpEygsR IQa lLdkyneekpkn
HKC: ftE vhpDygsH IQa 1LdkynAekpknalhtfvqsgShlaarEka4;,.
SCC: kKl fvhnvvchacklkdpkVkkrVtqyf6Ll neDl gkvlaegl gVpw#,bl egyaktwsiAsa
CTC: ftk vhpDlgdl IkkeiLelsprK
ZMC: scf lcelvL R sQf htt yepea

HPII: ailkalkakgvhakllysrmgevtaddgtvlpiaatfagapsltvdavivpcgniadiadngdanyylmeaykhl kpialag

HPII: darkfkatikiadqgeegiveadsadgsfmdelltlmaahrvwsripkidkipa
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FIG. 7. Comparison of the predicted amino acid sequence of the HPII subunit with the sequences of other catalases including rat liver
(RLC) (11), bovine liver (BLC) (36), human kidney (HKC) (2), S. cerevisiae (SCC) (15), C. tropicalis (CTC) (30), and maize (ZMC) (3). Amino
acids that are identical in HPII and one or more of the other catalases are capitalized and italicized. Amino acids that are the result of
conservative replacements between HPII and any one of the other catalases are capitalized. Conservative amino acid replacements are
defined as occurring in the following groups: (S and T), (A and G), (F, Y, and W), (H, K, and R), (D, E, N, and Q), and (I, L, M, and V).
Residues predicted to be in the active site of the bovine liver enzyme (9) are indicated by *. Residues predicted to be involved in binding the
heme on either the distal ( T ) or proximal (4 ) sides (9) are also indicated. The residues predicted to be involved in NADP binding are indicated
by N.

servative replacements. Shorter segments of the sequences
have even greater degrees of similarity, and all of the
residues identified as playing a role in the active site of the
bovine liver enzyme and in binding the protoheme group
have counterparts in the HPII sequence. This similarity is
surprising when the differences in physical properties be-
tween HPII and other catalases are considered. For exam-
ple, HPII is active as a hexamer, whereas the normal
catalases from eucaryotic and some bacterial sources are
active as tetramers. HPII has a predicted subunit size of
84,118 Da, compared with approximately 65,000 Da for other
catalases, and it is green rather than brown in color, a result
of the heme d-like group replacing the normal protoheme IX.
Because of the close similarity between portions of HPII and
bovine liver catalase, for which the crystal structure has
been determined (29), HPII may be useful as a model to test
some of the predictions about the roles of individual amino
acids in the active site and in heme binding. The greater
length of HPII is contained in two sections, a 57-amino-acid
segment at the N terminus and a 168-amino-acid segment at
the C terminus. The role of this additional protein may be
elucidated when the crystal structure of HPII (39) is com-
pleted, but it is likely that it is involved in changing the
quaternary structure of the active enzyme from the normal
catalase tetramer form to the hexamer form of HPII.
The HPII heme d group differs from protoheme IX in that

it has two hydroxyl groups in a cis configuration on ring C.
The amino acid residues interacting with the heme have not
changed, indicating that the diol configuration does not affect
these interactions. Little is known about the oxidative con-
version of protoheme into the relatively uncommon HPII
heme d or the process of inserting the heme into the protein.
The cell is capable of making sufficient protoheme IX for the
plasmid-encoded synthesis of HPI, and the conversion of
protoheme IX to the HPII heme d must be sufficiently facile
to allow the rapid synthesis of large amounts of active HPII.
Further work is required to determine whether the proto-
heme-to-heme d conversion occurs prior to insertion or as
part of the insertion process.

Binding ofNADPH by the bovine liver enzyme involves a
water molecule, which is predicted to interact with Lys-236,
His-234, and Tyr-214, and His-304, which is predicted to
interact with the pyrophosphate portion of NADPH. Lys-
236 and His-234 have Lys-294 and His-292 as counterparts in
HPII, but the binding of the water molecule would be
adversely affected by the replacement of Tyr-214 with Phe-
272 in HPII, which lacks the necessary phenolic OH group
for interaction with water. Furthermore, His-304 in the
bovine enzyme is replaced by the negatively charged Glu-
362 in HPII, which should not interact favorably with the
negatively charged pyrophosphate group of NADPH. These
differences suggest that HPII does not bind NADPH, but
this remains to be confirmed.
The sequence similarity in the -10 and -35 regions

upstream from the transcription start sites in katE and xthA

is consistent with the observation that transcription of both
genes is controlled by the KatF protein (32), a putative a

factor (27). Other genes controlled by the KatF protein have
not yet been identified, but it is unlikely that a a factor would
have evolved for the expression ofjust two genes, neither of
which is absolutely essential for viability. A number of
genes, including appA (encoding an acid phosphatase [40]),
the genes for glycogen accumulation (31), and other less-
well-defined genes (37, 43) have been identified in E. coli and
Salmonella typhimurium as responding to starvation condi-
tions. The expression of katE, which is turned on as the cells
enter stationary phase (19), brought on by starvation for a
medium component may therefore be part of a larger strat-
egy for surviving starvation conditions controlled at least in
part by katF.
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