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ABSTRACT. A catalase that exhibits a high level of activity and a rapid reaction with organic peroxides
has been purified frorExiguobacterium oxidotolerang-2-2" (EKTA catalase). The amino acid sequence

of EKTA catalase revealed that it is a novel clade 1 catalase. Amino acid residues in the active site
around the protoheme are conserved in the primary structure of EKTA catalase. Although the general
interactions of molecules larger than hydrogen peroxide with catalases are strongly inhibited because of
the selection role of long and narrow channels in the substrate reaching the active site, the formation rate
of reactive intermediates (compound I) in the reaction of EKTA catalase with peracetic acid is 77 times
higher than that of bovine liver catalase (BLC) and 1200 times higher than thMicodcoccus luteus
catalase (MLC). The crystal structure of EKTA catalase has been determined and refined to 2.4 A resolution.
The main channel structure of EKTA catalase is different from those of BLC and MLC. The rate constant
of compound | formation in catalases decreased with an increase in the molecular size of the substrate.
For EKTA catalase with a larger bottleneck 15 A from the iron (entrance of narrow channel) in the main
channel, a lower rate of reduction in compound | formation rate with an increase in the molecular size of
substrates was found. The increase in the rate constant of compound | formation in these catalases was
directly proportional to the increase in the size of the bottleneck in the main channel when molecules of
substrates larger tham,@,, such as organic peroxides, are used in the reaction. The results indicate that
the size of the bottleneck in the main channel in catalase is an important factor in defining the rate of
compound | formation corresponding to the molecular size of the substrates, and this was demonstrated.
The Led**—lle'®and Asp®—Met'é’ combinations at the entrance of the narrow channel in EKTA catalase
determine the size of the bottleneck, and each atom-to-atom distance for the combination of residues was
larger than those of corresponding combinations of amino acid residues in BLC and MLC. The combination
of these four amino acids is quite specific in EKTA catalase as compared with the combinations in other
catalases in the gene database (compared with more than 432 catalase genes in the database).

Catalase (EC 1.11.1.6) protects organisms against oxidativefour identical subunits each equipped with ad'FRgorphyrin
damage by the dismutation of hydrogen peroxide into one IX (heme) in the active site. The catalytic cycle of catalase
dioxygen and two water molecule$)( Catalase consists of involves a two-step reaction. In the first step, the enzyme

(Fe** Por) in the resting state reduces a hydrogen peroxide

*The gene sequence of EKTA catalase (accession number A8266484)mO|eCUIe to water and generates a ferryl porphyrin with a

has been deposited in GenBank/EMBL/DDBJ. The atomic coordinates POrphyrinzz-cation radical (F&=0 Por™), so-called com-
and structure factors for EKTA catalase (PDB entry 2J2M) have been pound I. In the second step, compound | oxidizes a second
deposited in Protein Data Bank. ;
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The reactive intermediate compound | is also observed clade 1-3 catalases have been determined, and it has been
when organic peroxides are used as substrates, and the ratghown thatPseudomonas syringaeatalase (PSCF)18)
of formation of compound | decreases with an increase in belongs to clade 1Renicillium vitale catalase (PVC)1©9),
the molecular size of the leaving group [for example; H  Escherichia colicatalase (HPII) &, 20), and Neurospora
> CHz— > HOCH,— > CH3CH,— > CH3;C(=0)— > CHjs- crassacatalase (NCC-1)g) belong to clade 2, and bovine
(CHy),— > CH3(CH,)3s00H] (2). Moreover, compound | has  liver catalase (BLC) 41, 22), Micrococcus luteuatalase
the potential to oxidize short-chain alcohols such as methanol(MLC) (23), Proteus mirabiliscatalase (PMC)5), Saccha-
and ethanol. The reaction rate constant of catalase isromyces cergsiae catalase (SCC-A)24), human erythro-
dependent on the molecular size of the substraeThe cyte catalase (HECYJ, Helicobacter pyloricatalase (HPC)
X-ray crystal structure of bovine liver catalase (BEC) (25), andEnterococcus faecalisatalase (EFC)26) belong
revealed that the main channel that is accessible from theto clade 3. In this study, we will show another example of
protein surface to the active site restricts substrate accesghe crystal structure of a clade 1 catalase.
because of steric hindrance and the hydrophobic nature of There have been many reports of bacterial oxidative stress
the channel4). responses2(7) but very few reports of microorganisms that
The main channels of catalase are-B5 A in length from can survive in highly oxidative environments. VktA catalase
the protein surface to the hem&<@8). It has been reported  has been purified fronVibrio rumiensisS-1", which was
that the main channel leads the substrate to the active sitejsolated from a drain pool of a fish processing plant in which
It is thought that the narrow channel0—15 A above the  H.O- is used 28). VktA catalase belongs to clade 39).
heme restricts substrate accessibility to the hebheThere We also have isolated a new microorganism from environ-
have been two reports about the role of the highly conservedments with high concentrations of,6,. Exiguobacterium
amino acid residues that constitute the narrow channel.oxidotoleransT-2-2T, exhibiting a catalase activity without
Zamocky et al. reported that a mutation of ¥418 A from induction by oxidative stress, was isolated from a water
the heme, to smaller amino acid residues, such as Ala,sample collected from a drain pool of a fish processing plant
reduces catalatic activity and enhances peroxidatic activity in Hokkaido, Japan, in which #D; is used as a bleaching
with large molecules as the substrate, presumably becaus@gent 80). The strain exhibits a high level of8; resistance
of the reduction of selectivity for ¥D,, and the side chains  without stimulation by HO,. The cell extract exhibits
of these residues are critical for the construction of the catalase activity of approximately 25 000 units/mg of protein,
bottleneck of the channe®). Chelikani et al. {0) reported which is very high compared with the activities of catalases
that the substitution of A, 12 A from the heme, with ~ from conventional microorganisms. For example, the catalase
Asn, GIn, Ala, Ser, or lle reduces enzymatic activity except activity of strain T-2-2 is 558 times higher than that &s.
for Glu, because the potential field between negatively coli. In this report, we describe the reactivity of purified
charged Asp (or Glu) and positively charged heme is catalase fromE. oxidotolerans(EKTA catalase) and the
important for enzymatic activity. Thus, the reactivity of three-dimensional structure of this enzyme refined to a 2.4
catalase is strongly dependent on the nature of amino acidA resolution. EKTA catalase very rapidly reacted with
residues in the narrow channel. However, other sites or organic peroxides compared with BLC and MLC. The results
structures in the main channel and the relationship betweensuggest that the difference between the rates of formation
the size of the bottleneck in the channel and the accessibilityof compound | with organic peroxides of different molecular
of the active site for substrates have not yet been elucidatedsizes depends on the size of the bottleneck of the main
In this report, because of the presence of the bottleneck inchannel.
the main access channel, we focus on the sité®BA from
the heme where amino acid residues are not conserved welEXPERIMENTAL PROCEDURES

in the main channel. . .
) i ] ) Chemicals. Standard chemicals were purchased from
The dismutation reaction of hydrogen peroxide has evolved \yako Pure Chemicals. They were of the highest grade
in at least three phylogenetically unrelated protein forms: ayailable and were used without further purification.
monofunctional catalase, catalase-peroxiddse 12), and Methyl hydroperoxide was prepared by the method

non-heme catalasd§ 14). Phylogenetic analysis based on  yos0iipeq 1y o'Sullivan et al3() with the modification
the conserved core region of monofunctional catalases hasdescribed by Messer et aB2). Peracetic acid was purchased
revealed their subd|V|S|0n.|nto three d'St.'n.Ct clades @)' from Sigma. Peracetic acid was treated with a trace amount
Clade 1 catalases are mainly of plant origin and also include

algal and bacterial catalases. Clade 2 catalases are IargeOf catalase £2 nM) in 50 mM potassium phosphate buiffer
subunit catalases of bacterial, archabacterial, and fungal(pH 7.0) before being used to eliminate hydrogen peroxide

o . o . 33). The concentrations of peroxides were determined on
origins. This clade of catalases exhibits a strong re5|stance( ) P

; . the basis of the extinction coefficient)(at 353 nm of 2.62
to denaturation by heat and proteolysig)( Clade 3 catalases 4 g4 \1-1 -1 for trijodide by the oxidation of potassium
are of bacterial, archabacterial, and eukaryotic origins. There; _ ..

: . . iodide (34).
is no pronounced functional difference between clade 3 and

clade 1 catalases. The crystal structures of 11 monofunctional BL_C purchased_from Sigma (C-3155) was_purified ac-
cording to a previously reported method85( with some

modifications. One hundred milligrams of BLC was diluted

1 Abbreviations: EKTA catalaseExiguobacterium oxidotolerans in 20 mM Tris-HCI buffer (pH 8.0) and then absorbed onto
T-2-2" catalase; BLC, bovine liver catalase; MLKlicrococcus luteus PR _
catalase; PSCPRseudomonas syringaatalase; SDSPAGE, sodium an anion exchange COI.umr.] (Q Sepharoge Fast Flow, 2.5 .Cm
dodecyl sulfate'polyacrylamide gel electrophoresis; EPR, electron % 20 ¢m, Amersham Biosciences). Proteins were eluted with

paramagnetic resonance. a buffered linear gradient of NaCl concentrations (from O to




Structure and Reactivity of EKTA Catalase Biochemistry, Vol. 46, No. 1, 200713

0.25 M). Fractions containing catalase were collected and equilibrated with buffer B. The protein content was deter-
further purified by size exclusion chromatography (Sephacryl mined by the bicinchoninic acid (BCA) method9) using
S-300 High Resolution, 1.6 cm 60 cm, Pharmacia) with  a BCA Protein Assay Reagent kit (PIERCE) with bovine
50 mM potassium phosphate buffer (pH 7.0) containing 0.25 serum albumin as a standard. The molar extinction coefficient
M NaCl. The purified enzyme that exhibited a 405 nm/280 of EKTA catalase at the Soret band was determined by the

nm absorbance ratio of 0.80 was stored-&0 °C until it pyridine ferrohemochrome method on the basis of an
was used. The catalase concentration was determined specxtinction coefficient of 34.4 mM cm™! at 557 nm 40).
trophotometrically using 3.24 1® M~* cm™ as the molar Molecular Weight Determinationhe molecular masses
extinction coefficient at 405 nn36). of the subunits were determined by sodium dodecyl sulfate

M. luteuscatalase (MLC) purchased from Nagase Chem- polyacrylamide gel electrophoresis (SBBAGE) on a 10
teX was purified according to a previously reported method to 20% gradient gel (PAGEL, ATTO) according to the
(37) with slight modifications. Two grams of MLC was method of Laemmli41). The molecular weight standard of
dissolved in 50 mM potassium phosphate buffer (pH 7.0) the BenchMark Protein Ladder was purchased from Invit-
containing 1.0 M ammonium sulfate and then absorbed ontorogen. The molecular weight of the native enzyme was
a hydrophobic interaction column (Phenyl Sepharose High determined by gel filtration using 7.8 mix 300 mmx 2
Performance, 1.6 cnx 10 cm, Amersham Biosciences). columns, Protein PAK 300 (Waters), equilibrated with 0.1
Proteins were eluted with a buffered linear gradient of M potassium phosphate buffer (pH 7.0). For molecular mass
ammonium sulfate concentrations (from 1.0 to 0.4 M). standards, the following proteins were used: thyroglobulin
Fractions exhibiting absorbance at 406 nm caused by catalas€669 kDa), apoferritin (443 kDa)g-amylase (200 kDa),
were collected and further purified by size exclusion chro- alcohol dehydrogenase (150 kDa), bovine serum albumin
matography (Sephacryl S-300 High Resolution, 1.6 xm  (66.2 kDa), and carbonic anhydrase (29 kDa).

60 cm) with 50 mM potassium phosphate buffer (pH 7.0)  N-Terminal Amino Acid Sequencinthe purified EKTA
containing 0.25 M NacCl. The purified enzyme that exhibited catalase was analyzed on an HPLC system (Tosoh) with a
a 406 nm/280 nm absorbance ratio of 0.93 was stored atYMC-Pack Pro C-4 reverse-phase column (4.6 mni00

—30 °C until it was used. The catalase concentration was mm) eluted at a flow rate of 0.8 mL/min with a gradient
determined spectrophotometrically using 4.4210° M1 from 0.1% trifluoroacetic acid in water to 0.1% trifluoroacetic
cm ! as the molar extinction coefficient at 405 ni38y. acid containing 80% acetonitrile in water over the course of

Bacterial Strain. E. oxidotoleran$-2-2" was cultivated 120 min. The eluent containing EKTA catalase was collected
aerobically up to the early stationary growth phase atQ7 by monitoring the absorbance at 214 nm. The N-terminal
in PYS-2 medium (pH 7.5) containing (per liter of deionized amino acid sequence of EKTA catalase was analyzed on a
water) 8.0 g of polypeptone (Nihon Pharmaceutical), 3.0 g protein sequencer (Applied Biosystems, model 491) by the
of yeast extract (Kyokuto), and 5.0 g of NaCl. The organism Edman method.
was cultured in 15 L of the above-mentioned medium in a  Spectroscopy.Optical absorption spectra of purified
20 L stainless-steel fermentor at an agitation speed of 100proteins were recorded using a Cary 100 Bio spectropho-
rpm. Cells were harvested by centrifugation at 1Gpegr tometer (Varian). Electron paramagnetic resonance (EPR)
20 min at 4°C. spectra of catalases were recorded using a Bruker ESP-300

Purification of Catalase from E. oxidotolerans (EKTA instrument operating at 9.5 GHz. Experiments were carried
Catalase). E. oxidotolerans-2-2" cells (approximately 25  out at a microwave power of 1 mW with a field modulation
g of wet cells) were suspended in 400 mL of 10 mM Tris- of 1 mT at 100 kHz. An Oxford flow cryostat (ESR-900)
HCI buffer (pH 8.0) containing 1 mM EDTA and 10M was used for liquid helium temperature measurements. The
phenylmethanesulfonyl fluoride (PMSF) (buffer A). Then microwave frequency was monitored with a Hewlett-Packard
0.35 mg of lysozyme and 2000 units of DNase | were added 5350B frequency counter, and magnetic flux density was
to the suspension, which was gently stirred Ich at 25°C. determined using a Bruker ER-035M NMR gaussmeter. The
The lysis solution was passed through a French pressure celmeasurement of the resting state of EKTA catalase was
(SLM-AMICO Instruments) at 18 000 Ib/ihand centrifuged carried out &84 K in 50 mM potassium phosphate buffer
at 1400@ for 30 min to remove unbroken cells. The resulting (pH 7.0). The cyanide-binding form of the enzyme was
supernatant was recentrifuged at 1059@r 2 h to obtain prepared by reaction with 100 equiv of potassium cyanide,
the soluble fraction. The soluble fraction was diluted with which was recorded at 10 K in 50 mM potassium phosphate
buffer A and subjected to the first chromatography on a buffer (pH 7.0). The concentration of each sample was 25
Q-Sepharose Fast Flow column (5 otml5 cm) equilibrated  uM.
with buffer A. The enzyme was eluted with a linear gradient ~ Catalase Actiity and Kinetic Measurementatalase
of NaCl concentrations (from 0 to 0.6 M) produced from 2 activity was measured spectrophotometrically by monitoring
L of buffer A. The eluates containing catalase were combined the decrease in absorbance at 240 nm resulting from the
and diluted with 10 mM Tris-HCI buffer (pH 8.0) and then elimination of hydrogen peroxide, using a Unisoku RSP-
subjected to a second chromatography on a Q-Sepharose FagiD00 stopped-flow spectrophotometer. The concentration of
Flow column (2.5 cmx 20 cm) equilibrated with 10 mM  hydrogen peroxide was determined on the basis of an
Tris-HCI buffer (pH 8.0) containing 0.25 M NacCl (buffer extinction coefficient of 43.6 M' cm™ at 240 nm 42). The
B). The adsorbed enzyme was eluted with a linear gradientreaction was recorded immediately after 1/1 mixing of 20
of NaCl concentrations (from 0.25 to 0.5 M) produced from nM catalase and 60 mM hydrogen peroxide in 50 mM
2 L of buffer B. The eluate was concentrated using Amicon sodium phosphate buffer (pH 7.0) at 26. The amount of
Ultra-15 and then passed through a gel filtration column enzyme activity that decomposed @mol of hydrogen
(Sephacryl S-300 High Resolution, 2.5 cm 90 cm) peroxide per minute was defined as 1 unit of activity.
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The optical absorbance changes of EKTA catalase (final and reservoir solution, wasi_. The initial conditions under
concentration of 1.ZM) upon mixing with a small amount  which crystals appeared were refined by varying the pH of
of excess methyl hydroperoxide (final concentration of 8.0 the buffer and the concentration of the precipitant. The best
uM) were measured at 8 in 50 mM potassium phosphate crystals of EKTA catalase were grown from 100 mM MES
buffer (pH 7.0). Spectral changes were monitored on a buffer (pH 6.0), 12-13% (w/v) polyethylene glycol 10000,
Unisoku RSP-1000 stopped-flow spectrophotometer. 5% (w/v) polyethylene glycol 400, and 20% (w/v) glycerol

The rate constant in the reaction of catalases with hydrogenover a period of~1 month. They were plate- or rod-shaped
peroxide was determined by measurement of the overall ratecrystals approximately 0.5 mmm 0.3 mmx 0.1 mm in size.
constant together with measurement of the steady-state Prior to data collection, a crystal was mounted on a loop
proportion of the resting state and reactive intermediate made from a nylon fiber that was 20m in diameter and
(compound |) 43). immersed in liquid nitrogen for freezing. Data from EKTA

The reactions of catalases (final concentration of/ catalase were collected at 100 K on beamline NW12 of the
with methyl hydroperoxide, peracetic acid, atait-butyl Photon Factory, KEK, Japan, using an ADSC Quantum 4R
hydroperoxide were performed in 50 mM sodium phosphate CCD detector with 1.000 A radiation and processed with
buffer (pH 7.0) at 5°C. Spectral changes in the Soret peak HKL2000 (48) and the CCP4 program suite (Collaborative
during compound | formation were recorded on a Unisoku Computational Project, Number 4, 1994).

RSP-1000 stopped-flow spectrophotometer. The kinetic The structure of EKTA catalase was determined by a
constants were determined by varying the peroxide concen-molecular replacement method with MOLRE®S9 in the
tration under pseudo-first-order conditions. CCP4 package. The model coordinates were derived from

The reaction rates of cyanide binding by catalases (final the structure of bovine liver catalagsof (PDB entry 8CAT).
concentration of kM) were measured in 50 mM potassium A rotation search using reflections having a resolution
phosphate buffer (pH 7.0) at 2&. Spectral changes inthe  petween 20 and 3.0 A followed by a translation search gave
Soret peak during cyanide binding were recorded using aga clear solution for the EKTA catalase structure.

Unisoku RSP-1000 stopped-flow spectrophotometer. The  Refinements of the structure of EKTA catalase were
kinetic constants were determined by varying the potassium . ried out using 262.4 A intensity data with CNS50)
cyanide concentration under pseudo-first-order conditions. ;nq REEMACS 52). Reflection data chosen randomly from

~ Cloning of Catalase GeneChromosomal DNA was 5 0o, of the observed data were used for calculation of the
isolated fromE. oxidotoleransT-2-2T according to the  freeRfactor (63). The torsion angle of the main-chain atoms

method of Marmur 44). To obtain the partial nucleotide a5 analyzed in the Ramachandran plot produced using
sequence of EKTA catalase, two PCR primers were designedprocHECK B4).

on the basis of the determined N-terminal amino acid
sequence and conserved region of other homologues. De
generate sense P-N:-ATGAAYGARAAYGARAARAA-
3" and antisense P-SI-BCSIRISTIGCRTGGTTRAA-3 RESULTS
primers, where Y, R, S, and | represent A/T, A/G, C/G, and
inosine, respectively, were used in PCR. An approximately  Purification of Catalase from E. oxidotolerans T-2-2
700 bp PCR fragment was successfully amplified, and the (EKTA catalase)A three-step purification procedure consist-
693 bp DNA sequence was identified after subcloning into ing of two steps of anion-exchange chromatography and one
the pT7Blue T-vector (Novagen). Four PCR primers were step of gel filtration chromatography was developed to obtain
designed by the inverse PCR methd#)(from the internal a purified catalase fror. oxidotoleransT-2-2" (Table S1
DNA sequence of EKTA catalase (P-N3;GATGTTTGTC- of the Supporting Information). The procedure resulted in
CGTGGATCTGG-3 P-N4, 3-AGTGTGTACCATGAAT- an approximately 15-fold purification with a 56% yield. The
GACGG-3; P-S3, 5CGCTACTGGGATTTCATGACAC- purified EKTA catalase exhibited a specific activity of
3; P-S4, 5CCGTAAAATGCGTGGTTCTTC-3. Template 430 000 units/mg of protein at 28C in 50 mM sodium
DNA was prepared for digestion of the genomic DNAEf  phosphate buffer (pH 7.0) containing 30 mM@®3. SDS-
oxidotoleransT-2-2T with Xba at 37 °C for 4 h, and then PAGE of the purified EKTA catalase showed a single band
DNA fragments were cyclized by intramolecular ligation. at 64 kDa (Figure 1), and analytical gel filtration showed a
A 4.5 kb DNA fragment was amplified in the first PCR using molecular mass of 240 kDa for the native enzyme. The
the P-N3-P-S3 primer set. The second PCR was carried out results indicate that the EKTA catalase is composed of four
using the P-N4P-S4 primer set to confirm whether the 4.5 identical subunits.
kb PCR product contained the internal DNA sequence of  Spectroscopylhe optical absorption spectra of the resting-
EKTA catalase. The total 1546 bp DNA sequence, including state EKTA catalase and its cyanide derivative in 50 mM
the entire nucleotide sequence of EKTA catalase, was potassium phosphate buffer (pH 7.0) are shown in Figure 2.
determined by sequencing of the PCR-amplified DNA. The absorption spectrum of resting-state EKTA catalase
Crystallization, Data Collection, and Refinemerithe exhibited a Soret band at 408 nm with broad peaks at 506
initial screening of crystallization conditions was performed and 627 nm. The Soret band at 408 nm is slightly different
by the sparse-matrix sampling methotb) using Crystal from absorbances at 405 nm in BLC and at 406 nm in MLC,
Screen (Hampton Research) and Wizard and Cryo Screensnd a resulting absorbance ratio of 408 nm to 280 nm of
(DeCODE Genetics). Crystallization was performed using 1.36 is the highest among those of reported catalases. The
the hanging-drop vapor-diffusion methatlff at 293 K using molar extinction coefficient of EKTA catalase at 408 nm
a 24-well VDX plate (Hampton Research). The volume of a was determined to be 4.39 10° M~ cm™* on the basis of
droplet, which consisted of equal volumes of EKTA catalase pyridine ferronemochrome. The absorption spectrum of the

Molecular cavities were analyzed with VOIDOO using a
reduced atomic radius of polar aton&b).



Structure and Reactivity of EKTA Catalase Biochemistry, Vol. 46, No. 1, 200715

(kD) |
s —
70 | e
60 | n—— — 64
50 | ——
| —
)
e
20 | -
T T T T
-— 0 1000 2000 3000 4000 5000
Magnetic Field (G)
1 2 Ficure 3: EPR spectra of resting-state (top) and cyanide-binding

(bottom) forms of EKTA catalase. The resting-state and cyanide-
FiGURE 1: SDS-PAGE of EKTA catalase (lane 2) and protein binding forms of the enzyme were analyzed in 50 mM potassium
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concentration of each sample was 29.
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Ficure 2: Electronic absorption spectra of resting-statg énd 08 955
cyanide-binding {-) forms of EKTA catalase in 50 mM potassium B 015
phosphate buffer (pH 7.0). The visible region starting at 455 nm is 195 B
magnified, and the absorbance scale is given at the right. 06 §_
8 s B g
cyanide-binding form exhibited two bands in the visible _§M o E
region at 554 nm with a shoulder at590 nm, and the _§ 1 &
intensity of the Soret band decreased and shifted to 426 nm.< 008 4
Figure 3 shows the EPR spectra of resting-state EKTA 0.2 s
catalase B84 K and its cyanide derivatives at 10 K in 50 000 g
mM potassium phosphate buffer (pH 7.0). The EPR spectrum —
of resting-state EKTA catalase indicated a high-spin ferric 400 00 ; 700
state with rhombically split signals. The catalase exhibited Wavelength (nm)

the following g values: gx = 6.41 @« = 6.69 as a minor Ficure 4: Rapid-scan spectra of EKTA catalase in its reaction with
component)g, = 5.36, andg, = 1.97. The cyanide-binding @ small excess of methyl hydroperoxide during compound |

0 . formation (A) and spontaneous decay of compound | (B). The thick
form of EKTA catalase exhibited three peaks wifhalues line represents the spectrum of compound |. The visible region

of 2.89, 2.22, anq 1.59, similar to tigevalues of 2.84, 2.24, starting at 455 nm is magnified, and the absorbance scale is given
and 1.66, respectively, for human erythrocyte catalase (HEC)at the right.

(56).

Stopped-Flow Experiment§o examine the formation rate compound | formation in the reaction of EKTA catalase with
of a reactive intermediate, compound |, the absorption ~1.2 equiv amount of methyl hydroperoxide. The active
spectral changes upon mixing EKTA catalase with methyl form of the enzyme was estimated to be 94% from the
hydroperoxide in 50 mM phosphate buffer (pH 7.0) & absorbance change of 408 nm with 10 equiv of methyl
were observed using a stopped-flow rapid-scan spectropho-hydroperoxide. The magnitude of the Soret peak of the
tometer. Figure 4A shows the spectral changes duringresting-state EKTA catalase at 408 nm decreased after



16 Biochemistry, Vol. 46, No. 1, 2007 Hara et al.

Table 1: Comparison of Cyanide Binding and Compound | Formation Rates in the Reaction with Hydrogen Peroxide, Methyl Hydroperoxide,
Peracetic Acid, andert-Butyl Hydroperoxide

hydrogen peroxide methyl hydroperoxide peracetic acid tert-butyl hydroperoxide cyanide
catalase (x10'M~1s™Y (x10*M~1s™h (x1FM s (x1®Mts™h (x10PMts™h
EKTA 35 254+ 2.9 5220+ 49 182+ 11 5.42+0.11
BLC 1.1 20.84+ 0.40 67.9+ 1.4 16.5+ 0.28 1.21+ 0.033
MLC 34 6.76+ 0.045 4.40+ 0.097 2.54+ 0.067 1.24+ 0.045
Compound I formatlon and Shlfted to 404 nm: a Shlft to 402 EKTA ] — MNENEKKLTTNQGVF | GDNGNSRTAGRRGPTLLEDYQL 38
. . . » PSGF 1 MPLLNWSRHMVHLTAIGLIS|PAAYAADTLTRONGAAVGDNGNSOTAGAGGPVLLADVOL 60
nm was observed in the reaction with 10 equiv of methyl g 1 ———ADNRDPASDOMKHWKEQRAAGKPDVL TTGGGNPVGDKLNSLTVGPRGPLLVODVVE 56
hydroperoxide. In the visible regiOh, the spectrum of mc 11— MEHOKTTPHATGSTRONGAPAVSDROSLTVGSEGP IVLHDTHL 43
compound | eXh|b|teq a peak at 657 nm with a broad gqy 39 jexiasroRERVPERVITARGFGAHOVKVINSHKKYTKAAFLOEEGTEVPVFARFSTYI 98
shoulder at~590 nm. Figure 4B shows the spectral changes pscF 61 LoKLORFDRERIPERVRARGTGVKGEF TASAD | SDLSKATVFKS-GEKTPVFVRFSSIV 119
; ; ;O BLC 57 TDEMAHFDRERIPERVIQAKGAGAFGYFEVTHD | TRYSKAKVFEHIGKRTPIAVRFSTUA 116
dl_mng the spor_wtaneous decay of comppund lin the reaction MLC 44 LETHGHFNRMNIPERRGQAKGSGAFGEFEVTEDVSKYTKALVFGP-GTKTETLLRFST 102
with ~1.2 equiv of methyl hydroperoxide. Most of com- + * *

. . . . 120 HGNHSPETLI GFATKFYTADGNWOLVGINFPTZE | RDAI KPODPRTNLD 179
conversion to compound Il, which is a one-electron reduction gc 117 GesaSADTVRIGRGFAVKFYTEDGNNDLYGINTP | |53 ROALLZP KRNPGTHLK 176

product of compound I. WG 103 GELGSPDTWRERGFALRFYTEEGNYDLVGINTP |l ROPMKGT KRLPDSGLR 162
. . *
The formation rate constant of compound | for the reaction g, 15 peorvn LRPES]M_M TOBG I PASYRKMRGSSVHSFKIVNAHGNTVY I KLRWV 218

*
pound | dlrectly returned to the restlng state Wlthout EKTA 99 HGTHSPETL GFSVKFYTEEGNWDFVGENLP |RD#M§: KPDPRTNIG 158
PSCF

of EKTA catalase with hydrogen peroxide was slightly higher pscF 180 nosrrrOFgsHVPEATRTLTLEYSNEGTPTGYRFMDGNGVHAYKLVNAKGEVHYVKFHIK 239

; ; BLC 177 DPOMVWDFSLRPESLHOVSFIFSDRG | PDGHRHMDGYGSHTFKLVNADGEAVYCKFHYK 236
than that of ML_C and 3 times higher than that of BL_C (Tab_le MLG 163 DATHOWDFJTNNPESAHOVT GLPRTWRENNGYGSHTYLWVNAQGEKHWVKYHF | 222
1). The formation rates of compound | in the reactions with

H 1 H EKTA 219 PKEGVHNLSADEATEVOGKDFNHASNDTFQA | ENGDFPEWDLFVOVLDPADVENFDFDPL 278
methyl hydr roxi r i id, atedt- | hydro-
et y yd Ope o de’ pe aCEt cac d' bUty yd 0 PSCF 240 TLOGIKNLDPKEVAQVOSKDYSHLTNDLVGA | KKGDFPEWDLY | QVLKPEDLAKFDFDPL 299

peroxide were determined by the rate of decrease in Soretsic 237 ToGIKNLSVEDAARLAHEDPDYGLROLFNAI ATGNYPSHTLY GVMTFSEAE IFPFNPF 296

peak intensity (Tab|e 1) The rate Of reaction Of EKTA MLC 223 SOOGVHNMLSNDEATK | AGENADFHRODLFES | AKGDHPKWOLY | QAI PYEEGKTYRFNPF 282
% *

catalase with methyl hydroperoxide was approximately 12 gcra 279 parkBirEoviPFoHVGTHTLNKNVONYF AETESVGFNPGVLVPGHLPSEDKLLOGRLFS 338
times higher than that of BLC and 38 times higher than that pscF 300 par —VPEKK | GAMVLNKNVONFFOETEQVAMAPANLVPG | EPSEDRLLOGRVFS 357

. : BLC 297 DLTI GDYPL | PVGKLVLNRNPVNYFAEVEQLAFDPSNMPPG | EPSPDKMLAGRLFA 356
of MLC’ furthermore’ EKTA catalase reacted 77 times faster WLG 283 DLTKEISEKDYPRIKVGTLTLNRNPENHFAQ | ESAAFSPSNTVPG | GLSPORMLLGRAFA 342

than BLC and 1200 times faster than MLC in the reaction * *

; ; ; ; ; ; EKTA 339 YSDTORHR|GPNYGOLPNCPF-AQVNNYGRDGAM-PFKOOTSSVNYEPNRYGDEPKQTP 396
with peracetic acid, Whlch as a molecule is sterically larger PSCF 358 YADTOMYRLGANGLSLPVNOPK-VAVNNGNODGAM-NSGKTTSGVNYEPSRL—EPRPAD 413
than methyl hydroperoxide. The rate of EKTA catalase sic 357 YPDTHRHRLGPNYLQIPYNCPYRARVANYQRDGPUCHMDNGGEAPNYYPNSFSAPEHQPS 416
reaction withtert-butyl hydroperoxide was 11 times higher e 343 YHDAGLYRVGAHVNGLPYNRPK-NAVHNYAFEGOMIVDHTGDRSTYVPNSNGDSWSDETG 401
than that of BLC and 72 times higher than that of MLC s 397 EviETapLHODIHGRLE | EXTNNFGOAGEVYRRMTEEEOMALLNNLUNDLOGVRHENTY 456

catalase. The binding rate constant of cyanide in 50 MM PSCF 414 EKARYSELPISGTTQOAK | TREGNFKQAGDLYRSYNAKEQTDLVOSFGESLADTDTESKN 473
: : BLC 417 ALEHRTHFSGDVGRFNSANDDNVTQVRTFYLKVLNEEGRKRLCEN|AGHLKDAQLFIGKK 476
phosphate buffer (pH 7.0) at 2& was 5 times higher than ¢ 45, pyonaiEADGTLTREAGALRADDDDFGOAGTLVREVF SDQERDDFVETVAGALKGYRQDY 461

those of BLC and MLC (Table 1). The rate constants of the

H : : : H EKTA 457 LLAICNFYRADASLGEKLSEALNVDIKPFLOOMOK-——=—== 491
blndlng reactions Of hydrogen p.erOXIde Wlth EKTA’ MLC’ PSCF 474 IM-LSFLYKADPTYGTRVTEAAKGDLAKVKSLAASLKD—— 510
and BLC were almost the same in the pH range of®.0, BLGC 477 AVKNFSDVHPEYGSRIQALLDKYNEEKPKN-————— 506
whereas the rates fluctuated depending on the catalase at pHt¢ 462 OARAFEYHKNVDATIGQR | EDEVKRHEGDG | PGVEAGGEARN 503
<6 (Figure S1 of the Supporting Information). FiGure 5: Sequence alignment of EKTA catalase, PSCF, BLC,

: and MLC. The amino acid residues involved in the narrow channel
Nucleotide Sequence of EKTA CatalaFee total 1546 are highlighted in black. The residues important for NADPH binding

bp DNA sequence that includes the entire nucleotide 5 highlighted in gray. The residues important for enzyme activity
sequence of EKTA catalase was determined. The deducedhre indicated by statistics.

amino acid sequence showed that EKTA catalase is com-
posed of 491 amino acids with a calculated molecular massa solvent content of approximately 61%. Diffraction intensi-
of 56 487.7 Da (Figure 5). In a search of the protein database,ties from the crystal were collected to 2.4 A with BRerge
sequence similarities were found between the predicted ORFof 0.049 and a completeness of 99.0%. Table 2 summarizes
product and known catalases. The sequence similarity valuesstatistics of data collection and refinement. The crystal-
were 69, 67, 67, 63, and 63% for catalases frioisteria lographic and fred®-factors were 0.199 and 0.230, respec-
seeligerj Listeria monocytogenekisteria innocuaBacillus tively. The model of EKTA catalase has 16 284 non-H atoms
anthracis andBacillus cereusrespectively. EKTA catalase  corresponding to the tetramer of EKTA catalase, four hemes,
was categorized into clade 1 according to its amino acid and 536 solvent molecules. The rms deviations from the
sequence. Figure 5 shows a sequence alignment of BLC,standard values5@) of the bond length and angles were
MLC, and EKTA catalase. A comparison of catalase 0.013 A and 1.43 respectively. A Ramachandran plot
sequences revealed that the amino acid residues importanshowed that most residues fell into the most favored regions
for enzyme activity are well-conserved (Figure 5). (89.0%), additional allowed regions (10.5%), and generously
Crystal Structure of EKTA Catalas&éhe EKTA catalase  allowed regions (0.2%). Only 0.2% of the molecules fell into
crystal belongs to monoclinic space grokg,;, with the the disallowed regions. The deviation onGatoms in a
following unit cell parametersa=94.3 Ab=131.9Ac superposition of EKTA catalase with PSCF, BLC, and MLC
= 110.6 A, and3 = 107.6. On the basis of the estimated results in root-mean-square deviations of 1.05, 1.02, and 1.10
Vu value 67), the asymmetric unit was assumed to contain A, respectively. The structures of side-chain atoms of 480
one EKTA catalase tetramer giving\a of 3.1 A%Da and amino acids were identified from L§g0 Phée® in each
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Table 2: Statistics for Data Collection and Refinement of EKTA
Catalase

data collection

beamline PF Nw12
wavelength (A) 1.000
resolution (A) 2.4
Rmerg? 0.049 (0.060)
no. of observed reflections 329160
no. of independent reflections 99632
completeness (%) 99.0 (97.8)
multiplicity 3.3(2.7)
Wo(1)O 11.6 (10.4)
refinement statistics
resolution range (A) 202.4

R-factor
free R-factor

0.199 (0.201)
0.230 (0.257)

rmsd for bond lengths (A) 0.013
rmsd for bond angles (deg) 1.43
Ramachandran plot (%)
residues in most favored regions 89.0
residues in additional allowed regions 10.5
residues in generously allowed regions 0.2
residues in disallowed regions 0.2
averageB-factor (A2) 15.6

aValues in parentheses are for the highest-resolution shell {2.53
2.4 A). P Ruerge= 3 ;| 0(h)C— I (h);|/3 3;0(h) i where(h)Cis the mean
intensity of a set of equivalent reflectiorfsR-factor = 3 ||Fondh)| —
[Fcad)|1/Y |Fopdh)|, whereFgpsandFcqcare the observed and calculated
structure factors, respectively.

subunit where the electron density was unclear in the

Biochemistry, Vol. 46, No. 1, 200717

Structure of the Main ChannelThe main channel of
catalase permits access of the substrate from the protein
surface to the active site and plays a role in selection of
substrates®). The narrow channel, the lower part of the
channel between heme and conserved'Aspomprises 14
residues: VdP, His™, Val''s, Asp'?’, Pra?8, Asn'4’, Phé®?,
Phé>3, Phé®%, Phé®3 1le%* GIn'¢7, Trp'8® and Led®in BLC
(Figure 7). This combination is typical among catalases. The
results of sequence alignment for 432 catalases revealed that
the combination of the first nine residues [%(80%)-His*
(99%)-Val's (95%)-Asp?’ (97%)-Prd? (54%)-Asi*’ (97%)-
Phée®2 (99%)-Phé>3 (94%)-Phé® (99%) (numbering based
on BLC)] is highly conserved in all catalases (% indicates
conservation ratio). In contrast, the latter combination {Phe
(35%)-11€"4 (50%)-GIrt7 (30%)-Trp-8 (30%)-Let® (64%)
(numbering based on BLC)] is less conserved. In EKTA
catalase, the latter combination was as follows: et
(20%)-Val*s (32%)-Led*® (22%)-Met®” (2.6%)-11€*° (2.3%).
Met'®” and 11€8° are rarely placed at the entrance of the
narrow channel. The position at M&tis normally occupied
by aromatic amino acid residues such as tryptophan or
phenylalanine. The combination of the first four residues,
Met4>-Vall46-Leut*-Met*®” (numbering based on EKTA
catalase), is employed only B. cereus(59), B. anthracis
(60), and Bacillus thuringensis(GenBank/EMBL/DDBJ
accession number AE017355 for the sequence) as compared
with those of other known catalases. However, their catalytic

N-terminal and C-terminal regions. A stereoview of EKTA Characteristics have not yet been reported. Atom-to-atom

catalase and an electron density map of the main channedistances of key amino acid residues for formation of
are shown in Figure 6. The side-chain structures of amino bottleneck 15 A from heme were estimated (Table S2 of the

acids were identical to the predicted amino acid sequence
deduced from the DNA sequence. The structure of the heme

The distances betweenftand
d Met®”in the bottleneck 15 A

Supporting Information).
lle® and between ASf® an

environment was similar to those of other catalases as hadTm the iron in the main channel of EKTA catalase are 7.22

been suggested by sequence alignment. For example, ad

assigned in BLC, essential Hisand Asi?®, the hydrogen
bond between H and Set, the axial ligand of Ty#° to

the heme iron with a hydrogen bond network of ¥y
His!'%, and Asp?°, the aromatic stacking of PFéand Phé*?

to the heme, and the salt bridge formation of heme propi-
onates with Ar§® Arg® and Arg*® (EKTA catalase
numbering) were conserved in PSCF, BLC, MLC, and
EKTA catalase (Figure 5). The superimposed structures of

nd 9.11 A, respectively. These values are much larger than
those of BLC and MLC. The Lé¢’—I1le'8° and Asp®—
Met'®” combinations at the entrance of the narrow channel
in the main channel determine the size of the bottleneck.
The narrow channel of MLC was similar to that of BLC
except for Pré and Val. Figure 7 shows cavity structures
determined by using a 1.2 A radius probe in BLC, MLC,
and EKTA catalase. The Trp residues (i.e., tpn BLC

and Trg’t in MLC) placed at the entrance of the narrow
channel seem to constrict the main substrate channel. On

EKTA catalase and PSCF revealed that the tertiary structureSy,o other hand. a large space exists at the entrance of the

of conserved amino acid residues around the heme were als
identical to each other (data not shown). However, the size
of the bottleneck of the main channel of EKTA catalase was
larger than that of PSCF (Figure 7). The heme group
orientation is similar to those of PSCF, HPII, and NCC-1,
where the imidazole group of distal Hids stacked parallel

to pyrrole ring IV. It seems that VHE, which is near pyrrole
ring |, regulates heme orientation, probably because of the
steric hindrance between the methyl group of'¥%dnd the
vinyl group of pyrrole ring Il. An electron density map
showed no significant density in the region corresponding
to the NADPH-binding site. The crystal structure of PSCF
also exihibited no electron density for NADPH. An analysis
of the NADPH-binding site for clade 3 catalases suggests
that the Hid%-Arg?°%Val3°-His%* (BLC numbering) se-
quence is important for NADPH binding. The equivalent
sequences in PSCF and EKTA catalase are'%@lu?°>-
lle30%-Asp®®” and AsA”>-Glul8-Asp?83-Glu?®s, respectively.

Marrow channel as a result of the replacement of the Trp

residue with Me¥®’ in EKTA catalase. The distance between
the entrance of the narrow channel and heme ironlid—

15 A. The diameters estimated by the smallest probe not
able to access the narrow channel a2.7 A for EKTA
catalase~2.3 A for BLC, and~2.1 A for MLC.

DISCUSSION

In this study, EKTA catalase was characterized and its
crystal structure was determined. The calculated molecular
mass of this catalase (56 487.7 Da) is similar to those of
other clade 1 and 3 catalases {39 kDa). The deviation
of Co. atoms in the superposition of EKTA catalase with
PSCF, BLC, and MLC results in root-mean-square deviations
of 1.05, 1.02, and 1.10 A, respectively. The results indicate
that the subunit structure of EKTA catalase is similar to those
of other catalases. Moreover, the heme group orientation and
the lack of a NADPH-binding site are common in the
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Ficure 6: Structure of EKTA catalase. (A) Stereoview of the overall structure of EKTA catalase. Colors are placed according to the
secondary structure. Helices are colored fedheets cyan, turns green, and coils white. (B) Stereoview of the structure of the main
channel with the electron density map on critical residues. Te—2F. density is modeled at 105

structures of clade 1 and clade 2 catalad83. (The amino compound | corresponding to the amount of organic peroxide
acid sequence deduced from the nucleotide sequence of th¢hat reacted means that compound | is very stable because
catalase exhibited a high degree of similarity with those of the formation and reduction rates of compound | were 2.54
clade 1 catalases, and the catalase was determined to belong 1(° and 3000 M s™%, respectively.

to clade 1 in the phylogenetic tree on the basis of the The binding rate constant of cyanide with EKTA catalase

sequence (Figure S2 of the Supporting Information). was 5 times higher than those of cyanide with BLC and
Most of compound | directly returned to the resting state MLC. Cyanide is mostly protonated at pH 7 because g p
of EKTA catalase without conversion to compound Il. of HCN is approximately 9, and the crucial step for cyanide

However, it is thought that a small amount of compound Il association has been shown to be the deprotonation of HCN
was formed because there was no clean isosbestic point ain the distal heme pocket as suggested for the binding of
~480 nm during the return to the resting state (Figure 4). H,O, (pKy = 11.6) 66). Also, HCN must transit the main
The prevention of inactive compound Il formation is known substrate channel in catalase for binding to the heme iron.
to involve NADPH in clade 3 catalase§1( 62), but the Thus, it is thought that at least three factors, namely, the
mechanism by which this is achieved remains uncléat( deprotonation rate constant, the rate of entering the main
64). The covalent bonds of proximal T4 with His**? and channel, and the suitability of the substrate of the main
Tyr¥®with Cys®*¢in HPII (65) and NCC-1 8), respectively, channel structure for the reaction, are important for definition
which are categorized as clade 2 catalases, could make th@®f the reaction rate of binding of cyanide to heme iron. The
enzyme resistant to inactivation by,®,.. However, EKTA amino acids around the heme in BLC and EKTA catalase
catalase does not bind NADPH due to the absence of theare the same, and the main channel structure in these
binding sequence (Hi¥-Arg?°2Val**:His3%*in BLC) in the catalases may be constructed for suitability for the reaction
structure, and no post-translational modification of the with H,O, but not with HCN. The possible effect of ionizable
proximal tyrosine has been observed. Hence, it is most likely residues in the main channel in the vicinity of the active
that binding of NADPH and modification of the proximal site less likely occurs at the pH for this measurement. The
tyrosine are not necessary in EKTA catalase. The fact thathighest binding rate for cyanide in EKTA catalase among
EKTA catalase was transformed to an equivalent amount of the three catalases may be due to a decrease in steric
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FiGUurRe 7: Structures of main channels of EKTA catalase (A), BLC (B), MLC (C), and PSCF (D). The accessible surfaces are represented

as green lattices. The percentage in parentheses indicates the possibility of a residue being in its corresponding place in the database basec
on the nucleotide sequence of catalase. Residues of EKTA catalase, MLC, and PSCF different from those of BLC are shown in red (A, C,
D). Red labels in BLC denote residues with a low likelihoathbQ) of being in the corresponding places in the database.

hindrance of the main channel, since it is unlikely that there and~150 times lower than those in the reaction with methyl

are pronounced differences in other factors.

hydroperoxide for BLC and MLC, respectively. On the other

Recently, the three-dimensional shape and size of the mainhand, the reaction rate of EKTA catalase with peracetic acid
channel have been suggested to regulate the enzymatiavas 5 times lower than that with methyl hydroperoxide.

efficiency of catalases7( 17, 18). The long and narrow

Furthermore, EKTA catalase reacted with peracetic acid 77

channel appears to preorient and select preferred substratesimes faster than did BLC and 1200 times faster than did
The residues lining hydrophobic side chains constrict the MLC, and a second-order rate constant of 5:220° M1

distal channel to 23 A. This structure allows only }D,
H,O,, or other small molecules to enter)( The short
occupancy time within the hydrophobic site of®and the
impossibility of forming a HO—H,0 hydrogen bond in the
channel structure make,8, a more preferable substance
in the channel than ¥ for catalase ). The rate of
formation of compound | in the reaction with organic

s 1in the reaction of compound | formation with peracetic
acid is the highest among those of reported catale&®s (
The results suggest that the narrow channel of EKTA catalase
has an enlarged structure for accepting molecules larger than
hydrogen peroxide. The diameters of the bottleneck 15 A
from the iron (the entrance of the narrow channel) in the
main channel estimated from the minimum probe radius

peroxide decreases with an increase in the molecular size ofrequired to disrupt the channel are2.7 A for EKTA
the leaving group. In fact, human erythrocyte catalase (HEC) catalaser~2.3 A for BLC, and~2.1 A for MLC. Since the
reacts with methyl hydroperoxide 100 times faster than it cross section at the bottleneck in the main channel is

does with peracetic aci®{). This result was confirmed in
this work using BLC and MLC. The formation rates of
compound | in the reaction with peracetic acid wey80

proportional to the square of the radius, the cross section at
the bottleneck for EKTA catalase is the largest among those
of the three catalases. The reaction rate constant of each



20 Biochemistry, Vol. 46, No. 1, 2007

10
- 8
A 6
i 10" 1
s s
z . L .-
g 109 .-
2 -
FA . v
10* o
- e
10° -
K-
=
10 T T T
2.0 2.2 24 2.6 2.8
Size of bottleneck (&)

Ficure 8: Relationship between the rate of compound | formation
and the size of the bottleneck in the main channel. EKTA catalase,
BLC, and MLC were used: &) hydrogen peroxide,[{) methyl
hydroperoxide,4) peracetic acid, and) tert-butyl hydroperoxide.
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important meaning for the determination of the size of the
bottleneck 15 A from the iron in the main channel.

There is a possibility that the interruption of the access of
substrates larger than,8, at a narrow channel other than
the site described above in the main channel near the active
site occurs in catalase. The rational mutation of'%atio
Ala in S. cerevisiae catalase (SCC-A) to enlarge the narrow
channel increases peroxidatic activity by increasing the
accessibility of large molecule8); The steric hindrance by
Val” in EKTA catalase, comparable to &l in SCC-A,
could inhibit the access of large molecules. Nevertheless,
EKTA catalase exhibited a rapid reaction with peracetic acid.
This result suggests that when the substrate comes into the
narrow channel, the substrate could reach the active site.
Therefore, it is thought that the cross section at the entrance
of the bottleneck 15 A from the iron is important for the
reaction with large molecules.

In this study, the size of the bottleneck 15 A from the
iron (the entrance of the narrow channel) in the main access
channel of catalase was shown to be an important factor for

catalase decreased with an increase in the molecular size ofhe determination of the rate of formation of compound |
the substrates, and catalase with a larger-sized bottleneckvhen a molecule larger than6; is the substrate. The first

15 A from the iron in the main channel exhibited a lower
rate of reduction in the compound | formation rate with an
increase in the molecular size of substrates. Furthermore

portional to the size of the bottleneck in the main channel
in the reaction with substrates larger thagOgl (Figure 8).

These findings indicate that the size of the bottleneck of the
main channel is an important factor for the reaction rate

20 A of the main channel starting from the surface of the
protein is funnel-shaped, presenting little obstacle to even

large molecule. On the other hand, the next 15 A of the
the rate constants of catalase reactions were directly pro-

channel (narrow channel) extending from a conserved?Asp
(BLC numbering) to heme is constricted, restricting access
to only small molecules€@). It is thought that a certain
motion of side chains contained in the narrow channel is
indispensable for substrate access in the reaction of catalases

constant corresponding to the size of the substrate. The resultgecause the van der Waals radius of an oxygen atoni s
described above indicate that EKTA catalase rapidly reactsA: j.e., the diameter is~3.0 A. It thus appears that the

with organic peroxides to enhance accessibility of molecules

mobility of the side chain surrounding the narrow channel

larger than hydrogen peroxide molecules to the active sitejs probably the most important feature dictating substrate

by an enlarged structure at the bottleneck of the main
channel.
Although the major portion of the narrow channel com-

access, and the size of the bottleneck identified in this work
may be an important factor that defines the accessibility of
a substrate due to the location of the bottleneck at the

prises highly conserved amino acid residues, there is also aentrance of the narrow channel.

partial structure comprising diverse amino acid combinations.
This region is not thought to play a major role in the catalytic
reaction because of the distance-@& A) from the active
site and the diversity of amino acid residues. Thelt®u
lle8 and Asp®—Met'®” combinations at the bottleneck of
the main channel in EKTA catalase are rarely found in other
catalases (compared with more than 432 catalase genes i
the gene database). It has been thought that the optimizatio
of the main channel structure for the appropriate reaction of

catalase involves several factors such as the position of

hydrophobic amino acid residues, the molecular ruler effect,
the interaction between charged residues and heme, th
molecular motion of the side chain of amino acids, and the
position of HO molecules. Therefore, it seems difficult to

SUPPORTING INFORMATION AVAILABLE

Purification of catalase fronE. oxidotoleransT-2-2"
(Table S1), diameters of the bottleneck 15 A from iron and
atom-to-atom distances of key amino acid residues (Table

2), pH dependence of the rate of compound | formation in

e reaction with hydrogen peroxide for catalases (Figure

1), and phylogenetic tree based on amino acid sequences
of 22 catalases constructed via the neighbor-joining method
(Figure S2). This material is available free of charge via the

énternet at http://pubs.acs.org.
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