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Abstract: True catalases are tyrosine-liganded, usually tetrameric, hemoproteins with subunit sizes

of ~55–84 kDa. Recently characterized hemoproteins with a catalase-related structure, yet lacking
in catalatic activity, include the 40–43 kDa allene oxide synthases of marine invertebrates and

cyanobacteria. Herein, we describe the 1.8 Å X-ray crystal structure of a 33 kDa subunit

hemoprotein from Mycobacterium avium ssp. paratuberculosis (annotated as MAP-2744c), that
retains the core elements of the catalase fold and exhibits an organic peroxide-dependent

peroxidase activity. MAP-2744c exhibits negligible catalatic activity, weak peroxidatic activity using

hydrogen peroxide (20/s) and strong peroxidase activity (~300/s) using organic hydroperoxides as
co-substrate. Key amino acid differences significantly impact prosthetic group conformation and

placement and confer a distinct activity to this prototypical member of a group of conserved

bacterial ‘‘minicatalases’’. Its structural features and the result of the enzyme assays support a role
for MAP-2744c and its close homologues in mitigating challenge by a variety of reactive oxygen

species.
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Introduction
The catalases are among the earliest studied of all

enzymes, exhibiting one of the prototypical activities

among hemoproteins: the rapid dismutation of hydro-

gen peroxide to oxygen and water. By the 1980s, the

first crystal structures were available1–3 and the cur-

rent submissions in the Protein Data Bank now

include multiple mammalian, yeast, and bacterial cata-

lase structures.4–11 Analysis of the proteins with known

catalatic activity combined with searches of available

DNA databases allowed the classification of several

hundred available sequences into three major groups:

mono-functional catalases, heme-containing catalase-

peroxidases, and nonheme catalases.12–14 The most

abundant group is that of the mono-functional cata-

lases, and the best characterized of these are homote-

tramers with one heme per monomer. This group is

further subdivided into small (55–69 kDa) and large

(74–84 kDa) subunit enzymes.14 Human catalase, a

240 kDa enzyme comprised of four 60 kDa monomers,

is typical of the small subunit mono-functional cata-

lases. The active site environment is characterized by a

tyrosine as the proximal heme ligand, and by a con-

served histidine and asparagine on the distal side of

the heme. A long (�20 Å) narrow channel leads from

the surface of the protein down to the distal face of
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the heme, and this restricted access is considered to

contribute to the enzyme selectivity for H2O2 as

substrate.

Over a decade ago the heme domain of a peroxi-

dase-lipoxygenase fusion protein from the prostaglan-

din-containing coral Plexaura homomalla was shown

to exhibit weak sequence identity to mono-functional

catalases. While the overall identity between catalases

and the domain is <20%, sequence alignments indi-

cated that the proximal Tyr, distal His, and vicinal Asn

that flank the catalase heme were also conserved in

the P. homomalla heme domain.15 This domain was

shown to possess allene oxide synthase activity as it

selectively metabolizes a specific fatty acid hydroperox-

ide to an unstable allene epoxide. The lipoxygenase

domain of the fusion protein converted arachidonic

acid to an 8(R)-hydroperoxide and this was shown to

be the substrate for the hemoprotein domain now

referred to as catalase-related allene oxide synthase

(cAOS).16 The recent determination of the crystal

structure of cAOS revealed a catalase-like architecture

with a highly conserved heme environment.17 Despite

the structural homology, which is particularly striking

at the active site heme, and a large access channel that

cannot exclude heme access by H2O2, cAOS shows no

reaction with hydrogen peroxide.18 The cAOS domain

is only 43 kDa in size, �120 amino acids shorter than

the small mono-functional catalases, and is homodi-

meric when expressed without the C-terminal LOX

domain.

The structural and functional information on

cAOS established the possibility that other hemopro-

teins with catalase-related structures might exist and

exhibit distinctive catalytic activities. Upon searching

the DNA databases using the cAOS protein sequence

as ‘‘bait’’, we identified a number of small catalase-

related sequences. One of these, that also existed in a

fusion protein with a lipoxygenase, was found to spe-

cifically convert hydroperoxy-C18 fatty acids (the

products of the LOX domain) to allylic epoxides.19,20

Another of the ‘‘hits’’ in these database searches was a

genomic sequence from Mycobacterium avium ssp.

paratuberculosis. The open reading frame encodes a

33 kDa protein, particularly small by the standards of

catalase-related proteins, and the structure and func-

tion of this protein is the subject of the present report.

Mycobacterium avium ssp. paratuberculosis is a

pathogen in cattle and other ruminants and is the

causative agent of the gastrointestinal infections that

are the basis of Johne’s disease.21 Accordingly, it was

targeted for whole genome sequencing and the results

of these efforts were released 4 years ago.22 Like other

prokaryotes, the M. avium genome encodes multiple

catalase-related sequences, including among them the

typical large subunit mono-functional catalase, and the

catalase-peroxidase KatG. Moreover, like nearly all

other prokaryotes, the M. avium genome does not

encode a lipoxygenase gene, and these bacteria do not

contain the polyunsaturated lipids that are suitable li-

poxygenase substrates. Thus, unless the bacteria en-

counter the lipids from a host organism, they lack the

type of hydroperoxide substrates that are utilized by

cAOS and its close counterparts.16,19 These observa-

tions suggest novel function(s) for this prokaryotic cat-

alase-related enzyme. In this manuscript, we present

the crystal structure and activity of the catalase-related

enzyme from M. avium ssp. paratuberculosis MAP_

2744c. This structure suggests that while the heme-

environments of the catalase-related heme enzymes

are highly conserved, both key amino acid and active

site shape differences may significantly effect heme

conformation and enzyme activity.

Results and Discussion

Protein structure

Crystals of MAP_2744c were obtained in two ortho-

rhombic space groups (P212121 and I212121), and the

structures were determined by multi-wavelength

anomalous dispersion (MAD) phasing of the P212121
diffraction data using the Fe absorption edge. As

expected from its sequence identity with catalase and

cAOS, the 313 amino acid monomer of the enzyme has

a catalase a þ b ‘‘core’’ (Fig. 1) comprised of an eight-

stranded antiparallel b-barrel and seven a-helices. In

comparison to cAOS (373 amino acids; 1U5U), the

only other catalase-related enzyme structure that has

been reported, MAP_2744c has significantly less heli-

cal structure: there are 13 a-helices in cAOS, as

opposed to the seven in MAP_2744c. The largest dif-

ference between the two proteins is at the amino ter-

minus, which in MAP_2744c is 40 amino acids shorter

than that of cAOS. The amino terminal extension in

cAOS, relative to MAP_2744c, serves as a dimerization

interface. Although two MAP_2744c monomers pack

as a dimer in both crystal forms, the relatively small

surface area buried (�830 Å2) by this interaction, the

paucity of hydrophobic interactions, and the presence

of multiple solvent molecules in the interface, suggest

that the dimer is not stable in solution. In fact, the

protein elutes at a volume consistent with its mono-

meric molecular weight in size-exclusion chromatogra-

phy (data not shown). Mono-functional catalases have

N-terminal extensions of at least 100 amino acids rela-

tive to MAP_2744c and the extended termini pack

onto neighboring monomers and provide contacts for

tetramer formation.

In addition to the fact that MAP_2744c has fewer

helices than cAOS, those helices which are common to

the proteins do not necessarily superimpose, while the

core b-barrel structure is maintained. Note that in the

structure-based sequence alignment of MAP_2744c,

human erythrocyte catalase (HEC) and cAOS [Fig.

1(c)] there is more sequence identity among the

enzymes in regions of b-sheet rather than a-helical
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segments. In fact, only the two carboxy terminal heli-

ces (a6 and a7) display significant sequence identity

between MAP_2744c and cAOS, and only for a7 does

the homology extend to include HEC. The C-terminal

helix (a7) provides the proximal heme ligand as well

as other amino acids that buttress the heme, while the

Figure 1. The structure of MAP_2744c, a catalase-related enzyme. (a) Cartoon rendering of MAP_2744c. Coloring is N!C

blue!red. The heme is depicted in space-filled rendering. (b) cAOS (white) superimposed on MAP_2744c. For clarity only the

secondary structural elements of cAOS are drawn. (c) A structure based sequence alignment for MAP_2744c, cAOS, and

HEC sequences. Those amino acids which are identical in the sequences are indicated in black boxes, while empty boxes

indicate conservative substitutions. The elements of secondary structure are labeled according to their location in

MAP_2744c.
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penultimate helix (a6) packs at one end of the b-barrel
and does not contribute directly to the binding site for

the prosthetic group. The heme is positioned between

the b-barrel and the amino terminal helix (a1) which

runs perpendicular to the heme plane. The carboxy

terminal helix is positioned ‘‘below’’ the prosthetic

group, where it runs roughly parallel to the heme

plane. The proximal Tyr (Y294) emanates from this

helix. Substrate can gain access to the heme via a large

cavity. At the surface, the oblong opening is �17 � 10

Å. The cavity, which is �13 Å deep, tapers to some

extent so that at the heme it is �14 � 8 Å in dimen-

sions. This cavity is substantially larger than the access

channel described for cAOS, which is only 9 Å across

at its longest dimension. Mono-functional catalases

have even narrower access channels to restrict heme

access to H2O2 and other small molecules such as

ethanol. A surface rendering in which the cavity of

MAP_2744c is depicted in presented in Figure 2. The

contrast between this cavity and that in cAOS is strik-

ing: note the additional mass in cAOS in the region

that superposes with the heme access opening in

MAP_2744c [Fig. 2(b)].

The heme environment

When MAP_2744c and cAOS are superposed, the

rmsd between 243 equivalent alpha carbons is 2.1 Å.

The sequence identity between the structurally equiva-

lent alpha carbons is 23%. MAP_2744c is as similar to

cAOS as it is to HEC. The MAP_2744c and catalase

(1DGB)23 structures superpose 264 equivalent CA with

an rmsd of 2.1 Å and 25% sequence identity. However,

roughly half the mass of this low molecular weight cat-

alase monomer has no counterpart in the MAP_2744c

structure.

Despite the low level of sequence identity among

MAP_2744c, cAOS and HEC, the heme environments

are highly conserved. The heme environments of

MAP_2744c and cAOS are superposed in Figure 3.

Like cAOS and HEC, MAP_2744c has the proximal

Tyr (Y294), distal histidine (H28) and a trio of Argi-

nines (R25, –63, and –301) positioned to neutralize

the heme carboxylates. All enzymes have as well a C-

terminal Arg (R290) that has been proposed to ‘‘tune’’

the reactivity of the heme iron.24 However, those

amino acids that flank the distal His in cAOS are not

found in MAP_2744c. MAP_2744c has a Gln (Q100)

in place of the Asn found in cAOS and catalase. While

the substitution of a Gln for Asn is conservative, the

longer side chain of Gln seems to have an important

structural consequence. In both cAOS and HEC the

corresponding Asn is positioned to H-bond to the dis-

tal His. But in MAP_2744c the Gln bends back away

from the distal His and heme, leaving more of the

heme exposed. The side chain of Q100 is H-bonded to

the main chain NH and CO of A100. Although

sequence line-ups indicate that Asn is generally found

at this position, Gln at this position is not unique to

MAP_2744c. The sequences of homologous proteins

from Deinococcus radiodurans and Pseudomonas aer-

uginosa both have a Gln at this position. On the oppo-

site side of the distal His, the Thr found in cAOS has

been replaced by a Leu. In the classic mono-functional

catalases this amino acid is an invariant Val. The first

100 sequences retrieved from the protein sequence

database with MAP2744_c as ‘‘bait’’ suggest a prefer-

ence for small amino acids at this position (Ala or

Thr). Mutation of Thr to Val in cAOS confers cAOS

with reactivity towards H2O2, albeit with an activity

significantly lower than that of wild-type catalase.18

Thus, the variability at this position may contribute to

Figure 2. Access to heme. (a) A surface rendering of the

MAP_2744c enzyme. The heme, in sphere rendering (Fe,

white; C, N black) lies at the bottom of a large, deep cavity.

(b) A stick rendering of cAOS is superposed on the

MAP_2744c surface rendering. The presence of the

additional side chain and main chain atoms in cAOS

obstructs heme access.

Figure 3. The heme environment. The side chains of

MAP_2744c (C, yellow) and cAOS (C, green) that surround

the heme (space-filled rendering, C, white, N, blue, O, red,

and Fe, magenta).
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the diversity of catalytic activities associated with cata-

lase-related enzymes. As was described for the cAOS

structure, the heme group of MAP_2744c does not

show the distortion typical of catalase.25,26 The devia-

tion from planarity of the MAP_2744c heme is �0.2,

in comparison to �0.7 Å observed in HEC.25

The most distinct feature of MAP_2744c, when

compared with cAOS and HEC, is not in the heme

environment per se, but heme placement within this

environment. As one can see from Figure 4, the heme

in MAP_2744c is displaced ‘‘upwards’’ such that the

Tyr-Fe distance is longer than those observed in HEC

and cAOS. The Tyr-O-Fe distance is 2.35 Å in the 1.8

Å resolution MAP_2744c structure. However, this dis-

tance is 1.8 Å in HEC (1DGB) and 2.16 Å in cAOS.

Heme displacement may be a consequence of a reposi-

tioning of the C-terminal helix that contains the proxi-

mal Tyr. Alternatively, or perhaps additionally, the dis-

position of Phe rings in the different structures in the

enzymes could determine how the heme is anchored

in the fold. Phe residues within �4 Å of the

MAP_2744c, cAOS and HEC hemes are rendered in

Figure 4(b). (There are no Trp or Tyr side chains,

besides the proximal Tyr, within van der Waals dis-

tance of any of the hemes.). Note that both cAOS and

HEC have multiple phenylalanines positioned above

the heme plane, while in MAP_2744c a single Phe

(F113) is positioned above the plane of the prosthetic

group, with its ring roughly parallel to the heme. Nei-

ther cAOS nor HEC has a Phe below the heme plane,

while MAP_2744c has Phe (F289) with it ring perpen-

dicular to the heme. In a multi-sequence line-up of

100 sequences obtained from available sequence data-

bases when Map_2744c is used as the ‘‘bait,’’ only 12

unique protein sequences have a Phe or Tyr at this

position. The presence of a Phe here could prevent

positioning the heme closer to the proximal Tyr.

Enzyme activity
Given the structural similarity to catalase, the catalase

activity of MAP_2744c was measured. The enzyme

catalyzes the dismutation of H2O2, but at a rate (23 6

6 s–1) at least three orders of magnitude lower than

that of mono-functional catalases.27 By contrast, the

enzyme has significant peroxidase activity; an 2,2’-

azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)

(ABTS) activation assay in the presence of t-butyl hy-

droperoxide gives a kcat/Km value �15,000M–1 s–1 (Ta-

ble I). For comparison, the peroxidase activity of the

catalase-peroxidase KatG from Mycobacterium partu-

berculosis in an equivalent assay (ABTS, t-butyl hydro-

peroxide) was reported to have a kcat/Km value of

7.4M–1s–1 and catalase activity of �6000 s–1.28 Thus,

the catalase and peroxidase activities are ‘‘reversed’’

from those of KatG: MAP_2744c is a poor catalase,

but a robust peroxidase.

The active sites of MAP_2744c, cAOS and cata-

lases appear distinctly different is terms of both sub-

strate access and heme chemistry/reactivity. cAOS cat-

alyzes the transformation of 8R-hydroperoxy-

eicosatetraenoic acid (HPETE) to an allene oxide, a

reaction proposed to involve an epoxy allylic carboca-

tion intermediate.17 Thus, the mechanism is analogous

to that for members of the CYP74 P450 subfamily29

and by extension other catalase-related enzymes might

exhibit allene oxide synthase, hydroperoxide lyase, or

divinyl ether synthase activities, as is true for P450s.30

The prediction for catalytic biosynthetic diversity of

catalase-related enzymes has been confirmed by the

identification of the product of an AOS ortholog from

Anabaena. The catalase-related domain of this bi-

functional enzyme catalyzes the synthesis of a highly

Figure 4. Heme displacement. (a) The heme in MAP_2744c (C, yellow) is displaced from its position in the cAOS structure (C,

green). (b) Phe residues that impact heme placement. MAP_2744c, yellow, cAOS, green, catalase (HEC), blue.

Table I. Peroxidase Activity of MAP_2744c ABTS
Oxidation Assay

Substrate
Km

(M)
kcat
(s–1)

kcat/Km

(M–1s–1)

H2O2 30 (4) 13 (1) 433
t-Butyl hydroperoxide 22 (2) 320 (10) 14.5 � 103

Cumene hydroperoxide 3 (0.5) 330 (14) 110 � 103
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unusual bicyclobutane containing fatty acid from a

hydroperoxy intermediate.19 As mentioned above, in

general prokaryotes lack lipoxygenase genes and poly-

unsaturated fatty acids and thus are unable to generate

fatty acid hydroperoxides. Nonetheless, a possible role

for MAP-2744c as part of a broader function in the

elimination of reactive oxygen species is deactivation

of hydroperoxides generated by its hosts. Accordingly,

we tested the ability of MAP_2744c to metabolize four

selected fatty acid hydroperoxides. When the initial

rate of ABTS oxidation was measured at 60 lM fatty

acid hydroperoxide concentration using a conventional

spectrophotometer, the 9S- and 13S-hydroperoxy

derivatives of linoleic acid [hydroperoxy-octadecadie-

noic acid (HPODE)] gave turnover numbers of 71 6 5

and 52 6 3 s–1, respectively, and the 15S and 8R

derivatives of arachidonic acid (HPETE) gave 35 6 3

s–1, and 20 6 4 s–1, respectively. However, it was

apparent from the curvature of the 417 nm recordings

that the initially observed rates using fatty acid hydro-

peroxides were not maintained due to rapid enzyme

inactivation. Indeed, when the reaction was repeated

using a stopped flow spectrophotometer with a range

of concentrations of 9S-HPODE (4–96 lM), kcat com-

puted within the first second of reaction as 529 6 27

s–1, KM as 49 6 5 lM, and the catalytic efficiency kcat/

KM as 11 � 106M–1 s–1. We conclude that MAP-2744c

exhibits strong peroxidase activity using fatty acid

hydroperoxides although reaction is rapidly blunted by

enzyme inactivation, at least under these in vitro con-

ditions. Neutralizing amino acids (R74, R148) to tether

the substrate carboxylate are positioned at the top of

the large substrate cavity, and the large size of the

heme access cavity is consistent with a bulky substrate.

These structural features and the result of the enzyme

assays support a role for MAP-2744c in mitigating

challenge by a variety of reactive oxygen species.

A function as a scavenger of reactive oxygen spe-

cies is consistent with the large and accessible active

site cavity. In contrast, the product of the catalase-

related heme domain of the Anabaena ortholog is a

fatty acid derivative with a highly constrained bicyclo-

butane moiety.19 The Anabaena enzyme is unique

among the catalase-related enzymes as sequence align-

ments suggest that the proximal heme ligand is a histi-

dine rather that a Tyr. Although the heme ligand will

impact the chemistry of the reaction catalyzed, the

highly unfavorable bond geometry of the product is

more likely induced by an active site that forces the

substrate to adopt a constrained, but productive, inter-

mediate conformer. Thus this prediction, along with

the structures of cAOS and MAP_2744c enzymes, sug-

gest that the substrate binding cavities of the catalase

related enzymes vary substantially in shape and size.

This diversity of active sites size and shape is consist-

ent with what has been described for the P450 family

of heme enzymes, for which significantly more struc-

tures are available.31

Other Tyr-coordinated heme proteins
Recently, the structure of a novel tyrosine-coordinated

heme enzyme has been described.32 The protein is a

hexamer in which each 76 amino acid monomer binds

heme. On the same side of the heme as the proximal

tyrosine is an Arg positioned similarly to the ‘‘tuning’’

Arg conserved in catalases24 and catalase-related

enzymes. However, beyond this highly localized struc-

tural similarity in heme coordination, there is no sig-

nificant structural homology between catalase and the

hexameric tyrosine-coordinated heme protein. Fur-

thermore, the much smaller polypeptide of the hex-

americ protein leaves a significant portion of the heme

exposed and the propionic acid groups are fully sol-

vent accessible. The protein has measurable peroxidase

and catalase activities, but the turnover numbers are

significantly lower than those for MAP_2744c.

Concluding remarks
Catalase-related sequences that code for enzymes

�350 amino acids in length are found in a wide range

of prokaryotes and in selected eukaryotes (Fig. 5).

Those sequences from eukaryotes that have thus far

been functionally characterized transform fatty acid

hydroperoxides in biosynthetic pathways. These path-

ways are not endogenous to prokaryotes, which for the

most part lack the lipoxygenase activities. The struc-

ture of the catalase-related peroxidase described herein

establishes a prototype for prokaryotic catalase-related

heme enzymes, as it represents a novel branch of this

protein superfamily, equally distant from the eukaryo-

tic cAOS and catalase itself.

The MAP_2744c structure indicates that, while

the heme-environments of the catalase-related

enzymes are highly conserved, key amino acid differ-

ences may significantly effect prosthetic group confor-

mation and reactivity. This is precisely the type of

structural variability one would expect given that cata-

lase-related enzymes are, as suggested, as diverse in

the reactions they catalyze as members of the P450

superfamily.

Materials and Methods

Cloning, expression, and purification of MAP

MAP_2744c was cloned by PCR from genomic DNA.

Forward and reverse primers in PCR reaction con-

tained NdeI and EcoRI restriction sites, respectively,

and an N-terminal (His)6-tag was engineered. The

sequence of the forward primer was 50-CATATGCAT
CACCATCACCATCACAGCGGTGGATTAACTCCCGACC

AG-30 and that of the reverse primer 50-GAATTCTCAC
ACCGGCGGGGCTTGCGCGCC-30. The correct PCR

product was subsequently cut with NdeI and EcoRI

restriction enzymes and subcloned into the same sites

of the expression vector pET17b. The DNA sequencing

confirmed the identity to the published sequence in

2564 PROTEINSCIENCE.ORG Crystal Structure of MAP_2744c



GenBank. Expression in Escherichia coli BL21 (DE3)

cells (Novagen) was accomplished with methods

described previously by Hoffman et al.33 and Boutaud

and Brash16 The frozen pellet was resuspended in

BugBusterV
R

Protein Extraction Reagent (Novagen) in

the presence of 1 mM phenylmethylsulfonyl fluoride, 1

lg/mL Benzonase and protease inhibitor mix. The

16,000g supernatant was loaded on a nickel-NTA col-

umn (0.5 mL bed volume, Qiagen) equilibrated with

50 mM potassium phosphate buffer, pH 7.2, 500 mM

NaCl at 0.5 mL/min. The column was then washed

with the equilibration buffer and the nonspecific

bound proteins were eluted with 50 mM potassium

phosphate buffer, pH 7.2, 1M NaCl, 70 mM glycine. A

final wash was performed by 50 mM potassium phos-

phate buffer, pH 7.2, 500 mM NaCl, 20 mM imidaz-

ole. The His-tagged protein was then eluted with 50

mM potassium phosphate buffer, pH 7.2, 500 mM

NaCl, 250 mM imidazole. Fractions containing pro-

tein, as judged by sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS–PAGE), were pooled

and dialyzed overnight against 50 mM Tris buffer, pH

7.5, 150 mM NaCl, 20% glycerol and aliquoted and

frozen in –80�C for later use.

Protein purification for crystallization
Supernatant prepared as descried above was applied

to a TALON Co2þ affinity (Clontech) pre-equilibrated

with 50 mM potassium phosphate pH 7.2, 500 mM

NaCl, 1% Triton and 20% glycerol. Protein was eluted

with 20 mM imidazole. Further purification was accom-

plished with gel filtration chromatography on a Super-

dex 200 column (GE Healthcare, Uppsala) buffered

with 10 mM Tris–HCl (8.0) to yield pure protein that

displayed the characteristic ratio of A406/A280 of �3.

Crystallization

Crystals of the enzyme were obtained at 11�C using the

hanging drop vapor-diffusion method by mixing equal

volumes of protein at 10.5 mg/mL and the reservoir

Figure 5. Phylogenetic tree of MAP-2744c and related proteins. A TBLASTN database search was conducted using the

peptide sequence of MAP-2744c as bait. The amino acid sequences of the proteins identified were entered in the MegAlign

program of DNAStar which compiled the phylogenetic tree. Human catalase and cAOS were not found in the TBLASTN

search and were added prior to the alignment. The two lower groups correspond to the catalases with ‘‘small’’ and ‘‘large’’

subunits as deduced by Klotz and Loewen.12 On top are two new groups comprising mini-sized catalases with polypeptides

of 330–360 and 300–330 amino acids. MAP-2744c segregates with the 300–330 amino acid subgroup from gram positive

(þve) bacteria.
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solution (1.5M 1,6-hexanediol, 100 mM sodium citrate

pH 6.9, 13–15% polyethylene glycol (PEG) 20,000,

2.5–6.5% glycerol). Crystals of both crystal forms

(P212121 and I212121) grew under the same conditions

and often in the same drop.

Data collection, structure solution,

and refinement

The structure of the MAP_2744c protein was solved

with Fe-MAD data. Data at 100 K were collected at the

protein crystallography beamline at the Center for

Advanced Microstructures and Devices at Louisiana

State University, with a Mar charge-coupled device de-

tector. The images were processed and scaled using

DENZO and SCALEPACK.34 Data collection and data

processing statistics are summarized in Table II.

The 4 Å resolution anomalous difference Patter-

son revealed clear peaks attributable to the heme iron

and these positions were refined with 2.5 Å data in

CNS.35 The hand of the Fe positions was assigned by

visual inspection of maps calculated with the refined

and flipped Fe coordinates. Density modification was

Table II. Data Collection Statistics

P212121 I212121 Peak (k1) Inflection (k2) Remote (k3)

Wavelength (Å) 1.38079 1.5896 1.73838 1.74082 1.5896
Resolution (Å) 1.8 2.6 2.5 2.5 2.5
Temperature (K) 113 113 113 113
Space group P212121 I212121 P212121
Cell dimensions
a (Å) 68.72 69.60 69.18
b (Å) 81.62 92.68 81.95
c (Å) 163.11 165.50 164.09

Molecules per asymmetric unit 2 1 2
No. of unique reflections 75 154 15 361 61 237 61 304 61 970
Rsym

a,b (%) 5.7 (47.5) 8.8 (45.2) 8.6 (39.0) 9.3 (42.1) 8.4 (34.6)
Completeness (%) 87.6 (86.5) 91.1 (67.4) 98.8 (88.9) 97.6 (78.2) 99.8 (98.5)
Redundancies 2.2 (2.1) 4.3 (3.5) 4.7 (2.8) 5.6 (2.6) 7.1 (5.1)
I/r(I) 19.5 (2.0) 13.9 (2.0) 15.9 (2.3) 15.8 (2.0) 23.0 (4.3)
Phasing statistics
Resolution range (Å) 30–2.5
Number of sites 2
Phasing powerc acentric/centric 1.30/1.45
Rc

d centric 0.64
Mean FOM after MAD phasing 0.50

Refinement statistics
Resolution range (Å) 36.5–1.8 43.2–2.6
No. of reflections used in refinement 71 376 14 446
r cutoff used in refinement None None
R/Rfree

e (%) 19.74/21.01 20.15/25.70
Number of refined atoms
Protein 4519 2273
Heterogen atoms 165 60
Water 367 122

Average B-factors (Å2)
Protein 30.1 42.4
Heme 25.9 41.1
Heterogen atoms 55.0 44.2
Water 35.2 33.4

R.M.S. deviations
Bonds (Å) 0.005 0.006
Angles (�) 1.2 1.2

Ramachandran plot (%)
Favored 93.6 90.4
Allowed 5.8 8.8
Generous 0.2 0.4
Disallowed 0.4 0.4

a Values in parentheses are for the highest-resolution shell.
b Rsym ¼ P

|Ii – <Ii>|/
P

Ii, where Ii is the intensity of the ith observation and <Ii> is the mean intensity of the reflection.
c Phasing power ¼ P

<Fh>/E, where <Fh> is the root-mean-square structure factors and E is the residual lack of closure error.
d Rc ¼ P

||FPH 6 FP| – FHcalc|/
P

FPH 6 FP, where FPH and FP are the structure-factors amplitudes for the data collection on
the iron absorption edge.
e R ¼ P

||Fo| – |Fc||/
P

|Fo|, where Fo and Fc are the observed and calculated structure factors amplitudes. Rfree is calculated
using 6.9% and 5.9% of reflections omitted from the refinement for the P212121 and I212121 structures, respectively. The Rfree

set from the P212121 crystal form was used for the refinement of the I212121 data set.
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carried out in CNS. The structure was refined using

the maximum likelihood refinement in CNS.35 No

sigma cutoff was applied to the data. A bulk solvent

correction was applied. The program O,36 was used to

build models throughout the refinement. The final

model consists of residues 4-306 and 4-305 for both

protein monomers, two heme cofactors, six 1,6-hexa-

nediol molecules, four phosphate ions, one glycerol

molecule, and 367 water molecules. Alternate confor-

mations were built for M83, V247, and D277 (mono-

mer A) and D43, R169, and D277 (monomer B). The

P212121 model served as a search model to solve the

I212121 structure by the molecular replacement

method. The refinement of the I212121 was performed

similarly as in the case of the P212121 structure. The

final model consists of protein residues 4-304, two

glycerol molecules, one phosphate ion and 122 water

molecules. Refinement statistics are listed in Table II.

The protein molecules display good stereochemis-

try in both crystal forms (Table II) with the exception

of L165 which was found in the disallowed region. The

corresponding residues in cAOS, as well as in all

known catalase structures, are also in an energetically

disallowed region.

Data deposition
The atomic coordinates have been deposited to the

Protein Data Bank with the accession codes 3E4W

(P212121) and 3E4Y (I212121).

Peroxidase activity assay

MAP-2744c peroxidase activity was assayed at room

temperature by following the increase in absorbance at

417 nm due to oxidation of ABTS (1 mM) in 50 mM

potassium phosphate buffer, pH 7, using a Lambda 35

UV/VIS spectrophotometer (PerkinElmer). The reac-

tion was initiated by addition of MAP_2744c enzyme

(50 nm) to 1 cm cuvette containing different concen-

trations of substrate [H2O2 (1–50 mM), t-butyl hydro-

peroxide (1–100 mM), and cumene hydroperoxide

(0.5–20 mM)]. Due to the rapid inactivation of

enzyme upon mixing enzyme with the fatty acid

hydroperoxides, the activity measurement with fatty

acid hydroperoxides was only at one concentration (20

lM). The initial rate was expressed as nanomoles of

ABTS oxidized per nanomole of heme per second.

Enzyme assays were performed in triplicate and the

standard error was calculated from the fit to the

Michaelis-Menten equation.

The peroxidase activity assay was also conducted

using an SX-18MV stopped flow instrument (Applied

Photophysics, Leatherhead, UK) equipped with a 20 lL
observation cell (10-mm path length) or 5 lL (5-mm

path length) cell. The ABTS concentration was 1 mM,

MAP-2744c 0.043 lM, 9S-HPODE co-substrate 4–96

lM in 50 mM potassium phosphate buffer, pH 7.0. It

was found that MAP-2744c tended to lose activity upon

dilution into the mixing syringe and that this could be

prevented by including 1 mM CHAPS detergent in the

reaction buffer. Four individual stopped-flow experi-

ments were recorded at each concentration of 9S-

HPODE and averaged before subsequent data analyses

and fitting was done with the manufacturer’s software.

Catalase activity assay

MAP_2744c catalase activity was assayed at room

temperature by measuring the decrease at 240 nm due

to the consumption of H2O2 in 50 mM potassium

phosphate buffer, pH 7.0, using a Lambda 35 UV/VIS

spectrophotometer (PerkinElmer). Similarly, the initial

rate was expressed as nanomoles of H2O2 decomposed

per nanomole of heme per second.
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