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ABSTRACT: The crystal structure of the fully oxidized di-heme peroxidase fromNitrosomonas europaea
has been solved to a resolution of 1.80 Å and compared to the closely related enzyme fromPseudomonas
aeruginosa. Both enzymes catalyze the peroxide-dependent oxidation of a protein electron donor such as
cytochromec. Electrons enter the enzyme through the high-potential heme followed by electron transfer
to the low-potential heme, the site of peroxide activation. Both enzymes form homodimers, each of which
folds into two distinct heme domains. Each heme is held in place by thioether bonds between the heme
vinyl groups and Cys residues. The high-potential heme in both enzymes has Met and His as axial heme
ligands. In thePseudomonasenzyme, the low-potential heme has two His residues as axial heme ligands
[Fulop et al. (1995)Structure 3, 1225-1233]. Since the site of reaction with peroxide is the low-potential
heme, then one His ligand must first dissociate. In sharp contrast, the low-potential heme in the
Nitrosomonasenzyme already is in the “activated” state with only one His ligand and an open distal axial
ligation position available for reaction with peroxide. A comparison between the two enzymes illustrates
the range of conformational changes required to activate thePseudomonasenzyme. This change involves
a large motion of a loop containing the dissociable His ligand from the heme pocket to the molecular
surface where it forms part of the dimer interface. Since theNitrosomonasenzyme is in the active state,
the structure provides some insights on residues involved in peroxide activation. Most importantly, a Glu
residue situated near the peroxide binding site could possibly serve as an acid-base catalytic group required
for cleavage of the peroxide O-O bond.

Cytochromec peroxidases (CCPs)1 catalyze the oxidation
of ferrocytochromec and reduction of H2O2 in the following
reaction:

Although yeast cytochromec peroxidase (CCP) is the best
known and most well-studied CCP (1), CCP also is found
in various prokaryotes such asPseudomonas aeruginosa(2,
3), Paracoccus denitrificans(4), Rhodobacter capsulatus(5),

andNitrosomonas europaea(6). Of these, thePs. aeruginosa
CCP is the most thoroughly investigated including the only
one of this family for which a crystal structure has been
determined (7). Close sequence similarities, molecular
weight, and heme content indicate that the general structural
features found in thePs. aeruginosaCCP will be conserved
in the other prokaryotic CCPs. The most notable difference
between the prokaryotic and eukaryotic peroxidases is that
the single polypeptide chain consisting of≈300 residues
contains 2 hemes both of which are covalently tethered to
the protein via thioether links between the heme vinyl groups
and Cys residues as inc-type cytochromes. In contrast,
eukaryotic peroxidases contain only one noncovalently bound
heme. In the di-heme peroxidases, one heme has been termed
high-potential and contains His and Met residues as axial
heme ligands. The other, low-potential heme is considered
to be the site of H2O2 activation, so one axial heme coor-
dination position must be available for interaction with the
incoming peroxide. However, thePs. aeruginosastructure
shows that the low-potential heme contains two His residues
as axial ligands, leading to the proposal that one His ligand
dissociates in order to enable peroxide to bind (7).

While the overall reaction for the di-heme peroxidases is
similar to eukaryotic peroxidase, the catalytic intermediates
are quite different. The traditional yeast CCP mechanism
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proceeds in the following three steps:

In the first step, peroxide reacts with the enzyme to give
Compound I. This oxidation/reduction reaction generates an
Fe4+-O center and a cation radical centered on Trp191 (8).
In other eukaryotic peroxidases, the porphyrin is oxidized
to a cation radical rather than an amino acid side chain (9).
Compound I is then reduced to Compound II followed by a
second electron-transfer step that reduces Compound II back
to the resting state. Again, other peroxidases follow the same
process except the reducing substrate normally is an aromatic
phenol rather than cyt.c.

The di-hemePs. aeruginosaenzyme differs in how
oxidizing equivalents are stored. The high-potential heme
must be reduced to Fe2+ by either ferrocyt.c551 or the Cu1+

in azurin in order for the enzyme to function (10). The

Fe3+ Trp + H2O2 f Fe4+-O Trp•+

Compound I
+ H2O

Fe4+-O Trp•+

Compound I
+ cyt.c (Fe2+) f

Fe4+-O Trp
Compound II

+ cyt.c (Fe3+)

Fe4+-O Trp
Compound II

+ cyt.c (Fe2+) f

Fe3+ Trp + cyt.c (Fe3+) + H2O

FIGURE 1: Structure-based sequence alignment of NEP and PAP. The gray regions are helical and the dark regionsâ-sheet. hp and lp
denote high-potential and low-potential heme ligands, respectively. Residues in italics for PAP were not visible in the reported electron
density maps (7), and the region underlined gives very poor structure-based alignment. Sequence identities are indicated by a vertical line.

Table 1: Data and Refinement Statisticsa

Data Statistics

wavelength
(Å)

resolution,
I/σI (Å)

no.
obsd

completeness
(%)

unique
reflections Rsym

b

1.7382 edge 2.50 441576 44173 94.6
(57.3)

0.137
(0.297)

7.9
1.7407

inflection
2.60 361371 41069 97.9

(77.9)
0.206

(0.459)
6.3

1.5498 remote 2.50 356375 45927 100.0
(100.0)

0.113
(0.490)

6.6
1.00 used for

refinement
1.80 393924 119903 96.0

(89.1)
0.031

(0.130)

Refinement Statistics
protein non-H atoms 3322
solvent molecules 859
resolution range (Å) 50.0-1.8
total reflections 113854
total reflections used inRfree 6036
Rcryst 0.222
Rfree 0.257
rmsd of bond distances (Å) 0.007
rmsd of bond angles (deg) 1.37

a Numbers in parentheses are for the highest resolution, which for
the native data set used for refinement is 1.86-1.79 Å. MAD data
were collected at the Advanced Light Source beamline 5.0.2.b Rsym )
∑hkl,i(|Ihkl,i - 〈Ihkl〉|)/∑hkl,i〈Ihkl〉, whereIhkl is the intensity of an individual
measurement of the reflection with indiceshkl and 〈Ihkl〉 is the mean
intensity of that reflection.
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mechanism shown below is taken from Greenwood et al.
(11):

In this case, the high-potential heme serves the function of
the Trp191 radical in yeast CCP and carries one peroxide-
derived oxidizing equivalent. This requires intramolecular
electron transfer from the high- to low-potential heme. Since
both hemes are tethered to the same polypeptide, the di-
heme peroxidases offer distinct advantages in studying the
details of intramolecular electron transfer since the structural
uncertainties in protein-protein interactions are not an issue.

The N. europaeadi-heme peroxidase also has been
characterized (6). While exhibiting striking similarities to
the Ps. aeruginosaenzyme, the values of the reduction
potential of the high- and low-potential hemes of theN.

FIGURE 2: Models showing the NEP and PAP subunits. The top mono diagrams are single subunits of NEP and PAP with the various
elements of secondary structure labeled. The bottom diagram is a stereoview showing superposition of NEP and PAP based on a least-
squares fit of CR atoms. The stereo diagram is in the same orientation as the mono diagrams. The darker backbone trace is for PAP, and
the His-ligand loop that differs between NEP and PAP is highlighted as the thicker line. Figures 3-6 were prepared with Bobscript (23,
24) and Raster3D (25).
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europaea enzyme were found to be 130 and 70 mV,
respectively, higher than thePs. aeruginosahemes. Further,
the N. europaeaenzyme was found to react with H2O2 in
the fully oxidized or half-reduced states as opposed to the
Ps. aeruginosaenzyme, which must first have the high-
potential heme reduced (10). Thus, the restingN. europaea
andPs. aeruginosaenzymes differ in reactivity with H2O2

and in the nature of the way oxidizing equivalents from H2O2

are stored after formation of the ferryl oxygen derivative. In
the diferricN. europaeaenzyme, the spectral data indicate
a porphyrin radical similar to traditional heme peroxidases
(6). To probe the structural basis for this difference as well
as to shed further light on the possible role that ligand
displacement might play in the catalytic mechanism, we have
determined the crystal structure of the di-heme peroxidase
from N. europaea.

MATERIALS AND METHODS

NEP was purified and the oxidized enzyme crystallized
as described previously (6, 12). Crystals belong to space
groupP21 with a ) 88.13 Å,b ) 55.11 Å,c ) 144.0 Å,
andâ ) 103.6° with a dimer of dimers (four subunits) per
asymmetric unit. MAD data at the iron edge, at the inflection
point, and at a remote wavelength were collected at the
Advanced Light Source, beamline 5.0.2. Initial phases were
obtained using molecular replacement methods and the PAP
crystal structure (7). A poly-alanine model of the PAP
subunit including both hemes, the single calcium, and
residues 1-222 and 229-323 was used as the probe. The
initial search was carried out with AMoRe (13) at 5 Å
resolution. The best rotation/translation solution was rigid-
body-refined and fixed in place followed by searches for the
remaining molecules in the asymmetric unit. A total of four
solutions were found, corresponding to the expected two
dimers per asymmetric unit. The finalR factor was 52.6%
with a correlation coefficient of 37.3%. The heme iron atoms
were located using a MAD data set and phases calculated
using SHARP (14). The MAD and molecular replacement
phases were combined, and modified with solvent flattening,
histogram matching, and 4-fold density averaging (15) as
implemented in the CCP4 package (16). The resulting
electron density maps were used to fit the NEP sequence

FIGURE 3: Close-up view of the region between the two hemes.
Note that Trp82 contacts both heme propionates as in the PAP di-
heme peroxidase, which could provide an electron-transfer conduit
between the two hemes (7).

FIGURE 4: Stereo diagram of the composite 2Fo-Fc omit electron density maps around the two hemes contoured at 1.0σ. (A) High-
potential heme; (B) low-potential heme.
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followed by iterative rounds of refinement using CNS (17)
and model building using TOM (18). In the early stages of
refinement, noncrystallographic symmetry restraints were
applied but were removed in the later stages of refinement.
Prior to completion of the refinement, the raw native data
set was reprocessed with MOSFLM (http://www.dl.ac.uk/
CCP/CCP4/dist/html/mosflm.html). A summary of the final
refinement statistics is given in Table 1.

RESULTS AND DISCUSSION

OVerall Structure.NEP is a dimer in solution (6), and the
NEP crystals contain two dimers in the asymmetric unit. One
subunit (subunit D) was particularly troublesome during
model building and refinement owing to poorly defined
electron density. This is evidenced by the higher thermal
(B) factors for subunit D. In what follows, we focus on the
A-B dimer pair since this has the best resolved electron
density. The structure-based sequence alignment between
PAP and NEP is shown in Figure 1. As expected, the overall
structure of NEP is very similar to PAP with all the helices
exceptR1 being conserved (Figures 1 and 2). NEP is slightly
shorter, 308 residues compared to 325 in PAP. Part of the

difference is at the N-terminal segment where PAP begins
with a helix while NEP is six residues shorter and does not
have the N-terminal helix. Other differences are primarily
in surface regions includingâ1 andâ2, residues 19-21 and
24-26, which form a loop on the surface of PAP and are
missing in NEP. Despite these differences, the close similar-
ity in structures is underscored by an rms deviation) 1.55
Å for 250 common CR atoms.

The subunit folds into two distinct domains with the fold
of each domain closely resembling that found in class 1
c-type cytochromes. Each domain houses one heme which
has been designated the high- and the low-potential heme
(abbreviated lp and hp, respectively). The closest approach
of the two hemes is≈10 Å although the heme propionates
are directly bridged by the indole ring of Trp82 (Figure 3).
This interaction is the same as in Trp94 of PAP and as was
noted by Fulop et al. (7) is a possible electron-transfer
conduit between the two hemes (Figure 3).

The lp domain (15-146) and hp domain (146-280) are
bridged by interdomain regions 1-15, 147-153, and 280-
308. Residues 69-91 and 227-250 form the interdomain
interface and also sandwich a divalent cation in place at the

FIGURE 5: Stereo diagrams showing a comparison between NEP and PAP around the ligand binding environment of the low-potential
heme. In PAP, His71 is a heme ligand while the corresponding residue in NEP, His59, is situated out on the surface of the molecule,
leaving the distal coordination position available for reaction with peroxide. Presumably PAP must adopt a conformation similar to NEP
in order to be active as a peroxidase.
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dimer interface. This cation (Figure 3), most likely calcium
(7), is also present in PAP. In both enzymes, the calcium is
not coordinated by carboxylates but by solvent and peptide
carbonyl oxygens although the calcium in NEP is about 4.6
Å from the hp heme propionate. The lp domain contains an
important His59-containing loop (56-65) which differs
between the two enzymes and will be discussed below.

Heme EnVironments.The hp heme is anchored to the
protein via thioether bonds by Cys183 and Cys186 with the
heme iron coordinated by His187 and Met258 (Figure 4A)
just as in PAP. The lp heme also is anchored via thioether
bonds. However, in comparing the PAP and NEP structures,
the most striking difference is the environment around the
low-potential heme (Figures 4B and 5). Unlike PAP which
has two His residues coordinated to the heme, the NEP lp

heme is pentacoordinate. Substantial conformational differ-
ences between the two enzymes in this region result in
placement of His59 in NEP, corresponding to the His71
ligand in PAP, near the surface. The loop between residues
68 and 77 in PAP adopts an “in” conformation which enables
His71 to coordinate the heme iron while the corresponding
loop in NEP between residues 56 and 65 adopts the “out”
conformation (Figure 5). The net result of the displacement
of His59 is to make the heme pentacoordinate and hence
reactive toward peroxides.

This difference in coordination environment also enables
catalytically important residues to be positioned into the NEP
heme pocket that is occupied by the His ligand in PAP. Both
Glu102 and Gln92 (Glu114 and Gln104 in PAP, Figures 4
and 5) bracket the peroxide binding site and are in position

FIGURE 6: Comparison of the NEP and PAP dimers and the interdomain interface. The dimers in the top diagrams show the high-potential
ligand “activation” loop highlighted as the thick line. In NEP, Trp61 forms contacts at the dimer interface with its symmetry-related mate.
In PAP, the loop “in” conformation places the corresponding Trp, Trp73, close to the low-potential heme. The bottom diagrams provide
a close-up view of the immediate environment at the domain interface within each subunit. In PAP, there is a well-defined beta pair
between the domain while this feature is absent in NEP. Note the difference in positions of the corresponding Trp residues (Trp61 in NEP
and Trp73 in PAP). This region of the structure might be involved in the redox-linked conformational changes required to displace His71
in PAP as a proximal ligand in order to make available a distal coordination position for reaction with peroxide.
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to interact with diatomic ligands. Hence, NEP lacks the distal
side acid/base catalytic His found in other peroxidases. In
other peroxidases, this catalytic distal His is essential for
promoting heterolytic cleavage of the peroxide O-O bond.
The closest homologue in NEP is Glu102, which could serve
a similar function. The only other heme peroxidase known
to use Glu as a catalytic group is chloroperoxidase (19). The
Glu in chloroperoxidase is thought to operate as an acid-
base catalyst which helps to promote heterolytic cleavage
of the peroxide O-O bond to form Compound I (20, 21).
The location of the catalytic Glu is remarkably similar in
NEP and chloroperoxidase. The carboxylate in both contacts
the surface of the heme, and the closest approach of a
carboxylate O atom to the heme is, within experimental error,
the same,≈5 Å. Thus, Glu102 very likely serves the same
role as that proposed for the catalytic Glu in chloroperoxi-
dase. The same mechanism probably operates in PAP, but
the redox-linked conformational change must first occur
which removes His71 as a ligand and places Glu114 in
position for catalysis.

Domain Interface.The interface between domains within
the subunit is very similar in NEP and PAP except for those
regions involved in the difference in coordination environ-
ment of the lp heme (Figure 2). Most notably, residues 94-
96 and 244-246 in PAP form a short antiparallelâ-sheet
(â3, â7) across the dimer interface.â7 also occurs in NEP,
but the residues in NEP, 82-84, that correspond toâ3 in
PAP are oriented approximately perpendicular to the direc-
tion of theâ3-â7 pair in PAP. The reorientation of residues
82-84 of NEP relative to PAP places this segment closer
to the distal side of the lp heme, which enables Arg85 in
NEP to ion-pair with a low-potential heme propionate (Figure
6). The corresponding residue in PAP, Arg97, is oriented
out in solution. Therefore, the loss of hydrogen bonding in
the â-sheet in going from PAP to NEP might be partially
compensated for by the Arg85-heme propionate interactions.

Dimer Interactions.Both NEP and PAP crystallized as a
dimer, but NEP forms noncrystallographic and PAP forms
crystallographic dimers. Nevertheless, both peroxidases form
the same dimer with variations due only to structural
differences responsible for the changes in the low-potential
heme coordination environment. This difference is due to
the His ligand loop which is “out” in NEP and “in” in PAP
(Figure 5). In NEP, this places the loop at the dimer interface
where it interacts with its symmetry-related loop in the
second subunit (Figure 6). The loop “out” conformation in
NEP places Trp61 at the dimer interface, where it forms a
stacking interaction with the 60-61 peptide bond and a 4.3
Å contact with Trp61 of the symmetry-related subunit (Figure
6). In contrast, the “in” position in PAP places the corre-
sponding Trp in PAP, Trp73, about 3 Å from the low-
potential heme propionate (Figure 6). In addition, the indole
ring NH group H-bonds with the carbonyl O atom of Asp95
which is part of the unique antiparallelâ-strand at the domain
interface in PAP (Figure 6). Thus, in going from PAP to
NEP, an H-bond and a partially interior position of the Trp
are lost but are compensated for by new interactions at the
dimer interface.

Structural Basis for the Ligand Switch.The comparison
between NEP and PAP thus far suggests that, following
reduction of the hp heme, PAP must undergo a structural
change in the low-potential heme environment, resulting in

a distal heme environment that resembles NEP (7). Thus,
NEP may be thought of as being in the active state while
PAP is inactive. Here it is important to note that NEP is
fully active in the oxidized state while in PAP the high-
potential heme first must be reduced. Since the fully oxidized
PAP has His71 coordinated to the lp heme, reduction of the
hp heme must result in the conformational changes required
to give a pentacoordinate lp heme. Presumably this change
results in the movement of the His71-ligand loop to the “out”
position and subsequent formation of new dimer contacts as
seen in NEP. Redox-induced conformational and ligand
rearrangements have been observed before and are best
documented in cytochromecd1 nitrite reductase (22). This
enzyme also has two hemes, and upon reduction, the ligand
environment of both hemes changes. Of particular relevance
to our present work, the Tyr ligand of one heme is displaced
upon reduction, which opens up a distal site for the required
nitrite reduction chemistry (22). The parallels between the
two enzymes are striking although the details and range of
motions are quite different. In nitrite reductase, changes in
the relative positioning of the two heme domains are large
with a displacement of thec-heme being≈6 Å. A least-
squares superimposition of a PAP and NEP subunit shows
that the relative positions of the two hemes are the same to
within <1 Å. Thus, the redox-mediated conformational
switches in PAP are confined to the local structure around
the hp heme and not to any significant alterations in the
relative position of the two heme domains.

Without the structure of the PAP in the half-reduced active
state, explaining how reduction of the hp heme iron can lead
to such changes in the lp heme remains rather speculative.
However, one possibly important difference between NEP
and PAP related to this problem is the quite different
structures between the two hemes in the subunit. In PAP,
residues 243-245, 210-212, and 94-97 form a short stretch
of antiparallelâ-sheet which connects the two hemes. The
architecture in NEP is quite different and does not have as
extensive an interaction between the two domains (Figure
6). Trp94 (Trp82 in NEP) is part of the PAP sheet structure
and contacts both heme propionates (Figure 3) and could
serve as a link between the two hemes. In addition to
functioning as an electron-transfer conduit as suggested (7),
this region of the structure including the sheet architecture
might serve as a redox-linked conformational switch that
leads to the rearrangement of the lp heme environment.
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