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ABSTRACT. We have determined the 1.8 A X-ray crystal structure of a monohetgpe cytochrome,
cytochrome P460, fromlitrosomonas europed he chromophore possesses unusual spectral properties
analogous to those of the catalytic heme P460 of hydroxylamine oxidoreductase (HAO), the only known
heme in biology to withdraw electrons from an iron-coordinated substrate. The analysis reveals a
homodimeric structure and elucidates a netype cytochrome fold that is predominaniiysheet. In
addition to the two cysteine thioether links to the porphyrin typicat-¢fpe hemes, there is a third
proteinaceous link involving a conserved lysine. The covalent bond is between the lysine side-chain nitrogen
and the 13meso carbon of the heme, which, following cross-link formation, is*-bpbridized,
demonstrating the loss of conjugation at this position within the porphyrin. The structure has implications
for the analogous tyrosinrehememesocarbon cross-link observed in HAO.

The novel protein-bouncitype heme cofactor, heme P460, has a weak hydroxylamine oxidation/cytochrooreduction
has to date been characterized in only two proteins, theactivity (2, 5, 17—19). On the basis of sequence homology,
enzyme hydroxylamine oxidoreductase (HAQGInd the secondary-structure prediction, and circular dichroism (CD)
small, soluble periplasmic cytochrome P460, both from the spectroscopy, cytochrome P460 is considered to be a member

ammonia-oxidizing bacteriumditrosomonas europaea, in of a new family of small monohentype cytochromes that
the case of cytochrome P460, also from the methylotroph are predominantly-sheet 20, 21).
Methylococcus capsulat&—4). Heme P460, named for its The X-ray crystal structure of HAO to 2.8 A resolution

characteristic ferrous Soret peak maximum at 460 nm, hasconfirmed earlier biochemical studies showing that there was
the distinction of being the only known heme in biology to a protein-derived tyrosine cross-link to each catalytic heme
withdraw electrons from an iron-coordinated substrate, as P460, via a hemanesocarbon, in addition to the two
occurs during HAO turnover3( 5—-12). HAO catalyzes the  thioether bonds typical af-type hemesg, 15). The crystal
oxidation of hydroxylamine to nitrite, the second step in structure revealed that the tyrosine was from a neighboring
ammonia oxidation, a process that accounts for the majority subunit, effectively cross-linking the HAO trimer5).

of ammonia oxidation in the biospherg3j. HAO is a 210 Further, the planes of the tyrosine and heme ring were
kDa homotrimeric enzyme that, in addition to the three perpendicular, indicating that the hemesaocarbon was sp
catalytic hemes P460, one from each subunit, contains 21hybridized @2). Similar biochemical studies carried out on
c-type hemes involved in electron transfer from the hemes cytochrome P460 indicated that its heme P460 also possessed
P460 to their acceptor cytochromek(15). Cytochrome a third proteinaceous cross-link but, in this case, to a
P460 is small by comparison, with a single high-spin, five- conserved lysine residue, K70 k. europea(23, 24). The
coordinate P460 heme per 18.8 kDa polypeptide, and beargresence of the third cross-link is responsible for the unusual
no sequence similarity to HAGH16, 17). The physiological  electronic properties of heme P460, because cytochrome
function of cytochrome P460 has not been established, butP460 in which K70 has been mutated to arginine or alanine
it binds hydroxylamine, hydrazine, hydrogen peroxide, and has optical and ligand-binding properties typical af-&ype
cyanide in the ferric form and CO in the ferrous form and heme 24). The formation of the cross-link to heme P460 in
cytochrome P460 is probably an autocatalytic event; heter-
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Table 1: X-ray Data Collection Statistics

Cr K, data

Cu K, data
(low X-ray dose;
hydroxyl-modified)

Cu K, data
(high X-ray dose;
native heme)

wavelength (A)
temperature (K)
unit-cell parameters (A, deg)

2.29
100

a=b=53.2,c=127.0,

o =90,8=90,y = 120

1.54
100

a=b=53.3,c=127.0,

o=90,8=90,y = 120

1.54
100

a=b=53.2,c=127.0,

o =90,=90,y = 120

space group P3:21 P3:21 P3:21

rotation range (deg) 360 60 60
resolution (A) 56-2.20 (2.28-2.20) 43-1.80 (1.86-1.80) 43-1.80 (1.86-1.80)
Rmerge (%0)° 3.9(10.8) 4.3(10.9) 3.9(9.7)
completeness (%) 84.2 (11.5) 95.1 (72.3) 91.0(57.2)
redundancy 18.6 (2.0) 4.4 (1.9) 3.6 (1.8)
Wo()O 61.0 (12.2) 20.24 (3.8) 18.4 (3.8)
number of residues/asymmetric unit 178 178 178
number of anomalous scatterers/asymmetric unit 9 (5S, 1Fe, 3P)

resolution range for phasing (A) 2.8

experimentalAFF(%) (phasing power) 1.57

calculated AFF(%) (for expected 5S and 1Fe) 2.88

figure of merit following phasing 0.854

2 Numbers in parentheses refer to the highest resolution $tbrge= S niYillnki — D/ naYilnkii, wherel is the observed intensity arifi]

is the average intensity for multiple measuremehisgure of merit=

VXP+y%, wherex = (37P(a)cos a)/(33P(), y = (F3"P(a)sin o)/

(z%’P(a)), and the phase probabilify(a) = exp cosa + B sin o + C cos(2r) + D sin(2n)), whereA, B, C, andD are the Hendrickson

Lattman coefficients and. is the phase.

well as details of the lysineporphyrin cross-link, whose
nature differs unexpectedly from the equivalent cross-link
in HAO.

MATERIALS AND METHODS

Structure Determination by Single-\W&gdength Anomalous
Diffraction at a Waelength of 2.29 AThe expression,
purification, and crystallization of recombinaXitrosomonas
europeacytochrome P460 was carried out as previously
described 25). A single crystal grown in 2.4 M sodium

that has been previously describetb)( Further cycles of
model building and refinement were carried out using COOT
and REFMAC B84—36) to yield a model with aRyork Of
21.4% and &Ryee Of 25.6%. Because features were observed
in the electron-density maps that suggested that X-ray-
induced changes might have occurred at the heme during
X-ray data collection, the 18®f copper K, data were split,
taking advantage of the higP3;21 symmetry, and the first
and last 60 of data were processed independently using
HKL2000 (7) as low and high X-ray dose datasets,

potassium phosphate at pH 5.0 was soaked for 1 min inrespectively (Table 1). The CCP4 suite was then used to

artificial mother liquor containing 25% (w/v) xylitol before
being flash-frozen in liquid nitrogen. X-ray diffraction data
were collected using a MicroMax-007 Chromium source
(wavelength of 2.29 A) with VariMaxCr optics and a
R-AXIS IV++ detector with a helium cone (Rigaku}f).
X-ray data collection was carried out at 100 K using an
Xtreme-2000 (Rigaku).

Data were processed using HKL20@T). The CCP4 suite

calculate structure factors for each data2&j.(Two models
were thus refined: one using data from the beginning of data
collection [low X-ray dose; Protein Data Bank (PDB) code
2je2] and the other using data from the end of data collection
[high X-ray dose; PDB code 2je3] (Table 2). Cycles of
building and refinement were performed using COQB)(
and REFMAC 84—36). The quality of the two structures
was assessed using PROCHEGH)(and SFCHECK 38)

was used to calculate structure factors and anomalous(Taple 2).

differences from the measured intensiti28)( Sulfur atoms

in the protein scatter anomalously at a wavelength of 2.29

A (f'" = 1.14 electrons), and this signal, along with the iron
anomalous signal from the P460 herh& € 0.76 electrons),
was the basis for phasing the diffraction data by single-
wavelength anomalous diffraction (SAD) methods. SHELXD
was used to find initial anomalous peak positio28)( An

Investigation of X-radiation-Induced Changd inves-
tigate the X-ray-driven changes, datasets were collected for
three further cytochrome P460 crystals, flash-frozen in liquid
nitrogen (Methods in the Supporting Information), on beam-
line 4.2.2 at the Advanced Light Source (ALS), Berkeley,
CA. X-ray diffraction data were collected at 1.239 A and

iterative procedure of refinement and phase calculation using 100 K (Cryojet, Oxford Instruments) using the NOIR1 MBC

SHARP @30) followed by density modification and solvent
flipping using DM and SOLOMON was used to resolve the
phase ambiguity 31, 32). Data processing and phasing
statistics (Cr K data) are given in Table 1.

Model Building and Refinemertn initial model was built
into the experimental density using COC33) and refined
using REFMAC 84—36). Once the initial model was

detector. For each crystal, a different oscillation range per
image was used but the exposure time per image was kept
the same. This resulted in three datasets spanning the same
total oscillation range (180 but with different degrees of
X-ray exposure. The first and last 66f data for each crystal
were processed independently with d*TREK, and the CCP4
suite used to calculate structure factors from the measured

complete, phases were calculated and combined with am-intensities 28, 39). 2F, — F. andF, — F electron-density

plitudes from a higher resolution dataset (1.8 A resolution)
collected using copper Kradiation (wavelength of 1.54 A)

maps were then calculated using the high X-ray dose model
(Table 2) and examined for positive features.
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Table 2: X-ray Crystal Structure Refinement Statistics

Table 3: Mass Spectrometry of Cytochrome P460 Crystals

low X-ray dose
(hydroxyl-modified)

43.41.8(1.851.8) 43.4-1.8(1.85-1.8)

high X-ray dose
(native heme)

resolution (A)

completeness (%) 95.1(72.3) 91.0 (56.1)
Ruork (%0)° 19.6 (28.3) 19.5 (29.6)
Riree (%0)P€ 23.7 (34.5) 23.1(30.5)
total number of 17 631 (837) 17 344 (825)
reflections
number of reflections 16 679 (783) 16 423 (781)
in the Ryork set
number of reflections 952 (54) 921 (44)
in the Ryee Set
number of 1430 1436
non-hydrogen atoms
number of protein atoms 1258 1249
number of ligand atoms 59 58
number of solvent atoms 127 121
rmsd from ideality
bonds (A) 0.014 0.014
angles (deg) 1.641 1.655
averageB factors
main chain (&) 26.0 26.6
side chain (&) 27.1 27.7
ligands (&) 25.0 27.8
solvent (&) 36.6 38.5
Ramachandran plot
allowed regions (%) 100 100
disallowed regions (%) 0 0
PDB codes 2je2 2je3

aNumbers in parentheses refer to the highest resolution $hell.
factor= 3 ||Fo| — |Fc||/Y|Fol, where|F,| is the observed structure factor
amplitude andF| is the calculated structure factor amplituf@.ee
is theR factor based on 5% of the data excluded from refinement.

Structural AnalysisSurface-area calculations were carried
out using AREAIMOL @0). Internal cavities were identified

theoretical mass observed mass

(Dap (Day
CytP460 21113.6 21092:60.4
CytP460A32—39 20 270.7 20269.2 0.4
CytP460A32—40 A82—-84 19 904.3 19885.2 0.5

aTheoretical masses were calculated using ProtPaBgnand a
mass of 616.5 Da for the bound hemi&rrors in the observed mass

were calculated using the following equatior/ (z(zEZ)ZIZ)/(ZIZ) =
1/2Eqvera, Where z is the charge species; Is the error in the
measurement of charge specisndl; is the intensity of the charge
specieskE,, z, andl, are output by the deconvolution software for each
peak used in the protein zero mass determination.

of approximately 300 scans collected in the positive mode
over a 5 min acquisition period.

Sequence AlignmenEytochrome P460 sequences were
identified by a BLAST search against tHé. europaea
sequence and aligned using MAFFI6( 47).

RESULTS

Data collection and phasing statistics are shown in Table
1. A total of eight sites contributing to the measurable
anomalous signal in the CrKdataset (wavelength of 2.29
A) were identified by SHARP, indicating the presence of
two extra anomalous scatterers in addition to the five sulfurs
and one iron known to be present in the cytochrome P460
monomer (Table 1). After phase improvement with SO-
LOMON and DM to 2.2 A, the figure of merit was 0.854.
The initial solvent-flattened map was extremely good, and
141 residues (total 178) were built manually using COOT
(33). An anomalous difference electron-density map con-

in a dimer model of the refined high X-ray dose cytochrome toured at 4 was used to guide building and revealed a ninth
P460 structure containing no waters using the CASTp serverweak anomalous peak in addition to those identified by

(41) and visualized using PyMOI4@). Possible exit channels

SHARP (Figure S1 in the Supporting Information). The three

from the internal cavities were assessed using the CAVER non-sulfur/non-iron anomalous peaks were assigned as bound

server ¢3) and again visualized using PyMOWlZ2). The

phosphate ions, derived from the crystallization solution, on

out-of-plane distortions of the bound heme P460 from both the basis of their anomalous signak,2— F. density, and

cytochrome P460 and HAO were analyzed using the normal- surrounding environment. Phosphorus has a greater anoma-
coordinate structural decomposition methdd, (45). Cal- lous signal than ironf('es = 0.91,f"ge = 0.76, andf "'s =
culations of the out-of-plane and in-plane distortions of the 1.14) at 2.29 A; however, the anomalous difference density
porphyrin were carried out using the online normal- for two of the bound phosphates was weaker than that of
coordinate structure decomposition engine, version 3.0, the iron and presumably reflects a lower occupancy. Clear
at http://jasheln.unm.edu/jasheln/content/nsd/NSDengine/density for the heme was visible in the solvent-flattened map
start.htm 45). (Figure S2 in the Supporting Information), and idealized
Mass SpectrometrySamples of dissolved cytochrome coordinates for a-type heme obtained from the HIC-UP
P460 crystals and solutions of cytochrome P460 were server §8) were inserted using thind ligandsfeature of
desalted using Porus R2 resin (Applied Biosystems, Inc.). COOT. The initial model was refined using REFMAC to a
In brief, the samples were loaded onto the R2 resin and Ryowk 0f 25.6% Riee = 31.0%) B4—36).
washed 5 times in 5% methanol and 3% formic acid. The  This initial model was then combined with the 1.8 A native
samples were then eluted into a coated nanoelectrospraydataset, and iterative cycles of refinement and model building
capillary (Protana Engineering) using 70% methanol and 3% were carried out to yield a model containing 156 residues, a
formic acid. Electrospray mass spectra were acquired usingc-type heme, and three bound phosphate ions (Figure S1 in
a QSTAR Pulsati quadrupole-TOF (time-of-flight) mass the Supporting Information). The C-terminal lysine and the
spectrometer equipped with a nano-ESI source (ProtanaC-terminal six-histidine tag are not visible in the electron
Engineering). The ESI voltage was 1000 V; the TOF region density. In addition, there are two breaks in the electron
acceleration voltage was 4 kV; and the injection pulse density encompassing residues—3D and 82-84. Mass
repetition rate was 6.0 kHz. External calibration was spectrometry of dissolved crystals revealed at least three
performed using human angiotensin Il [monoisotopic mass species in significant amounts (Table 3), confirming that

(MH+) of 1046.5417; Sigma-Aldrich] and adrenocorticotro-
pin hormone fragment 1839 [monoisotopic mass (M)

proteolysis had occurred during crystallization. The first
species corresponded well to the protein lacking residues 32

of 2465.1989; Sigma-Aldrich]. Mass spectra were the average39, suggesting that residues 31 and 40 are present but
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Ficure 1: Deconvoluted mass spectrum of dissolved cytochrome P460 crystals reveals extensive oxidation and proteolysis. The cyan

peaks correspond to the full-length cytochrome P460; the red peaks correspond to cytochromd8P489; and the dark blue peaks
correspond to cytochrome P4&®B2—40 A82—84. The peak steps best fit to successive oxidations.

the first 60 of X-ray exposure. Heme P460 is shown in sticks
colored by the element, and the bound hydroxyl is also modeled.
(B) Same view showing 2, — F. density contoured atdl
calculated from the third 600f X-ray exposure. In both views, an
asterisk marks the position of the bound hydroxyl. The figure was
generated using PyMOL4D).

crystals gave the same result as observed for the 1.8 A in-
house X-ray dataset, confirming that the hydroxyl was only
present at the start of data collection. In addition, these data
showed that, with longer exposure over the same oscillation
range, the hydroxyl occupancy decreased proportionately to
the X-ray dose (Figure S3 in the Supporting Information).
Crystal structures for both the first (low X-ray dose, hereafter
referred to as “hydroxyl-modified”, PDB code 2je2) and last
(high X-ray dose, hereafter referred to as “native heme”, PDB
code 2je3) 60 of the in-house data were therefore refined
independently (Table 2) and showed that there was no
difference in the overall structure [root-mean-square deviation
(rmsd)yz = 0.28 A, and rmsgl= 3.09 A?]. F, — F, maps
indicated that all structural changes occurring during radiation
exposure were localized to the heme and reflected the loss

disordered in the electron-density map. The second specie®f the bound hydroxyl and slight movements in the position

corresponded best to the protein lacking residues4gand
82—84. The third species corresponded best to full-length

of the iron relative to the heme (Figure S4 in the Supporting
Information).

cytochrome P460. The mass spectrometry also revealed that guih final models reveal a noveltype heme-binding fold

extensive oxidation was occurring in all three species, with
oxidation trains corresponding to the addition of up to eight
extra oxygens (Figure 1); however, only one additional
oxygen atom was unequivocally observed in the electron-
density map. Maps calculated using the full 1.8 A resolution
native dataset revealed extra density off then&socarbon

of the porphyrin, which is on the solvent-exposed side of
the heme. This density was modeled initially as a water, but
after refinement, the €0 distance was 1.9 A, indicating
that the feature was most likely a covalently bound hydroxyl.
To determine whether this oxidation had occurred during
X-ray data collection, the first and last 66f the 180 X-ray
diffraction data were processed independently (low and high

X-ray dose respectively, Table 1) and electron-density maps

were calculated. Surprisingly, the hydroxyl was only present
in the first 60 of data and not in the final 6Gand therefore,

that consists of a twisted five-stranded antipargfledheet
(B2—B6) flanked by three large helices (H2, H4, and H6),
three helical turns (H1, H3, and H5), and a second, short
two-strands hairpin (B1 and B7) (Figures 3 and 4 and Figure
S1 in the Supporting Information). The overall monomer
structure is L-shaped, with thesheet forming the back of

the L and the heme-binding helix (H4) forming the base of
the L. A search of the DALI server indicates that this fold

has no structural homology to any other heme-binding protein
and therefore represents a new class of tyjfedheet-type
cytochromes49). The structure does have weak structural
homology ¢ < 5) to several proteins; however, in all cases,

this is restricted to the five-strand¢tisheet (Table S2 in
the Supporting Information).

Although only a monomer is present in the asymmetric

presumably, has been lost through reduction of the oxidized unit, cytochrome P460 is clearly dimeric, with an extensive
porphyrin by X-ray-derived photoelectrons (Figure 2). To dimer interface formed along the crystallographic 2-fold axis,
confirm that this was not an artifact, we collected X-ray burying 21% of the surface of each monomer. In addition,
diffraction data on three other cytochrome P460 crystals two S strands (B4 and B5) are extended out of the sheet and
(Table S1 in the Supporting Information). Examination of reach around to the heme-binding pocket of the other
maps calculated using the first and last @ each of these  monomer (Figure 4). However, the residues at the tip of this
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Ficure 3: Schematic representation of cytochrome P460 topology
showing 8 sheets as cyan arrows awndhelices as green rods.
Missing residues are indicated by dotted lines. In addition, the
relative position of the heme P460 and its three covalent cross-
links (Cys—heme in yellow and Lysheme in purple) are shown.
The figure was generated using TopDra0)(

»

Ficure 5: (A) Stereo image of the internal cavities in cytochrome
P460. Cytochrome P460 is shown as a green secondary-structure
cartoon. The cavities are represented by red and blue mesh nets.
The heme P460 and cavity-lining residues are drawn as sticks and
colored by the element, but with differential carbon coloring (gray,
heme P460; pink, associated with the red cavity only; blue,
associated with the blue cavity only; and green, between the two
cavities). The ordered water located in the red cavity is shown as
a blue sphere. (B) Stereo overlay of cytochrome P460 with reduced
A. xylosoxidansytochromec' in complex with NO (PDB code
1e85) 65). Cytochrome P460 and the cavity are represented the
same as in A, except all carbon atoms are gray.Ahey/losoxidans
cytochromec' heme, proximal His, and two NO conformers are
drawn as sticks and colored by the element, with carbon atoms
colored orange. Cavities were identified using the CASTp server
(41). The figures were generated using PyMQIL2),

ing the heme-binding residues K70, C136, C139, and H140
(Figure S5 in the Supporting Information). Most of these
cluster at the base of the cytochrome P460 monomer, where
the identical residues D147 (between H4 and H5) and W112
(B6) form a hydrogen-bonding network with the highly
conserved residue K100 (B5) and the semiconserved residue
D64 (B4) that zips up the base of the sheet and also
stabilizes the heme-binding helix H4. There are additionally
two adjacent internal cavities lined by residues that show
some conservation (Figure 5A and Figure S6 in the Sup-
porting Information). The cavity on the proximal side of the
heme (red mesh in Figure 5) has a volume of 322%Ad is
lined by the conserved residues W112, an aromatic residue
(F114 in N. europedy the semiconserved V149, the non-
conserved residue S98, and the backbone carbonyl of M148.
It contains a buried water molecule (blue sphere in Figure
Ficure 4: (A) Cytochrome P460 crystallographic dimer displayed 5) coordmated_by 898 a’.’d t_he O1A propionate oxygen of
as a secondary-structure cartoon. Monomer A is colored green, andh® heme. This cavity is linked by a narrow channel
monomer B is colored purple. Heme P460 is shown as sticks colored (minimum radius of 1 A), formed by the semiconserved
by the element, with the iron shown as an orange sphere. Breaks\V149, the nonconserved T68, and the aliphatic portion of
Totheu‘?ofgpgpﬁfrisc-hiﬁ' dagfégggzedcbgﬁgh%r:rggrs(é?rgzkm?’el the same heme propionate group, to a second more hydro-
imégpe Potatepd 90 around its horizc’)ntél axig. The figure was phOl?IC cavity (blue mesh in Figure 5A) lined by _t_he
generated using PyMOL4R). semiconserved F62 and V149 (common to both cavities),
the weakly conserved residue V24, and the nonconserved
arm, G82, S83, and G84, are not visible in the electron residues V46, V48, T68, and Y154. This cavity is empty,
density. although it is large enough (23.3%Ato contain a small
Sequence alignment of 29 cytochrome P460 primary diatomic, such as ©(volume of 18.2 &) (50). Although
sequences indicates 6 absolutely conserved residues, includthe cavity that lies proximally beneath the heme is close to
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A B Lys Figure 6). K70 of cytochrome P460 is cross-linked to the
GOOH GOOH porphyrin ring via its side-chain nitrogen, and it is clear from
the structure that this linkage results in ad sarbon at the
COOH " COOH 13-mesocarbon of the porphyrin (Figure 6C).

A phosphate ion originating from the crystallization mother
liquor is bound to the distal side of the heme (Figure 7).
The low relative peak height for the bound phosphate with
respect to the iron in the anomalous difference electron-
density map suggests that the phosphate site is only partially
occupied, and this is confirmed by its increased B values
with respect to the surrounding atoms2-fold greater). The
phosphate is coordinated by the nonconserved residue E96,
which sits at one side of the putative distal ligand-binding
pocket above the heme. Two other bound phosphates are
present (Figure S1 in the Supporting Information). The first
is strongly bound in a surface pocket by the semiconserved
residue T151 and the nonconserved residues R158 and K145
and is also ligated by two waters. The second phosphate is
much less strongly bound, as is reflected by a low peak height
in the anomalous difference map, and is bound at a crystal
contact with a crystallographically related monomer from
another dimer.

The heme moiety of cytochrome P460 is extremely
buckled. Analysis using normal-coordinate structure decom-
position @4, 45) revealed that the heme conformation can
be decomposed into almost equal contributions feaadled
andruffled deformations with little difference caused by the
presence of the hydroxyl on thé-Besocarbon (hydroxyl-
modified structure:sad —0.7 A; ruf, —0.7 A and native
heme structuresad —0.8 A; ruf, —0.7 A), with a secondary
contribution from a waving deformation in both the hydroxyl-
modified and native heme structuresvap(x) 0.5 Al.
Analyses of numerous cytochrome structures have suggested
that the out-of-plane distortions of protein-bound heme
FIGURE6: (A) Schematic of the heme P460 structure in HAO. (B) groups reflect their function and catalytic activity4j.
Schematic of the heme P460 structure in cytochrome P460. (C) Therefore, the same analysis was carried out on the two
Stereo image of the experimentally observed structure of heme P460crystallographically independent hemes P460 of HAG) (

in cytochrome P460. Native hem&2— F. density contoured at P
10 iS shown as a blue mesh: heme P460, K70, C136, C139. anolBoth of these hemes show a strong contribution from the

H140 are shown as sticks colored by the element; and the protein"uffled deformation (uf = —1.4 and—1.5 A), with minor

is shown as a green secondary-structure cartoon. (D) Stereo imag€ontributions from other deformation modesad dom

of the X-ray crystal structure of heme P460 in HAO, derived from waw(x) = £0.3-0.4 A).

subunit B of PDB code 1fgj1(5). Heme P460 is shown as sticks

colored by the element. The tyrosine is cyan. The tyrosine comes piSCUSSION

from a neighboring subunit. The figure was generated using PyMOL

(42). Heme P460 in C and D are shown in the same relative  ng x.ray crystal structure reported here reveals a new

orientation. c-type heme-binding fold that is predominanflysheet with

the surface of the molecule, neither cavity has clear accesdlanking helices. This is the first structural characterization
to the external solvent. Exit channel calculations indicate of 2 member of a new family of-type cytochromes that
choke points for both cavities (channel radii of 0.72 and 0.82 had been predicted on the basis of secondary-structure
A, respectively). prediction and CD spectra to be mairfiysheet. This family
The heme group sits on the shelf-like base of the monomerconsists of two subfamilies: cytochromes P460 and cyto-
and, as expected, is covalently bound to the protein via thechromesc'-beta @0, 21).
two cysteines of the-type heme-binding motif, C136 and Although HAO and cytochrome P460 both contain heme
C139, with the proximal ligand to the heme being H140. In P460, the only similarity in fold is the-type heme-binding
addition, there is a third covalent linkage to the porphyrin helix containing the CXXCH motif. In addition, the location
ring from the absolutely conserved residue K70 clearly of the extra cross-link to the opposite sides of the porphyrin
present in both the hydroxyl-modified and native heme ring indicates that the unusual spectral properties of heme
structures, as was predicted by biochemical studas4). P460 do not require the cross-link to be with a spedifieso
As in the heme P460 of HAO, the third cross-link is to a carbon of the heme. This observation demonstrates that the
mesacarbon of the porphyrin ring. However, in cytochrome formation of heme P460 can occur in multiple protein
P460, the cross-link is to the tBesocarbon, opposite the  scaffolds, although it has thus far only been identified in
5'-mesocarbon linked to tyrosine in HAO (parts A and B of these two proteins.
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Ficure 7: (A) 2F, — F. electron density contoured atr1showing the heme P460 distally bound phosphate ion. Also shown is E96 and

a water (blue sphere), which also coordinate the phosphate. Heme P460, C136, C139, H140, E96, and phosphate are shown as sticks
colored by the element, and the protein is shown as a green (monomer A) and purple (monomer B) secondary-structure cartoon. The
cross-linked K70 is omitted for clarity. (B) Same view showing the interactions made by the phosphate. The figure was generated using
PyMOL (42).

The excellent quality of the electron-density map makes mass spectrometry of the dissolved crystals shows that, as
it clear that the formation of the lysindheme cross-link  well as proteolysis, there is evidence of extensive oxidation
results in the 13mesocarbon of the heme adopting a (Figure 1). This is even more pronounced in older protein
tetrahedral geometry, suggesting that the carbon is néw sp that has been stored in solution at°€, which shows
instead of sh and confirming similar observations made extensive proteolysis, as well as extensive oxidation trains
using the 2.8 A crystal structure of HAO (parts C and D of when examined by mass spectrometry (data not shown).
Figure 6) (L5, 22). This disruption of electron delocalization These observations suggest that the heme-bound hydroxyl
around the heme is likely responsible for the unusual spectralobserved in the cytochrome P460 hydroxyl-modified struc-
properties, including the Mgsbauer and Raman spectra of ture is nonphysiological (PDB code 2je2) and that the native
heme P46018). The formation of the lysineheme cross-  heme structure (PDB code 2je3) is more representative of
link, which appears to be autocatalytic because the cofactorthe true physiological structure of cytochrome P460. The
still forms even when cytochrome P460 is expressed heter-hydroxyl-modified structure is unusual in that the hydroxyl-
ologously, can be envisaged to occur via a nucleophilic attackbearing 5meso carbon of the porphyrin is also %p
by the lysine amino group lone pair at theesocarbon of hybridized (Figure 2). To our knowledge, this is the first
the heme, in much the same way as the proposed mechanisrexample of a stable porphyrin derivative with two tramsso
of formation of lysine tyrosylquinone, the protein-derived sp’ carbons.
cofactor of lysyl oxidase H1). Alternatively, a radical The susceptibility of the 'smeso carbon position in
mechanism, common in heme modification, may be respon- cytochrome P460 to oxidation, as evidenced here by the
sible 62). Nuclear magnetic resonance (NMR) analysis of electron density and mass spectrometry, demonstrates the
fragments of HAO produced by enzymic proteolysis revealed reactivity of the porphyrinmesaposition opposite the lysine

only three tyrosine aromatic ring proton resonan@&s@n site to nucleophilic attack. Interestingly, the treatment of
this basis, the tyrosine cross-link in HAO has been reported ferric HAO with excess hydrogen peroxide resulted in the
to be from a ring carbon of the tyrosine to the herGelb). loss of both catalytic activity and the 460 nm spectral feature

Unfortunately, the crystal structure of HAO was not at associated with heme P460, although none of the remaining
sufficiently high resolution to unambiguously assign the classicalc-type hemes were affected). This may reflect
nature of the tyrosineheme cross-link, and the final a similar sensitivity to oxidation of the heme P460 in both
structure, in which the € carbon of tyrosine is linked to  HAO and cytochrome P460. The “oppositaiesocarbon
the heme, appears to have relied heavily on the proposedof mature heme P460 apparently derives its reactivity from
structure from the previous NMR studied (L5). However, alterations in the heme properties induced by the hybridiza-
forcing the C-C linkage results in an unlikely position for  tion of the cross-linkedmeso carbon to sp during the
the tyrosine hydroxyl group, which is sterically clashing with formation of the cross-link with lysine or tyrosine. Further
a porphyrin carbon (1.5 and 2.1 A in the two crystallographi- studies are underway to determine whether the reactivity of
cally independent HAO monomers). Mass spectrometry of this “opposite”mesocarbon of mature hemes P460 might
proteolyzed fragments of HAO demonstrated that only one have a biological role.
covalent bond was present between the tyrosine and the The present structure clearly indicates that cytochrome
porphyrin §). We suggest, on the basis of the heme P460 P460 is an obligate dimer and resolves the ambiguity in
structure reported here, that the tyrosiieme cross-link  previous reported studies, which suggested that cytochrome
in HAO is more likely to be between the tyrosine oxygen P460 was either di- or trimeric2( 17, 19). The present
and the heme and to form by a similar process as the lysine structure also reveals a surprisingly exposed pentacoordinate
heme cross-link of cytochrome P460. heme P460; nearly the entire top face of the heme is exposed
Mass spectrometry of freshly purified cytochrome P460 to the solvent. This cleft is presumably involved in ligand
shows a single peak at the expected m&&s. However, binding and function. E96, which hydrogen bonds to the
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and mass spectrometry of dissolved crystals suggests at least
8 of these residues have been lost through proteolysis.
Residues 30 and 41 form the tips of two antipargllstrands

that are positioned just above the heme (@ P30 is 17.1

A away from the iron, and € of T41 is 17.4 A away)
(Figure 8B). It is possible that this missing loop could fold
down over the heme and help shield it from the solvent as
well as coordinate bound ligands. Interestingly, this loop is
extremely divergent in predicted cytochromes P460, both in
sequence and in length{22 residues), suggesting that this
loop may play a role in ligand or partner protein binding
and specificity (Figure S5 in the Supporting Information).
Future studies may also reveal whether the heme is at least
partially shielded by a protein partner that was lost during
purification. Cytochrome P460 df1. capsulatus for ex-
ample, copurifies with a cytochrone (4).

It is not clear at this time if cytochromes P460 share a
common function or have different functions in different
organisms. The distal heme ligand-binding site, here occupied
by a phosphate ion (Figure 7), has considerable variability
in the amino acid identities surrounding this position and
thus may have different distal ligand-binding properties and
physiological functions. In addition, the variable length of
the structurally missing loop in different cytochromes P460
may lead to very different solvent-exposure patterns on the
distal side of the heme. The limited availalievitro data
may also be in keeping with differences in physiological
function @, 17). The M. capsulatuscytochrome P460 has
equivalent hydroxylamine oxidation activity to the HAO from
N. europeaand therefore has been suggested to fundtion
vivo as a hydroxylamine oxidoreductasg3). In contrast,
the preparation ofN. europeacytochrome P460, whose
structure is presented in this study, has weak hydroxylamine
oxidation activity compared tdl. europeaHAO (17).

Cytochrome P460 is sequentially related to a new structural
class of high spin cytochromes that are predominantly
p-sheet 21) yet has some ligand-binding properties in
common with the 4-helix bundle cytochroméesfound in
FIGURES: (A) Surface representation of the cytochrome P460 dimer denitrifying bacteria 4, 55). These cytochromes have
showing the heme P460 binding cleft. Monomer A is colored green, been proposed to mediate the transfer of nitric oxide and/or
and monomer B is colored purple. (B) Location of the missing loop to protect the organism from NO toxicityp§). The crystal
31-40 in relation to heme P460 in the same orientation as in A. structure of reduceAllca“genes Xyloso)('darﬁytochrome

Monomer A is shown as a green secondary-structure cartoon, and_,, - : :
monomer B is shown as a purple cartoon. Purple balls indicate the N complex with NO revealed a highly unusual mode of

start and finish of the missing loop 3%0, and cyan balls indicate binding in 'WhiCh the proximal His Iigand Qf the fi\{e-
the start and finish of the missing loop-884 from monomer B. coordinate iron was replaced by NO to give a five-coordinate

Heme P460 and K70 are shown as sticks colored by the elementNO—heme complex 54, 55). Time-resolved resonance
The figure was generated using PyMOL2]. Raman and absorption studies, coupled with molecular
dynamics simulations in this system, indicated that NO first
phosphate ion bound to the distal side of the heme, could bebinds distally to the heme in a six-coordinate compl&R) (
involved in the binding of small ligands, such as hydroxyl- The proximal His ligand to the iron dissociates because of
amine, hydrazine, CO, hydrogen peroxide, and cyanide,trans effects and is replaced by another NO to form a
known to interact witiN. europeacytochrome P460 (Figure  transient bisnitrosyl six-coordinate species prior to dissocia-
7) (2, 17, 19). Although not conserved, it has an interesting tion of the distal NO to yield the final five-coordinate species
pattern of variation (E, Q, D, T, and F), where the range in (Figure 5B). Interestingly, there is also a proximal cavity in
amino acid size and properties may confer heme distal ligand-this cytochrome', which is large enough to hold a diatomic
binding specificity (Figure S5 in the Supporting Information). gas. When CO binds distally to form a six-coordinate
The g arm that reaches around from the other monomer to complex with this cytochrome', a second molecule of CO
the heme site partially occludes the heme. However, evenis bound in a cavity on the proximal side of the heme
when the three disordered or missing residues at the tip ofadjacent to the proximal His ligand to the irob4j. Thus,
the loop (82-GSG—84) are taken into account, the heme is the presence of two cavities in cytochrome P460 adjacent
still very accessible (Figure 8A). A second region of 10 to the proximal His ligand to the heme P460 may have
residues §1—40) is not visible in the electron-density map, physiological significance (Figure 5A and Figure S6 in the
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Supporting Information). Finally, as noted previousht), 3.
putative cytochrome P460 sequences are found in a number
of pathogenic species, such Barkholdaria cenocepacja

an opportunistic pathogen of cystic fibrosis sufferers
(EAM21795, Figure S5 in the Supporting InformatioBg).
Thus, cytochrome P460 may play a role in the NO defense
of these organisms against macrophages and neutrophils and ™
could represent a possible drug target. Indeed, NO binds to
cytochrome P460 very effectively (Arciero, EImore, and
Hooper, unpublished results).

In summary, the structure of cytochrome P460 represents
the first structurally characterized member of a new class of
dimeric -sheetc-type cytochromes. Further studies are
underway with both cytochrome P460 and HAO to correlate
the properties of cross-linked hemes P460 to their biological
function.
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