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Abstract Cytochrome c554 (cyt ¢554) is a tetra-heme
cytochrome involved in the oxidation of NH; by
Nitrosomonas europaea. The X-ray crystal structures
of both the oxidized and dithionite-reduced states of
cyt ¢554 in a new, rhombohedral crystal form have
been solved by molecular replacement, at 1.6 A and
1.8 A resolution, respectively. Upon reduction, the
conformation of the polypeptide chain changes
between residues 175 and 179, which are adjacent to
hemes III and IV. Cyt ¢554 displays conserved heme-
packing motifs that are present in other heme-contain-
ing proteins. Comparisons to hydroxylamine oxidore-
ductase, the electron donor to cyt ¢554, and
cytochrome c nitrite reductase, an enzyme involved in
nitrite ammonification, reveal substantial structural
similarity in the polypeptide chain surrounding the
heme core environment. The structural determinants
of these heme-packing motifs extend to the buried
water molecules that hydrogen bond to the histidine
ligands to the heme iron. In the original structure
determination of a tetragonal crystal form, a cis pep-
tide bond between His129 and Phel30 was identified
that appeared to be stabilized by crystal contacts. In
the rhombohedral crystal form used in the present
high-resolution structure determination, this peptide
bond adopts the trans conformation, but with dis-
allowed angles of ¢ and .
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Introduction

Cytochrome ¢554 (cyt ¢554) is a tetra-heme cyto-
chrome [1] involved in ammonia oxidation by the che-
moautotrophic soil bacterium Nitrosomonas europaea
[2, 3]. This transformation of ammonia represents an
essential component of the process of nitrification in
the biological nitrogen cycle. Oxidation of NH; serves
as the sole energy source for N. europaea [4] and the
physiological process proceeds through two enzymatic
conversions, followed by the energy-yielding electron
transfer steps. The first enzymatic step, catalyzed by
the integral-membrane protein ammonia monooxygen-
ase (AMO), converts NH; to hydroxylamine
(NH,OH) and water and requires the input of two
electrons as well as molecular dioxygen. Following
this, hydroxylamine oxidoreductase (HAO) oxidizes
NH,OH to NO,™ at a catalytic c-heme that is cova-
lently crosslinked to a protein tyrosyl residue. This
latter reaction releases four electrons that are passed,
possibly pairwise, to two molecules of cyt ¢554. There
is controversy over the exact nature of the electron
transport proteins following cyt ¢554 in vivo. Although
the pathway can be reconstructed in vitro with the
monoheme cytochrome ¢552 (cyt ¢552) [2], this mech-
anism of electron transport would bypass ubiquinone
and the cytochrome bc; complex, which are believed
to be involved in nitrification energetics in vivo.
Recently, a membrane-anchored tetra-heme cyto-
chrome (cyt ¢;552) has been discovered that may act
as the in vivo electron acceptor from cyt ¢554 [5].



Crystallographic studies of cyt ¢554 [6] revealed a
primarily o-helical secondary structure. The four cova-
lently attached hemes are stacked into two types of
pairs. In the first type of heme pair, exemplified by
hemes I/IIT and II/IV, the planes of each pair of por-
phyrin rings are nearly parallel and overlapping at the
edge. Parallel heme stacking has been observed in the
split-Soret cytochrome [7], HAO [8], cytochrome c¢
nitrite reductase (cyt ¢ NR) [9, 10], and cytochrome ¢
fumarate reductase [11, 12, 13]. The second type of
heme pair, exemplified by hemes III/IV, is arranged
with the planes of the porphyrins nearly perpendicular
to one another, as previously observed in cytochrome
¢; [14] and proteins with cs-like repeating units [15,
16], HAO [8], and cyt ¢ NR [9]. In all of these
instances the protein participates in metabolic path-
ways requiring multiple electron transfer steps. This
suggests that one function of the stacked heme motifs
may be to facilitate transfer of multiple electrons
required by these processes [6].

In view of the function of cyt ¢554 as a multi-elec-
tron transfer protein displaying a conserved heme
arrangement, we have determined the structure in the
fully oxidized and dithionite-reduced states to charac-
terize oxidation-state-dependent conformational
changes. These studies serve to identify regions of cyt
€554 that may be functionally important for the oxida-
tion-reduction processes required for biological nitrifi-
cation, and to allow a better structural understanding
of the heme packing motifs.

Materials and methods
Crystallization and data collection

Cyt ¢554 was produced, purified [17], and crystallized [6] as pre-
viously described. Instead of the tetragonal crystals produced
from early preparations, one protein preparation yielded rhom-
bohedral crystals. These crystals were of superior quality to the
tetragonal crystals, with a diffraction limit up to 1.6 A res-
olution. Fully oxidized crystals, grown aerobically, were reduced
by adding an excess of Na,S,0, to the mother liquor containing
the crystals. The crystals were soaked in the dithionite solution
for several hours prior to cryo cooling and exhibited a subtle
color change. Equivalent treatment of protein in solution
resulted in four-electron reduction. Data sets were collected at
-180°C on Stanford Synchrotron Radiation Laboratories beam
line 7-1 using a wavelength of 1.08 A and a 180 mm MAR
Research image plate detector.

Data processing and structure solution

Data were processed and scaled using DENZO, SCALEPACK
[18], and the CCP4 suite of programs [19]. The oxidized struc-
ture was solved by molecular replacement with AMORE [20],
using the structure of cyt ¢554 from the tetragonal crystal form
(PDB entry 1BVB) as the search model. Since the dithionite-re-
duced crystals were isomorphous with the oxidized crystals, the
same molecular replacement solution was subjected to additional
rigid-body refinement in XPLOR [21] against the reduced data.
The Ry, was composed of 1808 randomly selected reflections
(5% of the total number of reflections) from the oxidized data
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set (Table 1). To ensure accurate comparison of the statistics,
the same set of test reflections, totaling 1242 reflections, was
selected from the reduced data set.

Model building and refinement

The program O [22] was used for model building of the cyt ¢554
structure. Refinement was carried out using REFMAC [19, 23],
XPLOR [21], and SHELX [24]. Maps for model building were
calculated with the CCP4 suite of programs [19] and were
weighted using o, coefficients determined in REFMAC [19, 23].
As a result of anisotropic density associated with the heme
irons, the histidine ligation distances to the irons were difficult
to determine using standard temperature factors when calculat-
ing maps. Thus, anisotropic temperature factors for the heme
irons were refined in SHELX [24], and o ,-weighted maps from
this calculation were used to determine the iron ligation dis-
tances. The resultant distances were used as restraints in
X-PLOR [21], which refined the overall protein model to signifi-
cantly better geometry. Data collection and refinement statistics
for the oxidized and dithionite-reduced forms of cyt ¢554,
refined at 1.6 A and 1.8 A resolution, respectively, are sum-
marized in Table 1. The final models for the oxidized and
reduced forms of the protein contain 1988 and 1954 atoms,
respectively. The difference reflects that three C-terminal resi-
dues are disordered in the reduced protein and have therefore
been omitted from the model.

Results and discussion

Overall fold

The structural studies of cyt ¢554 described in this
work were conducted on a new, rhombohedral crystal
form with superior diffraction quality relative to the
original, tetragonal crystal form. The r.m.s. deviation
of the Co atoms is 0.6 A between the current and
original structures of cyt ¢554 in the oxidized state.
The structural changes occurring between the two
crystal forms are primarily localized to areas of the
protein either involved in crystal contacts (Fig. 1la: res-
idues 142 to 153) or that have higher temperature fac-
tors and are therefore expected to be more mobile
(Fig. 1b).

Oxidation-state-dependent structural changes

The oxidized and dithionite-reduced forms of cyt ¢554
superimpose with an r.m.s. deviation in Cx positions
of 0.4 A. Thus, upon dithionite reduction of the four
hemes, the majority of the protein remains in the
same conformation. However, one interesting confor-
mational change occurs in a loop between residues
175 and 179 (Fig. 1c). This loop is positioned near
hemes III and IV with His179 serving as an iron lig-
and to heme III. The conformational change displaces
the backbone over 2 A and may be triggered by a
change in the peptide bond orientation between
Met178 and His179 (Fig. 2). In the oxidized form of
cyt ¢554, the carbonyl group of this peptide bond is
pos1t10ned 4.7 A from the porphyrin of heme IIL
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Table 1 Data collection and

refinement statistics Oxidized Reduced

PDB entry 1FT5 1FT6
Unit cell constants
a=b (A) 147.89 147.24
¢ (A) 33.91 33.88
Data .
Resolution (A) 1.6 1.8
Observations 109,601 112,676
Unique observations 35,562 24,588
Completeness (%) 97.3 (86.1)* 95.5 (85.9)

Symb 0.045 (0.174) 0.051 (0.288)
1o 28.0 (7.3) 28.5 (5.1)
Refinement
Ryt 0.188 0.197

frecs R 0.215 0.236
Estimated coordinate error (A)® 0.09 0.13
No. of free-R reflections, 1808 1242
R.m.s. 4 bond lengths (A) 0.021 0.016
R.m.s. 4 bond angles (°) 1.99 1.6
Number of atoms 1988 1954
Residues 1-211 1-208
Water molecules 142 142
Other HET atoms’ 3 ips 1ips, 1 dtn, 1 SO;
Ramachandran statistics
% Most favored 87.0 87.4
% Allowed 11.3 12.0
% Generously allowed 0.6 (Ala207) 0.0

% Disallowed

1.1 (Phe130, Lys209) 0.6 (Phel30)

2Numbers in parentheses indicate values for the highest resolution bin
bRsym:Z [I[—<I>)/Z[<I>] where i is the ith measurement and <> is the weighted mean of 1

Rerysi= I FoHE/ZIF,

Ry, is the same as Ry

for a selection of randomly omitted reflections

¢ Estimated coordinate error is the Cruickshank’s value determined in REFMAC
fips is inorganic phosphate (PO,>) and dtn is dithionite (S,0,%); SO; is the oxidative breakdown

product of dithionite

Upon reduction and reorientation of the
Met178-His179 peptide bond, this backbone carbonyl
moves to 8.3 A from the porphyrin of heme III, with
an ordered water molecule filling the position that the
peptide carbonyl occupied in the oxidized state. The
relative rigidity of the region between residues 175
and 179 is reflected in the low temperature factors for
this loop (all <20 A?) in both the oxidized and
reduced protein (Fig. 1b). The conformational change
was also observed in three additional crystals of
dithionite-reduced cyt ¢554, including one in the tet-
ragonal crystal form (data not shown). These observa-
tions suggest that the observed structural changes are
significant and not associated with inherent flexibility
of cyt ¢554 in that region. This conformational change
may contribute to the biphasic kinetics observed upon
dithionite reduction [25].

A second conformational change associated with
the reduction of cyt ¢554 is a change in the position of
the propionate group of heme IV. The determinants
of this conformational change are unclear. Other side
chains that change position between the two oxidation
states are located on the surface of the protein and
exhibit higher temperature factors, indicating that they
are conformationally more mobile. It is therefore diffi-

cult to determine whether these changes in side chain
position reflect actual oxidation-state-linked changes
or merely reflect conformational flexibility of these
residues.

These structures show a general trend of lengthen-
ing in the heme iron-histidine nitrogen ligation dis-
tance upon reduction. This behavior is consistent with
the expectation that ligand distances to ferrous iron
are typically longer than for ferric iron [26]. However,
the shifts in coordination distance between oxidized
and reduced heme iron (Table 2) are smaller than the
estimated coordinate errors in the crystal structures
(Table 1), so that these changes are not statistically
significant.

Although isolated porphyrins are essentially planar
[27], distortions of heme porphyrins are common in
proteins [28, 29]. The deviations from planarity are
thought to affect the electronic structure of the heme,
which in turn can alter the redox potential and ligand-
binding properties [30]. Although there are exceptions,
porphyrins in reduced proteins tend to be more planar
than their oxidized counterparts [31, 32, 33]. In agree-
ment with this, the hemes of the reduced form of cyt
¢554 exhibit less deviation from planarity than do the
hemes of the oxidized form (Table 3). This change in



Fig. 1A-C Structural variabil-
ity in cyt ¢554. A R.m.s. devia-
tions between oxidized cyt
¢554 in the rhombohedral and
tetragonal crystal forms. The
structure of cyt ¢554 in the tet-
ragonal crystal form is colored
according to the differences
between the two crystal forms,
with large differences in red,
negligible differences in blue,
and intermediate differences
scaled in orange, yellow, and
green. The arrow indicates a
loop between residues 152 and
153 that shifts over 1 A
between the two crystal forms
that is involved in a crystal
contact in the tetragonal crys-
tal form. B Variation in tem-
perature factors of cyt ¢554.
The model of oxidized cyt
¢554 in the rhombohedral
crystal form is colored accord-
ing to the value of the temper-
ature factors. Red indicates
the most mobile regions of the
model and blue indicates the
most stable regions, with inter-
mediate mobility scaled in
orange, yellow, and green.
Reduced cyt ¢554 has a similar
distribution of temperature
factors (data not shown). C
Differences in oxidized and
reduced rhombohedral cyt
¢554. A color scale indicating
the r.m.s. deviation between
the two models has been
superpositioned onto the
structure of reduced cyt ¢554
in the rhombohedral crystal
form. The arrow indicates that
the largest difference in C,
positions (red) occurs between
residues 175 and 179 and max-
imally displaces the loop

2.3 A. Comparison of this
loop in B and C shows the
nature of the conformational
change with respect to the rest
of the protein. All molecular
representations were made
using MOLSCRIPT [39],
BOBSCRIPT [40], and
RASTER3D [41]
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Met 178

Fig. 2 Stereoview of the conformational change in the loop
between residues 175 and 179. Reduced cyt ¢554 is shown in
black, while oxidized cyt ¢554 is shown in white. The side chains
of Hisl79 and Metl78, as well as the peptide bond between
those two residues that flips upon reduction, are shown. In the
structure of reduced cyt ¢554, the heme IV propionate exists in
two conformations: one exhibits a position similar to that of the
oxidized protein and has a calculated occupancy of 31%; the
second exhibits a new position with an occupancy of 69%. Both
conformations are shown

distortion is especially notable in heme IV, where the
deviation from planarity decreases by over 0.3 A upon
reduction.

EPR and Mossbauer spectroscopies have shown
that all four hemes of oxidized cyt ¢554 are coupled in
some manner, and that this coupling decreases to
unmeasurable levels as cyt ¢554 is reduced [1].
Although the close distance between the stacked
hemes in cyt ¢554 suggests a structural basis for heme
coupling, a difference calculation of equivalent atoms
in cyt ¢554 shows that hemes I and III do not signifi—
cantly change their separation upon the change in oxi-
dation state (average of 0.02 A further in the oxidized
form). By contrast, a difference calculation of equiv-
alent atoms of hemes II and IV shows that these two

Table 2 Heme iron ligation distances (A)

Heme I Heme II Heme III Heme IV
Oxidized proximal® 1.95 2.17 2.03 1.97
Oxidized dlstala 2.08 n/a 2.01 2.03
Oxidized N 1.98 2.03 1.99 1.97
Reduced pr0x1ma1 2.00 2.20 2.04 2.06
Reduced distal 2.07 n/a 2.10 2.06
Reduced N, 1.98 2.04 1.98 1.98

#Proximal refers to the histidine involved in the -C-x-y-C-H-
heme binding motif, while distal refers to the histidine found
elsewhere in the sequence. Heme II is five-coordinate and there-
fore has no distal ligand
pr refers to pyrrole nitrogen atoms and is an average of the
four Nj-Fe bond lengths

Table 3 Oxidation-state-dependent porphyrin distortion (A)

from planarity?

Heme I Heme II Heme III Heme IV
Oxidized 0.799 0.550 0.490 0.901
Reduced 0.712 0.536 0.473 0.571

2Numbers represent the total distortion from planarity using a
normal-coordinate structural decomposition (NSD) analysis [38].
For a detailed analysis, see http://jasheln.unm.edu/jasheln/

hemes have a closer average distance (0.08 A differ-
ence) in the oxidized form. The seemingly closer sep-
aration of hemes II and IV observed in the oxidized
form of the protein results from the change in heme
planarity in the two oxidation states and involves
atoms far from the region of direct van der Waals
contact. The distance of closest approach, 3.67 A and
3.66 A for the C3A atoms of hemes I and III in the
oxidized and reduced forms, respectively, and 3.56 A
and 3.58 A for the C3D atoms, does not significantly
change upon oxidation state for either pair of stacked
hemes.

The heme-stacking motifs

The hemes of cyt ¢554 exhibit two types of stacking
arrangements, common in bacterial multiheme c-cyto-
chromes, that position the hemes within van der
Waals contact [6]. The conserved stacking arrange-
ments were shown to align cyt ¢554, HAO [8], and cyt
¢ NR [9, 10] structurally [6]. This heme-based super-
position demonstrates that the structural similarities
extend to the conformation of the polypeptide chain
surrounding the hemes [34] (Fig. 3a—c), and can be
used to search for conserved side chains and solvent
molecules that may be associated with the heme-stack-
ing motif.

Although an evolutionary relatedness had pre-
viously been suggested between HAO and cyt ¢ NR
[35], prior to the determination of the structures of cyt
¢554, HAO, and cyt ¢ NR, no significant sequence
similarity had been detected between these three
molecules. However, using the heme-stacking arrange-
ment to align the polypeptide chains, evidence for
sequence similarities can be detected (Fig. 3d). The
similarities are weakest near the five-coordinate heme
IT of cyt ¢554, which corresponds to the catalytic
hemes of both HAO and cyt ¢ NR. The minimal
sequence similarity at this heme location likely reflects
the divergent functions associated with the heme
counterparts.

In addition to the similarity of the polypeptide
chain near the hemes, the orientation of the plane of
the imidazole ring of the histidine ligand to the two
perpendicular-stacked (central) hemes are similar
(Fig. 4). These orientations are stabilized by hydrogen
bonds to water molecules that are in conserved loca-



Fig. 3A-D The heme-stacking
motifs. The hemes from A cyt
¢554, B HAO, and C cyt ¢ NR
are shown in the same relative
orientation with surrounding
secondary structural elements.
The heme numbers for each
are listed as well as the rel-
ative heme number from
HAO. D A structure-based
sequence alignment of cyt
¢554, HAO, and cyt ¢ NR.
Using the structural alignment
shown in A-C, a sequence
alignment has been preformed
showing weak similarity of the
three proteins. The sequences
of the heme-binding motifs
are designated with pink text.
Regions of sequence identity
are indicated with yellow box-
es, while sequence similarity is
indicated with light blue boxes

HAQ

cyt

c554
< NR

=

c554 51
¢ NR

c554 101
< NR

©554 151
¢ NR

c554 201

395

ADAPFEGREK [JJxa

51 E SAKYYPR

“q w'r@ Eﬁmk EAKQEAKLDE 50
IFp ot 114
171 T O{IOLREE| 1s80... D 214
AKDYTQD GFGQ KGGYTIESPK PML PGRNFRG 100
125 Eﬁ] [% 135 163 :ﬁg:ﬁ}n 173
225 234 239 R 244

DHRESGQAFE KSGEKTPRED LAK I YEGSPWEGAK 150
202 o KR TL! | 215
251 AE 264

a0z i0e

APYTPFTPEV DAEYTFE -i'EVKAMHE HYKLEGVFEG EPKEKFHDEF 200
-
312 7 I! ile

QASAKPAKEG K 211



396

Fig. 4 Alignment of hemes
common to cyt ¢554, HAO,
and cyt ¢ NR showing the
orientation of the histidine
side chain. The r.m.s. devia-
tion of the hemes common to
HAO and cyt ¢554is 1.2 A,
while the r.m.s. deviation of
the hemes common to cyt ¢
NR and cyt ¢554 is 1.6 A.
Water molecules located in
conserved positions are shown.
Heme positions are from cyt
¢554 and are colored black.
Side chains and water mole-
cules from cyt ¢554 are col-
ored red; those from HAO are
colored teal blue, while those
from cyt ¢ NR are colored
green

tions in the structures of both cyt ¢554 and cyt ¢ NR;
HAO has not been solved at a resolution where water
molecules can be accurately observed. Additionally,
the distal ligand to heme I of cyt ¢554 exhibits a sim-
ilar orientation to heme III of HAO despite the coor-
dination of the heme iron by the N¢ atom of His102
in cyt ¢554. Since modulation of the electronic config-
uration [36] of porphyrins may be affected by the
orientation of the imidazole ring of the histidine lig-
and, the structural conservation of the side-chain

Fig. SA, B Peptide bond at
Phe130. A The His129-Phe130 A
peptide bond in the tetragonal

crystal form shows a cis con-

formation, and is influenced

by crystal contacts around the

crystallographic two-fold axis

of symmetry. B The

His129-Phe130 peptide bond

shows a trans conformation in

the rhombohedral crystal form

of the present study is shown

superpositioned onto -

weighted 2IF,|-IF,| density cal- B
culated after the omission of
both His129 and Phel30

orientation may reflect a component of the heme-
packing motifs.

His129-Phe130 peptide bond

In the tetragonal crystal form of cyt ¢554, the bond
between His129 and Phel30 adopts the cis confor-
mation (Fig. 5a) [6]. This cis peptide bond was sta-
bilized by a crystal contact involving the side chains of
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His129 and Glul31 around the crystallographic two-
fold axis, whereas the rhombohedral crystal form has
no crystal contact in this area. In both the oxidized
and reduced crystals, Phel30 is in clear density and
the peptide bond linking His129 and Phel30 exhibits
the trans conformation with ¢ and s angles in the dis-
allowed region of the Ramachandran diagram
(Fig. 5b).

An intriguing possibility is that this peptide bond is
functionally significant, with the cis form fortuitously
stabilized in the tetragonal crystal form by crystal con-
tacts. Crystal contacts have previously been implicated
in the stabilization of functionally relevant cis peptide
bonds for flavodoxin [37]. The location of Phel30 is in
a pocket above hemes I and III near the proposed
binding site for HAO [6]. Thus, isomerization of the
His129-Phe130 peptide bond could be relevant for
electron transfer between cyt ¢554 and HAO.
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