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Abstract
In the respiratory chains of aerobic organisms, oxygen reductase members of the heme-copper
superfamily couple the reduction of O2 to proton pumping, generating an electrochemical gradient.
There are three distinct families of heme-copper oxygen reductases: A-, B- and C-type. The A- and
B-type oxygen reductases have an active-site tyrosine that forms a unique crosslinked histidine-
tyrosine cofactor. In the C-type oxygen reductases (also called cbb3 oxidases) an analogous active-
site tyrosine has recently been predicted by molecular modeling to be located within a different
transmembrane helix in comparison to the A- and B-type oxygen reductases. In this work mass
spectrometry is used to show that the predicted tyrosine forms a histidine-tyrosine crosslinked
cofactor in the active site of the C-type oxygen reductases. This is the first known example of the
evolutionary migration of a post-translationally modified active-site residue. It also verifies the
presence of a unique cofactor in all three families of proton pumping respiratory oxidases,
demonstrating that these enzymes likely share a common reaction mechanism and that the histidine-
tyrosine cofactor may be a required component for proton pumping.

Aerobic respiration plays a fundamental role in Earth’s biogeochemical oxygen cycle. It has
been estimated that about 75% of the O2 produced by oxygenic photosynthesis is reduced to
water via this enzymatically catalyzed process, tightly coupling two of the most widespread
metabolisms on earth. Aerobic respiration is also the most exergonic metabolism known and
appears to be a requirement for multicellular life. Respiration is performed by a series of
integral membrane protein complexes that form electron transfer chains, found within the inner
mitochondrial membrane of aerobic eukaryotes and the cytoplasmic membrane of many
prokaryotic organisms (1,2). Mitochondria have a linear electron transfer chain terminating
with cytochrome c oxidase, a proton-pumping oxygen reductase which reduces O2 to water.
Prokaryotes have more complicated electron transfer chains with branches leading to different
terminal electron acceptors (e.g., fumarate, nitrate, Fe3+, O2), allowing for metabolic flexibility
when encountering different environments.
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Most aerobic prokaryotes utilize respiratory oxidases (i.e., oxygen reductases) that are
members of the heme-copper superfamily, which is structurally and catalytically diverse,
containing both oxygen reductases and nitric oxide reductases. The mitochondrial cytochrome
c oxidase is also a member of the heme-copper superfamily. Heme-copper oxygen reductases
catalyze the reduction of O2 to water with the concomitant electrogenic translocation of protons
across the membrane, contributing to the generation of a proton electrochemical gradient that
can be coupled to energy-requiring cellular processes (1,2). The oxygen reductases are all
multi-subunit protein complexes that span the membrane bilayer. They are classified as A-,
B-, or C-type oxygen reductases, based on genomic, phylogenetic and structural analyses(1).
All three oxygen reductase families have been shown to pump protons coupled to the reduction
of oxygen; however, they differ in biochemical properties such as reaction rate and oxygen
affinity. Many prokaryotic genomes encode several heme-copper oxygen reductases which are
differentially expressed depending on the environmental conditions.

Subunit I is the core protein in the enzyme complex and is the only subunit shared by all three
families of the oxygen reductases. All of the amino acid residues and cofactors necessary for
catalysis and proton pumping are within subunit I. The active site of the enzyme is a bimetallic
center composed of a copper ion (CuB) and a high-spin heme, together ligated by four conserved
histidines (three to CuB and one to the heme Fe). X-ray structures of members of the A- and
B-type heme-copper oxygen reductases reveal a unique crosslinked histidine-tyrosine cofactor
in the active site between one of the CuB ligands and a tyrosine that is essential for enzyme
function (3–5). This tyrosine is postulated to be oxidized to a tyrosyl radical during turnover
and to donate a hydrogen atom to facilitate breaking the O-O bond during catalysis (6–8). The
crosslink has been verified by mass spectrometry in the B-type oxygen reductase from Thermus
thermophilus (9). Figure 1 shows the structure of the crosslinked residues at the active site of
the A-type oxygen reductases.

Sequence alignments have shown that the active-site tyrosine present in all of the A- and B-
type oxygen reductases is absent in the C-type oxygen reductases. Recently, structural models
of subunit I for the C-type oxygen reductases from Vibrio cholerae (10) and Rhodobacter
sphaeroides (11) were built utilizing the X-ray structures of the A- and B-type oxygen
reductases as templates. A surprising result was the prediction that a completely conserved
tyrosine (Y255 in V. cholerae) from transmembrane helix VII in the C-type oxygen reductases
occupies the same physical position in the active site as the tyrosine located in transmembrane
helix VI of the A- and B-type oxygen reductases (10,11). It was also shown by modeling that
it is geometrically feasible for a crosslink to be formed with the equivalent histidine ligand to
CuB (H211 in V. cholerae). In the current work, mass spectrometry was used to show that the
predicted crosslink is indeed present in subunit I of the V. cholerae C-type oxygen reductase.

MATERIALS AND METHODS
All reagents are from Sigma (St. Louis, MO) unless otherwise noted.

Overexpression of C-type oxygen reductase from Vibrio cholerae
Protein was overexpressed and collected as previously reported (10). Briefly, Vibrio
cholerae cells were grown in LB media (USB Corporation) with 100 μg/L ampicillin (Fisher
Biotech) and 100 μg/L streptomycin at 37 °C. Gene expression was induced with 0.2% L-(+)-
arabinose. The cells were lysed and centrifuged at 40,000 RPM to collect the membranes.
Membrane proteins were solubilized by adding 0.5% dodecyl β-D-maltoside (Anatrace). Non-
solubilized membranes were removed by centrifuging at 40,000 RPM for 30 minutes.
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Purification of oxygen reductase
In order to obtain a preparation sufficiently pure for the mass spectrometry, the enzyme was
first purified using immobilized metal affinity chromatography (IMAC) followed by weak
anion exchange (WAX) on DEAE-sepharose. IMAC was performed as previously reported
(10), using a nickel affinity column (Qiagen, Valencia, CA) in a cold room (4 ºC) at low
pressure in 0.05% DDM and eluting the his-tagged protein using a stepped gradient of
imidazole. WAX was performed using fast protein liquid chromatography (FPLC) (Amersham
Biosciences (now GE Healthcare), Piscataway, NJ) in a cold room using 10 mM ammonium
bicarbonate (pH 8.0)/0.05% DDM as solvent A and 1 M ammonium bicarbonate/0.05% DDM
as solvent B. Samples were loaded at a percentage of solvent B that was approximately 10%
below the expected elution concentration of solvent B for the protein complex as determined
by test gradients. A 1 hour gradient to 100% solvent B was then performed and fractions
containing the purified protein were combined. After each chromatography step, the sample
was concentrated using a centrifugal filter with a mass cutoff of 50 kDa (Millipore, Billerica,
MA).

Trypsin digestion of the oxygen reductase and sample prepareation
10 μL purified enzyme (approximately 25 mg/mL) was digested overnight with 20 μg
sequencing-grade trypsin (Bio-Rad, Hercules, CA) in 90% 100 mM ammonium bicarbonate
(pH 8.0) and 10% acetonitrile at 37 °C. Immediately following trypsin digestion, 50 μL of the
sample was applied to a gel filtration spin column with a 6 kDa mass cutoff (Micro Bio-Spin
P6, Bio-Rad) to remove low-mass peptides. The spin column was equilibrated four times in
0.05% DDM prior to use. A methanol-chloroform precipitation (12,13) was then used to
separate the remaining peptides from the detergent and soluble peptides. The resulting pellet
was resuspended in 500 μL 75% acetic acid and immediately subjected to analysis via mass
spectrometry.

Mass spectrometry
Samples were analyzed on a custom-built 8.5 Tesla quadrupole Fourier-transform ion cyclotron
resonance mass spectrometer (Q-FTICR MS) (14) using the MIDAS datastation (15).
Introduction was performed using electrospray ionization (ESI) from a nanospray robot
(Advion BioSciences, Ithaca, NY) at 1.2 kV with a backing gas pressure of 0.5 psi. Broadband
scans were taken to identify species of interest for fragmentation followed by quadrupole
isolation (2 m/z window) and MS/MS using collisionally activated dissociation (CAD) in the
external accumulation octopole (16,17). In these MS/MS experiments, several CAD
acceleration voltages were used in order to generate a wider variety of fragment ions. The
transfer time into the ICR cell was also varied in order to compensate for time-of-flight effects.

Data Analysis
Data from the broadband and MS/MS experiments were processed using the THRASH
algorithm (18) and analyzed with ProSightPTM (http://prosightptm.scs.uiuc.edu, (19)). The
presence of the crosslink required separate fragmentation analysis of each of the two peptides,
with the opposite peptide modeled as a single large post-translational modification. C-terminal
(B) and N-terminal (Y) type fragment ions (20) were matched at 20 ppm for the crosslinked
peptide from the V. cholerae C-type oxygen reductase and 10 ppm for the all other peptides.

RESULTS
Mass spectrometery of a tryptic digest of a C-type oxygen reductase

Mass spectrometry (MS) of a tryptic digest of subunit I from the Vibrio cholerae C-type oxygen
reductase was performed to discern the presence of the predicted crosslink. Analysis of the

Hemp et al. Page 3

Biochemistry. Author manuscript; available in PMC 2008 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://prosightptm.scs.uiuc.edu


protein sequence predicted that if a crosslink was formed then complete trypsin digestion would
result in a peptide containing residues S193-K232 crosslinked to residues L243-K304, but
missing the region from residues Q233-R242. This “H-shaped” tryptic peptide would not be
present if the crosslink did not exist and was predicted to have a mass equal to that of the two
individual peptides, subtracting two daltons for the two protons lost during the formation of
the crosslink. A peptide of this expected molecular weight (monoisotopic mass 11478.7 Da)
was present in the mass spectrum of the trypsin digest. This crosslinked tryptic fragment was
isolated and analyzed by tandem MS (MS/MS) using collisionally activated dissociation
(CAD) fragmentation. Figure 2 shows the MS/MS fragment map of the crosslinked peptide.
Multiple N- and C-terminal fragment ions were detected from the peptides on either end of the
crosslink, demonstrating the existence of a crosslink between the two. In addition to the MS/
MS fragment ions containing the crosslinked peptide, several of the MS/MS fragments spanned
the crosslinked residue Y255 but did not include the crosslink (Figure 3).

Presence of non-crosslinked protein in the digest
The trypsin digest also contained non-crosslinked S193-K232 and L243-K304 peptides and
detailed MS/MS fragmentation confirmed their identity (Figures 4 and 5). It is unclear whether
the His-Tyr crosslink is normally absent in a portion of the population of the protein, or if the
non-crosslinked species is an artifact of the recombinant protein expression or sample
preparation. In order to address the lability of the crosslink, the same protocol was used to
investigate the crosslink in the A-type oxygen reductase from R. sphaeroides. In the A-type
oxygen reductases, the crosslink is between residues that are only 4 amino acids apart on the
same transmembrane helix (H284-Y288 in the R. sphaeroides A-type oxygen reductase),
whereas there are 44 amino acids between the crosslinked residues in the C-type oxygen
reductases, which span two helices (H211-Y255 in the V. cholerae C-type oxygen reductase).
The data show definitively that the crosslink is present between His284 and Tyr288 in subunit
I of the R. sphaeroides A-type oxygen reductase, and no fragments with the molecular weight
expected for the non-crosslinked peptide were detected (Figure 6). In agreement with the latest
X-ray structure of the R. sphaeroides A-type oxygen reductase (S. Ferguson-Miller, personal
communication), it is concluded that the His-Tyr crosslink is present in the entire population
of this A-type oxygen reductase. At this time, it is unclear whether the occupancy of the
crosslink in the C-type reductase is less than 100% in vivo or if the non-crosslinked peptides
are an artifact of the sample preparation or mass spectrometry. Although the A-type reductase
appears to be entirely crosslinked, the His-Tyr bond lability may be higher in the C-type under
the analysis conditions.

DISCUSSION
The presence of an active-site cross-linked cofactor in C-type heme-copper oxygen
reductases

The current work demonstrates that a novel crosslinked cofactor is present in all three families
of the heme-copper oxygen reductases (Figure 7). This verifies the prediction by molecular
modeling (10,11) of the presence of an active-site tyrosine in the C-type oxygen reductases
that is structurally and functionally equivalent to the active-site tyrosine in the A- and B-type
oxygen reductases. It is also a unique structural feature which separates the oxygen reductases
from other members of the heme-copper superfamily, notably NO reductases. The analysis of
the C-type oxidase also revealed the presence of a population of the enzyme without the His-
Tyr crosslink, but this is likely an artifact either of the conditions of the expression of the
enzyme (e.g., incomplete incorporation of copper) or of the sample preparation. It is clear that
collisionally activated fragmenation of the isolated crosslinked peptide during MS/MS analysis
can result in scission of the crosslinking bond. However, the non-crosslinked peptide is also
apparent in the absence of collisionally activated fragmentation in the mass spectrometer. This
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suggests that the non-crosslinked enzyme is either present within the trypsin digest or that the
crosslink in the C-type enzyme is more labile than that of the A-type either during the
electropray process or in the trapping and cooling of the ions in the mass spectrometer. While
this manuscript was being revised after initial review, Rauhamaki et al (21) published a paper
which demonstrates by MALDI mass spectrometry the presence of the His-Tyr crosslink in
the C-type oxygen reductase from R. sphaeroides. The report by Rauhamaki et al (21) does
not indicate any non-crosslinked protein, so it is very likely that the crosslink is present in all
properly assembled enzyme. It can be concluded from the current work and that of Rauhamaki
(21) that the presence of the active-site His-Tyr crosslink is a universal feature of the of the C-
type oxygen reductases and, by extension, all heme-copper oxygen reductases.

A unified catalytic mechanism for all oxygen reductase families
The novel crosslinked cofactor is thought to form as a result of the generation of a tyrosine
radical in the active site, presumably upon the initial turnover of the reduced enzyme with
O2. Conceivably, this could be a side-reaction and not essential for enzyme function. However,
replacement of the active-site tyrosine by a phenylalanine in the R. sphaeroides A-type oxygen
reductase resulted not only in an inactive enzyme, but also altered the metal ligation in the
active site (22). This suggests that the crosslink is needed to maintain the structure of the active
site. Furthermore, work by Uchida et al. (23) demonstrated that substituting d4-Tyr for tyrosine
resulted in a large decrease in enzymatic activity of an Escherichia coli A-type oxygen
reductase and the spectroscopic properties suggested that the His-Tyr crosslink was not formed.
These observations suggest that the crosslink is not simply an irrelevant side-product of the
chemistry at the active site, but is essential for the function of the heme-copper oxygen
reductases. The active-site tyrosine is proposed to donate both a proton and an electron to
facilitate cleavage of the O-O bond (6–8,24–26). It is clear that an amino acid radical does
form during the catalytic cycle of the oxygen reductase (27–31), and the active-site tyrosine is
a logical primary electron donor for the chemistry. There is no evidence from rapid-quench
electron paramagnetic resonance (EPR) spectroscopy for rapid formation of a tyrosine radical
(28,32), but it would likely be EPR-silent due to proximity to the metals at the active site.
Attempts to demonstrate the presence of a radical by Fourier-transform infrared (FTIR)
spectroscopy (33,34) and by iodination of the amino acid radical (6) have provided data
consistent with the formation of neutral tyrosyl radical, but these data are acquired over a longer
time period allowing for radical migration. Indeed, the strongest argument for the formation
of a radical at the active-site tyrosine may be the fact that the His-Tyr crosslink is present.
Presumably, the crosslink is a consequence of radical-based chemistry that occurs during the
initial turnovers of the enzyme. The data strongly suggest that all heme-copper oxygen
reductases utilize the same catalytic mechanism of hydrogen atom donation for oxygen bond
scission.

The functional role of the His-Tyr crosslink
The function of the crosslink has been the subject of considerable speculation as well as
investigation. Recent studies with model compounds (35–39) as well as computational studies
(26,40) have suggested a possible functional significance for the crosslink. The crosslinked
histidine withdraws electrons from the tyrosine, resulting in a lower pKa and a higher midpoint
potential of the tyrosine (41). Conversely, the redox state and protonation state of the tyrosine
influence the electron donating capacity of the imidazole as a metal ligand, thus controlling
the preferred ligand geometry about CuB (35). It has also been suggested that, due to the
presence of the crosslinked tyrosine, the histidine ligand to CuB might be labile and move away
from the metal during turnover, playing a key role in the proton pump mechanism (40). These
studies, in conjunction with the presence of the crosslinked cofactor in all oxygen reductase
families, suggests that the cofactor may be a required component for proton pumping. Further
work is necessary to elucidate its role.
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The evolutionary migration of the post-translationally modified tyrosine
The post-translational modification of active-site amino acid residues to form novel cofactors
in situ has been observed in a number of redox active enzymes (42). Some cofactors are
produced via chemical modification of amino acid side chains (e.g. oxidation, methylation,
hydroxylation) whereas other cofactors are formed by crosslinking two or more amino acids
together. These post-translationally crosslinked active-site amino acids can be found in
tyrosinase, hemocyanin and catechol oxidase (Cys-His), catalase-peroxidase (Met-Tyr-Trp),
galactose oxidase (Tyr-Cys), catalase (His-Tyr-αC) and the A- and B-type heme-copper
oxygen reductases (His-Tyr) (see(42)). The evolutionary migration of amino acids within a
protein family can be defined as the situation where residues that have the same structural or
functional role and which share the same spatial location, derive from different positions within
their respective protein sequences. Evolutionary migration has been reported for active-site
residues (43,44), but this is the first report for a post-translationally modified active-site residue.
The active-site tyrosine forming the crosslinked cofactor is located within a different
transmembrane helix in the C-type oxygen reductases (helix VII) in comparison to the A-type
and B-type oxygen reductases (helix VI). It is currently unknown which state (the tyrosine
being located in helix VI or helix VII) is ancestral.
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Figure 1.
Structure of the active-site cofactor from Rhodobacter sphaeroides A-type heme-copper
oxygen reductase. The cofactor is formed by a covalent crosslink between the Nε of a CuB
histidine ligand and the Cε of the active site tyrosine and is present throughout the catalytic
cycle. The farnesyl tail has been removed from the heme for clarity. This figure was generated
using VMD software (45).
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Figure 2.
CAD fragmentation map for the crosslinked peptides S193-K232 and L243-K304. (A) The
mass spectrum of the crosslinked tryptic peptide. The circles show the theoretical isotope
heights for a peptide of the given mass. (B) CAD MS/MS fragmentation results. The
crosslinked histidine and tyrosine are circled. Spectra were processed using a modified version
of the THRASH algorithm (18) and fragments were matched using ProSight PTM
(http://prosightptm.scs.uiuc.edu, (46)) with a match tolerance of 20 ppm.
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Figure 3.
CAD fragmentation of the crosslinked tryptic peptide from the C-type oxygen reductase
assuming the absence of the crosslink. The CAD fragmentation dataset used to generate figure
2 was also analyzed as if the crosslink were not present. (A) shows the matches for the tryptic
peptide S193-K232 and (B) for L243-K304. The histidine and tyrosine normally involved in
the crosslink are circled. The oval highlights several fragments that were found to span the
crosslinked residue but do not include the mass of the opposite crosslinked peptide.
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Figure 4.
Mass spectrum and fragmentation of the tryptic peptide L243-K304 from the C-type oxygen
reductase from V. cholerae. (A) The mass spectrum of the peptide. The circles show the
theoretical isotope heights for a peptide of the given mass. (B) CAD MS/MS fragmentation
results.
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Figure 5.
Mass spectrum and fragmentation of the tryptic peptide S193-K232 from the C-type oxygen
reductase from V. cholerae. (A) The mass spectrum of the peptide. The circles show the
theoretical isotope heights for a peptide of the given mass. (B) CAD MS/MS fragmentation
results.

Hemp et al. Page 13

Biochemistry. Author manuscript; available in PMC 2008 September 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Mass spectrum and fragmentation of the crosslinked peptide from the A-type oxygen reductase
from R. sphaeroides. (A) The mass spectrum of the crosslinked tryptic peptide N258-K307.
The circles show the theoretical isotope heights for a peptide of the given mass. The mass
spectrum shows that only the crosslinked species is detected in the tryptic digest. (B) CAD
MS/MS fragmentation results when analyzed with the crosslink present (the histidine and
tyrosine are circled) and (C) without the crosslink. Multiple fragments containing the crosslink
are detected whereas no fragments are detected which do not contain it.
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Figure 7.
A novel crosslinked cofactor is present in all three heme-copper oxygen reductase families.
(A) The active-site tyrosine forming the cofactor originates from helix VI in the A- and B-type
oxygen reductases, while in the C-type oxygen reductases it originates from helix VII. This is
the first example of the evolutionary migration of a post-translationally modified active-site
residue. (B) The crosslink is formed between a histidine and tyrosine within helix VI in the A-
and B-type oxygen reductases. In the C-type oxygen reductases the crosslink is formed between
a histidine in helix VI and a tyrosine in helix VII, covalently coupling the helices together. This
figure was generated using VMD software (45).
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