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(Bacl(ground: Complex I in mammalian mitochondria is an assembly of 44 proteins.
Results: An arginine residue in the 49-kDa subunit is symmetrically dimethylated, and another arginine in the PSST subunit is

Conclusion: As the modifications are conserved and lie close to the electron transfer pathway, they are probably functionally

Significance: The chemical composition of mammalian complex I has been completely defined.
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Complex I (NADH:ubiquinone oxidoreductase) in mamma-
lian mitochondria is an L-shaped assembly of 44 protein sub-
units with one arm buried in the inner membrane of the mito-
chondrion and the orthogonal arm protruding about 100 A into
the matrix. The protruding arm contains the binding sites for
NADH, the primary acceptor of electrons flavin mononucle-
otide (FMN), and a chain of seven iron-sulfur clusters that car-
ries the electrons one at a time from FMN to a coenzyme Q
molecule bound in the vicinity of the junction between the two
arms. In the structure of the closely related bacterial enzyme
from Thermus thermophilus, the quinone is thought to bind in a
tunnel that spans the interface between the two arms, with the
quinone head group close to the terminal iron-sulfur cluster,
N2. The tail of the bound quinone is thought to extend from the
tunnel into the lipid bilayer. In the mammalian enzyme, it is
likely that this tunnel involves three of the subunits of the com-
plex, ND1, PSST, and the 49-kDa subunit. An arginine residue
in the 49-kDa subunit is symmetrically dimethylated on the
®-N€ and &-N¢ nitrogen atoms of the guanidino group and is
likely to be close to cluster N2 and to influence its properties.
Another arginine residue in the PSST subunit is hydroxylated
and probably lies near to the quinone. Both modifications are
conserved in mammalian enzymes, and the former is addition-
ally conserved in Pichia pastoris and Paracoccus denitrificans,
suggesting that they are functionally significant.

Mammalian respiratory complex I (NADH:ubiquinone
oxidoreductase) is one of the most complex enzymes yet
described. It is an L-shaped assembly of 44 proteins with a com-
bined mass of about 1 MDa, with one arm buried in the inner
membrane of the mitochondrion, and the orthogonal arm pro-
truding about 100 A into the matrix of the organelle (1-4). This
membrane extrinsic arm contains the binding sites for NADH
and the primary acceptor of electrons FMN, and it provides a
scaffold for a chain of seven iron-sulfur clusters that carries the
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electrons one at a time from FMN through the extrinsic arm to
a coenzyme Q molecule bound in the vicinity of the junction
between the peripheral and membrane arms (5). The process of
electron transfer reduces the coenzyme Q molecule and pro-
vides the energy to translocate protons from the matrix of the
mitochondrion, through the membrane domain of the enzyme,
into the intermembrane space of the organelle, thereby contrib-
uting to the proton motive force. For each two electrons trans-
ferred from NADH to coenzyme Q, four protons are ejected
from the mitochondrial matrix (6, 7).

The protein subunit composition of the bovine enzyme has
been characterized most extensively (2, 8), and it serves as a
model for the human enzyme (9). Seven of the 44 subunits of
both bovine and human enzymes are translated in the matrix
from their mitochondrial genomes, and the remainder are the
products of nuclear genes that are imported into the organelle.
The extrinsic arm contains 23 of these nuclear encoded sub-
units. Seven of them (75 kDa, 51 kDa, 49 kDa, 30 kDa, 24 kDa,
PSST, and TYKY) (see “Experimental Procedures” for nomen-
clature of subunits) form the catalytic core of the enzyme,
which binds NADH, FMN, and the iron-sulfur clusters, and
the remainder are supernumerary subunits that are not
involved directly in catalysis (10, 11). The seven mitochondri-
ally encoded subunits form the core of the membrane arm and
are folded into four domains that resemble antiporter proteins
(5). These antiporter domains probably provide the pathways
for the translocation of protons through the inner membrane.
During the detailed characterization of the subunits of the
bovine enzyme, it has been demonstrated that the mitochon-
drial gene products assembled in complex I retain Na-formyl
groups on their translational initiator methionine residues, but
there are no stable post-translational modifications (12, 13),
and with the exception of the phosphorylation of the murine
ND5 subunit of complex I (14), no transient modifications have
been noted so far. In contrast, the nuclear encoded subunits
contain many post-translational modifications, both transient
and stable (15). The transient modifications include partial
phosphorylation of the 42-kDa, ESSS, MWEFE, B14.5a, B14.5b,
and B16.6 subunits (16-18) and N-e-acetylation of specific
lysine residues in the 75-kDa, 51-kDa, 42-kDa, 39-kDa, 13-kDa,
B17.2, B13, B12, and B8 subunits (19). The stable modifications
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include the removal of mitochondrial import sequences from
18 subunits and the introduction of iron-sulfur clusters into five
of them (the 75-kDa, 51-kDa, 24-kDa, PSST, and TYKY sub-
units). Translational initiator methionines are removed from
16 of the subunits lacking processed import sequences, with the
Na-acetylation of residue 2 of all but five of these proteins and
the Na-myristoylation of a 12th, subunit B18. In addition, the
initiator methionine residues of two subunits (B17.2 and
B14.5b) are acetylated (20, 21). The mature SDAP subunit,
which serves as an acyl-carrier protein, carries a phospho-
pantetheine moiety attached to residue 44 (22). Finally, subunit
B12, which is partially Na-acetylated, has a complex pattern of
methylation of unknown significance on histidines 4, 6, and 8
(15).

As described here, we have sought an explanation of two
discrepancies between the experimentally determined and cal-
culated molecular masses of the 49-kDa and PSST subunits,
both being components of the extrinsic arm of bovine complex
I. Their experimentally determined values exceed those calcu-
lated from their sequences by about 28 and 16 daltons, respec-
tively (2, 23). The explanation provided below is that both sub-
units contain unusual post-translational modifications of
specific arginine residues that are close to functionally impor-
tant sites in complex L

EXPERIMENTAL PROCEDURES

Nomenclature of Subunits of Bovine Complex [—The nomen-
clature of subunits of bovine complex I has been explained pre-
viously (10). Accordingly, subunits PSST and so forth are
named in one-letter amino acid code of the sequences of resi-
dues 1-4 at their N termini, and other subunits (e.g 49-kDa
subunit) are named from their apparent molecular masses.

Preparation of Complexes I—Bovine complex I was isolated
from heart mitochondria (8, 24), and the human enzyme was
isolated from human embryonic kidney cells (HEK 293-F). The
cells were grown in suspension at 37 °C under an atmosphere of
8% CO, in CD293 medium (Life Technologies Ltd., Paisley,
UK) containing 1X GlutaMAX (Life Technologies), penicillin
(100 units/ml), and streptomycin (0.1 mg/ml). Mitochondria
were prepared as described before (25) except that the DNase I
treatment was omitted. Complex I was recovered from HEK
mitochondria by immunocapture (Abcam, Cambridge, UK).
Tryptic digests of the Nqo4 subunit of complex I from Paracoc-
cus denitrificans and of intact complex from Pichia pastoris
were prepared as described before (26, 27).

Characterization of Subunits of Complexes [—Samples of
bovine, human, and E. coli complexes I were reduced with
tris(2-carboxyethyl)phosphine (5 mm, 30 min, 37 °C) and alky-
lated with iodoacetamide (15 mm, 30 min) in SDS gel sample
buffer at pH 8.0. The alkylated proteins were fractionated by
SDS-PAGE in Tris-glycine buffer in 10 -20% gradient gels (Life
Technologies) and stained with Coomassie Blue dye. The
stained bands were excised and digested in-gel separately with
trypsin, chymotrypsin, and Asp-N (Roche Applied Science,
Burgess Hill, UK (28)). Subunits were identified by mass spec-
trometric analyses of the proteolytic digests. Samples contain-
ing the bovine 49-kDa subunit were isolated from subcom-
plexes Ia and IA by reverse-phase chromatography (2) and
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digested with either trypsin or Asp-N protease. Peptide mix-
tures were analyzed in a MALDI-TOF-TOF mass spectrometer
(model 4800; AB Sciex, Warrington, UK) with a-cyano-4-hy-
droxycinnamic acid as matrix where they were fragmented by
collision-induced dissociation (CID)* with air. Alternatively,
they were fractionated by reverse-phase chromatography using
aProxeon EASY-nLC (Thermo Fisher, Hemel Hempstead, UK)
for nanoscale (75-um inner diameter X 100-mm C;4 column;
Nanoseparations, Nieuwkoop, The Netherlands) reverse-phase
peptide separation using an acetonitrile gradient in 0.1% (v/v)
formic acid at 300 nl/min, and the column effluent was intro-
duced on-line into an LTQ Orbitrap XL-ETD (electron transfer
dissociation) mass spectrometer (Thermo Fisher). Peptides
were fragmented by CID with nitrogen, by high energy collision
dissociation (HCD (29)) with nitrogen, or by electron transfer
dissociation (ETD) with fluoranthene radical anions and sup-
plemental activation (30). Peptides were identified from
Orbitrap and MALDI-TOF-TOF CID fragmentation data by
comparison with NCBInr protein sequence databases. MALDI-
TOEF-TOF data were analyzed with Mascot (Matrix Science
Ltd., London, UK) with the following parameters: NCBInr-
mammals; precursor ion mass tolerance 70 ppm; fragment ion
mass tolerance 0.8 Da; Met oxidation variable, Cys-car-
bamidomethyl fixed; trypsin 2-missed, Asp-N_ambic 3-missed,
chymotrypsin 4-missed cleavages. The significance threshold
for peptide identification was p < 0.05. Orbitrap peptide frag-
mentation data were analyzed using Proteome Discoverer 1.3
(Thermo Fisher) with Mascot and Peptide Validator nodes. The
following parameters were employed: NCBInr-mammals; pre-
cursor ion mass tolerance 5 ppm; fragment ion mass tolerance
0.5 Da; Met oxidation variable, Cys-carbamidomethyl fixed (in-
gel digests) or no Cys modification (in-solution digests); trypsin
2-missed, Asp-N_ambic 3-missed, chymotrypsin 4-missed
cleavages; decoy database search (false discovery rate values
0.01 and 0.05). Data from the fragment ion spectra of selected
post-translationally modified peptides were interpreted manu-
ally. The presence and relative abundance of modified versus
unmodified peptides were estimated with Xcalibur software
from peak area calculations of Gaussian smoothed extracted
ion chromatograms, applying an m/z tolerance of 5 ppm.

RESULTS

Reinvestigation of the Sequences of the 49-kDa and PSST Sub-
units of Bovine Complex [—The mass spectrometric analysis of
enzymic digests of both the 49-kDa and the PSST subunits with
trypsin, chymotrypsin, and protease Asp-N validated almost
the entire amino acid sequences of both proteins with high or
medium confidence (Fig. 1). However, residues 76 —94, 295—
317, and 330-339 in the 49-kDa subunit and 68 — 81 and 170 —
179 in the PSST subunit were either not covered at all (residues
84.-90 in the 49-kDa subunit and 170-172 and 179 in the PSST
subunit), or they were covered sparsely. Therefore, these
regions became the focus of attention in the search for an expla-
nation of the discrepancies between experimentally measured

2The abbreviations used are: CID, collision-induced dissociation; ETD, elec-
tron transfer dissociation; HCD, high energy collision dissociation; PRMT,
protein arginine methyltransferase.
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FIGURE 1. Reinvestigation of the sequences of the 49-kDa and PSST subunits of bovine complex . The sequences of peptides in proteolytic digests of the
proteins were analyzed by tandem mass spectrometry. A, the 49-kDa subunit; B, the PSST subunit. Segments highlighted in green, yellow, and red correspond
to regions where the sequence was confirmed with high, medium, or low confidence, respectively. No evidence was found in these experiments for the regions
that are not highlighted. In subsequent analyses presented below, a tryptic peptide corresponding to residues 75-89 of the 49-kDa subunit (underlined) was

found to be post-translationally modified by symmetrical dimethylation of the g
corresponding to residues 70 - 83 (underlined) was shown to bear a hydroxyl gro
49-kDa subunit, both arginine and glutamine have been found at residue 129.

uanidino group of residue Arg-85,and an Asp-N peptide from the PSST subunit
up onresidue Arg-77. The modified residues are highlighted in light blue. In the
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FIGURE 2. Evidence for the presence of two isoforms of the 49-kDa subunit

m/z

in preparations of bovine complex I. The isoforms differ by the presence of

arginine or glutamine at position 129 of the mature protein. A and B, fragment ion spectra produced by CID of doubly charged ions with m/z524.32 and 538.34
arising from the tryptic peptides corresponding to residues 125-133 of the 49-kDa subunit. The fragmentions y,-ys and b ,-b, define residue 129 as GInin Aand
as Argin B, in the tryptic peptide sequence LLNI(Q/R)PPPR. In B, the y-ions appear as the y-ion series and as a y-17 series arising from the loss of ammonia. In the
insets, the identified b- and y- fragment ions are mapped onto the amino acid sequence.

and calculated intact protein masses. An additional complexity
in the case of the bovine 49-kDa subunit is that there are two
isoforms differing by the single amino acid substitution R129Q,
presumably arising from different alleles in the bovine popula-
tion (31). Tryptic peptides corresponding to both isoforms
were detected (Fig. 2), but the predominant component, as esti-
mated from the areas of the ion peaks, was the isoform with
Arg-129. The calculated masses of the isoforms of the 49-kDa

ACEEVON
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subunit with Arg-129 and GIn-129 are 28 and 56 Da, respec-
tively, less than the measured intact molecular mass (2, 23).
The Post-translational Modification of the 49-kDa Subunit of
Complex I—In the tryptic digest of the 49-kDa subunit, an
unexplained peptide with m1/z value of 1788.95 was discovered
by MALDI-TOF analysis. Its mass corresponds to the calcu-
lated mass of the tryptic peptide from residues 75— 89 plus 28
Da. Fragmentation of this peptide (Fig. 3) confirmed that its
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FIGURE 3. Characterization of the symmetrical dimethylation of residue Arg-85 of the 49-kDa subunit of bovine complex|. A and B, spectra of fragments
produced, respectively, by ETD of a quadruply charged ion (447.99 m/z) and by HCD of a triply charged ion (596.99 m/z), both derived from the tryptic peptide

corresponding to residues 75- 89 of the 49-kDa subunit. In A, a singly charged ion (447.12 m/z) is a contaminant of the precursor (M+4H)**

ion.In B, @ denotes

ions arising by internal fragmentation. The ions z,-zs, ¢;,-C;4, and y,-ys demonstrate dimethylation of residue Arg-85 of the 49-kDa subunit. The losses of the
neutral fragments with masses of 31 (monomethylamine) from ys-y,, and 70 (dimethylcarbodiimide) from y, and y,, labeled * and A respectively, define the
modification as the symmetrical dimethylation of the guanidino group of residue Arg-85. In the insets, the fragment ions are mapped onto the amino acid

sequence; ¢ is carbamidomethylcysteine.

sequence, KCDPHIGLLHRGTEK, corresponds to residues
75— 89 of the 49-kDa protein with the additional mass of 28 Da
associated with residue Arg-85, suggesting that its guanidino
group is dimethylated. The fragment ion spectra of the peptide
(Fig. 3) contained several y-ions resulting from the neutral loss
of 31 and 70 mass units, corresponding to the loss of methyl-
amine and dimethylcarbodiimide, respectively, which are diag-
nostic of two methyl groups attached symmetrically to the
-N€ and o-N€’ nitrogen atoms of the guanidino group of an
arginine residue (32, 33). Thus, it was concluded that residue
Arg-85 of the 49-kDa subunit of bovine complex I is symmet-
rically dimethylated. There was no evidence in the mass spec-
trum of y-ions arising from the loss of 45 Da corresponding to
dimethylamine, which would be diagnostic of an arginine resi-
due asymmetrically dimethylated on one of the Nw nitrogen
atoms (32, 33). Also, none of the spectra contained evidence for
the unmethylated or monomethylated forms of residue Arg-85,
and so the residue appears to be completely symmetrically dim-
ethylated. The equivalent arginine residues in the human,
P. pastoris, P. denitrificans, and E. coli enzymes are conserved
(Fig. 4). The symmetrical dimethylation of the arginine residue
is also conserved in the human, P. pastoris, and P. denitrificans
complexes I (Fig. 5), but the equivalent residue in the NuoCD
subunit of the E. coli enzyme is not modified (Fig. 5).
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Bos taurus 75 KCDPHIGLLHRGTEKLIEYKT 95
Homo sapiens 75 KCDPHIGLLHRGTEKLIEYKT 95
P. pastoris 96 RSDPHVGLLHRGTEKLIESKT 116
P. denitrificans 55 RADPHIGLLHRGTEKLMESRT 75
E. coli 239 259

DCVPDIGYHHRGAEKMGERQS

* % *hkkekks *

FIGURE 4. Comparison of the sequence of the region surrounding the
dimethylated arginine residue in the bovine 49-kDa subunit of complex
| with orthologous sequences. Residues 75-95 of the bovine protein were
aligned with ClustalW with related sequences from the 49-kDa subunits of the
human, P. pastoris, and P. denitrificans enzymes and subunit NuoCD from the
E. coli enzyme. The symbols * and : denote identical and conserved residues,
respectively. The shaded arginine residues are modified by symmetrical
dimethylation.

Post-translational Modification of the PSST Subunit of Com-
plex I—The digest of the bovine PSST subunit with protease
Asp-N contained a hitherto unassigned peptide with m/z
1637.84. This value corresponds to a singly charged ion arising
from residues 70— 83 of the PSST subunit, with an additional
mass of 16 Da. The spectrum of the fragments produced from
the triply charged ion (Fig. 6) confirmed that the sequence of
the peptide was DRFGVVFRASPRQS with an additional 16
mass units, corresponding to a hydroxyl group associated with
residue Arg-77. Thus, this residue is probably hydroxyarginine.
There was no evidence in any of the spectra for the unmodified

VOLUME 288+NUMBER 34+-AUGUST 23,2013
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FIGURE 5. Characterization of the symmetrical dimethylation of arginine
residues of the 49-kDa subunits of complexes | from humans, P. pastoris,
and P. denitrificans. A-C show mass spectrometric analyses of the human,
P. pastoris, and P. denitrificans proteins, and D shows that the modification is
not found in the equivalent position in the E. coli protein. In the insets, the
fragment ions observed in the spectra are mapped onto the amino acid
sequence of the peptides. In the inset in A, c is carbamidomethylcysteine. In B
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form, and so it appears that this modification is quantitative.
Residue Arg-77 is conserved in the human, P. pastoris, and
E. coli enzymes (Fig. 7). An additional mass of 16 Da is associ-
ated with this residue in the human protein, and so Arg-73 also
appears to be hydroxylated in the human PSST subunit (Fig. 8).
The mass spectral data do not provide evidence about which
atom in the side chain of bovine Arg-77 or human Arg-73 is
hydroxylated. In the E. coli enzyme, the experimental and cal-
culated molecular masses of the NuoB subunit are in agree-
ment, and the equivalent arginine residue Arg-87 is unmodified
(Fig. 8), and in the P. pastoris enzyme, the modification is not
present either (26). It is not known whether the Nqo6 subunit of
complex I from P. denitrificans is modified.

DISCUSSION

Characterization of Mammalian Complex [—Over the past
20 years, the chemical composition of bovine complex I has
been studied and scrutinized in great detail, by characterization
of cDNAs and especially by mass spectrometric analysis of its
subunits (2, 10, 15, 23, 34, 35). Today, this enzyme is considered
to be a complex of 44 proteins, seven of them being hydropho-
bic subunits encoded in the mitochondrial genome and the
remainder being nuclear gene products. An important facet of
the characterization of the chemical composition of complex I
is the definition of the post-translational modifications of
its subunits. None, either transient or permanent, has been
detected in the seven mitochondrially encoded subunits with
the exception of the transient phosphorylation of murine sub-
unit ND5 (14), but many modifications of nuclear encoded
subunits, both transient and permanent, have been reported
(15-19, 22). Here, we have described the characterization of
post-translational modifications by methylation and hydroxy-
lation separately of two arginine residues, one in the 49-kDa
subunit and the other in the PSST subunit of mammalian com-
plex I. Both modifications are apparently quantitative.

Methylation of Mitochondrial Proteins—A small subset of
proteins in mammalian mitochondria is known to contain
lysine residues that are trimethylated, evidently completely and
stably, on their e-amino groups. They are citrate synthase (36),
ADP-ATP translocase (37), and the c-subunit of ATP synthase
(38). However, the biological significance of these modifica-
tions is not understood. In a survey of methylation of arginine

and C, neutral losses of fragments of 31 (monomethylamine) and 70 (dimeth-
ylcarbodiimide) are labeled * and A, respectively. They confirm the modifica-
tion as symmetrical dimethylation of Arg-106 and Arg-65, respectively; @
denotesions arising by internal fragmentation. A, spectrum of fragments pro-
duced by ETD from a quadruply charged ion (m/z 447.99) from the tryptic
peptide corresponding to residues 75-89 of the human subunit. The z,-z5
and ¢;4-C,, ions demonstrate dimethylation of residue Arg-85. A background
447.12 m/z singly charged ion is observed as a contaminant of the precursor
(M-+4H)** ion in the ETD spectrum. B, spectrum of fragments produced by
HCD from a doubly charged ion (m/z 787.42) from the tryptic peptide corre-
sponding to residues 97-110 of the P. pastoris subunit. The ions y, and y,
define the sequence His-105-dimethyl-Arg-106. C, upper panel, spectrum of
fragments produced by ETD of a triply charged ion (m/z 524.63); lower panel,
spectrum of fragments produced by HCD of a doubly charged ion (m/z
786.44) of the tryptic peptide corresponding to residues 56 - 69 of the P. deni-
trificans subunit. The z,-z5, c4-C,o, and y,-ys ions demonstrate dimethylation
of residue Arg-65. D, spectrum of fragments produced by CID from a doubly
charged ion (m/z 735.85) from a peptide corresponding to residues 243-255
of the E. coliNuoCD subunit. The series of fragment ions identifies the peptide
and excludes modification of residue Arg-249.
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sequence.
Bos taurus 68 DMDRFG-VVFRASPRQSDVMI 87
Homo sapiens 64 DMDRFG-VVFRASPRQSDVMI 83

92 DQDRLG-IIFRASPRQSDIMI 111
77 DVARFGAEVLRASPRQADLMV 97

* * % *khkhkkkkokokeo
A

P. pastoris

E. coli

FIGURE 7. Comparison of the sequence of the region surrounding the
hydroxylated arginine residue in the PSST subunit of bovine complex |
with orthologous sequences. Residues 68 -87 of the bovine protein were
aligned with ClustalW with related sequences from the PSST subunits of the
human, P. pastoris, and E. coli enzymes. The symbols * and : correspond to
identical and conserved residues respectively. The hydroxylated arginine res-
idue is shaded.

residues in the mitochondria of Trypanosoma brucei, 167 pro-
teins were found to be modified, but the orthologue of the
49-kDa subunit, which is encoded in the mitochondrial genome
in trypanosomes and plants, where the equivalent arginine res-
idue is conserved, was not one of them (39). In another human
cell-wide survey of arginine methylation, the only mitochon-
drial protein detected with a methylarginine residue was kynu-
renine oxoglutarate transaminase 3, but the extent of modifica-
tion was not determined (40).

Protein arginine methylation in mammals has roles in signal
transduction, transcription, RNA processing, translation, DNA
repair, protein translocation, endosomal trafficking, the
nuclear pore complex, cytoskeleton dynamics, and probably
other cellular processes also (40, 41). The methylation reaction,
using S-adenosylmethionine as the methyl donor, occurs on
the terminal nitrogen atoms of the guanidino groups of the
arginine residues, and w-N®-monomethylarginine, asymmetric
©-NNC-dimethylarginine, and symmetric ©-N%N-di-
methylarginine have all been found. Here, the 49-kDa subunit
of bovine complex I has been shown unambiguously to be di-
methylated; it contains symmetric »-N N -dimethylargin-
ine, at Arg-85, and the modification is conserved in the human,
P. pastoris, and P. denitrificans orthologues. There was no evi-
dence of the monomethylation of Arg-290, which has been
reported to be monomethylated in the rat enzyme (42). In the
majority of cases of methylation of arginine residues, the mod-
ified residue is followed by a glycine residue (39, 40), as it is in
the 49-kDa subunit (Fig. 4).

Protein arginine methyltransferases (PRMTs) fall into three
classes known as types I-III. All three types are associated with

24804 JOURNAL OF BIOLOGICAL CHEMISTRY

the production of -N“-monomethylarginine, and in addition,
the type I enzymes produce asymmetric o-NN€-dimethyl-
arginine, but only the type II enzyme produces symmetric
-N¢ N "-dimethylarginine (41). Hence, the modification of
the 49-kDa subunit is likely to be catalyzed by a type II enzyme.
The only known member of this class, PRMT5 (43), is con-
served in all major animal groups and fungi and functions in
both the cytoplasm and the nucleus, where it acts on many
different protein substrates (44, 45). The cellular site of meth-
ylation of the 49-kDa subunit is not known. Its precursor form
with the N-terminal import sequence could be methylated by
PRMTS5, or a relative, in the cytoplasm, although the 49-kDa
subunit was not detected in a screen of methylation of arginine
residues in total cellular proteins (40), or alternatively, it could
be methylated in its mature form after import into the matrix of
the organelle. No PRMT was detected by proteomic analysis of
mouse mitochondria (46), but the possibility remains that the
modification is catalyzed by an as yet uncharacterized mito-
chondrial PMRT. It is known that S-adenosylmethionine is
transported into mitochondria by a specific carrier protein (47),
and two mitochondrial proteins, C20o0rf7 (NDUFAF5) and
MidA homolog NDUFAF7, may be methyltransferases. They
are both required for the assembly of complex I (48, 49), and a
yeast two-hybrid screen provided evidence of interaction
between NDUFAF7 and the 49-kDa subunit in Dictyostelium
(49).

Hydroxylation of Protein Arginine Residues—The hydroxyla-
tion of arginine residues is a rare post-translational modifica-
tion found to date in only three proteins. A protein found in
adhesive plaques of the mussel Mytilus edulis contains many
4-hydroxyarginine residues (50); the large subunit of carbon
monoxide dehydrogenase from Hydrogenophaga pseudoflava
has a 4-hydroxyarginine residue immediately preceding a cata-
lytically essential cysteine residue (51); and the E. coli 50 S ribo-
somal protein L16 contains a single 3-hydroxyarginine residue
produced by the oxygenase YcfD (52). On the basis of the exper-
iments described here, it is not possible to identify precisely the
site of hydroxylation of residue Arg-77 in the bovine PSST and
the equivalent Arg-73 in the human protein. To do so might
require isolating the hydroxyarginine residue from acid hydro-
lysates of the PSST subunit and then determining its structure
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FIGURE 8. Characterization of the hydroxylation of residue Arg-73 of the PSST subunit of human complex | and the unmodified residue in the E. coli
NuoB subunit. A, ETD fragmentation spectrum of a triply charged ion, m/z 546.62, generated by cleavage of the human PSST protein with Asp-N. The ions z4-z,
and c,-cg show that the +16 Da modification is associated with residue Arg-73. B, spectrum of fragments produced by ETD from a triply charged ion (m/z
615.00) from a peptide corresponding to residues 77-93 of the E. coli NuoB subunit. The series of fragment ions identifies the peptide and excludes modifica-
tion of residue Arg-87. In the insets, the fragment ions are mapped onto the amino acid sequence.

by fast-atom bombardment mass spectrometry or by nuclear
magnetic resonance experiments (50). It would probably be
necessary to commit gram quantities of pure complex I to such
an approach. Alternatively, if the modification were catalyzed
by an identified oxygenase, it would be possible to determine its
arginine hydroxylation specificity by hydroxylating and then
characterizing model peptides (52).

Functional Significance of the Modifications of the 49-kDa
and PSST Subunits—Currently, there is no high resolution
structural information about mammalian complex I, but the
structure of complex I from the thermophilic bacterium Ther-
mus thermophilus has been described (5), and it contains the
structures of the orthologs of all of the core subunits of the
mammalian complex, including those of Nqo4 and Nqo6,
the orthologs of the 49-kDa and PSST subunit, respectively.
The sequences of Nqo4 and the 49-kDa subunit and Nqo6
and the PSST subunit are 61 and 64% conserved, respectively,
with 42 and 48% identical, respectively, (supplemental Fig. S1),
and therefore, the structure of complex I from T. thermophilus
provides a reasonable model for examining the general envi-
ronments of the modified arginine residues in the 49-kDa and
PSST subunits of the bovine and human enzymes. A schematic
representation of the region where the modified residues are
found is shown in Fig. 9. The dimethylated Arg-85 in the bovine
49-kDa subunit replaces a threonine residue in the bacterial
enzyme in aloop between 3-strand 3 and a-helix 1, close to (~7
f\) Fe-S cluster N2, which is attached to the PSST subunit; the
larger side chain of the methylated arginine could be even

AUGUST 23,2013 +VOLUME 288-NUMBER 34

closer. The methylation of an arginine residue increases the
hydrophobicity and solvent-accessible surface of the side chain,
reduces its potential to form hydrogen bonds, and lowers its plI
value slightly (53). Cluster N2 is the terminal Fe-S cluster in the
chain of seven Fe-S clusters, and if for example the methylated
arginine residue were close to one of the side chains of the
cysteine residues that ligand the cluster, the dimethylated argi-
nine residue might conceivably influence its redox potential.
Another possibility is that the methylated residue influences
the assembly of complex I, and the association of human path-
ogenic mutations in putative protein methylases that lead to
dysfunction of complex I (48) makes this an attractive possibil-
ity. The hydroxylated Arg-77 in the bovine PSST subunit is in a
loop (not resolved in the structure of the bacterial complex)
linking a-helices 2 and 3 close to the tunnel, also involving the
ND1 and 49-kDa subunits, in which oxidized coenzyme Q is
thought to bind so as to accept electrons from cluster N2. In the
absence of more detailed structural information, it is currently
not possible to understand the role of the hydroxylated arginine
residue. It is unlikely that the hydroxylation of the arginine
residue arises in the tunnel, for example by reaction with reac-
tive oxygen species, as such species are not thought to be gen-
erated from the quinone (54), although this conclusion is dis-
puted (55). The restricted access to both modified residues
would make enzymatic modification via the tunnel unlikely,
and therefore, it is much more probable that the modifications
occur in the cytoplasm at any one of the stages following syn-
thesis, during or following import into the mitochondrion or
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FIGURE 9. Locations of the modified arginine residues in the vicinity of
the quinone binding site of bovine complex|. A, the outline of the structure
of complex lillustrating the pathway of electron transfer from NADH to coen-
zyme Q via flavin mononucleotide and a chain of seven Fe-S clusters (open
circles). The terminal Fe-S cluster N2 is labeled. As indicated, the transfer of
two electrons one at a time via this pathway is coupled to the translocation of
four protons into the mitochondrial intermembrane space from the mito-
chondrial matrix. The large arrow on the right indicates the direction of view of
the quinone binding site in B. B, a detailed view of the quinone binding site
involving the 49-kDa, PSST, and ND1 subunits (orange, blue, and green,
respectively). The green ND1 subunit is divided into two unequal areas by the
intervening quinone binding site, one small and approximately triangular,
the other larger and approximately pentangular. The area shaded lighter
green indicates that the two dark green areas are joined in front and behind
the binding site. Bis based upon the structures and positional relationships of
the orthologous core proteins, Nqo4, Nqo6, and Nqo8, in the structure of
complex|from T. thermophilus (5). The view is along the axis of the membrane
arm of complex | away from its junction with the orthologous extrinsic arm
(vertical pointing upward into the matrix of the mitochondrion). The approx-
imate position of the phospholipid bilayer of the inner mitochondrial mem-
brane is indicated. The quinone is shown with its head group and part of its
side chain bound in a tunnel between the three subunits. The entrance to the
tunnel is formed by the transmembrane a-helices 1 and 6 and amphipathic
a-helix 1 of subunit Nqo8. The hydroxylated Arg-77 in the bovine PSST sub-
unit is in a loop (not modeled in the structure of the bacterial complex, but
linking a-helices 2 and 3). The dimethylated Arg-85 in the bovine 49-kDa
subunit is in a loop between B-strand 3 and a-helix 1 close to Fe-S cluster N2
(brown cube), which is attached to the PSST subunit. The arrow indicates the
direction of electron flow from the penultimate Fe-S cluster to the terminal
cluster, N2.
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during assembly into complex I. The identification of the mod-
ifying enzymes is likely to help in determining the cellular site of
modification, and it may help also in understanding the roles of
the modified arginine residues.

Acknowledgments—We thank K. Jayawardena (Cambridge Institute

for Medical Research) for help with MALDI-TOF-TOF analyses and
our colleagues at the Medical Research Council Mitochondrial Biol-

ogy Unit Cambridge for samples of bacterial and fungal complexes L.

Drs. C-Y. Yip, R. G. Efremov, and L. A. Sazanov provided samples of
the enzyme from P. denitrificans and E. coli, and Drs. H. R. Bridges

and J. Hirst provided a sample of the enzyme from P. pastoris.

REFERENCES

1. Grigorieff, N. (1998) Three-dimensional structure of bovine NADH:
ubiquinone oxidoreductase (complex I) at 22 A in ice. /. Mol. Biol. 277,
1033-1046

2. Carroll, J., Fearnley, I. M., Shannon, R. J., Hirst, J., and Walker, J. E. (2003)
Analysis of the subunit composition of complex I from bovine heart mi-
tochondria. Mol. Cell. Proteomics 2, 117-126

3. Carroll, J., Fearnley, I. M., Skehel, ]. M., Shannon, R. J., Hirst, J., and
Walker, J. E. (2006) Bovine complex I is a complex of 45 different subunits.
J. Biol. Chem. 281, 32724 -32727

4. Balsa, E., Marco, R, Perales-Clemente, E., Szklarczyk, R., Calvo, E., Landa-
zuri, M. O., and Enriquez, J. A. (2012) NDUFA4 is a subunit of complex IV
of the mammalian electron transport chain. Cell Metab. 16, 378 -386

5. Baradaran, R, Berrisford, J. M., Minhas, G. S., and Sazanov, L. A. (2013)
Crystal structure of the entire respiratory complex I Nature 494,
443-448

6. Wikstrom, M. (1984) Two protons are pumped from the mitochondrial
matrix per electron transferred between NADH and ubiquinone. FEBS
Lett. 169, 300 —304

7. Galkin, A. S., Grivennikova, V. G., and Vinogradov, A. D. (1999) —H"/
2e” stoichiometry in NADH-quinone reductase reactions catalyzed by
bovine heart submitochondrial particles. FEBS Lett. 451, 157-161

8. Walker, J. E., Carroll, J., Altman, M. C., and Fearnley, I. M. (2009) Mass
spectrometric characterization of the thirteen subunits of bovine respira-
tory complexes that are encoded in mitochondrial DNA. Methods Enzy-
mol. 456, 111-131

9. Murray, J., Zhang, B., Taylor, S. W., Oglesbee, D., Fahy, E., Marusich, M. F.,
Ghosh, S. S., and Capaldi, R. A. (2003) The subunit composition of the
human NADH dehydrogenase obtained by rapid one-step immunopuri-
fication. J. Biol. Chem. 278, 13619 -13622

10. Walker, J. E. (1992) The NADH:ubiquinone oxidoreductase (complex I) of
respiratory chains. Q. Rev. Biophys. 25, 253—324

11. Hirst, J., Carroll, ], Fearnley, I. M., Shannon, R. J., and Walker, J. E. (2003)
The nuclear encoded subunits of complex I from bovine heart mitochon-
dria. Biochim. Biophys. Acta 1604, 135—-150

12. Carroll, ], Fearnley, I. M., and Walker, J. E. (2006) Definition of the mito-
chondrial proteome by measurement of molecular masses of membrane
proteins. Proc. Natl. Acad. Sci. U.S.A. 103, 16170-16175

13. Carroll, J., Altman, M. C,, Fearnley, I. M., and Walker, J. E. (2007) Identi-
fication of membrane proteins by tandem mass spectrometry of protein
ions. Proc. Natl. Acad. Sci. U.S.A. 104, 14330—-14335

14. Deng,N., Zhang,]., Zong, C., Wang, Y., Lu, H., Yang, P., Wang, W., Young,
G. W., Wang, Y., Korge, P, Lotz, C,, Doran, P, Liem, D. A., Apweiler, R,,
Weiss, J. N., Duan, H., and Ping, P. (2011) Phosphoproteome analysis
reveals regulatory sites in major pathways of cardiac mitochondria. Mol.
Cell. Proteomics 10, M110.000117

15. Carroll, J., Fearnley, I. M., Skehel, ]. M., Runswick, M. J., Shannon, R. J.,
Hirst, J., and Walker, J. E. (2005) The post-translational modifications of
the nuclear encoded subunits of complex I from bovine heart mitochon-
dria. Mol. Cell. Proteomics 4, 693— 699

16. Chen, R, Fearnley, I. M., Peak-Chew, S. Y., and Walker, J. E. (2004) The
phosphorylation of subunits of complex I from bovine heart mitochon-

VOLUME 288+NUMBER 34+-AUGUST 23,2013



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

AUGUST 23,2013 +VOLUME 288-NUMBER 34

dria. . Biol. Chem. 279, 26036 —26045

Schilling, B., Aggeler, R., Schulenberg, B., Murray, J., Row, R. H., Capaldi,
R. A, and Gibson, B. W. (2005) Mass spectrometric identification of a
novel phosphorylation site in subunit NDUFA10 of bovine mitochondrial
complex I. FEBS Lett. 579, 2485—2490

Palmisano, G., Sardanelli, A. M., Signorile, A., Papa, S., and Larsen, M. R.
(2007) The phosphorylation pattern of bovine heart complex I subunits.
Proteomics 7, 1575—-1583

Kim, S. C,, Sprung, R., Chen, Y., Xu, Y., Ball, H., Pei, J., Cheng, T., Kho, Y.,
Xiao, H., Xiao, L., Grishin, N. V., White, M., Yang, X-.J., and Zhao, Y.
(2006) Substrate and functional diversity of lysine acetylation revealed by
a proteomics survey. Mol. Cell 23, 607-618

Arizmendi, ]. M., Skehel, J. M., Runswick, M. J., Fearnley, I. M., and
Walker, J. E. (1992) Complementary DNA sequences of two 14.5-kDa
subunits of NADH:ubiquinone oxidoreductase from bovine heart mito-
chondria. Completion of the primary structure of the complex? FEBS Lett.
313, 80— 84

Skehel, J. M., Fearnley, I. M., and Walker, J. E. (1998) NADH:ubiquinone
oxidoreductase from bovine heart mitochondria: sequence ofa novel 17.2-
kDa subunit. FEBS Lett. 438, 301-305

Runswick, M. J., Fearnley, I. M., Skehel, J. M., and Walker, J. E. (1991)
Presence of an acyl carrier protein in NADH:ubiquinone oxidoreductase
from bovine heart mitochondria. FEBS Lett. 286, 121124

Carroll, J., Fearnley, I. M., Wang, Q.,and Walker, J. E. (2009) Measurement
of the molecular masses of hydrophilic and hydrophobic subunits of ATP
synthase and complex I in a single experiment. Anal. Biochem. 395,
249 -255

Wealker, J. E., Skehel, J. M., and Buchanan, S. K. (1995) Structural analysis
of NADH: ubiquinone oxidoreductase from bovine heart mitochondria.
Methods Enzymol. 260, 14 —34

He, J., Cooper, H. M., Reyes, A., Di Re, M., Sembongi, H., Litwin, T. R,
Gao, J., Neuman, K. C,, Fearnley, I. M., Spinazzola, A., Walker, J. E., and
Holt, I. J. (2012) Mitochondrial nucleoid interacting proteins support mi-
tochondrial protein synthesis. Nucleic Acids Res. 40, 6109 —6121

Bridges, H. R., Fearnley, I. M., and Hirst, J. (2010) The subunit composition
of mitochondrial NADH:ubiquinone oxidoreductase (complex I) from
Pichia pastoris. Mol. Cell. Proteomics 9, 2318 -2326

Yip, C-.Y., Harbour, M. E., Jayawardena, K., Fearnley, I. M., and Sazanov,
L. A.(2011) Evolution of respiratory complex I: “supernumerary” subunits
are present in the a-proteobacterial enzyme. J. Biol. Chem. 286,
5023-5033

Carroll, J., Shannon, R. ], Fearnley, I. M., Walker, J. E., and Hirst, J. (2002)
Definition of the nuclear encoded protein composition of bovine heart
mitochondrial complex 1. Identification of two new subunits. /. Biol.
Chem. 277, 50311-50317

Olsen, J. V., Macek, B., Lange, O., Makarov, A., Horning, S., and Mann, M.
(2007) Higher-energy C-trap dissociation for peptide modification analy-
sis. Nat. Methods 4, 709 =712

Swaney, D. L., McAlister, G. C., Wirtala, M., Schwartz, J. C., Syka, J. E. P.,
and Coon, J. J. (2007) Supplemental activation method for high-efficiency
electron-transfer dissociation of doubly protonated peptide precursors.
Anal. Chem. 79, 477485

Fearnley, I. M., Runswick, M. J., and Walker, J. E. (1989) A homologue of
the nuclear coded 49 kd subunit of bovine mitochondrial NADH-ubiqui-
none reductase is coded in chloroplast DNA. EMBO J. 8, 665—672
Rappsilber, J., Friesen, W. J., Paushkin, S., Dreyfuss, G., and Mann, M.
(2003) Detection of arginine dimethylated peptides by parallel precursor
ion scanning mass spectrometry in positive ion mode. Anal. Chem. 75,
3107-3114

Brame, C. J., Moran, M. F., and McBroom-Cerajewski, L. D. B. (2004) A
mass spectrometry based method for distinguishing between symmetri-
cally and asymmetrically dimethylated arginine residues. Rapid Commun.
Mass Spectrom. 18, 877—881

Wealker, J. E., Arizmendj, ]. M., Dupuis, A., Fearnley, I. M., Finel, M., Medd,
S. M., Pilkington, S.J., Runswick, M. J., and Skehel, ]. M. (1992) Sequences
of 20 subunits of NADH:ubiquinone oxidoreductase from bovine heart
mitochondria. Application of a novel strategy for sequencing proteins
using the polymerase chain reaction. J. Mol. Biol. 226, 1051-1072

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

Arginine Modifications in Complex |

Fearnley, I. M., Skehel, ]. M., and Walker, J. E. (1994) Electrospray ioniza-
tion mass spectrometric analysis of subunits of NADH:ubiquinone oxi-
doreductase (complex I) from bovine heart mitochondria. Biochem. Soc.
Trans. 22, 551-555

Bloxham, D. P., Parmelee, D. C., Kumar, S., Walsh, K. A., and Titani, K.
(1982) Complete amino acid sequence of porcine heart citrate synthase.
Biochemistry 21, 2028 2036

Aquila, H., Bogner, W., and Klingenberg, M. (1982) ADP/ATP-transloca-
tor from beef heart mitochondria — amino acid sequence and surface
labelling. Hoppe Seyler’s Z Physiol Chem. 363, 894

Chen, R, Fearnley, I. M., Palmer, D. N, and Walker, J. E. (2004) Lysine 43
is trimethylated in subunit ¢ from bovine mitochondrial ATP synthase
and in storage bodies associated with Batten disease. J. Biol. Chem. 279,
21883-21887

Fisk, J. C., Li, J., Wang, H., Aletta, J. M., Qu, J., and Read, L. K. (2013)
Proteomic analysis reveals diverse classes of arginine methylproteins in
mitochondria of trypanosomes. Mol. Cell. Proteomics 12, 302-311
Uhlmann, T., Geoghegan, V. L., Thomas, B., Ridlova, G., Trudgian, D. C.,
and Acuto, O. (2012) A method for large-scale identification of protein
arginine methylation. Mol. Cell. Proteomics 11, 1489 -1499

Bedford, M. T., and Clarke, S. G. (2009) Protein arginine methylation in
mammals: who, what, and why. Mol. Cell 33, 1-13

Wu, C. C., MacCoss, M. J., Howell, K. E., and Yates, J. R. (2003) A method
for the comprehensive proteomic analysis of membrane proteins. Nat.
Biotechnol. 21, 532—-538

Branscombe, T. L., Frankel, A., Lee, ]. H., Cook, J. R., Yang, Z., Pestka, S.,
and Clarke, S. (2001) PRMT5 (Janus kinase-binding protein 1) catalyzes
the formation of symmetric dimethylarginine residues in proteins. /. Biol.
Chem. 276, 32971-32976

. Krause, C.D,, Yang, Z-.H.,Kim, Y-.S,, Lee, J-.H., Cook, J. R, and Pestka,

S. (2007) Protein arginine methyltransferases: evolution and assess-
ment of their pharmacological and therapeutic potential. Pharmacol.
Ther. 113, 50-87

Wang, Y-.C., and Li, C. (2012) Evolutionarily conserved protein arginine
methyltransferases in non-mammalian animal systems. FEBS J. 279,
932-945

Pagliarini, D. ], Calvo, S. E,, Chang, B., Sheth, S. A,, Vafai, S. B., Ong, S-.E,,
Walford, G. A., Sugiana, C., Boneh, A., Chen, W. K., Hill, D. E., Vidal, M.,
Evans, J. G., Thorburn, D. R,, Carr, S. A., and Mootha, V. K. (2008) A
mitochondrial protein compendium elucidates complex I disease biology.
Cell 134, 112-123

Agrimi, G., Di Noia, M. A., Marobbio, C. M. T., Fiermonte, G., Lasorsa, F. M.,
and Palmieri, F. (2004) Identification of the human mitochondrial S-adeno-
sylmethionine transporter: bacterial expression, reconstitution, functional
characterization and tissue distribution. Biochem. J. 379, 183—190

Sugiana, C., Pagliarini, D. J., McKenzie, M., Kirby, D. M., Salemi, R., Abu-
Amero, K. K., Dahl, H-.H. M., Hutchison, W. M., Vascotto, K. A., Smith,
S. M., Newbold, R. F., Christodoulou, J., Calvo, S., Mootha, V. K., Ryan,
M. T., and Thorburn, D. R. (2008) Mutation of C200orf7 disrupts complex
I assembly and causes lethal neonatal mitochondrial disease. Am. J. Hum.
Genet. 83,468 -478

Carilla-Latorre, S., Gallardo, M. E., Annesley, S. J., Calvo-Garrido, J.,
Grana, O., Accari, S. L., Smith, P. K., Valencia, A., Garesse, R., Fisher, P. R,,
and Escalante, R. (2010) MidA is a putative methyltransferase that is re-
quired for mitochondrial complex I function. J. Cell Sci. 123, 16741683
Papov, V. V., Diamond, T. V., Biemann, K., and Waite, J. H. (1995) Hy-
droxyarginine-containing polyphenolic proteins in the adhesive plaques
of the marine mussel Mytilus edulis. ]. Biol. Chem. 270, 20183-20192
Hénzelmann, P., Dobbek, H., Gremer, L., Huber, R., and Meyer, O. (2000)
The effect of intracellular molybdenum in Hydrogenophaga pseudoflava
on the crystallographic structure of the seleno-molybdo-iron-sulfur fla-
voenzyme carbon monoxide dehydrogenase. /. Mol. Biol. 301, 1221-1235
Ge, W., Wolf, A, Feng, T., Ho, C-.h.,, Sekirnik, R., Zayer, A., Granatino, N.,
Cockman, M. E., Loenarz, C., Loik, N. D., Hardy, A. P., Claridge, T. D. W,
Hamed, R. B., Chowdhury, R., Gong, L., Robinson, C. V., Trudgian, D. C,,
Jiang, M., Mackeen, M. M., McCullagh, J. S., Gordiyenko, Y., Thalhammer,
A., Yamamoto, A., Yang, M., Liu-Yi, P., Zhang, Z., Schmidt-Zachmann,
M., Kessler, B. M., Ratcliffe, P. J., Preston, G. M., Coleman, M. L., and

JOURNAL OF BIOLOGICAL CHEMISTRY 24807



Arginine Modifications in Complex |

53.

54.

Schofield, C. J. (2012) Oxygenase-catalyzed ribosome hydroxylation oc-
curs in prokaryotes and humans. Nat. Chem. Biol. 8, 960 —962

Raman, B., Guarnaccia, C., Nadassy, K., Zakhariev, S., Pintar, A., Zanuttin,
E., Frigyes, D., Acatrinei, C., Vindigni, A., Pongor, G., and Pongor, S. (2001)
No-arginine dimethylation modulates the interaction between a Gly/Arg-
rich peptide from human nucleolin and nucleic acids. Nucleic Acids Res.
29, 3377-3384

Kussmaul, L., and Hirst, J. (2006) The mechanism of superoxide produc-

24808 JOURNAL OF BIOLOGICAL CHEMISTRY

55.

tion by NADH:ubiquinone oxidoreductase (complex I) from bovine heart
mitochondria. Proc. Natl. Acad. Sci. U.S.A. 103, 7607-7612

Ohnishi, S. T., Shinzawa-Itoh, K., Ohta, K., Yoshikawa, S., and Ohnishi, T.
(2010) New insights into the superoxide generation sites in bovine heart
NADH-ubiquinone oxidoreductase (Complex I): the significance of pro-
tein-associated ubiquinone and the dynamic shifting of generation sites
between semiflavin and semiquinone radicals. Biochim. Biophys. Acta
1797, 1901-1909

VOLUME 288+NUMBER 34+-AUGUST 23,2013



