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A B S T R A C T

Some post-translationally modified tyrosines can perform reversible redox chemistry similar to metal cofactors.
The most studied of these tyrosine modifications is the intramolecular thioether-crosslinked 3′-(S-cysteinyl)-
tyrosine (Cys-Tyr) in galactose oxidase. This Cu-mediated tyrosine modification in galactose oxidase involves
direct electron transfer (inner-sphere) to the coordinated tyrosine. Mammalian cysteine dioxygenase enzymes
also contain a Cys-Tyr that is formed, presumably, through outer-sphere electron transfer from a non-heme iron
center ~6 Å away from the parent residues. An orphan protein (BF4112), amenable to UV spectroscopic
characterization, has also been shown to form Cys-Tyr between Tyr 52 and Cys 98 by an adjacent Cu2+ ion-
loaded, mononuclear metal ion binding site. Native Cys-Tyr fluorescence under denaturing conditions provides a
more robust methodology for Cys-Tyr yield determination. Cys-Tyr specificity, relative to 3,3′-dityrosine, was
provided in this fluorescence assay by guanidinium chloride. Replacing Tyr 52 with Phe or the Cu2+ ion with a
Zn2+ ion abolished Cys-Tyr formation. The Cys-Tyr fluorescence-based yields were decreased but not completely
removed by surface Tyr mutations to Phe (Y4F/Y109F, 50%) and Cys 98 to Ser (25%). The small absorbance and
fluorescence emission intensities for C98S BF4112 were surprising until a significantly red-shifted emission was
observed. The red-shifted emission spectrum and monomer to dimer shift seen by reducing, denaturing SDS-
PAGE demonstrate a surface tyrosyl radical product (dityrosine) when Cys 98 is replaced with Ser. These results
demonstrate surface tyrosine oxidation in BF4112 during Cys-Tyr formation and that protein oxidation can be a
significant side reaction in forming protein derived cofactors.

Tyrosine post-translational modifications able to undergo reversible
oxidation provide additional reactivity beyond the canonical twenty
amino acids [1–3]. Excluding topaquinone in amine oxidase [4], redox-
active tyrosine modifications/cofactors are formed by covalently
crosslinking a tyrosine ring to another amino acid side chain [1,2].
Increased electron density of the phenol π-system by these additional
functional groups or crosslinks stabilize the one-electron oxidized ra-
dical derivatives for reversible redox chemistry [5,6]. Crosslinked tyr-
osines include 3′-(S-cysteinyl)-tyrosine (Sγ-Cε, Cys-Tyr) in galactose
oxidase [7–10] and cysteine dioxygenase [11–13], 3′-(3-N-histidinyl)-
tyrosine (Nε2-Cε, His-Tyr) in cytochrome c oxidase [14,15], 2′-(6-N-
lysinyl)-topaquinone (Nζ-Cδ, Lys-TOPA) in lysyl oxidase [16,17], [3′-(S-
methioninyl)-5′-(6-tryptophyl)-tyrosine]+ (Sδ-Cε1, Cε2-Cζ3, Met-Tyr-
Trp) [18], and the oxidation byproduct 3′-(3-tyrosine)-tyrosine (Cε-Cε,
dityrosine) [19]. Electron density from the thioether linkage in ga-
lactose oxidase Cys-Tyr explained how a tyrosyl radical could be stable
and, along with a mononuclear copper center, participate in galactose
oxidation [7]. The neutral phenol radical of His-Tyr in cytochrome c

oxidase forms due to increased stability relative to the porphyrin cation
radical and attenuates the oxidative power of the most oxidized inter-
mediate in the reaction cycle [15,20]. Prior to recognizing tyrosine
post-translational modifications in galactose oxidase and cytochrome c
oxidase, essential aspects of the catalytic mechanisms were under ap-
preciated.

Despite the functional implications of redox-active tyrosine mod-
ifications, detection of these modifications is non-routine. The initial
discovery of modified tyrosines used, and continues to rely on, high-
resolution crystallography (< 2.4 Å resolution). Small shifts in elec-
trophoretic mobility of the denatured state, similar to intramolecular
disulfides, remain the only quantitative method in the literature for
assessing the amount of Cys-Tyr crosslink formation [10,21,22]. This
has hindered studies on Cys-Tyr formation and crosslinked redox-active
post-translational modifications. Because Cys-Tyr is directly co-
ordinated to a mononuclear Cu2+ ion in galactose oxidase, Cys-Tyr
formation was able to be explored via a visible absorbing chromophore
[7]. These studies clearly show the need for oxidation of the precursor
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tyrosine and/or cysteine side chains by the coordinated Cu+ ion and
dioxygen [23–25]. The gel mobility shift of denatured galactose oxidase
and cysteine dioxygenase has allowed some aspects of Cys-Tyr forma-
tion to be examined [10,21]. Outer sphere tyrosine oxidation is pre-
sumed to mediate Cys-Tyr formation in cysteine dioxygenase as the
percent Cys-Tyr crosslink formed increases as more cysteine is oxidized
[21,26]. Dioxygenation of reduced metal ion oxidation states generates
oxidizing intermediates (as in the diheme peroxidase that forms tryp-
tophan-tryptophylquinone, TTQ, in methylamine dehydrogenase) [27].
While liquid chromatography-mass spectrometric methods have been
used for crosslink identification, Cys-Tyr has significantly lower ioni-
zation yields making mass spectrometric methods difficult for yield
measurement [28,29]. Mechanistic studies rely on some combination of
crystallographic, absorbance change, and slight gel mobility shift to
detect cofactor formation.

Due to the small size and single tryptophan, the Cys-Tyr forming
orphan protein BF4112 [28] (Fig. 1) provides an excellent platform to
develop an alternative assay using native fluorescence. While the highly
conserved residues Tyr 52 and Cys 98 in BF4112 have been shown to
form Cys-Tyr [28], variabilities in results from the gel mobility assay
required an assay for robust Cys-Tyr quantitation to be developed. Here
317 nm excited, native fluorescence at pH 7 and pH 10 in 6 M guani-
dine are used to measure the amount of Cys-Tyr formed in BF4112.
Native fluorescence was used to demonstrate the key residues im-
portant for Cys-Tyr formation in BF4112. This examination demon-
strates that protein oxidation is a significant side reaction in forming
these cofactors that needs to be suppressed.

1. Material and methods

All reagents, unless noted, were used as received from commercial
vendors without further purification. Anaerobic manipulations were
performed using standard Schlenk line techniques, a Coy Atmospheres
anaerobic bag (Grass Lake, MI) and Teflon sealed quartz cuvettes. Two
DNA plasmids were used for BF4112 expression in E. coli: one as re-
ported previously [28] with a N-terminal YYHHHHH-tag containing
two tyrosines from the His-tag along with three native tyrosines (Tyr 4,
Tyr 52, Tyr 109) and one obtained from the Protein Structure Initiative
(PSI from DNASU) [30] containing C-terminal HHHHH tag with three
native tyrosines. Point mutations that incorporated mutations to gen-
erate Y52F, C98S, Y4F, Y109F, Y4F/Y109F, C98S/Y4F, C98S/Y109F,
and C98S/Y4F/Y109F BF4112 were generated in both plasmids. All
mutations generated showed pseudo-octahedral Cu2+ d-d spectra at
620 nm (ε ~ 5–10 M−1 cm−1) suggesting no changes in Cu binding to
mutant BF4112 proteins. Unless otherwise noted work was performed
with the PSI/DNASU construct, which has been crystallographically
characterized (3CEW protein databank, PDB, accession code). Guani-
dine hydrochloride was purchased from Affymetrix. Dityrosine was
prepared and validated by published procedures [19,31]. Methylthio-
cresol (4-methyl-2-methylsulfanylphenol, MTC) was synthesized

according to literature methods [32] with chloro-tert-butyldimethylsi-
lane protection, ethyl acetate extraction, and deprotection to account
for purification of the volatile final product.

BF4112 was prepared similarly to previously reported methods
[28]. E. coli lysates containing expressed BF4112 were produced from
2 L cultures (2× YT) that were induced with isopropyl β-D-1-thioga-
lactopyranoside (IPTG) at an optical density of 0.6, grown at 16 °C for
18 h, frozen, and passed through a French Press (10,000 psi). Lysates
were clarified by centrifugation and loaded on a 5-mL immobilized
metal affinity column (His-Trap, GE Healthcare) equilibrated with
50 mM tris(hydroxymethyl)aminomethane (Tris) at pH 8.0, 100 mM
NaCl, and 50 mM imidazole. Undesired proteins were washed with six
column volumes of loading buffer before BF4112 elution with 50 mM
Tris (pH 8.0), 100 mM NaCl, 500 mM imidazole. Eluted BF4112 frac-
tions were concentrated, reduced with 1 mM 1,4-dithiotheitol (DTT),
chelated with 5 mM ethylenediaminetetraacetate (EDTA), 1 mM o-
phenanthroline for 4 h, and run on a size exclusion column (Superdex
200) in 50 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT to remove
metal-EDTA complexes, undesired proteins, and aggregated BF4112.
BF4112 eluted at retention times consistent with a monomer (~90%,
15 kDa) and dimer. Fractions containing monomeric and dimeric
BF4112 were combined, concentrated, and frozen or used. Cu2+- and
Zn2+-bound BF4112 were prepared by dialysis of 100 μM metal-free
BF4112 against 500 μM Cu(NO3)2 or Zn(NO3)2 in 50 mM Tris (pH 8.0),
100 mM NaCl followed by dialysis (3 times) against 50 mM Tris (pH 8),
100 mM NaCl and reconcentrated. Metallated proteins were used im-
mediately after preparation.

Cys-Tyr was formed by dithionite reduction and dioxygenation of
the Cu2+ center in BF4112. The buffer in concentrated protein samples
(< 1 mL) was exchanged with 50 mM 3-(N-morpholino)propane-
sulfonic acid (MOPS) at pH 8.0, 100 mM NaCl using a desalting column
(10-DG, Bio-Rad). Samples were reduced with 5 mM tricarbox-
yethylphosphine (TCEP, Thermo) and re-run through a desalting
column to remove unreacted TCEP and residual DTT. Protein samples
were diluted to 100 μM, atmosphere exchanged with nitrogen, and
placed in an anaerobic bag. Protein samples were reduced with a slight
excess anaerobic sodium dithionite, judged by loss of dithionite ab-
sorbance [26], and rapidly exposed to atmospheric oxygen. After Cys-
Tyr chromophore was complete (~1 h), samples were chelated with
5 mM EDTA and reduced with 1 mM DTT.

Cys-Tyr containing BF4112 samples were enriched by removing
unreacted Cys 98, free thiol containing BF4112. Cysteine 98 is the only
cysteine residue in BF4112, where a thiol-reactive affinity probe io-
doacetyl-(PEG)2-biotin (Thermo) is added to react with any un-
modified, free-thiol containing BF4112. 1 mM iodoacetyl-(PEG)2-biotin
(Thermo) was added to 100 μM Cys-Tyr containing BF4112 sample
(50 mM Tris-HCl, 5 mM EDTA, pH 8.0) and incubated in the dark for
90 min. The sample was spun down with a 10 kDa Amicon Millipore
centrifuge filter to remove excess iodoacetyl-(PEG)2-biotin and re-
suspended in phosphate buffered saline (0.1 M phosphate, 0.15 M NaCl,

Fig. 1. Active site and surface tyrosines of the
BF4112 dimer (3CEW). A) Organization of Tyr 52
(4 Å from metal ion), Tyr 4, Tyr 109, Tyr 52, Cys
98, and Trp 75 around the metal ion binding site
of BF4112. B) The overall structure of the BF4112
dimer demonstrating domain swap between
chains A (orange) and B (cyan). (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article.)
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pH 7.4). The sample was added to a high capacity NeutrAvidin Agarose
Resin (Thermo) column and allowed to incubate on the column for
10 min before the flow through was collected. SDS-PAGE analysis (12%
gel, 5 mM DTT, samples held at 95 °C for 5 min prior to loading) con-
firmed removal of a weak intensity slower mobility band after treat-
ment. Samples were deemed as 100% Cys-Tyr containing BF4112 for
further analysis.

Fluorescence analysis was performed with a Fluoromax-3 (Horiba
Jobin Yvon) fluorimeter with 317 nm excitation, 5 nm slit widths, 0.5 s
integration time, and intensity corrected emission. Quinine sulfate (1 N
H2SO4) was collected as an emission intensity standard daily for sample
comparison and quantum yield calculations (ϕ= 0.546) [33]. Samples
were concentrated to ~1 mM for dilution into 6 M guanidine hydro-
chloride, 50 mM sodium phosphate (pH 7) and 6 M guanidine hydro-
chloride, 50 mM sodium borate (pH 10). Protein concentrations were
confirmed by Bradford assay of the concentrated stock on the day of the
experiment. After background subtraction and baseline zeroing, the
integrated emission intensities (counts/s) over 330 to 530 nm were
collected for BF4112, MTC, and quinine sulfate samples. Spectra and
integrated emission intensities were normalized to quinine sulfate
emission. Spectral comparisons were also normalized to BF4112 con-
centration. Integrated emission intensity versus sample concentration
was analyzed for pH 10 and pH 7 solutions by linear least squares for
slope value and standard deviation to remove fluctuations in baseline
emission. The difference in pH 10 and pH 7 slopes was used for
quantum yield determination. More routine Cys-Tyr yield determina-
tions used the ratio of pH 10 to pH 7 slopes based on a slope ratio of 2.6
found for Cys-Tyr enriched BF4112 samples.

MALDI-TOF mass spectrometry analysis of SDS-PAGE bands were
performed using standard protocols. Excised gel bands were rinsed with
50% acetonitrile in 25 μM ammonium bicarbonate, treated with DTT
and iodoacetamide for alkylation and rehydrated in 25 μM ammonium
bicarbonate with mass-spec grade trypsin (1:250) and GluC (1:100)
added and digested at room temperature for 24 h. Eluted digests were
mixed 1:1 with a saturated α-cyano-4-hydroxycinnamic acid solution
containing 50% acetonitrile and 0.1% trifluoroacetic acid. Samples
were spotted onto a stainless-steel plate and interrogated using a Bruker
MicroFlex MALDI-TOF mass spectrometer in linear mode for increased
sensitivity.

2. Results

BF4112 was identified previously from a bioinformatics search of
the Protein Data Bank [34] for close contacts between tyrosine and
cysteine [28]. The structure of BF4112 (3CEW) was deposited by the
Northeast Structural Genomics Consortium and targeted because of the
novel primary sequence. Homology of the primary BF4112 sequence
showed gene products from a variety of intestinal bacteria with> 60%
identity with the [43]HXHKQNEEIY(52), (73)GDWLRIAPXGKR-
XIXA(88) and (98)CQVK motifs highly conserved (metal ion co-
ordinating residues underlined, Cys-Tyr residues in bold). Structure
homology shows conserved cupin domain structures that contain a fa-
cial His2Glu mononuclear metal binding site, distal tyrosine, and in a
couple of cases coordinated oxalate or malonate. Almost all structural
homologs were from structure genomics initiatives with no documented
function. No reasonable function for BF4112 can be inferred, however,
there are a variety of similar bacterial proteins that could have a similar
function. Even the metal ion identity is unknown as the Zn2+ ion is
found in the recombinantly expressed protein that was isolated with a
Zn2+-loaded metal affinity column. BF4112 loaded with a Cu2+ ion,
reduced anaerobically, and exposed to dioxygen (as in galactose oxi-
dase) provided samples consistent with Cys-Tyr formation by UV ab-
sorbance, fluorescence, and proteomic mass spectrometry [28]. The
single tryptophan in this protein allowed direct absorbance interroga-
tion of Cys-Tyr formation by the absorbance at 317 nm
(ε = 1700 M−1 cm−1, Fig. 2A). While the physiological function of

BF4112 has yet to be determined, BF4112 at the very least is a protein
where Cys-Tyr formation can be further examined and assays can be
developed.

Native Cys-Tyr fluorescence showed pH-dependent emission that
could be used for specific quantitation. In the absence of guanidine, the
317 nm absorbance and excited fluorescence emission (Fig. 2B) were
similar to dityrosine [19], except dityrosine would show protein di-
merization by SDS-PAGE while Cys-Tyr would not. Denaturing condi-
tions (6 M guanidine, 50 mM sodium borate, pH 10) provide a sig-
nificant difference in emission maxima between Cys-Tyr (365–370 nm
maxima, Fig. 2C) and 3,3′-dityrosine (405 nm maxima). Dityrosine
emission is observed at 365 nm (borate buffer, pH 10) and 405 nm
(carbonate buffer, pH 10) [19]. 6 M guanidine is presumed to disrupt
the borate-dityrosine interactions that lead to 365 nm emission. Emis-
sion from a model compound, MTC, in 6 M guanidine showed sig-
nificant emission at pH 10 and minimal broad emission background
between 350 and 400 nm at pH 7 (Fig. 2D). The lack of MTC emission at
pH 7 allows background fluorescence in BF4112 from the higher-
quantum-yield tryptophan to be removed by subtracting pH 7 emission
from pH 10 emission. Protein containing samples had variable, broad
background emission at pH 7 from guanidine-buffer fluorescence.
Variable background fluorescence could be eliminated by determining
linear regression slopes from emission spectra areas versus protein
concentration plots. These slopes provided a protein concentration-in-
dependent metric of integrated emission without background fluores-
cence. Protein normalized emission spectra were averaged from emis-
sion spectra (baseline zeroed) with emission intensities divided by
protein concentration (counts/μM·s). Despite decreased Cys-Tyr
BF4112 emission intensity, the emission spectra at pH 10 and pH 7 for
BF4112 and MTC (Fig. 2C,D) showed similar emission spectra. Because
MTC and Cys-Tyr BF4112 have different emission intensities, emission
from only Cys-Tyr in BF4112 needed to be determined. Subtraction of
the pH 7 from pH 10 spectra removed BF4112 background fluorescence
to provide a protein-independent quantum yield determination of (Cys-
Tyr)− relative to (MTC)− and quinine sulfate (1 N H2SO4) for relative
quantum yield determinations. Alternatively, ratio of slopes derived
from pH 10 and pH 7 BF4112 titrations provided a more routine
method for Cys-Tyr quantitation.

Quantum yield and pH 10/pH 7 emission ratio standards for Cys-
Tyr were generated by enriching Cys-Tyr containing BF4112. Cu2+-
bound BF4112 was generated from E. coli expressed protein and used to
produce Cys-Tyr BF4112 (see Materials and methods). Protein samples
were chelated, TCEP-reduced, desalted, and reacted with an iodoacetyl-
(PEG)2-biotin to modify any remaining (non-Cys-Tyr) free thiol Cys 98
residues (Fig. 3A). Biotinylated proteins were removed by passage over
a high binding capacity Neutravidin-modified Sepharose resin. The
resulting protein sample was used as 100% Cys-Tyr BF4112 for fluor-
escence standardization. Slopes of integrated emission intensity versus
protein concentration were determined (Fig. 3B) and compared under
the same photometric conditions to quinine sulfate and MTC standard
solutions. The difference between pH 10 and pH 7 slopes provided a
quantum yield of 0.062 ± 0.005% for Cys-Tyr BF4112. The quantum
yield is significantly smaller than that of MTC (0.45 ± 0.02%). The
seven-fold decrease in Cys-Tyr BF4112 quantum yield is presumably
due to proton-mediated excited state quenching provided by the poly-
peptide backbone [35]. However, the integrated emission ratio between
pH 10 and pH 7 (2.6 ± 0.1) provided a robust, ratiometric method for
examining Cys-Tyr yield in BF4112. Using emission ratio, factors con-
tributing to Cys-Tyr formation in BF4112 were examined.

The necessity of Tyr 52 and Cys 98 for Cys-Tyr chromophore for-
mation was examined using denaturing 317 nm fluorescence. Using the
ratiometric method, Cys-Tyr yield was readily assessed and reliably
gave 90% or higher yields (2.46 vs 2.60, Fig. 4) if BF4112 was stored in
1 mM DTT prior to Cu2+ binding and excess Cu2+ was removed by
dialysis followed by exchange into 50 mM MOPS (pH 8) and im-
mediately coupled. Fluorescence yields were consistent with the
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magnitude of 317 nm absorbance increases in these samples. Analysis
of rigorous metal-free BF4112 samples showed no fluorescence emis-
sion (0% yield). Zn2+ ion-loaded BF4112 samples that were reduced
and subsequently exposed to O2 reliably showed yields of 2 to 4%.
Alteration of Tyr 52 to Phe also brought the yield in the range of Zn2+-
modified BF4112 despite lower solubility of this mutant. Altering the
other two tyrosines in BF4112 to phenylalanine (Y4F/Y109F BF4112)
decreased the fluorescence emission and apparent yield to 50% with an
appropriate absorbance change. When Cys 98 was altered to Ser, a
small 317 nm absorbance increase was observed along with a 26% yield
judged by fluorescence. The fluorescence emission spectrum of the
C98S BF4112 reaction product under the assay conditions was sub-
stantially different (maxima around 400 nm compared to 365 nm,
Fig. 5A). In addition to the 400 nm emission, a significant shift from
monomer to dimer was observed by SDS-PAGE (Fig. 5B). Performing
these oxidations in Y4F, Y109F, C98S/Y4F, and C98S/Y109F BF4112
resulted in reduced solubility excluding fluorescence analysis, however
the C98S/Y4F/Y109F BF4112 remained soluble and showed a small
fluorescence ratio (Fig. 4). The emission spectra and SDS-PAGE analysis
from C98S BF4112 are similar to what would be expected for

intermolecular dityrosine formation.
To determine the identity of sidechains causing dimerization in

C98S BF4112 after oxygenation, proteomic analysis of the C98S dimer
band (Fig. 5B) was performed. The dimer band of the C98S sample on
the SDS-PAGE gel was excised and digested with trypsin and GluC. The
complete MALDI-TOF spectrum is shown in Fig. 6. A monoisotopic peak
at 1862.1 m/z was observed (*, Fig. 6 inset) that was consistent with a
dityrosine crosslinked bis-peptide between Tyr 4 (0 missed clevages)
and Tyr 109 (1C-terminal missed cleavage). A peak at this mass to
charge ratio was not observed in other samples examined by proteolysis
and MALDI-TOF mass spectrometry.

3. Discussion

Tyr 52 and the Cu2+ ion are clearly responsible for Cys-Tyr chro-
mophore formation in BF4112. Previous mass spectrometric evidence
showed a covalent linkage between Tyr 52 and Cys 98, where atomic
contacts between Cε2 and Sδ are seen prior to Cys-Tyr identification in
the crystal structure (3CEW). Since the 317 nm excited native fluores-
cence emission spectra in 6 M guanidine at pH 10 observed for oxidized

Fig. 2. Cys-Tyr BF4112 absorbance, fluorescence, and denatured fluorescence. A) absorbance before (black, bottom) and after (red, top) Cys-Tyr chromophore formation (difference
spectra, dotted line). B) 317 nm excited fluorescence emission spectrum in pH 8 (50 mM MOPS, 100 mM NaCl). C) 317 nm excited fluorescence emission spectrum in 6 M guanidine
hydrochloride at pH 10 (red, top) and pH 7 (blue, bottom). D) 317 nm excited fluorescence emission spectrum of MTC in 6 M guanidinium chloride at pH 10 (red, top) and pH 7 (blue,
bottom). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Preparation and fluorescence response of enriched
Cys-Tyr BF4112. A) SDS-PAGE of enriched Cys-Tyr BF4112
(10 μM): a, as purified BF4112; b, Cu2+-modified BF4112;
c, non-enriched Cys-Tyr BF4112; d, iodoacetyl-(PEG)2-
biotin modified samples after passage over Neutravidin
column (flowthrough), e, concentrated sample in d. B)
Example integrated emission area (330–530 nm) versus
BF4112 concentration curves: red circles, pH 10; blue
squares, pH 7; lines indicate linear least squares fits (pH 10,
m = 9.99 ± 0.04·105 (integrated counts/·μM BF4112), top
red line; pH 10, m= 4.06 ± 0.04·105 (integrated counts/
·μM BF4112), bottom blue line). (For interpretation of the
references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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BF4112 is consistent with MTC, the chromophore in this fluorescence
analysis is highly likely to be Cys-Tyr (Fig. 2). The Cys-Tyr enrichment
(Fig. 3A) provides maxima for the BF4112 Cys-Tyr quantum yield
(0.046%) and pH 10 to pH 7 emission area ratio (2.60). Cys-Tyr for-
mation yields for a variety of point mutations and conditions were
examined (Fig. 4). Incorporation of Zn2+ ions into the metal binding

site of BF4112 completely stops Cys-Tyr formation while the small,
variable Cys-Tyr formation in “apo” BF4112 depends on the amount of
adventitious redox-active metal ion incorporated into the metal binding
site. The complete loss of Cys-Tyr chromophore formation for Y52F
BF4112 is consistent with Tyr 52 being part of the Cys-Tyr chromo-
phore.

Removal of two other tyrosines (Y4F/Y109F) on the surface of
BF4112 decreased Cys-Tyr chromophore yield by 50%, suggesting de-
localization of oxidative equivalents during Cys-Tyr formation. If Tyr
52, Cys 98, and dioxygenation of bound Cu+ ion were the only ne-
cessary components for Cys-Tyr formation in BF4112, the yield for Y4F/
Y109F BF4112 would be expected to be near 100%. However, the ob-
served 50% yield suggests additional chemistry occurs during Cys-Tyr
formation. Surface tyrosine oxidations are commonly observed in heme
peroxidases and globins in the absence of substrate but presence of
hydrogen peroxide [36,37]. In the formation of the tryptophan analog,
TTQ, the accessory protein MauG has a group of three methionine side
chains that are oxidized in the absence of substrate (pre-MADH)
[38,39]. This suggests that in the absence of an appropriate pair of
sidechains (Tyr 52 and Cys 98 in BF4112) for oxidative crosslinking,
other protein oxidation can occur. Previous mechanistic examinations
of Cys-Tyr formation in galactose oxidase suggest hydrogen atom
transfer from the protonated cysteine to the Cu2+(O2%)− moiety [23].
Tyr 52 is positioned for hydrogen atom transfer to a putative
Cu2+(O2%)− moiety, based on the 3CEW structure, forming a
Cu2+(O2H)− species. The second oxidation in galactose oxidase Cys-
Tyr formation is suggested to occur by Cu2+(O2H)− reduction of a Cys-
Tyr transition state with a sp3 C3 of the tyrosine ring, which is then
deprotonated to form Cys-Tyr [25,40]. Our best explanation is that a
similar oxidation occurs through an outer-sphere process in BF4112 via
a sequential two single-electron oxidation process (Scheme 1). Outer-
sphere oxidations drive Cys-Tyr formation in cysteine dioxygenase and
[11,12] Thioalkalivibrio pentaheme cytochrome c nitrite reductase [41]
since no direct metal-tyrosinate coordination is observed. The observed
50% yield in Y4F/Y109F BF4112 is likely due to the monooxidized Tyr
52 radical state (Scheme 1, center) releasing superoxide rather than
productively completing Cys-Tyr formation. Alternatively, long-range
electron transfer from one monooxidized Tyr 52 radical site to the other
monooxidized Tyr 52 radical site of the dimer would yield one site
without Cys-Tyr and one site with Cys-Tyr (50%). The sequential two
single-electron oxidation mechanism in Scheme 1 is also consistent with
low Cys-Tyr yields observed in Tris-buffered solutions where this ca-
tionic primary amine is oxidized by any oxidized surface tyrosine, as
observed previously [42,43]. Therefore, substantial delocalization of
oxidative equivalents on surface tyrosines facilitate Cys-Tyr formation
in BF4112.

Fluorescence emission attributed to Cys-Tyr formation in BF4112
was also, unexpectedly, observed for C98S BF4112. Given the Cys 98
involvement in Cys-Tyr, it was surprising to observe any absorbance
increase of 317 nm excited fluorescence for the mutant where the thiol/
thiolate at residue 98 was altered to an alcohol. The 25% yield based on
317 nm fluorescence emission came from a different emitting species
shown by the emission spectrum, where an emission maximum at
395 nm was observed rather than 365 nm as seen for all other BF4112
products and MT (Fig. 5A). Emission at 395 nm under these conditions
is consistent with spectroscopic reports of dityrosine [19]. Observed
405 nm emission maximum from dityrosine samples under identical
conditions confirms this conclusion, along with the observed monomer-
to-dimer shift in SDS-PAGE of the oxidized C98S BF4112 sample
(Fig. 5B, lane b). This suggests that the 25% fluorescence yield comes
from dityrosine dimerization mediated by oxidizing surface tyrosine 4
and/or 109. Mutagenesis studies showed that the C98S fluorescence
response could be removed in the C98S/Y4F/Y109F BF4112 (Fig. 4),
while intermediate mutant proteins were insoluble after the oxygena-
tion step. Furthermore, MALDI-TOF analysis of the digested dimer band
from the C98S BF4112 sample suggested both Tyr 4 and Tyr 109 are

Fig. 4. Ratiometric pH emission intensity assay results that indicate Cys-Tyr yield in
BF4112. Although C98S shows a significant yield, the emission spectra were red-shifted
compared to all other emission spectra. Y4F, Y109F, C98S/Y4F, and C98S/Y109F were
not included due to insolubility after oxidation. Error bars represent propagated standard
deviations from slope determinations. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Fluorescence responses and SDS-PAGE analysis of surface tyrosine mutant
BF4112s. A) Difference (pH 10 minus pH 7) emission spectra (317 nm excited) in 6 M
guanidinium chloride: wild-type, solid blue; Y4F/Y109F, dashed green; C98S, dash-dotted
orange. Spectra were normalized to quinine sulfate emission and BF4112 concentration.
B) SDS-PAGE analysis: a) 20 μM Y4F/Y109F, b) 20 μM C98S, and c) 20 μM WT BF4112
after anaerobic Cu2+ reduction and exposure to dioxygen. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. Proteolytic digest of C98S BF4112 dimer band from SDS-PAGE. Washed/extracted
sample was digested with trypsin and GluC for 24 h and placed on a stainless-steel plate
for MALDI-TOF analysis: matrix, α-cyano-4-hydroxycinnamic acid; linear detection mode,
average of 500 shots. * - peak of interest; inset – expansion of peak of interest, 1862.1
monoisotopic peak consistent with the [M + H]+ peak of a bis-peptide containing (3)
NYQK(6) and (108)GYTMTDGGVVQLE(119), where bold letters presumably provide
crosslinking.
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involved in the dityrosine crosslinking (Fig. 6). The small amount of
dimer in lane b of Fig. 5B (~10%) is consistent with the apparent 25%
yield by the fluorescence assay and dityrosine quantum yield being
double the MTC quantum yield. Removal of the thiol functionality
adjacent to the metal ion binding site forces, at the very least, one
oxidative equivalent to a surface tyrosine to mediate radical coupling
through dityrosine formation (Scheme 1). Minimal Cys-Tyr formation
in the presence of Tris, but near unity conversion in the presence of
MOPS, suggests surface tyrosine oxidation reversibly occurs in wild-
type BF4112 as well. In the absence of Tris and presence of Cys 98 the
oxidized Tyr 52 and, potentially Tyr 4 and Tyr 109, can form Cys-Tyr
(Scheme 1). Thus, the surface tyrosine oxidation is a significant side
reaction that needs to be suppressed in forming any redox-active tyr-
osine posttranslational modification. The lack of observed dityrosine-
dimerization in cysteine dioxygenase might be due to the monomeric
nature of this protein (like myeloperoxidase vs lactoperoxidase) [44]
relative to the dimerization equilibria observed with BF4112 by size-
exclusion chromatography and flexibility of tyrosines 4 and 109 at the
protein termini.

Cys-Tyr formation in BF4112 occurs through an outer-sphere, rather
than inner-sphere, electron transfer mechanism. Cys-Tyr formation
studies so far have focused on galactose oxidase, where the tyrosinate-
Cu coordination mediates inner-sphere tyrosinate oxidation and hy-
drogen atom transfer from the thiol to a Cu2+(O2%)− intermediate.
Inner sphere tyrosine oxidation has been shown in topaquinone for-
mation in dopamine β-hydroxylase. However, many of the crosslinked
protein-derived cofactors are associated but not directly coordinated to
the oxidizing metal cofactors. In BF4112, outer-sphere oxidation of Cys
98 must, at least, occur while Tyr 52 oxidation through hydrogen atom
transfer to Cu2+(O2%)−. Without tyrosinate-Cu coordination surface

tyrosine oxidation by the distal tyrosyl radical (Tyr 52 for BF4112)
becomes a significant side reaction. Arrangement of protein sidechains
that minimize such protein oxidation side reactions, as surface tyrosine
oxidation here, are significant protein domains to be identified. For
example, MauG, oxidizes a cluster of interior methionines in the ab-
sence of the TTQ forming substrate pre-MADH [38,39]. Dityrosine
formation seems to be completely suppressed in mammalian cysteine
dioxygenase [11,21,29], Thioalkalivibrio pentaheme cytochrome c ni-
trite reductase [45], and cytochrome c oxidase [14,15]. The mechan-
isms by which protein oxidation is suppressed are critically important,
especially, in uncoordinated redox-active tyrosine post-translational
modifications. For Cu-modified BF4112, surface tyrosine oxidation
likely occurs during Cys-Tyr formation and makes dityrosine formation
a significant side reaction.

Abbreviations

Cys-Tyr 3′-(S-cysteinyl)-tyrosine
His-Tyr 3′-(3-N-histidinyl)-tyrosine
TTQ tryptophan-tryptophylquinone
dityrosine3′-(3-tyrosine)-tyrosine
MADH methylamine dehydrogenase
MauG accessory diheme peroxidase for TTQ maturation in pre-

MADH
MTC 4-methyl-2-methylsulfanylphenol
IPTG isopropyl β-D-1-thiogalactopyranoside
MOPS 3-(N-morpholino)propanesulfonic acid
Tris tris(hydroxymethyl)aminomethane
DTT 1,4-dithiotheitol
EDTA ethylenediaminetetraacetic acid
TCEP tris(2-carboxyethyl)phosphine
iodoacetyl-(PEG)2-biotin (+)-biotinyl-iodoacetamidyl-3,6-dioxaocta-

nediamine
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