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ABSTRACT: Galactose oxidase (GAO) contains a Cu(II)-ligand radical cofactor. The cofactor, which is autocatalytically generated
through the oxidation of the copper, consists of a cysteine-tyrosine radical (Cys-Tyr•) as a copper ligand. The formation of the cross-
linked thioether bond is accompanied by a C−H bond scission on Tyr272 with few details known thus far. Here, we report the
genetic incorporation of 3,5-dichlorotyrosine (Cl2-Tyr) and 3,5-difluorotyrosine (F2-Tyr) to replace Tyr272 in the GAO

V previously
optimized for expression through directed evolution. The proteins with an unnatural tyrosine residue are catalytically competent. We
determined the high-resolution crystal structures of the GAOV, Cl2-Tyr272, and F2-Tyr272 incorporated variants at 1.48, 1.23, and
1.80 Å resolution, respectively. The structural data showed only one halogen remained in the cofactor, indicating that an oxidative
carbon-chlorine/fluorine bond scission has occurred during the autocatalytic process of cofactor biogenesis. Using hydroxyurea as a
radical scavenger, the spin-coupled hidden Cu(II) was observed by EPR spectroscopy. Thus, the structurally defined catalytic center
with genetic unnatural tyrosine substitution is in the radical containing form as in the wild-type, i.e., Cu(II)-(Cl-Tyr•-Cys) or
Cu(II)-(F-Tyr•-Cys). These findings illustrate a previously unobserved C−F/C−Cl bond cleavage in biology mediated by a
mononuclear copper center.

Galactose oxidase (GAO) has a broad spectrum of
applications in biosensors, enzymatic synthesis, and

diagnostics.1−4 A salient feature of GAO in catalysis is that
its active site contains an unusual Cu(II)-bound Cys-Tyr•

radical cofactor with its tyrosyl free radical directly
coordinating to the type II copper center.5−7 The Cu(II)-
radical cofactor performs the regioselective oxidation of
primary alcohols, including galactose and other substrates
ranging from glycerol, allyl alcohol to galactopyranosides,
oligo- and polysaccharides.8,9 Then, the reduced Cu(I)-(Tyr-
Cys) is oxidized to the active Cu(II)-(Tyr•-Cys) state through
a 2e− oxidation by dioxygen (Scheme 1). A biophysically

intriguing aspect is that neither the Cu(II) nor the tyrosyl
radical is EPR visible. This spectral silence is due to the
antiferromagnetic coupling between the unpaired electron spin
of the Cys-Tyr• and the unpaired electron spin of a Cu(II) d
electron, resulting in an EPR-invisible status for both
paramagnetic centers.5

The Cu(II)-(Tyr•-Cys) cofactor is also present in glyoxal
oxidase.10,11 Although a protein-derived Cys-Tyr cofactor has
been found in a growing number of metalloproteins, the
cofactor in oxidases is rather unique, as it is a one-electron
more oxidized than other known Cys-Tyr cofactors. Moreover,
the free radical in oxidases is long-lived at ambient temper-
ature. It carries one of the two oxidizing equivalents as the
catalytic driving force to initiate oxidation chemistry on a
carbohydrate substrate. In contrast, the radical-free form of
Cys-Tyr cofactor found in other enzymes typically plays a role
in catalytic amplification, as observed in thiol dioxygenases.12

In all cases, the Cys-Tyr cross-linkage is a result of the redox
action of the metal center through an autocatalytic, irreversible,
post-translational modification reaction. A major unanswered
question is how these oxidases generate a specific tyrosyl free
radical during the cross-linking process, and how it is
stabilized. This type of information is necessary for a deeper
understanding of the bioinorganic chemistry of regenerating
the spin-coupled catalytic center after each turnover, and the
knowledge would inspire protein design and protein-based
inorganic chemistry. In the past decades, a significant effort has
been invested in the study of the biogenesis of the catalytic
assembly of GAO.13−18 Although notable progress has been
made, much of the chemical details are still missing. The self-
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Scheme 1. Catalytic Reaction of GAO and Three Oxidation
States of the Cu(II)-(Tyr•-Cys) Center
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processing,14 single-turnover nature of the reaction brings a
substantial challenge in studying the biogenesis of those Cys-
Tyr cofactors.
Recently, we began to employ the genetic code expansion

strategy to specifically incorporate unnatural amino acids into
cofactor bearing sites. This strategy has resulted in several lines
of findings for Cys-Tyr cofactor biogenesis in nonheme iron-
dependent thiol dioxygenases and produced otherwise
inaccessible mechanistic insights.19−21 A notable finding is
that the nonheme iron(II) center cleaves a C−F bond of 3,5-
difluoro-L-tyrosine (F2-Tyr) during cofactor formation.19−21

Since the C−F bond is one of the strongest single bonds,22 one
fundamental question that arises is whether a type II copper
center in GAO would be able to conduct a similar C−F bond
scission. If so, would the resulting Cys-Tyr be a radical-
containing or radical-free form, and would it be a metal ligand?
Thus, we probed the autocatalytic cofactor biogenesis by

forcing the copper-bound oxidant to oxidize a C−F bond. An
efficient E. coli expression system for producing an active form
of the enzyme, known as GAO variant A3.E7 (GAOV), was
employed in this study. This system was previously developed
by Arnold et al. using directed evolution and achieved much-
improved expression.23 We determined the crystal structure of
GAOV, refined it 1.48 Å resolution (Figure 1, Table S1), which
shows the structural outcome of GAO after the directed
evolution.

Compared to the wild-type enzyme, GAOV contains six
mutations in its three-domain architecture, S10P, M70V,
G195E, V494A, N535D, and Pro136 as a silent mutation at the
DNA level. No significant changes in the overall structure
(RMSD of 0.28 Å for 527 Cα carbons) were observed in
comparison to the wild-type structure of GAO (1GOG).6,7

The copper ion is ligated by Tyr272, Tyr495, His496, His581,
and one water ligand. Cys228 and Tyr272 are cross-linked
through a thioether bond (Figure 1).
Next, we genetically substituted Tyr272 with 3,5-dichloro-L-

tyrosine (Cl2-Tyr) and F2-Tyr (SI Experimental Methods).

The specific aminoacyl-tRNA synthetase and tRNA pair led to
a clean, 100% substitution at the 272 position of GAOV,
whereas tyrosine residues in other positions were not altered.
The as-isolated proteins showed two bands in SDS-PAGE
corresponding to cross-linked and un-cross-linked forms
(Figure 2). The rough estimates of the percentage of cross-

link formed in the as-isolated samples were approximately 95%,
31%, and 64% for GAOV, F2-Tyr272 GAOV, and Cl2-Tyr272
GAOV, respectively. Further processing of halogen-substituted
GAOV with Cu(I) and oxygen-saturated buffer led to a higher
ratio of cross-linked form (Figure S1).
The protein ESI mass spectra obtained at various charge

states showed that both F2-Tyr272 GAOV and Cl2-Tyr272
GAOV are mixtures containing both cross-linked and un-cross-
linked forms (Table S2). At the +53 charge state, the un-cross-
linked form under denaturing conditions showed experimen-
tally determined masses of 70 010 and 70 047 Da for the
GAOV and F2-Tyr272 GAOV, respectively. These data
indicated that the un-cross-linked F2-Tyr272 GAOV contains
the two expected fluorine atoms (Figure S2).
We set out to determine if cross-link formation is realized by

breaking the newly introduced C−F or C−Cl bond. We
determined the crystal structures of Cl2-Tyr272 GAO

V and F2-
Tyr272 GAOV, refined to 1.23 and 1.80 Å resolution,
respectively (Figure 3). Both structures of the unnatural
tyrosine variants are nearly identical with the structure of
GAOV, with RMSD of 0.06 Å for 565 Cα carbons of GAOV

and Cl2-Tyr272 GAOV and 0.08 Å for 590 Cα carbons of
GAOV and F2-Tyr272 GAOV.
The high-resolution crystal structures unambiguously

demonstrate that the specific substitution of halogen atoms
at the 3,5 position of Tyr272 does not halt cofactor biogenesis.
These structures also showed that only one halogen atom
remains in the cross-linked cofactor, indicating a C−F or C−Cl
bond transformation has taken place during a copper-mediated
oxidative process. It became evident that the halogen
substitution of Tyr272 does not affect the overall geometry
of the cofactor, though it does affect the position of Tyr495.
Figure 3D shows metal−ligand interaction diagrams of the
active site. No significant difference in the distances from the
copper center to Tyr272, His581, and His496 in these three

Figure 1. Crystal structure of GAOV and superposition with WT
GAO (1GOG). The three domains of GAOV are presented in red,
blue, and green with WT GAO in gray. Residues of directed evolution
mutations are illustrated in stick form. The inset on the top right
shows the active site of the cross-linked form GAOV, and the omitted
F0−Fc electron densities (blue) are contoured at 4.0 σ. The inset on
the bottom right shows the comparison of the active sites of both
structures.

Figure 2. Genetic incorporation of an unnatural tyrosine into GAOV.
(A) The slower moving band corresponding to un-cross-linked
protein (U) and faster moving band corresponding to the mature
GAOV (C). The lanes are molecular marker (M), GAOV (1), F2-
Tyr272 GAOV (2), and Cl2-Tyr272 GAOV (3), respectively. (B) The
cross-linked and un-cross-linked chemical structures (X = H/F/Cl).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://dx.doi.org/10.1021/jacs.0c08992
J. Am. Chem. Soc. 2020, 142, 18753−18757

18754

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08992?ref=pdf


structures was observed. However, the lengths of Tyr495
ligand and the water to copper center vary.
The halogen-bearing GAOV proteins were catalytically

active, but their activity is lower than that of GAOV (Figure
S3). The determined kinetic parameters are summarized in
Table 1. The reduced activity in F2-Tyr272 GAO

V is likely due

to the electron-withdrawing nature of the fluorine atom. In Cl2-
Tyr272 GAOV, an additional geometric disturbance likely
contributes to the further reduction of catalytic activity because
of the elevated KM value (Table 1).
An EPR study was performed to examine if the halogen-

substituted, cross-linked cofactor contains a free radical and to
detect if a significant perturbation is present in the electronic
structure and geometry of the copper ion in the radical-free
form. The GAOV protein after reconstitution with Cu(II)
showed g = 2 EPR resonances arising from a characteristic low-
spin (S = 1/2) Cu(II) signal, which is consistent with previous
reports.5,24 This copper signal was derived from the copper
center without a free radical. The treatment of GAOV with an
oxidant K3Fe(CN)6 caused a decrease in signal intensity

(Figure 4A, red trace). The decreased Cu(II) EPR signal
indicates the formation of a ligand radical that is spin-coupled
with the Cu(II) ion. In reconstituted F2-Tyr272 GAOV,
oxidation caused a similar decrease of the Cu(II) EPR signal
(Figure 4B), indicating a portion of the copper center
becoming hidden due to spin coupling with a ligand radical.
A summary of the EPR signal change is included in Table S3.
Subsequently, we employed a well-known protein radical

scavenger, hydroxyurea (HU), to quench the Cys-Tyr• radical
in order to break spin coupling and reveal the Cu(II) center by
EPR spectroscopy. We first tested it with GAOV before
applying it to F2-Tyr272 GAOV. The addition of HU led to
increased Cu(II) EPR signal in all cases (Figure 4, blue traces),
indicating conversion of a radical-containing cofactor to the
radical-free form (Scheme 1). A sharp spark in panel C was a
background signal. A prolonged HU incubation led to a further
increase of the Cu(II) EPR signal in the as-isolated sample that
had not been reconstituted or oxidized by K3Fe(CN)6 (Figure
4C, navy trace). These results indicate that there is a (Cys-F-
Tyr•) radical cofactor ligated to the copper center in the as-
isolated and reconstituted F2-Tyr272 GAOV.
Compared to the GAOV, the percentage of the cross-linked

cofactor is lower in proteins with halogen-substituted Tyr272.

Figure 3. Crystal structures of F2-Tyr272 and Cl2-Tyr272 GAOV

reveal C−F and C−Cl bond cleavages in the Cu-bound cross-linked
cofactor. (A) The omit F0−Fc electron densities (blue, 4.0 σ) and the
cross-linked form F2-Tyr272 GAOV. The fluorine atom is highlighted
in purple. (B) The omit F0−Fc electron densities (blue, 4.0 σ) and the
cross-linked form of Cl2-Tyr272 GAO

V active site. The chlorine atom
is colored in mint. (C) Comparison of the active sites of all three
structures. The active site of F2-Tyr272 GAOV, Cl2-Tyr272 GAOV,
GAOV are shown in green, pink, and gray, respectively. WAT
represents the water ligand bound at the Cu(II) center. (D) The
active site interaction diagrams of F2-Tyr272 GAOV, and Cl2-Tyr272
GAOV, and GAOV.

Table 1. Catalytic Parameters of GAOV Proteins

enzyme kcat (s
−1) KM (mM) kcat/KM (M−1 s−1)

GAOV 544.9 ± 16.1 28.5 ± 1.3 19 115
F2-Tyr272 62.7 ± 5.2 14.8 ± 2.5 4265
Cl2-Tyr272 16.9 ± 3.3 203.5 ± 50.7 83

Figure 4. Investigation of GAOV and variant active site radical
content by EPR spectroscopy. Black traces in each panel: (A) Cu(II)-
reconstituted GAOV(100) μM, (B) Cu(II)-reconstituted F2-Tyr272
GAOV (50 μM), and (C) as-isolated F2-Tyr272 GAOV (100 μM).
Red traces: after K3Fe(CN)6 oxidation. Blue traces: after hydroxyurea
incubation for 1 min. Navy trace in panel C: after a prolonged
hydroxyurea treatment (2 h). The spectra were collected at 30 K, 0.05
mW microwave power, 0.6 mT modulation amplitude, and 100 kHz
modulation frequency.
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The less complete conversion in halogen-substituted GAOV

could be due to a combination effects of the energetics of the
C−H/C−F/C−Cl bonds and the size of the halogen atoms. In
our previous study, we estimated that the dissociation energy
of the aromatic C−F bond (132.66 kcal/mol) is 10.12 kcal/
mol greater than that of the corresponding aromatic C−H
bond.21 The structural data reported here would enable
computational study for further energetics analysis as for
cysteine dioxygenase.25 When further processing F2-Tyr272
GAOV with Cu(I) and O2, we observed increased cross-link
formation (Figure S1), but far from the level found in GAOV

(Figure 2A) even after incubation for 20 h. The observation
that the posttranslational modification still occurs, but with
reduced efficiency, in the fluorine substituted tyrosine indicates
that the C−F bond dissociation energy is near the limit of the
oxidizing power of the oxidant. Hence, this fluorine-
substitution gauged the oxidizing power of the copper-bound
oxidant and the presumed thiyl radical during cofactor
biogenesis.
The mononuclear copper-mediated C−F bond cleavage is

unprecedented in biology. The only other known system is a
multi-copper-dependent laccase-mediator system, by which a
synthetic mediator is oxidized to the radical form and
subsequently performs an oxidative decomposition of fluori-
nated hydrocarbons through radical propagation and rear-
rangement.22,26 The copper-mediated C−F bond trans-
formation in GAO results from oxidation of a copper-bound
ligand.
Using EPR spectroscopy, the cofactor is shown to be a

ligand radical in the unnatural tyrosine substituted variants.
However, with an electron-withdrawing substituent in the
cofactor, such as F or Cl, the Cu(II)-bound radical cofactor F-
Tyr•-Cys or Cl-Tyr•-Cys is catalytically less active. This is
consistent with the expectation that the presence of an F or Cl
reduces the efficiency of the radical transfer from the cofactor
to the monosaccharide substrate during catalysis.
These results led us to propose a mechanistic model for the

formation of the Cu(II)-(F-Tyr•-Cys) cofactor (Figure 5).
Dioxygen binds to the Cu(I) ion of the enzyme, producing a
Cu-bound superoxide anion radical. Subsequent oxidation of
Cys228 though hydrogen atom abstraction by the Cu(II)-
superoxide generates a thiyl radical at Cys228 and a Cu-bound
hydroperoxo species. Oxidative attack on the copper ligand F2-
Tyr272 by the thiyl radical creates the cross-link with the
formation of a thioether bond and a tyrosyl-like radical. As

previously demonstrated in thiol dioxygenases, F− is a leaving
group, which carries away two electrons.19,21

The above mechanistic proposal lends support to one of the
working models for cofactor biogenesis in the copper-
dependent oxidases (Figure S4).18 The difference in the
outcome of C−H bond cleavage leads to variations in the
subsequent steps. The Cu-bound hydroperoxo species obtains
one proton from the phenol of Tyr272 through the water-
mediated H-bond network and promotes the formation of a
hydrogen peroxide side product. Finally, a second oxygen
molecule abstracts two electrons from the Cu(I) center and
cofactor, leading to the production of the copper(II)/(Cys-
Tyr)• and second hydrogen peroxide molecule.
In conclusion, the highly selective, chemical alteration of

Tyr272 through genetic incorporation of F2-Tyr and Cl2-Tyr
led to the observation of carbon−halogen bond scission
chemistry performed by the copper center in the oxidase and
the formation of a monohalogenated, cross-linked, radical
cofactor in the form of Cu(II)-(F-Tyr•-Cys), which is
catalytically active with reduced efficiency. This study has
revealed new insights into the power of the copper-dependent
oxidase, and it is of particular chemical interest for its
bioinorganic, biophysical, and environmental chemistries.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.0c08992.

Experimental procedure, Table S1−S3, and Figures S1−
S4 (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Aimin Liu − Department of Chemistry, The University of Texas
at San Antonio, San Antonio, Texas 78249, United States;
orcid.org/0000-0002-4182-8176; Email: feradical@

utsa.edu

Authors
Jiasong Li − Department of Chemistry, The University of Texas
at San Antonio, San Antonio, Texas 78249, United States;
orcid.org/0000-0003-0341-2038

Ian Davis − Department of Chemistry, The University of Texas
at San Antonio, San Antonio, Texas 78249, United States;
orcid.org/0000-0002-1566-4972

Figure 5. Proposed model for C−F bond scission and cofactor biogenesis in F2-Tyr272 GAO
V. A copper-bound superoxide radical oxidizes Cys228

and produces a copper-bound hydroperoxide and a thiol radical. Oxidation of F2-Tyr272 by the thiol radical leads to the formation of a thioether
bond and Cu(II)-(F-Tyr•-Cys).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://dx.doi.org/10.1021/jacs.0c08992
J. Am. Chem. Soc. 2020, 142, 18753−18757

18756

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c08992/suppl_file/ja0c08992_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aimin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4182-8176
http://orcid.org/0000-0002-4182-8176
mailto:feradical@utsa.edu
mailto:feradical@utsa.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiasong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0341-2038
http://orcid.org/0000-0003-0341-2038
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ian+Davis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1566-4972
http://orcid.org/0000-0002-1566-4972
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wendell+P.+Griffith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c08992?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08992?ref=pdf


Wendell P. Griffith − Department of Chemistry, The University
of Texas at San Antonio, San Antonio, Texas 78249, United
States; orcid.org/0000-0003-2633-6103

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.0c08992

Notes
The authors declare no competing financial interest.
The structural coordinates are available at PDB with the
accession codes 6XLR, 6XLS, and 6XLT.

■ ACKNOWLEDGMENTS
We thank Dr. Jiangyun Wang for providing the GAOV

expression plasmid and tRNA TyrRS system for the TAG
codon used in this and our previous studies.19 We thank the
staff scientists for assistance with remote data collections at the
beamline 9-2 of the Stanford Synchrotron Radiation Light-
source (SSRL) and beamlines 19-BM, 19-ID, 22-ID, and 22-
BM in the Argonne National Laboratory of Advanced Photon
Source (APS). Use of the SSRL and APS is supported by the
U.S. Department of Energy (DOE), Office of Science, Office of
Basic Energy Sciences under Contract No. DE-AC02-
76SF00515 and No. DE-AC02-06CH11357, respectively.
The SSRL Structural Molecular Biology Program is supported
by the DOE Office of Biological and Environmental Research
and by the National Institutes of Health, National Institute of
General Medical Sciences (including P41GM103393). This
work was partially supported by NSF grant CHE-1808637,
NIH grant GM108988, and the Lutcher Brown Endowment
Fund (to A.L.). The mass spectrometry facility used in this
work was sponsored by the National Institutes of Health Grant
G12MD007591.

■ REFERENCES
(1) Whittaker, J. W. Free radical catalysis by galactose oxidase. Chem.
Rev. 2003, 103, 2347−2363.
(2) Liu, X. C.; Dordick, J. S. Sugar-containing polyamines prepared
using galactose oxidase coupled with chemical reduction. J. Am. Chem.
Soc. 1999, 121, 466−467.
(3) Kanyong, P.; Krampa, F. D.; Aniweh, Y.; Awandare, G. A.
Enzyme-based amperometric galactose biosensors: a review. Micro-
chim. Acta 2017, 184, 3663−3671.
(4) Nie, Y. X.; Liu, Y.; Zhang, Q.; Su, X. G.; Ma, Q. Novel coreactant
modifier-based amplified electrochemiluminescence sensing method
for point-of-care diagnostics of galactose. Biosens. Bioelectron. 2019,
138, 111318.
(5) Whittaker, M. M.; Whittaker, J. W. The active site of galactose
oxidase. J. Biol. Chem. 1988, 263, 6074−6080.
(6) Ito, N.; Phillips, S. E. V.; Stevens, C.; Ogel, Z. B.; Mcpherson, M.
J.; Keen, J. N.; Yadav, K. D. S.; Knowles, P. F. Novel thioether bond
revealed by a 1.7 Å crystal structure of galactose oxidase. Nature 1991,
350, 87−90.
(7) Ito, N.; Phillips, S. E.; Yadav, K. D.; Knowles, P. F. Crystal
structure of a free radical enzyme, galactose oxidase. J. Mol. Biol. 1994,
238, 794−814.
(8) Schlegel, R. A.; Gerbeck, C. M.; Montgomery, R. Substrate
specificity of D-galactose oxidase. Carbohydr. Res. 1968, 7, 193−199.
(9) Avigad, G. Oxidation rates of some desialylated glycoproteins by
galactose oxidase. Arch. Biochem. Biophys. 1985, 239, 531−537.
(10) Whittaker, M. M.; Kersten, P. J.; Cullen, D.; Whittaker, J. W.
Identification of catalytic residues in glyoxal oxidase by targeted
mutagenesis. J. Biol. Chem. 1999, 274, 36226−36232.
(11) Yin, D. L.; Urresti, S.; Lafond, M.; Johnston, E. M.; Derikvand,
F.; Ciano, L.; Berrin, J. G.; Henrissat, B.; Walton, P. H.; Davies, G. J.;
Brumer, H. Structure-function characterization reveals new catalytic

diversity in the galactose oxidase and glyoxal oxidase family. Nat.
Commun. 2015, 6, 1−13.
(12) Dominy, J. E., Jr.; Hwang, J.; Guo, S.; Hirschberger, L. L.;
Zhang, S.; Stipanuk, M. H. Synthesis of amino acid cofactor in
cysteine dioxygenase is regulated by substrate and represents a novel
post-translational regulation of activity. J. Biol. Chem. 2008, 283,
12188−12201.
(13) Rogers, M. S.; Hurtado-Guerrero, R.; Firbank, S. J.; Halcrow,
M. A.; Dooley, D. M.; Phillips, S. E.; Knowles, P. F.; McPherson, M. J.
Cross-link formation of the cysteine 228-tyrosine 272 catalytic
cofactor of galactose oxidase does not require dioxygen. Biochemistry
2008, 47, 10428−10439.
(14) Rogers, M. S.; Baron, A. J.; McPherson, M. J.; Knowles, P. F.;
Dooley, D. M. Galactose oxidase pro-sequence cleavage and cofactor
assembly are self-processing reactions. J. Am. Chem. Soc. 2000, 122,
990−991.
(15) Whittaker, M. M.; Whittaker, J. W. Cu(I)-dependent biogenesis
of the galactose oxidase redox cofactor. J. Biol. Chem. 2003, 278,
22090−22101.
(16) Firbank, S. J.; Rogers, M. S.; Wilmot, C. M.; Dooley, D. M.;
Halcrow, M. A.; Knowles, P. F.; McPherson, M. J.; Phillips, S. E.
Crystal structure of the precursor of galactose oxidase: an unusual self-
processing enzyme. Proc. Natl. Acad. Sci. U. S. A. 2001, 98, 12932−
12937.
(17) Rokhsana, D.; Dooley, D. M.; Szilagyi, R. K. Structure of the
oxidized active site of galactose oxidase from realistic in silico models.
J. Am. Chem. Soc. 2006, 128, 15550−15551.
(18) Cowley, R. E.; Cirera, J.; Qayyum, M. F.; Rokhsana, D.;
Hedman, B.; Hodgson, K. O.; Dooley, D. M.; Solomon, E. I. Structure
of the reduced copper active site in preprocessed galactose oxidase:
Ligand tuning for one-electron O2 activation in cofactor biogenesis. J.
Am. Chem. Soc. 2016, 138, 13219−13229.
(19) Li, J.; Griffith, W. P.; Davis, I.; Shin, I.; Wang, J.; Li, F.; Wang,
Y.; Wherritt, D. J.; Liu, A. Cleavage of a carbon-fluorine bond by an
engineered cysteine dioxygenase. Nat. Chem. Biol. 2018, 14, 853−860.
(20) Li, J.; Koto, T.; Davis, I.; Liu, A. Probing the Cys-Tyr cofactor
biogenesis in cysteine dioxygenase by the genetic incorporation of
fluorotyrosine. Biochemistry 2019, 58, 2218−2227.
(21) Wang, Y.; Griffith, W. P.; Li, J.; Koto, T.; Wherritt, D. J.; Fritz,
E.; Liu, A. Cofactor biogenesis in cysteamine dioxygenase: C-F bond
cleavage with genetically incorporated unnatural tyrosine. Angew.
Chem., Int. Ed. 2018, 57, 8149−8153.
(22) Wang, Y.; Liu, A. Carbon-fluorine bond cleavage mediated by
metalloenzymes. Chem. Soc. Rev. 2020, 49, 4906−4925.
(23) Sun, L.; Petrounia, I. P.; Yagasaki, M.; Bandara, G.; Arnold, F.
H. Expression and stabilization of galactose oxidase in Escherichia coli
by directed evolution. Protein Eng., Des. Sel. 2001, 14, 699−704.
(24) Cleveland, L.; Coffman, R. E.; Coon, P.; Davis, L. An
investigation of the role of the copper in galactose oxidase.
Biochemistry 1975, 14, 1108−1115.
(25) Song, Z.; Yue, Y.; Feng, S.; Sun, H.; Li, Y.; Xu, F.; Zhang, Q.;
Wang, W. Cysteine dioxygenase catalyzed C-F bond cleavage: An in
silico approach. Chem. Phys. Lett. 2020, 750, 750.
(26) Luo, Q.; Yan, X.; Lu, J.; Huang, Q. Perfluorooctanesulfonate
degrades in a laccase-mediator system. Environ. Sci. Technol. 2018, 52,
10617−10626.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://dx.doi.org/10.1021/jacs.0c08992
J. Am. Chem. Soc. 2020, 142, 18753−18757

18757

http://orcid.org/0000-0003-2633-6103
https://pubs.acs.org/doi/10.1021/jacs.0c08992?ref=pdf
https://dx.doi.org/10.1021/cr020425z
https://dx.doi.org/10.1021/ja9826439
https://dx.doi.org/10.1021/ja9826439
https://dx.doi.org/10.1007/s00604-017-2465-z
https://dx.doi.org/10.1016/j.bios.2019.111318
https://dx.doi.org/10.1016/j.bios.2019.111318
https://dx.doi.org/10.1016/j.bios.2019.111318
https://dx.doi.org/10.1038/350087a0
https://dx.doi.org/10.1038/350087a0
https://dx.doi.org/10.1006/jmbi.1994.1335
https://dx.doi.org/10.1006/jmbi.1994.1335
https://dx.doi.org/10.1016/S0008-6215(00)81137-4
https://dx.doi.org/10.1016/S0008-6215(00)81137-4
https://dx.doi.org/10.1016/0003-9861(85)90722-2
https://dx.doi.org/10.1016/0003-9861(85)90722-2
https://dx.doi.org/10.1074/jbc.274.51.36226
https://dx.doi.org/10.1074/jbc.274.51.36226
https://dx.doi.org/10.1038/ncomms10197
https://dx.doi.org/10.1038/ncomms10197
https://dx.doi.org/10.1074/jbc.M800044200
https://dx.doi.org/10.1074/jbc.M800044200
https://dx.doi.org/10.1074/jbc.M800044200
https://dx.doi.org/10.1021/bi8010835
https://dx.doi.org/10.1021/bi8010835
https://dx.doi.org/10.1021/ja993385y
https://dx.doi.org/10.1021/ja993385y
https://dx.doi.org/10.1074/jbc.M300112200
https://dx.doi.org/10.1074/jbc.M300112200
https://dx.doi.org/10.1073/pnas.231463798
https://dx.doi.org/10.1073/pnas.231463798
https://dx.doi.org/10.1021/ja062702f
https://dx.doi.org/10.1021/ja062702f
https://dx.doi.org/10.1021/jacs.6b05792
https://dx.doi.org/10.1021/jacs.6b05792
https://dx.doi.org/10.1021/jacs.6b05792
https://dx.doi.org/10.1038/s41589-018-0085-5
https://dx.doi.org/10.1038/s41589-018-0085-5
https://dx.doi.org/10.1021/acs.biochem.9b00006
https://dx.doi.org/10.1021/acs.biochem.9b00006
https://dx.doi.org/10.1021/acs.biochem.9b00006
https://dx.doi.org/10.1002/anie.201803907
https://dx.doi.org/10.1002/anie.201803907
https://dx.doi.org/10.1039/C9CS00740G
https://dx.doi.org/10.1039/C9CS00740G
https://dx.doi.org/10.1093/protein/14.9.699
https://dx.doi.org/10.1093/protein/14.9.699
https://dx.doi.org/10.1021/bi00677a003
https://dx.doi.org/10.1021/bi00677a003
https://dx.doi.org/10.1016/j.cplett.2020.137449
https://dx.doi.org/10.1016/j.cplett.2020.137449
https://dx.doi.org/10.1021/acs.est.8b00839
https://dx.doi.org/10.1021/acs.est.8b00839
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c08992?ref=pdf


 
S1

Supporting Information 
 

Formation of Monofluorinated Radical Cofactor in Galactose Oxidase through 

Copper-Mediated C−F Bond Scission 

Jiasong Li, Ian Davis, Wendell P. Griffith, and Aimin Liu* 

Department of Chemistry, The University of Texas at San Antonio, San Antonio, TX 78249 

 

List	of	Supplementary	Tables		

Table	S1.								X‐ray	crystallographic	data	collection	and	refinement	statistics	
Table	S2.								The	mass	difference	between	GAOV and unnatural tyrosine variants at different 	
                    			charge states 
Table	S3.								Analysis	of	EPR‐active	Cu(II)	occupancy	in	galactose	oxidase	variants	
 

	

List	of	Supplementary	Figures	

Figure	S1.						Conversion	of	as‐isolated	F2‐Tyr272	GAOV	to	the	mature	form	
Figure	S2.						ESI‐MS	analysis	of	GAOV	and	unnatural	tyrosine	variants	
Figure	S3.						Catalytic	activity	assays	of	GAOV	and	unnatural	tyrosine	variants	
Figure	S4.						Proposed	model	for	cofactor	biogenesis	in	GAO	

  



 
S2

Experimental	Procedure	

Materials	
3,5‐Diflurotyrosine	 (F2‐Tyr)	 was	 synthesized	 using	 an	 enzymatic	 method	 and	 isolated	 as	
described	 previously.1	 3,5‐Dichlorotyrosine	 (Cl2‐Tyr)	 (98%	 purity)	was	 purchased	 from	Ark	
Pharm,	Inc	and	used	for	cell	culture	without	further	purification.	All	primers	were	synthesized	
at	 the	 Integrated	 DNA	 Technologies.	 2,2’‐Azino‐bis(3‐ethylbenzthiazoline‐6‐sulfonic	 acid)	
(ABTS),	 D‐galactose,	 and	 horseradish	 peroxidase	 (HRP)	were	 from	 Sigma‐Aldrich	 (St	 Louis,	
MO).	Other	reagents	were	purchased	from	Sigma‐Aldrich,	New	England	Biolabs,	and	Thermo	
Fisher	Scientific	with	the	reagent	grade	or	better	and	used	as	received.	DNA	manipulations	in	
Escherichia	coli	were	carried	out	according	to	standard	procedures.	Ampicillin	(100	μg/mL),	
and	chloramphenicol	(30	μg/mL)	were	used	as	antibiotics	for	selection	of	recombinant	strains.	
The	pEVOL‐F2/Cl2‐TyrRS	and	pET22b‐GAOV272TAG	plasmids,	a	mutant	of	Methanocaldococcus	
jannaschii	 tyrosyl	 amber	 suppressor	 tRNA(MjtRNATyrCUA)/F2‐TyrRS	 (Tyr32Arg,	 Leu65Tyr,	
His70Gly,	 Phe108Asn,	 Gln109Cys,	 Asp158Asn,	 Leu162Ser)	 pair2	 or	 Cl2‐TyrRS	 (Tyr32Arg,	
Leu65Tyr,	 His70Gly,	 Phe108Asn,	 Gln109Cys,	 Asp158Asn,	 Leu162Ser)	 pair3	 were	 used	 to	
recognize	 the	 TAG	 codon	 in	 the	 272	 position	 of	 GAOV.	 F2‐Tyr	 or	 Cl2‐Tyr	 was	 selectively	
incorporated	 into	 GAOV	 at	 position	 272	 as	 expressed	 in	 Escherichia	 coli	 cells.	 Cu(II)‐
reconstituted	GAOV	was	achieved	by	adding	CuSO4	during	the	purification	using	Ni‐NTA	agarose	
beads.	
	
Bacterial	strain,	genetic	manipulation,	and	plasmids	
Compared	 to	 the	 wild‐type	 enzyme	 from	 Fusarium	 austroamericanum,	 GAOV	 contains	 six	
mutations,	S10P,	M70V,	G195E,	V494A,	N535D,	and	Pro136	as	a	silent	mutation	at	DNA	level.		
The	pET22b‐GAOV	Tyr272TAG	plasmid	was	generated	by	following	the	primers:	

GAOV	Tyr272TAG	forward:	(GGCTCGTGGGTAGCAGTCATCAGCTACCATG)		
GAOV	Tyr272TAG	reverse:	(CTGATGACTGCTACCCACGAGCCACTTGCATG)	

The	pEVOL‐F2‐/Cl2‐TyrRS	and	pET22b‐GAOV272TAG	plasmids,	a	mutant	of	Methanocaldococcus	
jannaschii	 tyrosyl	 amber	 suppressor	 tRNA(MjtRNATyrCUA)/F2‐TyrRS	 (Tyr32Arg,	 Leu65Tyr,	
His70Gly,	 Phe108Asn,	 Gln109Cys,	 Asp158Asn,	 Leu162Ser)	 pair2	 or	 Cl2‐TyrRS	 (Tyr32Arg,	
Leu65Tyr,	 His70Gly,	 Phe108Asn,	 Gln109Cys,	 Asp158Asn,	 Leu162Ser)	 pair3	 were	 used	 to	
recognize	 the	TAG	 stop	 codon	 in	 the	272	position	of	GAOV.	 F2‐Tyr	or	Cl2‐Tyr	was	 selectively	
incorporated	 into	 GAOV	 at	 the	 position	 272	 as	 expressed	 in	 Escherichia	 coli	 cells.	 Cu(II)‐
reconstituted	GAOV	was	achieved	by	adding	CuSO4	during	the	purification	using	Ni‐NTA	agarose	
beads.	
	
Protein	purification	and	characterization	
The	 expression	 and	 purification	 of	 GAOV	 was	 described	 previously.4	 The	 cell	 culture	 was	
prepared	at	37	°C	in	Luria	Bertani	(LB)	media	within	a	baffled	flask	at	200	rpm	with	100	mg	
ampicillin	per	liter.	The	cells	were	induced	with	0.5	%	lactose	at	25	°C	when	the	optical	density	
reached	0.6	AU	at	600	nm.	After	overnight	culture,	the	cells	were	harvested	and	resuspended	
in	the	lysis	buffer,	i.e.,	100	mM	NaPi	at	pH	7.0,	and	then	disrupted	by	a	Microfluidizer	LM20	cell	
disruptor.	The	supernatant	was	recovered	after	centrifugation	(13,000g	for	30	min)	at	4	°C.	
The	 C‐terminal	 His‐tagged	 protein	 was	 purified	 using	 Ni‐NTA	 agarose	 beads.	 After	 buffer	
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exchanging	with	five	CVs	of	washing	buffer	(100	mM	NaPi,	20/50	mM	imidazole,	pH	7.0),	the	
isolated	protein	was	eluted	with	elution	buffer	(100	mM	NaPi,	300	mM	imidazole,	pH	7.0).	The	
GAO	proteins	were	further	purified	by	Superdex	200	gel‐filtration	column	in	pH	7.0	100	mM	
NaPi	buffer	with	5%	glycerol	and	stored	at	‐80	°C	for	the	future	use.	The	protein	concentration	
was	 determined	 based	 on	 the	 extinction	 coefficient	 of	 ε280	 nm	 =	 124,135	 cm‐1M‐1.	 For	 the	
expression	of	F2/Cl2‐Tyr157	variants,	pEVOL‐F2/Cl2‐TyrRS	was	co‐transformed	with	pET22b‐
GAOV272TAG	 into	 BL21(DE3).	 The	 transformed	 cells	 were	 induced	 with	 0.5%	 lactose	 and	
0.02%	L‐arabinose	at	OD	(600	nm)	0.6	in	the	presence	of	0.5	mM	F2‐Tyr	or	Cl2‐Tyr.	GelAnalysis	
(http://www.gelanalyzer.com)	was	used	to	estimate	the	ratio	of	the	cross‐linked	mature	form.	
Cu(II)‐reconstituted	GAOV	was	achieved	by	adding	CuSO4	during	the	purification	using	Ni‐NTA	
agarose	beads.	The	conversion	of	as‐isolated	F2‐Tyr272	GAOV	to	the	mature	form	was	derived	
from	that	previously	described	 for	GAO	 in	50	mM	piperazine‐N,N‐bis(2‐ethanesulfonic	acid)	
(PIPES),	 pH	 6.5.5	 To	 convert	 as‐isolated	 F2‐Tyr272	 GAOV	 to	 the	 mature	 form	 Tetrakis	
(acetonitrile)	 Cu(I),	 hexafluorophosphate	 [Cu(I)‐(CH3CN)4·PF6]	 was	 dissolved	 in	 anaerobic	
acetonitrile	immediately	before	addition	of	1.5	equivalents	to	degassed	10	μM	F2‐Tyr272	GAOV	
in	the	glovebox.	Then	the	oxygen‐saturated	buffer	was	added	rapidly.	The	samples	were	taken	
at	different	time	to	run	the	SDS‐PAGE.		
	
Mass	Spectrometry	
Solutions	of	the	intact	protein	were	exhaustively	desalted	by	filtration	with	10	mM	ammonium	
bicarbonate	 through	centrifugal	 filters	with	10	kDa	membrane	cut‐off.	 For	ESI‐MS	analyses,	
samples	were	diluted	to	approximately	10	μM	in	a	solution	containing	50%	methanol	and	3%	
acetic	 acid.	 Mass	 spectra	 were	 collected	 on	 a	 maXis	 plus	 quadrupole‐time	 of	 flight	 mass	
spectrometer	equipped	with	an	electrospray	ionization	source	(Bruker	Daltonics)	and	operated	
in	the	positive	ionization	mode.	Samples	were	introduced	via	a	syringe	pump	at	a	constant	flow	
rate	of	3	μL/min.	Source	parameters	are	summarized	as	follows:	capillary	voltage,	3,500	V	with	
a	set	endplate	offset	of	500	V;	nebulizer	gas	pressure,	0.4	bar;	dry	gas	 flow	rate,	4.0	L/min;	
source	temperature,	200°C.	Mass	spectra	were	averages	of	one	minute	of	scans	collected	at	a	
rate	of	1	scan	per	second	in	the	range	50	≤	m/z	≤	3000.	Compass	Data	Analysis	software	version	
4.3	(Bruker	Daltonics)	was	used	to	process	all	mass	spectra.	
	
Electron	paramagnetic	resonance	(EPR)	spectroscopy	
The	samples	were	transferred	to	quartz	EPR	tubes	and	slowly	frozen	in	liquid	nitrogen.	EPR	
spectra	were	recorded	on	a	Bruker	E560	X‐band	spectrometer	equipped	with	a	cryogen‐free	4	
K	temperature	system	with	an	SHQE	high‐Q	resonator	as	described	previously6‐7	at	100	kHz	
modulation	frequency,	0.05	mW	microwave	power,	0.6	mT	modulation	amplitude	at	30	K,	and	
were	averaged	over	four	scans	for	each	spectrum.	Oxidation	of	GAO	was	performed	in	100	mM	
NaPi,	pH	7.0,	by	incubation	with	100	mM	K3[Fe(CN)6]	for	10	min	followed	by	removal	of	the	
oxidant	on	a	desalting	column.	The	samples	were	transferred	to	quartz	EPR	tubes	and	slowly	
frozen	in	liquid	nitrogen.	After	the	measurement,	the	oxidized	samples	were	treated	with	20	
mM	hydroxyurea	and	remeasured.	A	sample	of	Cu(II)‐EDTA	(1	mM)	was	used	as	the	standard	
sample	 to	 quantitate	 the	 EPR‐active	 Cu(II)	 species	 in	 galactose	 oxidase	 and	 the	 genetically	
modified	variants.	
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Activity	assay	
The	coupled	assay	system	measuring	hydrogen	peroxide	production	was	used,	and	the	steady‐
state	kinetic	analysis	was	derived	from	that	previously	described	for	GAO	by	Baron	et	al.8	All	
assays	were	conducted	at	25	°C	in	a	total	volume	of	500	μL	as	follows:	0.1−5	nM	reconstituted	
GAO,	5	U	HRP,	1	mM	ABTS	in	50	mM	NaPi	buffer,	pH	7.0,	and	varying	concentrations	of	galactose	
(0.25–480	mM).	The	oxidation	of	2	μM	of	ABTS	per	min	equals	 the	consumption	of	1	μM	of	
galactose	and	O2	per	min,	under	the	conditions	described	above.		
	
Crystallization,	data	collection,	model	building,	and	refinement	
Crystals	of	 the	GAOV	and	unnatural	 amino	acids	variants	were	grown	at	22	 °C	by	using	 the	
sitting‐drop	vapor‐diffusion	technique	against	a	mother	liquor	composed	of	0.05	M	ammonium	
acetate	 (pH	 6.0),	 0.1	 M	 calcium	 chloride,	 10%	 PEG	 6000,	 5%	 glycerol,	 10	 mM	N‐acetyl‐D‐
glucosamine.	 A	 2‐µL	 aliquot	 of	 the	 enzyme	 solution	 (10	mg/ml)	was	mixed	with	 a	 2‐µL	 of	
reservoir	 solution	 and	 crystallized	by	 the	 sitting	drop,	 vapor‐diffusion	method	 at	 22°C.	The	
crystals	grew	in	3	days.	After	soaking	 in	a	cryoprotectant	containing	reservoir	solution	plus	
20%	glycerol	for	a	few	seconds,	the	crystals	were	flash‐cooled	and	stored	in	liquid	nitrogen	for	
data	collection	using	synchrotron	radiation.	
	
Data	collection,	structure	determination,	and	refinement.	
Crystallographic	data	were	acquired	at	100	K	temperature	at	Stanford	Synchrotron	Radiation	
Lightsource	 (SSRL)	 beamline	 BL9‐2	 and	 the	 Advanced	 Photon	 Sources	 (Argonne	 National	
Laboratory,	Argonne,	IL)	beamline	19BM.	All	X‐ray	diffraction	intensity	data	were	integrated,	
scaled,	 and	 merged	 using	 HKL2000.9	 Molecular	 replacement	 was	 performed	 with	 Phenix10	
using	 the	 crystal	 structure	 of	 GAO	 from	 Fusarium	 austroamericanum	 as	 a	 starting	 model	
(Protein	Data	Bank	entry	1GOG).11	The	 final	model	was	manually	adjusted	and	refined	with	
Coot12	and	Phenix.	Ramachandran	statistics	were	analyzed	using	MolProbity.13	All	the	phi	and	
psi	angles	were	located	in	the	preferred	and	allowed	regions	without	any	outliers.	We	generated	
all	 the	molecular	model	 figures	using	PyMOL	 (W.L.	DeLano,	The	PyMOL	Molecular	Graphics	
System	version	1.8.6.0.	Schrödinger	LLC,	http://www.pymol.org).	
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Table	S1.	X‐ray	crystallographic	data	collection	and	refinement	statistics 
Description	
	PDB	ID	

GAOV		
6XLT	

F2‐Tyr272	GAOV	

6XLS	
Cl2‐Tyr272	GAOV		
6XLR	

Data	collection	
Beamline	 SBC‐19‐BM	

(0.97919	Å)	
SSRL‐BL9‐2	
(0.97946	Å)	

SBC‐19‐BM	
(0.97919	Å)	

Space	group	 C2	
Wavelength	(Å)	 50.00	–	1.48	

(1.51	–	1.48)	
50.00	–	1.80	

(1.84	–	1.80)	
50.00	–	1.23	

	(1.26	–	1.23)	
a,	b,	c	(Å)	 97.3,	89.1,	86.2	 97.2,	89.2,	86.2	 97.2,	89.0,	86.0	
 ()	 90,	118,	90	
Completeness	(%)	 99.9	(99.0)	 98.4	(97.7)	 99.7	(99.9)	
No.	of	total	reflections	 535369	 227576	 904404	
No.	of	unique	reflections	 108128	 59316	 186045	
I	/		 25.7	(1.1)	 12.4	(1.3)	 20.8	(1.73)	
CC1/2	last	shell	 0.646 0.555 0.940	
Redundancy	 5.0	(4.2)	 3.8	(3.5)	 4.9	(4.2)	
Rmerge	 6.0	(95.9)	 12.5	(83.0)	 8.1	(48.9)	

Refinement	
Resolution	(Å)	 28.47	–	1.47	 41.63	–	1.80	 32.84	–	1.23	
No.	of	reflections	 108106	 59302	 186037	
Rwork	/	Rfree	 14.8	/	16.9	 14.8	/	18.4	 15.5	/	17.2	
RMSD	for	bond	lengths	(Å)	 0.006	 0.007	 0.007	
RMSD	for	bond	angles	()	 1.1	 1.1	 1.2	
Ramachandran	statistics2	
				Preferred	(%)		 96.7	 97.0	 97.0	
				Allowed	(%)	 3.3	 3.0	 3.0	
				Outliers	(%)	 0	 0	 0	
No.	of	atoms	 	 	 	
				Protein	 4947	 4850	 4917	
				CuII	(Occupancy)3	 1	(0.54)	 1	(0.50)	 1	(0.51)	
				CaII	(Occupancy)	 1	(0.93)	 1	(1.00)	 1	(1.00)	
				Acetate	 8	 16	 16	
				Glycerol	 6	 6	 72	
				Water	 755	 626	 806	
Average	B‐factors	(Å2)	 	 	 	
				Protein	 31.2	 27.3	 17.8	
				CuII	 20.0 31.7 14.2	
				CaII	 31.6	 33.4	 25.6	
				Acetate	 42.5	 43.0	 41.2	
				Glycerol	 59.1	 43.4	 41.0	
				Water	 38.6	 39.4	 33.7	
1	Values	in	parentheses	are	for	the	highest‐resolution	shell.	
2	Ramachandran	statistics	were	analyzed	using	MolProbity.14	
3	The	incomplete	copper	occupancy	in	the	three	structures	may	be	due	to	the	loss	of	
copper	during	purification	and	crystallization.	 	
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								The	mass	difference	shows	that	both	F2‐Tyr272	GAOV	and	Cl2‐Tyr272	GAOV	are	mixtures	of	
crosslinked	and	uncrosslinked	isoforms.	The	entries	in	these	rows	reflect	the	experimental	data	
from	 experiments	 results	 shown	 in	 Figure	 S2.	 The	 chemical	 structures	 at	 the	 bottom	 are	
included	 to	 illustrate	 the	mass	 difference.	 The	 expected	 difference	 between	 crosslinked	 F2‐
Tyr272	GAOV	and	crosslinked	GAOV	is	18	Da,	and	the	expected	difference	between	uncrosslinked	
F2‐Tyr272	GAOV	and	crosslinked	GAOV	is	38	Da.	The	experimental	difference	at	all	three	charge	
states	 is	 between	 18	 and	 38	 Da.	 Regarding	 the	 Cl2‐Tyr272	 GAOV,	 the	 expected	 difference	
between	crosslinked	Cl2‐Tyr272	GAOV	and	crosslinked	GAOV	is	34.5,	and	the	expected	difference	
between	uncrosslinked	F2‐Tyr272	GAOV	and	crosslinked	GAOV	is	71	Da.	The	experimental	mass	
difference	 decreases	 as	 the	 charge	 state	 decreases.	 After	 crosslink	 formation,	 the	 protein	 is	
more	resistant	to	acid	and	organic	solvent	denaturation,	and	thus	is	more	compact,	so	it	carries	
a	less	protonic	charge	and	appears	at	lower	charge	states.	

  

Table	S2.		The	mass	difference	between	GAOV	and	unnatural	tyrosine	variants	at	
different	charge	states	

Molecular	
weight	
difference	(Da)	

Uncrosslinked	 F2‐Tyr272	 GAOV	
minus	crosslinked	GAOV	

(Crosslinked	 F2‐Tyr272	 GAOV	
minus	crosslinked	GAOV)	

Uncrosslinked	 Cl2‐Tyr272	 GAOV	
minus	crosslinked	GAOV	

(Crosslinked	 Cl2‐Tyr272	 GAOV	
minus	crosslinked	GAOV)	

Theoretical	
difference		

38	(18)	 71	(34.5)	

Experimental	
difference	 (z	 =	
+45)	

	

35	

	

55	

Experimental	
difference	 (z	 =	
+47)	

	

33	

	

67	

Experimental	
difference	 (z	 =	
+53)	

	

37	

	

72	

Chemical	
structures	

(X	=	H/F/Cl)	
	

	

Crosslinked	X2‐Tyr272	GAOV	
	

Uncrosslinked	X2‐Tyr272	GAOV	
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      The	EPR	signal	intensities	were	obtained	by	double	integration	after	baseline	correction.	
The	quantitation	was	carried	out	by	comparing	to	a	Cu(II)‐EDTA	standard	and	presented	as	a	
percentage	of	the	corresponding	protein	concentration	of	the	samples.	The	Cu(II)	EPR	signal	
represents	the	copper	center	without	a	spin	coupled	ligand	radical.	Thus,	the	increase	of	the	
copper	signal	intensity	indicates	the	hidden	portion	of	the	Cu(II)‐radical	became	EPR	active,	i.e.,	
Cu(II)	center	without	a	spin‐coupled	ligand	radical.	

 

Table	S3.		Relative	EPR‐active	Cu(II)	signal	in	galactose	oxidase	variants	

Enzyme	 Cu(II)‐reconstituted	

sample		

K3Fe(CN)6‐
treated	

sample	

Hydroxyurea‐
treated		

oxidized	sample	

GAOV		 60.9%	 40.0%	 59.9%	

F2‐Tyr272	
GAOV	

79.1%	 65.8%	 82.9%	
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Figure	S1.	Conversion	of	as‐isolated	F2‐Tyr272	GAOV	upon	incubation	with	Cu(I)	and	O2.	
After	purification	and	degassing,	1.5	eq	of	Cu(I)	was	added	to	GAOV	(10	µM)	followed	by	
addition	of	an	equal	volume	of	oxygen	saturated	buffer.	Aliquots	were	taken	at	various	times,	
and	the	reaction	was	quenched	by	dilution	into	SDS‐containing	buffer.	Analysis	by	SDS‐PAGE	
was	replicated	at	least	three	times	in	independent	experiments	to	ensure	reproducibility.	
Time	0	corresponds	to	a	sample	quenched	immediately	(<10	s)	after	addition	of	oxygen‐
saturated	buffer.	
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Figure	S2.	ESI‐MS	analysis	of	GAOV	and	unnatural	tyrosine	variants	at	different	charge	
states.	Black,	GAOV;	red,	F2‐Tyr272	GAOV;	blue,	Cl2‐Tyr272	GAOV.	The	expected	mass	of	GAOV	is	
69,739	 Da.	 The	 experimentally	 determined	 mass	 is	 larger	 due	 to	 nonspecific	 adducts	 and	
modifications	such	as	oxidation	of	residues	like	methionine.	Relative	differences	between	the	
protein	 variants	 show	 that	 both	 F2‐Tyr272	 GAOV	 and	 Cl2‐Tyr272	 GAOV	 are	mixtures	 of	 the	
crosslinked	and	uncrosslinked	forms.	
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Figure	 S3.	 Catalytic	 activity	 assays	 of	 GAOV	 and	 unnatural	 amino	 acid	 variants.	 The	
production	of	hydrogen	peroxide	(H2O2)	was	measured	at	various	galactose	concentrations	for	
the	following	purified	recombinant	proteins:	GAOV,	F2‐Tyr272	GAOV	(B),	Cl2‐Tyr272	GAOV	(C).	
n	=	3	independent	experiments	were	repeated,	and	the	data	represent	the	mean	value		s.d.	
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Figure	S4.	A	proposed	mechanistic	model	for	cofactor	biogenesis	in	GAO	
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