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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 (Cl,-Tyr) and 3,5-difluorotyrosine (F,-Tyr) to replace Tyr272 in the GAOY 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 GAOY, Cl,-Tyr272, and F,-Tyr272 incorporated variants at 1.48, 1.23, and
1.80 A 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(1I)-(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 The Cu(II)-(Tyr*-Cys) cofactor is also present in glyoxal
applications in biosensors, enzymatic synthesis, and oxidase.'”'" Although a protein-derived Cys-Tyr cofactor has
diagnostics.' ™" A salient feature of GAO in catalysis is that been found in a growing number of metalloproteins, the
its active site contains an unusual Cu(II)-bound Cys-Tyr* cofactor in oxidases is rather unique, as it is a one-electron
radical cofactor with its tyrosyl free radical directly more oxidized than other known Cys-Tyr cofactors. Moreover,
coordinating to the type IT copper center.”~ The Cu(II)- the free radical in oxidases is long-lived at ambient temper-
radical cofactor performs the regioselective oxidation of ature. It carries one of the two oxidizing equivalents as the
primary alcohols, including galactose and other substrates catalytic driving force to initiate oxidation chemistry on a
ranging from glycerol, allyl alcohol to galactopyranosides, carbohydrate substrate. In contrast, the radical-free form of
oligo- and polysaccharides.”” Then, the reduced Cu(I)-(Tyr- Cys-Tyr cofactor found in other enzymes typically plays a role

Cys) is oxidized to the active Cu(II)-(Tyr*-Cys) state through

in catalytic amplification, as observed in thiol dioxygenases.'”
a 2e” oxidation by dioxygen (Scheme 1). A biophysically

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
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Scheme 1. Catalytic Reaction of GAO and Three Oxidation
States of the Cu(II)-(Tyr*-Cys) Center

Spin-coupled, EPR invisible

o inorganic chemistry. In the past decades, a significant effort has

d o been invested in the study of the biogenesis of the catalytic

Tyrars assembly of GAO."™'® Although notable progress has been
made, much of the chemical details are still missing. The self-
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intriguing aspect is that neither the Cu(Il) nor the tyrosyl Received:  August 20, 2020 S

radical is EPR visible. This spectral silence is due to the Published: October 22, 2020 ke
antiferromagnetic coupling between the unpaired electron spin
of the Cys-Tyr* and the unpaired electron spin of a Cu(II) d ??M
electron, resulting in an EPR-invisible status for both
paramagnetic centers.’
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processing,'* 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.'"”~>' A notable finding is
that the nonheme iron(II) center cleaves a C—F bond of 3,5-
difluoro-L-tyrosine (F,-Tyr) during cofactor formation.'*™*'
Since the C—F bond is one of the strongest single bonds,** 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 (GAQOY), was
employed in this study. This system was previously developed
by Arnold et al. using directed evolution and achieved much-
improved expression.”> We determined the crystal structure of
GAOV, refined it 1.48 A resolution (Figure 1, Table S1), which
shows the structural outcome of GAO after the directed
evolution.

Domain 2

Domain 3

N535D
M7oV.
Na @Ca
Domain 1 } ®

S10P

Figure 1. Crystal structure of GAOV and superposition with WT
GAO (1GOG). The three domains of GAO 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 GAQV, and the omitted
F,—F. electron densities (blue) are contoured at 4.0 6. The inset on
the bottom right shows the comparison of the active sites of both
structures.

Compared to the wild-type enzyme, GAOV contains six
mutations in its three-domain architecture, S10P, M70V,
G19SE, V494A, N535D, and Pro136 as a silent mutation at the
DNA level. No significant changes in the overall structure
(RMSD of 0.28 A for 527 Ca carbons) were observed in
comparison to the wild-type structure of GAO (1GOG).®’
The copper ion is ligated by Tyr272, Tyr49S, 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 (Cl,-Tyr) and F,-Tyr (SI Experimental Methods).

The specific aminoacyl-tRNA synthetase and tRNA pair led to
a clean, 100% substitution at the 272 position of GAOY,
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-
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Figure 2. Genetic incorporation of an unnatural tyrosine into GAO".
(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), GAOY (1), F,-
Tyr272 GAOY (2), and Cl,-Tyr272 GAOY (3), respectively. (B) The
cross-linked and un-cross-linked chemical structures (X = H/F/Cl).

link formed in the as-isolated samples were approximately 95%,
31%, and 64% for GAOY, F,-Tyr272 GAOV, and Cl,-Tyr272
GAQY, 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 F,-Tyr272 GAOV and Cl,-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 70010 and 70047 Da for the
GAOV and F,-Tyr272 GAOV, respectively. These data
indicated that the un-cross-linked F,-Tyr272 GAQOV 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 Cl,-Tyr272 GAO and F,-
Tyr272 GAQVY, refined to 1.23 and 1.80 A resolution,
respectively (Figure 3). Both structures of the unnatural
tyrosine variants are nearly identical with the structure of
GAOV, with RMSD of 0.06 A for 565 Ca carbons of GAOY
and Cl,-Tyr272 GAOY and 0.08 A for 590 Ca carbons of
GAOV and F,-Tyr272 GAO".

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 Tyr49S.
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
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Figure 3. Crystal structures of F,-Tyr272 and Cl,-Tyr272 GAOV
reveal C—F and C—ClI bond cleavages in the Cu-bound cross-linked
cofactor. (A) The omit Fy—F, electron densities (blue, 4.0 6) and the
cross-linked form F,-Tyr272 GAQV. The fluorine atom is highlighted
in purple. (B) The omit F,—F. electron densities (blue, 4.0 ¢) and the
cross-linked form of Cl,-Tyr272 GAOY active site. The chlorine atom
is colored in mint. (C) Comparison of the active sites of all three
structures. The active site of F,-Tyr272 GAO", ClL,-Tyr272 GAOY,
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 F,-Tyr272 GAOY, and CL,-Tyr272
GAOVY, and GAO".

structures was observed. However, the lengths of Tyr495
ligand and the water to copper center vary.

The halogen-bearing GAO" proteins were catalytically
active, but their activity is lower than that of GAOY (Figure
S3). The determined kinetic parameters are summarized in
Table 1. The reduced activity in F,-Tyr272 GAOV is likely due

Table 1. Catalytic Parameters of GAO" Proteins

enzyme ke (s71) Ky (mM) ke/Kyy (M7' s71)
GAOY 5449 + 16.1 285 + 1.3 19115
F,-Tyr272 62.7 + 52 14.8 + 2.5 4265
Cl,-Tyr272 169 + 3.3 203.5 + 50.7 83

to the electron-withdrawing nature of the fluorine atom. In Cl,-
Tyr272 GAOV, an additional geometric disturbance likely
contributes to the further reduction of catalytic activity because
of the elevated Ky, 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.””* This copper signal was derived from the copper
center without a free radical. The treatment of GAO" with an
oxidant K;Fe(CN)s caused a decrease in signal intensity
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-
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Figure 4. Investigation of GAOY and variant active site radical
content by EPR spectroscopy. Black traces in each panel: (A) Cu(II)-
reconstituted GAOY(100) uM, (B) Cu(II)-reconstituted F,-Tyr272
GAOV (50 uM), and (C) as-isolated F,-Tyr272 GAOY (100 uM).
Red traces: after K;Fe(CN), 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, 0.0S
mW microwave power, 0.6 mT modulation amplitude, and 100 kHz
modulation frequency.

(Figure 4A, red trace). The decreased Cu(1l) EPR signal
indicates the formation of a ligand radical that is spin-coupled
with the Cu(II) ion. In reconstituted F,-Tyr272 GAOY,
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 F,-Tyr272 GAO". 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 K;Fe(CN)4 (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 F,-Tyr272 GAO".

Compared to the GAQV, the percentage of the cross-linked
cofactor is lower in proteins with halogen-substituted Tyr272.
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Figure 5. Proposed model for C—F bond scission and cofactor biogenesis in F,-Tyr272 GAOY. A copper-bound superoxide radical oxidizes Cys228
and produces a copper-bound hydroperoxide and a thiol radical. Oxidation of F,-Tyr272 by the thiol radical leads to the formation of a thioether

bond and Cu(II)-(F-Tyr*-Cys).

The less complete conversion in halogen-substituted GAOY
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.”’ The structural data reported here would enable
computational study for further energetics analysis as for
cysteine dioxygenase.”” When further processing F,-Tyr272
GAOV with Cu(I) and O,, we observed increased cross-link
formation (Figure S1), but far from the level found in GAOY
(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.n’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 S).
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 F,-
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.'”*"

The above mechanistic proposal lends support to one of the
working models for cofactor biogenesis in the copper-
dependent oxidases (Figure S4).'® 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(1I)/(Cys-
Tyr)* and second hydrogen peroxide molecule.

In conclusion, the highly selective, chemical alteration of
Tyr272 through genetic incorporation of F,-Tyr and Cl,-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(Il)-(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.
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