1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 January 02.

s HHS Public Access
«

Published in final edited form as:
Angew Chem Int Ed Engl. 2018 July 02; 57(27): 8149-8153. doi:10.1002/anie.201803907.

Cofactor Biogenesis in Cysteamine Dioxygenase: C-F Bond
Cleavage with Genetically Incorporated Unnatural Tyrosine

Yifan Wang, Dr. Wendell P. Griffith, Dr. Jiasong Li, Dr. Teruaki Koto, Dr. Daniel J. Wherritt,
Elizabeth Fritz, and Dr. Aimin Liu

Department of Chemistry, The University of Texas at San Antonio, San Antonio, Texas, United
States

Abstract

Cysteamine dioxygenase (ADQ) is a thiol dioxygenase whose study has been stagnated by
ambiguity as to whether or not it possesses an anticipated protein-derived cofactor. Reported
herein is the discovery and elucidation of a Cys-Tyr cofactor in human ADO, crosslinked between
Cys220 and Tyr222 through a thioether (C-S) bond. By genetically incorporating an unnatural
amino acid 3,5-difluoro-tyrosine (Fo-Tyr) specifically into Tyr222 of human ADO, we identified
an autocatalytic oxidative carbon—fluorine bond activation and fluoride release by mass
spectrometry and 19F NMR spectroscopy. These results suggest that the cofactor biogenesis is
executed by a powerful oxidant during an autocatalytic process. Unlike that of cysteine
dioxygenase, the crosslinking results in a minimal structural change of the protein that is not
detectable by routing techniques with low resolution. Finally, a new sequence motif C-X-Y-Y(F) is
proposed for identifying Cys-Tyr crosslink.

COMMUNICATION

Cysteamine dioxygenase (ADQ) has unique characters distinct from its sibling enzyme cysteine
dioxygenase (CDO). Whether a Cys-Tyr crosslink is present in ADO is an unsolved question for a
decade. By genetically incorporating difluorotyrosine into human ADO active site, the mysterious
cofactor was uncovered by high-resolution MS/MS and 1°F NMR. An autocatalytic oxidative C—F
bond cleavage with a fluoride release was revealed, which lends credence to a Cys-Tyr cofactor
with a new sequence motif for thiol dioxygenases.
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The non-heme iron-dependent enzymatic oxidation of 2-amino-ethanethiol (cysteamine) to
hypotaurine has been known since 1963 (Scheme 1).[1] The responsible mammalian
enzyme, cysteamine dioxygenase (ADO), was purified to homogeneity in 1971, and the
characterization of the human enzyme was described in 2007.[2] Human ADO is one of two
thiol dioxygenases, alongside cysteine dioxygenase (CDO), which plays critical roles in
maintaining proper thiol level in cells, especially in managing metabolic cysteine and taurine
concentrations. The dysfunction of ADO is associated with autoimmune and neurological
conditions,[3! fat metabolism,[4! and oxidative stress.[]

The presence of a protein-derived cysteine-tyrosine (Cys-Tyr) cofactor crosslinked between
two distant residues of the protein sequence, Cys93 and Tyr157, was revealed a decade ago
from murine, rat, and human CDOs from independent studies by using X-ray
crystallography.[8] The Cys-Tyr cofactor, formed through an autocatalytic process, increases
the dioxygenase catalytic efficiency of CDO by an order of magnitude.[”]

ADO is a paralog of CDO.[2P] These two thiol dioxygenases belong to the Cupin
superfamily with a conserved p-barrel fold[8] and share similar S atom-based dioxygenation
with parallel substrate structures. Thus, it is sensible to anticipate that a corresponding Cys-
Tyr cofactor is also formed through a similar self-processing reaction in human ADO, as
previously found in CDO. The difficulty in crystallizing ADO hinders our further
understanding towards this enzyme, especially if it possesses a Cys-Tyr cofactor. Notably,
after nearly over a half-century since the discovery of ADQ, its catalytic machinery remains
elusive. The Cys-Tyr cofactor does not give rise to any discernible spectroscopic signature
with which its presence can be exclusively identified and quantified. If the cofactor is
present, its formation is likely to be an uncoupled, single-turnover reaction out of hundreds
of cysteamine oxygenation (/.e., the coupled reaction) cycles. With a ferrous center, ADO is
not amenable to characterization by optical spectroscopy since the absorbance of both its
substrate and product overlap with the protein absorbance. Thus, the answer to the question
whether or not a Cys-Tyr cofactor is present in ADO entails strenuous effort.

An EMBOSS pairwise alignment!®] suggested that ADO and CDO share 15.8% sequence
identity and 26.5% similarity (Figure S1). Besides the preserved 3-His iron binding motif,
there is a pair of the conserved tyrosine and cysteine residues (Tyr40 and Cys130 in CDO,
Tyr91, and Cys183 in ADO). However, both Tyr40 and Cys130 are biologically irrelevant to
CDO catalysis. Also, neither of the crosslinked residues of CDO, Cys93 and Tyr157, are
conserved in the ADO sequences.

We cloned and overexpressed human ADO in Escherichia colito determine if a Cys-Tyr
cofactor is present. The as-isolated protein presented two significant bands by SDS-PAGE.
However, these two bands appear ca. 40 kDa from each other, indicative of oligomerization
changes rather than crosslinking. Further, the two bands coalesced after incubation with
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excess dithiothreitol (DTT) (Figure 1A), implicating disulfide bond(s). In contrast, the two
bands from CDO are insensitive to DTT because its Cys-Tyr crosslink is irreversible and
cannot be reduced by DTT. The higher molecular weight band in CDO corresponds to
uncrosslinked polypeptide while the faster migrating band is mature CDO with crosslink.[10]
Further processing of ADO with cysteamine and O did not lead to noticeable changes.
Similarly, ADO eluted as at least three distinct fractions through size exclusion
chromatography (SEC); however, the inclusion of DTT in the elution buffer substantially
reduces other portions to one (Figure 1B). The different ADO conformations observed in
solution and denatured forms are most likely due to the formation of reversible
intermolecular disulfide bond(s). Thus, the experiments with low-resolution traditional
approaches on crosslink are inconclusive.

We then attempted to solve the puzzle with high-resolution mass spectrometry. The expected
2-Da difference between Cys-Tyr crosslinked and uncrosslinked forms of WT protein is
difficult to determine from intact protein MS.[X1] Hence, we conducted a rigorous MS/MS
analysis on human ADO. The native full-length protein was digested with trypsin and
carbamidomethylated with all free cysteines. After examination of all the resulting peptides
by high-resolution LC-MS/MS, a short hydrophilic peptide DCHY YR stood out with its
early retention time (Figure S2).

At +2 charge state, both the crosslinked form and the uncrosslinked form with a
carbamidomethyl cysteine were detected (Figure 2A). The crosslinked cysteine covalently
bonds with another residue, and thus could not be carbamidomethylated. The two hydrogens
loss (2 Da) in the crosslinked form and one additional carbamido-methylation (57 Da) in the
uncrosslinked form resulted in a total 59-Da difference, indicating a crosslink present in the
peptide and that Cys220, which is the only cysteine in this peptide, is involved.

Since two tyrosine residues, Tyr222 and Tyr223, are present in the peptide we conducted
further fragmentation with collision-induced dissociation (CID) to identify the exact
crosslink position. The CID spectrum of uncrosslinked form indicated the presence of each
amino acid in this peptide (Figure 2B). But the CID spectrum of crosslinked form was quite
different (Figure 2C), which suggested that the fragmentation ions not containing Cys220,
His221, Tyr222 residues (CHY) were conserved in the uncrosslinked peptide (e.g., y1, y2)
while the ones containing CHY differed by 59 Da (e.g., y5, b4, b5). Fragments breaking
CHY were not observable in the spectrum due to the sidechain crosslink. These data
explicitly suggested that Cys220 and Tyr222 are crosslinked. Moreover, the electron-transfer
dissociation (ETD) spectrum also confirmed the crosslink is located between these two
residues (Figure S3A).

To facilitate a definitive mass spectrometry analyses and explore the oxidizing power of the
oxidant for C-H bond activation during cofactor biogenesis we incorporated unnatural
tyrosine into ADO through a genetic method. Using a tRNA(MjtRNATyrCUA)/F,-TyrRS
system to target the TAG codon,[22] we generated an expression system that efficiently
synthesizes human ADO with a specific substitution of Tyr222 to 3,5-difluoro-tyrosine (F,-
Tyr). The presence of two fluorine atoms will potentially facilitate the mass spectrometry
analysis if the same crosslink is formed because the mass difference would be 20 instead of
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2 Da after a C-F bond and an S-H bond cleavage, forming a new C-S bond. After trypsin
digestion on Fo-Tyr222 ADO, we observed similar elution profile by LC-MS/MS as in WT
ADO (Figure S2B). Interestingly, we still found two forms of the targeting peptide. At z=
+2, a mono-fluoro-substituted crosslinked form and a difluoro-substituted uncrosslinked
form with a carbamidomethylated cysteine were observed (Figure 2D). The 77-Da
difference was caused by S-H and C-F bonds cleavage (20 Da for loss of an H and F) in
crosslinked form and one additional carbamidomethylation (57 Da difference) in
uncrosslinked form. The mass increase of total 36 Da in Fo-Tyr222 ADO uncrosslinked form
compared to WT ADO was expected for the successful incorporation of F,-Tyr222, the
ortho positions of which are substituted by two fluorine atoms instead of two hydrogens.

Next, we performed CID fragmentation on both forms to further confirm the displacement of
a fluorine atom upon crosslinking. Compared to the uncrosslinked form of WT ADO (Figure
2B), the uncrosslinked form of F,-Tyr222 ADO (Figure 2E) has an overall 36-Da increase
only in fragments containing F,-Tyr222 (e.g., y3, Y4, y5, b4, b5) and no increase in
fragments without it (e.g., y1, b2). As for the crosslinked form, however, Fo-Tyr222 ADO
(Figure 2F) shows only an 18-Da increase on the fragments containing crosslink (e.g., y5,
b4, b5) when compared to the WT (Figure 2C). The same results were obtained in the ETD
spectrum (Figure S3B). Thus, there is only single fluorine in the crosslinked peptide.
Together with the WT results, the presence of crosslink between Cys220 and Tyr222 is
unambiguously established.

To reconcile the mass spectrometry results, we employed 1°F NMR spectroscopy to attempt
to detect the fate of the fluorine during cofactor biogenesis in F,-Tyr222 ADO. Under
anaerobic condition, concentrated Fo-Tyr222 ADO was mixed with substrate cysteamine in a
sealed NMR tube. The resulting 1°F NMR spectrum was completely silent; the absence of
Fo-Tyr222 signal may result from the coupling with the adjacent paramagnetic iron center.
Then the NMR tube was opened and exposed to air for overnight in-tube reaction. The
oxidized F,-Tyr222 ADO gave rise to a new signal at —121.14 ppm (Figure 3). Spiking in
aqueous potassium fluoride overlaid with the observed new signal, which confirms the
fluorine departed in the fluoride form during autocatalytic Cys-Tyr cofactor formation,
which was promoted in the presence of the enzyme substrates (/.e., cysteamine and O,).

The C-F bond is one of the most durable single bonds in organic chemistry. The oxidative
cleavage of one of the C-F bonds in F,-Tyr222 ADQO is an intriguing observation. To
estimate the bond strength of the C-F bond with an aromatic carbon, we performed density
functional theory calculations on L-Tyr and Fo-Tyr. The results show that the dissociation
energy of the C-F bond (132.66 kcal/mol) is 10.12 kcal/mol greater than that of the
corresponding C-H bond (122.54 kcal/mol) (Table S1), which is more significant than a
phosphoanhydride bond in ATP (7.3 kcal/mol), yet the non-heme iron-bound oxidant
possesses sufficient power to cleave a C-F bond.

We obtained a predicted model structure by using the Phyre2 serverl13] to estimate the
locations and relative distances of the cysteine and tyrosine residues. The model suggests
that Tyr87, Tyr222, Tyr223, and Cys220 are within the second coordination sphere of the
iron center while others such as Tyr91 and Cys183 conserved in CDO are likely located on
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the protein surface and remote from the iron center (Figure 4A). Notably, the side chains of

Cys220 and Tyr222 are close to each other (~3 A) but located on a different side of the iron

as compared to CDO (Figure 4B). Moreover, our multiple sequence alignment revealed that
Cys220 and Tyr222 are both conserved in the eukaryotic ADOs and a new Cys-Tyr motif C-
X-Y-Y(F) is identified (Figure S1B).

We produced site-directed mutates of Tyr87, Tyr222, and Tyr223, altering them to alanine.
The resulting variants were subjected to activity assay using an oxygen electrode. We
quantitated the oxygen consumption and plotted Michaelis-Menten curves (Figure S4). The
catalytic activity was most significantly reduced in Y222A ADO (ca. 23% of WT), with a
modest reduction in Y87A (ca. 51% of WT), and no significant reduction in the activity of
Y223A was observed (Table S2). To exclude the possibility of decreased activity is due to
backbone distortions, we constructed a Y222F variant and again obtained similar assay
results that showed mutation of Tyr222 led to a significant reduction of the ADO activity.
Alternatively, Fo-Tyr222 ADO only showed a modest decrease in activity (ca. 66% of WT).
Thus, the structural modeling and site-directed mutagenesis analysis further corroborate the
presence of Cys220-Tyr222 cofactor in human ADO and its enhancement to catalysis of the
cysteamine deoxygenation is proven.

In the past decade, thiol dioxygenases including ADO and CDO have attracted a great deal
of attention because of the potential of novel sulfur-based chemistry. The structure and
function study of ADO has been hindered by ambiguity on its catalytic cofactor in the
mature protein, and the enzymatic mechanism remains unknown even after nearly half a
century of the discovery of its enzymatic activity. The ADO cofactor is less accessible
relative to that of CDO because it is not formed from two remote residues and little impact
made to the overall structure, so that there is seemingly only one form of the protein at the
reduced state. Of note, the protein-derived Cys-Tyr redox cofactor is present in a growing
number of iron- and copper-containing proteins. Its presence either enables or significantly
enhances the capacity of the host metalloprotein to mediate a specific redox process, which
may be achieved through correctly positioning substrate(s) or stabilizing the catalytic
intermediates. It was reported that there are nearly three hundred candidate proteins
identified for probable Cys-Tyr crosslinking based on an examination of published protein
structures,[11] whereas few have been validated to possess such a crosslinking. The major
hurdle for such limited number of the reported protein-derived Cys-Tyr cofactor is because
of the dependence on crystallography as the identification utility, which is not always
accessible to a specific system. A recent study has provided an alternative method that
utilizes the native fluorescence, however, there is limited choice for the studied proteins
since it requires small size and low tryptophan composition.[*4] Herein, a high-resolution
mass spectrometry-centered method coupled with the genetic incorporation of unnatural
amino acid is described,[12 151 which may be potentially developed into an efficient method
to detect the presence of a Cys-Tyr cofactor.

In summary, the Cys-Tyr cofactor is firmly established as part of the catalytic machinery in
human ADO by high-resolution mass spectrometry, mutagenesis analysis, activity assays,
and 1°F NMR data. ADO is the second human enzyme that is shown to contain a Cys-Tyr
cofactor, and unlike the first one found in CDO, it has its own crosslink motif. The
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identification of the C-X-Y-Y(F) motif provides one more template for Cys-Tyr crosslink
discovery in thiol dioxygenases. Additionally, we determined the metal-bound oxidant in
ADO is potent enough to activate either an aromatic C-H or a more durable C-F bond when
a genetically substituted fluorotyrosine probe is incorporated into the protein. These findings
will facilitate the structure and mechanism studies of ADO.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) SDS PAGE of ADO and CDO incubated with and without excess DTT. (B) SEC of
ADO eluting from the buffer with and without 1 mM DTT.
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Figure2.

High-resolution mass spectra of WT (A-C) and F,-Tyr222 ADO (D-F). In WT ADO, both
the crosslinked form at /77/2427.6680 and the uncrosslinked form at /7/z 457.1865 were
observed by LC-MS/MS (A). The predicted values are 427.6661 and 457.1847. CID spectra
of the uncrosslinked (B) and crosslinked (C) forms identified the crosslink between Cys220
and Tyr222. In F»-Tyr222 ADO, both the crosslinked form at /7/2436.6638 and the
uncrosslinked form at m/z475.1778 were observed by LC-MS/MS (D). The predicted
values are 436.6614 and 475.1753. CID spectra of uncrosslinked (E) and crosslinked (F)
forms identified the crosslink was formed by Cys220 and F»-Tyr222 with only one fluorine.
C* represents the carbamido-methylated cysteine. Arc represents crosslinking. The intact
peptides (z= +2) are highlighted by red; specified fragments are shown in black while other
observed values are in gray.
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Figure 3.
19F NMR spectra of the F,-Tyr222 enzyme-substrate complex under anaerobic conditions

(A), then exposed to air for an overnight reaction (B), and reaction mixture spiked with
aqueous KF (C).
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ADO structural model. (A) The cysteine and tyrosine residues are highlighted. Tyr87,
Tyr222, Tyr223, and Cys220 are within the second coordination sphere of the iron center
while others are likely located in protein surface and remote from the iron center. (B)
Superposition of the active site of ADO model (green) and CDO crystal structure (PDB ID:

2IC1, gray).
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Thiol dioxygenases in cellular thiol metabolism.
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