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ABSTRACT: Cysteine dioxygenase (CDO) is a non-heme
monoiron enzyme with an unusual posttranslational modification
in the proximity of the ferrous iron active site. This modification, a
cysteine to tyrosine thioether bond, cross-links two β-strands of
the β-barrel. We have investigated its role in catalysis through a
combined crystallographic and kinetic approach. The C93G
variant lacks the cross-link and shows little change in structure
from that of the wild type, suggesting that the cross-link does not
stabilize an otherwise unfavorable conformation. A pH-dependent
kinetic study shows that both cross-linked and un-cross-linked
CDO are active but the optimal pH decreases with the presence of the cross-link. This result reflects the effect of the thioether
bond on the pKa of Y157 and this residue’s role in catalysis. At higher pH values, kcat is also higher for the cross-linked form,
extending the pH range of activity. We therefore propose that the cross-link also increases activity by controlling deleterious
interactions involving the thiol/ate of C93.

Cysteine dioxygenase (CDO) is a non-heme monoiron
enzyme that has attracted interest because of its primary

role in the oxidative breakdown of cysteine and also because of
its unusual structural characteristics.1−3 These characteristics
include a neutral ligand coordination site for ferrous iron
provided by three histidine residues and a posttranslational
modification consisting of a cysteine−tyrosine thioether
bond.4−7 It has been proposed by us and others that both
these structural motifs are vital for explaining enzymatic
activity.6,8−13

In a previous study, we showed that iron is tightly bound to
the three histidines with a dissociation constant (6 μM)14 that
is comparable with that of the anionic His2/CO2

− ligand set
used by most other non-heme monoiron enzymes. We further
showed through Mössbauer spectroscopy that the ferrous iron
is octahedrally coordinated in the resting state and undergoes a
reduction in coordination number upon cysteine binding.14

This is consistent with independent spectroscopic and binding
studies that showed that iron binding is not changed but
substrate binding is by the unusual choice of ligands for the first
coordination sphere.15−17

The cysteine−tyrosine cross-link of mammalian CDO is
present in only ∼50% of either recombinant protein or cell
lysate.8−10 Dominy et al. and our group showed that cross-link
formation required CDO-bound iron and the presence of
substrates dioxygen and cysteine.7,8,10 The proportion of cross-
link can be reduced by excluding oxygen during expression and
purification or increased through catalytic cycling.8 The initial
rate of catalytic turnover was seen to increase with the amount
of cross-link present, and more recently, it has been suggested
that both kcat and KM are altered.8,9 Indeed, site-directed

mutagenesis to substitute C93 with alanine or serine reduces
activity, suggesting that the cross-link plays an important role in
catalysis.6,9−13

However, Dominy et al. purified and characterized four
bacterial CDOs that show substantial activity in the absence of
a cross-link. Sequence alignment shows that those bacterial
CDOs possess glycine rather than cysteine at the position
equivalent to C93 yet nonetheless show activity similar to those
of mammalian CDOs.18 There are two crystal structures of
proposed bacterial CDOs [Protein Data Bank (PDB) entries
2GM6 and 3USS], and in both cases, there does not appear to
be gross rearrangement of the active site with the tyrosine
occupying a very similar position relative to the iron. The
structure and high activity of the bacterial CDOs suggest that a
C93G variant would complement the C93A and C93S variants
used by others to probe the role of the cysteine−tyrosine cross-
link.
The cysteine−tyrosine cross-link is known from model

chemistry to affect both the redox potential and the pKa of the
tyrosine, decreasing both.19 It is therefore important that the
kinetic parameters used to investigate the role of the cross-link
are measured over a pH range. In this study, we have therefore
determined the crystal structure of the C93G CDO variant
(PDB entry 4UBG) and conducted a complete pH kinetic
profile of CDO with different proportions of the cross-link and
compared them with those of the C93G variant.
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■ MATERIALS AND METHODS
Expression and Purification of 60% Cross-Linked

Wild-Type (WT) CDO. Expression and purification of Rattus
norvegicus CDO using Strep-Tag affinity technology were
performed as described previously.14 Purified protein was found
to be a least 95% pure by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) analysis
(Figure 1A). Purified protein was extensively dialyzed (dilution

factor of >109) against 20 mM TRIS-HCl buffer (pH 8.0)
containing 40 mM NaCl. Dialyzed protein was concentrated
(>700 μM) and found to contain ∼15% endogenously bound
iron as previously reported.14

Expression and Purification of WT CDO Depleted of
the Cross-Link (20%). Mainly un-cross-linked WT CDO was
produced and processed in exactly the same way as 60% cross-
linked WT CDO except that autoinduction medium (For-
medium) was used during protein expression according to the
manufacturer’s protocol. Figure 1B illustrates an approximately
13% cross-linked purified WT CDO.
Expression and Purification of the R. norvegicus C93G

CDO Variant. The cysteine 93 to glycine (C93G) mutation
was generated using primers (Invitrogen) containing a TGC-to-
GGC codon substitution. A polymerase chain reaction
catalyzed by PfuUltra High-Fidelity DNA polymerase (Stra-
tagene, Agilent Technologies) was conducted according to the
manufacturer’s protocol. Both strands of the CDO coding
region of the expression construct (pPR-IBA1/CDO/C93G)
were fully sequenced to confirm the absence of adventitious
mutations (Genetic Analysis Services at the University of
Otago). Expression and purification conditions were the same
as for 60% cross-linked WT CDO. As expected, CDO with the
C93G substitution resolved into one band upon being
subjected to SDS−PAGE, illustrating the absence of the
posttranslational modification associated with C93−Y157 in
WT CDO (Figure 1C).

Iron Reconstitution of the CDO Active Site. The CDO
active site was reconstituted with ferrous iron through addition
of ∼0.95 equiv of ferrous ammonium sulfate. The sample was
subjected to treatment with analytical grade Chelex 100 sodium
form, 200−400 mesh (Bio-Rad), to remove any unbound
iron.14 After such treatment, protein preparations of WT and
C93G CDO equally contained ∼0.95 equiv of iron as judged by
a colorimetric assay using ferrozine.14,20,21 This observation
suggested that neither the minimization of cross-linked CDO
nor its complete absence (C93G variant) compromised the
quality of binding of iron to the CDO active site.

Crystallization and Structural Determination of the
C93G Variant. Crystals were grown and processed using the
same conditions described previously.22 Hanging drops of 1.5
μL of approximately 7 mg/mL C93G CDO [10 mM sodium
phosphate and 20 mM NaCl (pH 7.5)] and 0.6 μL of crushed
WT CDO seeds in their own growth solution [25% (w/v)
polyethylene glycol 1500, 13 mM succinate, 44 mM sodium
phosphate, and 44 mM glycine (pH 5.2)] and 1.5 μL of
reservoir buffer were allowed to equilibrate above the reservoir
buffer [26% (w/v) polyethylene glycol 4000, 200 mM
ammonium acetate, and 100 mM sodium citrate (pH 6.3)].
Data were collected at the MX2 beamline of the Australian
Synchrotron. Using 1° oscillations, 180° of data were collected
on an ADSC (Area Detector Systems Corp.) detector with a
detector distance of 180 mm at 13000 eV, 80% attenuation, and
5 s exposure. Data were indexed in space group P43212, with
unit cell dimensions of 57.84, 57.84, and 122.7 Å, and
integrated in iMosflm. Exclusion of data near ice rings
decreased the completeness in certain shells.23 Scaling was
done using Aimless;24 5% of reflections were reserved for the
calculation of Rfree (Table 1). The resolution was initially cut
back to 1.82 Å based on the CC1/2 values of >0.5

25 reported by
Phenix. PDB entry 4KWJ22 was used for molecular replacement
in Phenix.Phaser26 with one monomer in the asymmetric unit.
The active site iron and sodium solvent molecules were placed
using Phaser-EP26 (MR-SAD). Phenix.Refine,26 Phenix.Ready-
set,26 and COOT27 were used for refinement; in later
refinement steps, the resolution was cut to 1.90 Å to improve
the quality of the data. Translation/libration/screw (TLS)
analysis28 was used as implemented in the TLSMD Web
server.29 Coordinates and structure factors were deposited in
the Protein Data Base as entry 4UBG.

Choice of Buffers for pH Studies. To check for buffer-
induced artifacts, kinetic experiments were repeated at certain
pH values using alternative buffers. We found that tricine buffer
had a significant inhibitory effect on cysteine dioxygenation
when compared to those of TRIS and/or CHES buffers at the
same pH. This buffer effect has been previously reported in the
context of alkaline phosphatase.30 Because all the kinetic
experiments were conducted at the same temperature (22 °C),
usage of TRIS buffer was justified. The following buffers were
used for the pH study: MES, MOPS, TRIS, and CHES. To
ensure that the pH of the reaction mixture remained constant
under reaction conditions involving initial cysteine concen-
trations of up to 40 mM, we used buffers at a concentration of
200 mM. Particular care was taken to ensure that the ionic
strength of the buffers remained the same across the pH profile
(150 mM) by addition of NaCl.

Measurement of CDO Activity. CDO activity was
measured using a 96-well plate Ellman’s assay as previously
reported.31 An experimental grid consisting of at least 10 points
for time courses at five different cysteine substrate concen-

Figure 1. SDS−PAGE analysis of purified WT and C93G rat CDO
produced using different expression conditions. Purified samples of rat
CDO were resolved by SDS−PAGE on a 15% (w/v) polyacrylamide
gel and detected by staining with Coomassie Blue. (A) WT CDO
produced using standard expression conditions: lane 1, molecular
weights (MWs, kDa) of selected markers; lane 2, migration pattern of
MW markers; lane 3, purified protein sample; lanes 4 and 5, 20- and
40-fold diluted samples, respectively, shown to illustrate sample purity.
Symbols u and c indicate the mobility of un-cross-linked and cross-
linked CDO, respectively. (B) WT CDO produced using auto-
induction expression media: lane 6, purified protein sample; lanes 7
and 8, 20- and 40-fold diluted samples, respectively. (C) C93G variant
produced using standard expression conditions: lane 9, purified C93G
variant sample; lanes 10 and 11, 20- and 40-fold diluted samples,
respectively.
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trations was used to determine each set of kcat and KM values.
All kinetic data were analyzed using Microsoft Office Excel and
Graph Pad Prism (6.0).
Modeling the pH Dependence of Cysteine Dioxyge-

nation. To a first approximation, it is valid to treat an enzyme
as having two dissociable groups in the active site with only the
singly protonated form proceeding through catalysis. This
translates into a pH profile resembling a bell shape or normal
distribution curve. To account for the pH profile observed for
WT CDO with 60% cross-link (Figure 4; kcat remains constant
and is only marginally reduced at higher pH), we therefore
added a second catalytically active ES species to Scheme 1. The

molecular dissociation constants KE1 and KE2 describe the first
and second proton dissociations, respectively. KES1 and KES2
represent the first and second proton dissociations, respectively,
of the enzyme−substrate species. kcat represents the summation
of all rates after the formation of ES species and dissociation of
the product. For simplification, this scheme deals only with the
rapid equilibrium of the substrate and hydrogen binding. k1 and
k−1 represent the equilibrium constants for the dotted lines as

well as the solid line equilibrium arrows between EH− and
EHS−.
By deriving the molecular dissociation constants from the

group dissociation constants, under steady state conditions, we
can apply the following equation32,33
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where kcat is the catalytic constant for the formation of the
product from the enzyme substrate species, kćat is the pH-
corrected parameter,34 and KES describes the molecular
dissociation constants for the enzyme substrate complex. u
and c represent the proportion of un-cross-linked and cross-
linked CDO, respectively.

Determination of Comparative Efficiency of Cysteine
Dioxygenation. On the basis of recent interpretation35−38 of
the Michaelis−Menten catalytic efficiency (specificity con-
stant), eq 2 was used to calculate the efficiency of cysteine
dioxygenation by WT and C93G CDO

=
+

×E
k

k K( [S])
10F

cat

dif M

10

(2)

where EF is the efficiency constant and kdif is the rate of
diffusion that is estimated39 to be ∼109 M−1 s−1. The
comparative efficiency of cysteine dioxygenation was deter-
mined by subtracting the pH profile of catalytic efficiency of
C93G from the respective profile of WT CDO.

■ RESULTS
Expression and Purification of WT CDO and Its C93G

Variant. We have previously produced CDO with low
proportions of cross-link by using anaerobic expression
conditions.8 In a recent study by Njeri et al., the un-cross-
linked WT CDO has been produced using a metal chelator
added prior to the induction of protein expression.13 In this
study, we employed standard and autoinduction expression
media to produce different proportions of cross-linked CDO
active sites (Figure 1A,B). The fraction of cross-link can be
determined through densitometry of isoforms separated by
SDS−PAGE. The cross-linked state of the upper and lower
bands has been confirmed previously by mass spectrometry.7

Representative SDS−PAGE gels shown in panels A and B of
Figure 1 were found to contain 42 ± 10 and 13 ± 5% cross-
link, respectively. This observation is consistent with previous
accounts of CDO expression.8,9 Unexpectedly, after dialysis,
concentration, and active site iron reconstitution, we observed
an increase in the proportion of the cross-linked CDO present
in the purified protein samples (59 ± 10 and 21 ± 5% for CDO
expressed under standard and autoinduction expression
conditions, respectively). Such an increase in the cross-linked
fraction has not been reported previously. However, in a recent
study by Njeri et al., they reported a cross-link in iron-free
CDO active sites, highlighting the fact that little is known about
the actual mechanism of cross-link formation.13 The purified
protein preparations of the C93G CDO variant migrated as a

Table 1. X-ray Data Collection, Reduction, and
Crystallographic Refinement Statistics of C93G Resting
State 4UBG

resolution range 52.32−1.82 Å (1.86−1.82 Å)a

no. of observed reflections 232626 (14581)
no. of unique reflections 17317 (1131)
redundancy 13.4 (12.9)
completeness 88.3% (100.0%)
I/σ 16.8 (1.9)
CC1/2 0.892 (0.719)
Rmerge

b 0.127 (1.246)
resolution range used in the final
refinement

42.10−1.90 Å (1.97−1.90 Å)

CC1/2 0.876 (0.855)
Rmerge

b 0.114 (0.601)
no. of reflections used in the refinement 27858 (1488)
Rcryst

c 0.202 (0.373)
Rfree

d 0.241 (0.418)
Ramachandran outlierse 0%
Ramachandran unfavorablee 1.1%
Ramachandran favorablee 98.9%
rotamer outlierse 0.6%
Clashscoree 7.82
deviation from ideal bond lengths 0.008 Å
deviation from ideal bond angles 1.055°
average B factor 22.22 Å2

aValues in parentheses indicate the highest-resolution shell. bRmerge =
∑|Iobs − Iave|/∑Iave.

cRcryst = ∑|Fobs − Fcalc|/∑Fobs computed over a
working set composed of 95% of the data. dRfree = ∑|Fobs − Fcalc|/
∑Fobs computed over a test set composed of 5% of the data.
eCalculated using Molprobity.

Scheme 1. Enzyme Reaction Used To Model the pH Profile
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single band when they were subjected to SDS−PAGE, which is
consistent with ablation of the cross-link (Figure 1C).
Structural Consequences of Cross-Link Ablation.

Crystallographic data support an atomic-resolution structure
of the C93G variant (PDB entry 4UBG) and confirm the lack
of any cross-link to Y157 (Figure 2A). The superposition of the
crystal structures of the C93G variant (PDB entry 4UBG) and
WT CDO (PDB entry 4KWJ) is shown in Figure 2B. On the
basis of 187 Cα atom pairs, the root-mean-square deviation for
this superposition40 is 0.164 Å. Overall, no major structural
changes can be observed as a result of the absence of the cross-
link. The C93G variant active site is organized in the same
manner as its wild-type counterpart, and the absence of the
cross-link has no effect on the positioning of the Y157 side
chain. In both structures, the hydroxyl-group of Y157 is 4.1 Å
from the active site iron. Importantly, the respective
interatomic distances are also conserved within the hydrogen
bonding network of the highly conserved S153-H155-Y157
triad. The two conformations of R60 observed in the crystal
structure of WT CDO (PDB entry 4KWJ) are also present in
the C93G variant, further illustrating structural similarities
between the active sites of the variant and native enzyme. As in
other CDO structures, high B factors are observed in the loop
including residue 113, and TLS analysis isolates this region
(residues 111−127) as a segment of elevated, but not striking,
mobility (translation of ∼0.9 Å). TLS analysis of WT CDO
(PDB entry 4WKJ) shows correlated motions of segments that
are strands of the β-barrel and are cross-linked via C93−Y157
(residues 11−110 and 128−169). TLS analysis of C93G shows
greater movement of residues 128−169 (compared to that of
WT) but less movement of residues 11−110, leading to
reduced correlation of movement of the two segments in the

C93G mutant. However, no significant domain movements
become evident.

Kinetic Studies of the pH Dependence of Cysteine
Dioxygenation. The initial rate of cysteine oxidation was
measured using a high-throughput 96-well plate spectrophoto-
metric Ellman’s assay as previously established in our
laboratory.31 The correlation between the rate of cysteine
substrate disappearance and the rate of CSA product formation
under the assay conditions was confirmed for both the WT and
C93G variant CDO preparations used in this study through
HPLC−ELSD analysis as previously established in our
laboratory.41 The initial velocities of cysteine depletion
determined by Ellman’s reagent were normalized to the active
site iron concentration and plotted versus the cysteine substrate
concentration (Figure 3). The data were fit with the Michaelis−
Menten kinetic parameters, kcat and KM (Table 2). The steady
state activity of CDO protein preparations with various
proportions of cross-link was subject to a pH effect. Therefore,
a pH profile from pH 5.8 to 9.1 was determined for WT and
C93G variant CDO.
The kcat−pH profile for WT CDO containing 60% cross-

linked active sites has an optimal pH of 6.6 (Figure 4). This
value is within the range (6.1−9.5) of previously reported
optimal pH values for WT CDO.9,42−49 However, in striking
difference to previous studies at higher pH values, the value of
kcat decreased only marginally and remained independent of
further increases in pH. This unusual pattern of a pH profile
was also observed for kcat of WT CDO containing 20% cross-
linked active sites; however, in this case, the optimal pH shifted
to ∼7.3 and activity was lower. Consistent with our previous
report,8 throughout the pH profile, an ∼3-fold increase in the
proportion of cross-linked WT CDO active sites correlated
with an ∼2.3-fold increase in kcat. Other studies reported

Figure 2. Crystal structure of the C93G CDO variant. Selected conserved side chains are shown with oxygen, nitrogen, sulfur, and iron atoms
colored bright red, blue, yellow, and orange, respectively. (A) Active site residues of the C93G CDO variant. Shown is the 2mFo − DFc active site
electron density (contoured at 1.2σ) and the refined model. (B) Structural comparison of the C93G CDO variant (PDB entry 4UBG, main chain
cartoon and side chain carbon atoms colored dull red) superimposed on WT CDO (PDB entry 4KWJ, cyan) using a Cα atom alignment. Values in
red indicate interatomic distances for the iron, tyrosine hydroxyl, and imidazole nitrogen of 4UBG; cyan values in parentheses give the corresponding
distances in WT CDO (4KWJ).
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greater increases in CDO activity as a function of the fraction of
cross-linked CDO active sites.9,13 However, the most recent
study of human CDO by Arjune et al. did not observe any

effect of the cross-linked fraction of the active sites on the
Michaelis−Menten parameters.12

The kcat−pH profile for the C93G CDO variant containing
0% cross-linked active sites illustrates an optimal pH of ∼7.3
reminiscent of the optimal pH observed for WT CDO
containing 20% cross-linked active sites. However, the C93G
kcat is consistently and significantly higher than the correspond-
ing value for the 20% cross-linked WT CDO across most of the
pH spectrum. The C93G CDO variant kcat−pH profile also
differs from that of WT CDO containing 60% cross-linked
active sites. The optimal pH differs, and the C93G CDO
variant kcat is higher at pH 7 and lower elsewhere. Interestingly,
the C93G variant presented here shows activity across all pH
values, and its kcat is indistinguishable from that of WT, if
compared at the respective pH optima.
Reinterpretation35−38 of the Michaelis−Menten catalytic

efficiency (specificity constant) suggested that for a study of
multiple enzymes (20 and 60% cross-linked WT and 0% cross-
linked C93G variant CDO) with the same set of substrates
(cysteine and oxygen) the commonly used parameter kcat/KM is
not appropriate. Therefore, in this study, this metric was not
employed for comparative analysis. Instead, eq 2 was used for
comparison. This approach integrates values of kcat, KM, and
substrate concentration.

■ DISCUSSION
Posttranslational modifications can alter protein levels or
activity, and as such, they are relevant to cellular homeostasis.
Fractional formation of the autocatalytic thioether bond (cross-
link) in the active site of mammalian CDO has been thought to
have a regulatory role in cysteine dioxygenation through
activation of enzymatic activity. The mechanism of such
activation remains unknown. Previous experimental studies
assessed changes in the Michaelis−Menten kinetic parameters
associated with an increase in the fraction of cross-linked WT
CDO or cross-link ablation in C93A and C93S CDO variants,
with data generally collected at the optimal pH for cross-linked
CDO. While patterns of apparent enzymatic activation have
been observed, the cross-study analysis of those patterns is
difficult because of the spread of optimal pH values for WT
CDO and the absence of such for the variants. In this study, we
present evidence that the removal of the posttranslational
modification from the CDO active site has no obvious
structural consequences. We report a deviation of the CDO

Figure 3. Typical data analysis used for the determination of the
steady state Michaelis−Menten parameters for the cysteine dioxyge-
nation reaction catalyzed by WT CDO containing 60% (black) and
20% (blue) cross-link and by the C93G CDO variant containing 0%
(red) cross-link measured at pH 6.6 (A) and pH 7.1 (B). Data points
were fit to the Michaelis−Menten equation, and the parameters were
calculated used GraphPad Prism 6.0. The full set of parameters can be
found in Table 2. Error bars represent the standard deviation of at least
three data points.

Table 2. Michaelis−Menten Parameters for Cysteine
Dioxygenation Determined at Various pH Values

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

60% Cross-Linked WT CDO
5.8 0.19 ± 0.01 16 ± 2 12 ± 3
6.1 0.30 ± 0.01 12 ± 2 25 ± 5
6.6a 0.36 ± 0.02 10 ± 2 37 ± 9
7.1 0.27 ± 0.02 9 ± 2 29 ± 7
7.7a 0.25 ± 0.03 5 ± 1 56 ± 20
8.1 0.24 ± 0.01 6 ± 1 42 ± 10
8.6a 0.26 ± 0.02 5 ± 1 52 ± 20
9.1 0.24 ± 0.01 5 ± 1 49 ± 20

20% Cross-Linked WT CDO
5.8 0.06 ± 0.01 10 ± 4 6 ± 4
6.1 0.07 ± 0.01 5 ± 2 13 ± 8
6.6 0.10 ± 0.01 17 ± 2 6 ± 1
7.1 0.17 ± 0.01 8 ± 1 22 ± 4
8.1 0.11 ± 0.01 3 ± 1 36 ± 10
9.1 0.12 ± 0.01 2 ± 1 56 ± 30

0% Cross-Linked C93G CDO Variant
5.8 0.09 ± 0.01 7 ± 2 12 ± 4
6.1 0.22 ± 0.01 8 ± 1 28 ± 3
6.6 0.25 ± 0.01 37 ± 3 7 ± 1
7.1 0.38 ± 0.02 9 ± 2 44 ± 20
7.7 0.33 ± 0.01 3 ± 1 95 ± 20
8.1 0.16 ± 0.01 2 ± 1 81 ± 30
9.1 0.10 ± 0.01 2 ± 1 46 ± 30

aAverage of two buffers measured at the same pH.

Figure 4. kcat−pH profile of cysteine dioxygenation by WT CDO
containing 60% (black) and 20% (blue) cross-link and by the C93G
CDO variant containing 0% (red) cross-link. Empty squares represent
data collected in the presence of 200 mM MOPS buffer, filled squares
those in MES, empty circles those in TRIS, and filled circles those in
CHES. Error bars represent the standard deviation of at least three
data points. Lines represent fits to eq 1. The dashed lines show the
theoretical profile of 100% cross-linked (black) and 0% cross-linked
(blue) forms.
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WT pH profile from the typical bell-shaped curve and present a
theoretical model for rationalizing this observation.
The comparative efficiency of cysteine dioxygenation

extracted from integrative analysis of CDO WT and C93G
variant pH profiles argues that removal of the cross-link does
not translate into a dramatic reduction in enzymatic efficiency,
and the C93G variant is more efficient at neutral pH (Figure 5).

Previous studies have substituted C93 with alanine or serine,
but in all these studies, kinetic data have been collected at only
one pH; therefore, the data are difficult to compare to each
other and to the current investigation.6,9−13 However, all
previous studies show a decrease in kcat/KM compared to that of
WT. In contrast, C93G shows kcat/KM values comparable to
that of WT over all pH values (Table 2). The robust catalytic
activity of C93G therefore suggests that steric clashes and/or
hydrogen bonding interactions between alanine/serine and the
iron−substrate complex explain the lower reactivity of these
variants. Overall, the kcat−pH profile for the C93G CDO
variant is consistent with the observation that some bacterial
CDO enzymes containing glycine at the C93-relevant position
are as active as their mammalian counterparts.18

We present the first structure of an un-cross-linked
mammalian CDO. All previous structures report that CDO in
the crystal is entirely or predominantly cross-linked, independ-
ent of the cross-link fraction of CDO in the crystallization
solution. The structure of C93G reported here demonstrates
that the un-cross-linked form is competent to crystallize and
indeed is structurally almost indistinguishable from the cross-
linked version. This strongly suggests that the cross-link does
not play a crucial structural role in active site organization of
CDO. TLS analysis suggests that the segment surrounding
Y157 is less mobile when cross-linked, but the overall change in
mobility is not striking. The modest change in mobility may
account for the selective crystallization of cross-linked protein
when both cross-linked and un-cross-linked forms are present.
To investigate whether the cross-link affects the pKa of the

highly conserved Y157, we collected a pH profile for both WT
and C93G. Fitting of kcat as a function of pH using eq 1 for WT
CDO with different proportions of cross-link showed that both
cross-linked and un-cross-linked CDO were active with
different parameters (Table 3). Theoretical pH profiles for
100 and 0% cross-linked CDO are presented as dashed lines in
Figure 4. Comparison of the profile of C93G, which is unable
to form the cross-link, with the theoretical profile of 0% cross-

linked CDO shows the shape of the pH dependence is identical
with the same pK values and pH optima. However, kcat is
significantly higher for C93G compared to 0% cross-link at
nearly every pH, showing that although the same proton
acceptors and donors are used in both proteins, free C93 must
be reducing activity. The mechanism by which this occurs, e.g. a
steric interaction, is not yet known. Importantly, however, the
pH optima of kcat decreased from fully un-cross-linked to fully
cross-linked, and this corresponds with a downshift of the pK
values calculated by the fit of approximately 1 pH unit.
Altogether, this supports the role of the cross-link in reducing
the pKa of Y157 as suggested by model chemistry and further
indicates the importance of Y157 in the catalytic cycle.
C93G showed a more typical bell-shaped curve with a pH

optimum of 7.3, but WT showed considerable activity at high
pH. This deviation was consistent with an additional, active,
doubly deprotonated enzyme−substrate complex (see Scheme
1). This is intriguing as it suggests that C93 has a significant
deleterious effect on catalysis distinct from its role in forming
the cross-link. We therefore postulate a protective role of the
thioether bond in the CDO active site: cross-link formation
removes labile thiol from the active site of CDO and expands
the active pH range. We propose that the ability of the cross-
link to preserve activity at high pH reflects suppression of a
competing interaction rather than a direct contribution to
cysteine dioxygenation. The thiolate of deprotonated C93
would sit close to the binding sites of dioxygen and substrate
cysteine and could produce unwanted interactions in the active
site. Alternatively, a C93 thiolate may attack the substrate
cysteine competing with the dioxygenation reaction. Possible
products of this reaction include formation of cystine either as a
modification of C93 as seen for C1647 or as an alternative,
diffusible oxidation product. Cross-link formation would
abolish this competing reaction. This interpretation explains
our kinetic data and much of that of other researchers but begs
the question of why C93 has been conserved among
mammalian CDOs, especially because the protein is not fully
cross-linked under physiological conditions.
Although reductions of the pKa and reduction potential of

Y157 remain potential benefits of the cross-link, it is not clear
that a greater pH range is sufficient to support the conservation
of C93. Comparison of the catalytic efficiency shows that over a
quite large physiological cysteine concentration range (<5 mM)
and pH range removal of the cross-link via the C93G mutation
leads to a considerably more efficient dioxygenation reaction.
Indeed, an active site thiolate is avoided in bacterial CDOs by
genetic substitution of a glycine for this cysteine. If C93G
contributes to the regulation of mammalian CDO, the
mechanism depends more on inhibition of competing reactions
catalyzed by the free thiol of C93 than on the greater reactivity
of cross-linked Y157.

Figure 5. Comparative efficiency (ΔEF) of cysteine dioxygenation
using the theory of perfect catalysis under steady state conditions. The
color scheme represents the more efficient species at any given pH.
Black and red contours represent the greater efficiency of WT CDO
(60% cross-link) and C93G CDO (0% cross-link), respectively. The
details of data analysis used to generate this figure are described in
Materials and Methods.

Table 3. pH-Dependent Parameters Derived from eq 1

cross-linked un-cross-linked C93G

kćat (s
−1) 0.8 0.2 0.8

k′́cat (s−1) 0.3 0.07 0.05
pKES1 6.1 7.0 7.0
pKES2 6.7 7.5 7.5
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