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Abstract

In mammals, the non-heme iron enzyme cysteine dioxygenase (CDO) helps regulate cysteine 

(Cys) levels through converting Cys to cysteine sulfinic acid (CSA). Its activity is in part 

modulated by the formation of a Cys93-Tyr157 crosslink that increases its catalytic efficiency over 

10-fold. Here, 21 high-resolution mammalian CDO structures are used to gain insight into how the 

Cys-Tyr crosslink promotes activity and how select competitive inhibitors bind. Crystal structures 

of crosslink-deficient C93A and Y157F variants reveal similar ~1.0 Å shifts in the side chain of 

residue 157, and both variant structures have a new chloride ion coordinating the active site iron. 

Cys binding is also different than for wild-type CDO and no Cys-persulfenate forms in the C93A 

or Y157F active sites at either pH=6.2 or 8.0. We conclude that the crosslink enhances activity by 

positioning the Tyr157 hydroxyl for enabling proper Cys binding, proper oxygen binding, and 

optimal chemistry. In addition, structures are presented for homocysteine, thiosulfate and azide 

bound as competitive inhibitors. The observed binding modes of homocysteine and D-Cys make 

clear why they are not substrates, and the binding of azide shows that, in contrast to what has been 

proposed, it does not bind in these crystals as a superoxide mimic.
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Introduction

Cysteine dioxygenase (CDO) is a mononuclear non-heme iron protein that catalyzes the first 

and committed step of cysteine catabolism, converting cysteine (Cys) to cysteine sulfinic 

acid (CSA) (Scheme 1) by incorporating both oxygen atoms of molecular oxygen to form 

CSA (reviewed in1; 2). The regulation of CDO is crucial for animals to maintain cellular 

cysteine levels within a narrow range,3; 4 as high levels of Cys are toxic,5; 6; 7 and 

imbalances of Cys metabolism have been associated with several neurological 

disorders.8; 9; 10; 11 In a CDO knockout mouse, Cys levels are only slightly elevated, but an 

increased catabolism of Cys though desulfhydration pathways gives rise to increased 

thiosulfate and H2S toxicity12.

In mammals, CDO activity is upregulated in two ways in response to high cysteine levels. 

First is an over ~20-fold increase in CDO through a decrease in its degradation by the 

ubiquitin-proteosome system,13; 14 and second is an over 10-fold increase in specific activity 

derived in a yet unknown manner from the autocatalyzed formation of a Cys93-Tyr157 

crosslink.15; 16; 17; 18 This crosslink is not present in newly transcribed CDO but builds up 

over time as the result of a reaction that occurs during occasional turnovers.15

Structurally, mammalian CDOs have a cupin fold, with three (neutral19) His residues 

coordinating the iron.20; 21 The Tyr157-OH of the Cys93-Tyr157 crosslink is located near 

the iron and is proposed to be a catalytic acid/base that is activated via a Ser153-His155-

Tyr157 catalytic triad.20; 22 Spectroscopic studies show Cys binds to the enzyme first and 

creates the oxygen binding site,23; 24; 25 but except for the recent evidence for a fleeting UV-

absorbing oxygen-bound intermediate,26 spectroscopic evidence for discrete intermediates 

has been unobtainable,23; 24; 25; 27 and the mechanism of CDO remains uncertain (e.g. 2829 

and 30; 31; 32; 33 and 25; 30). A high resolution crystal structure of a Cys-persulfenate/

persulfenic acid complex with wild-type mammalian CDO revealed geometries for how Cys 

and O2 may coordinate the iron and a central role for Tyr157-OH (Figure 1).22 pH-

dependent analyses of these same crystals showed that an important change takes place 

around pH=7.5, as Cys-persulfenate is formed in the active site from pH 5.5 to 7.0 but at pH 

values of 8.0 and 9.0, at which CDO is more active, Cys binds to the active site but no 

persulfenate forms.28 We proposed that the changes were due to deprotonation of Tyr157, as 

it is located close to both oxygen atoms of the persulfenate where it could influence oxygen 

binding. As the persulfenate formed in the crystal is not turned over to make CSA,29 and 

calculations indicate other pathways are of lower energy, 31; 32; 33; 34 the persulfenate/

persulfenic acid may be an off-pathway complex rather than a true intermediate of the 

reaction.
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Interestingly, bacterial CDOs have similar turnover rates to mammalian CDO,35 but have a 

Gly in place of Cys9335; 36 proving that the Cys-Tyr crosslink is not essential for catalysis 

and raising questions about how its formation enhances catalysis. We have shown that 

bacterial CDO has the same binding mode for Cys and the same relative position of the 

Tyr157-OH as crosslinked mammalian CDO,36 and another recent study showed a 

conserved Tyr157-OH position in a C93G variant of mammalian CDO.37 Kinetics of the 

variant and low-crosslinked preparations of wild-type mammalian CDO showed higher pH 

optima, consistent with thioether formation decreasing the pKa of Tyr157, but still not 

revealing how crosslink formation enhances activity.21; 24; 37; 38 Davies et al.37 proposed that 

the advantage of crosslink formation was not to directly increase activity, but to remove side-

reactions that could be caused by the free Cys93 thiolate at higher pH.37 However, a 

shortcoming of C93G as a model for non-crosslinked CDO is that it is missing the non-

covalent steric interaction that must exist between non-crosslinked Cys93 and Tyr157 

sidechains.

Here, we further investigate the roles of the Cys93-Tyr157 crosslink and the putative acid/

base Tyr157 by defining high resolution structures of the crosslink deficient C93A and 

Y157F variants in the presence and absence of Cys. As the active sites of C93A and Y157F 

are similarly disrupted due to the absence or the shift of Y157-OH, we conclude it is the 

proper positioning of this hydroxyl upon crosslink formation that directly enhances the 

enzyme activity by influencing Cys binding and active site chemistry. We also provide 

insight into the specificity of the enzyme through determining structures of wild-type CDO 

and/or the variants in the presence of the competitive inhibitors homocysteine, azide, 

thiosulfate and D-Cys.19; 39; 40

Results

In all, we describe in this report 21 new CDO structures at resolutions between 1.25 and 

1.65 Å (Tables 1, 2, S1, and S2). Of these, 16 are of C93A and Y157F CDO either alone or 

bound to L-Cys, D-Cys or the inhibitor homocysteine; the other five are of wild-type CDO 

bound to homocysteine, azide, or thiosulfate. Based on our previous study of Cys-soaked 

wild-type CDO crystals,28 pH values of both 6.2 and 8.0 were studied to probe possible pH-

dependent differences in active site chemistry (except three structures solved at pH ~7). 

Generally, the structures of the CDO variants at pH 6.2 and 8.0 are qualitatively similar, and 

because the enzyme is more active at pH ~8,24; 29; 38 we primarily focus on the higher pH 

structures in the main presentation and include the pH 6.2 structures as supplemental 

information.

Also, some of these crystal structures have relatively low occupancy (≤0.3) features along 

with the high occupancy features that are of primary interest. Such low occupancy features 

can be difficult to accurately interpret, and result in models with higher coordinate 

uncertainties. While we have modeled certain ones we felt confident about, we have left 

others uninterpreted. We emphasize that all of the main conclusions of this work are based 

on clear higher occupancy features and so would not change even if the details of the low 

occupancy features have not been fully or correctly interpreted.
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The C93A and Y157F unliganded active sites

As purifying native, non-crosslinked wild-type mammalian CDO has been difficult,17 to 

gain insight into its structure we used the C93A and Y157F mutants that are known to have 

some activity but remain non-crosslinked.15; 24 The Y157F mutant can provide insight into 

how the un-reacted Cys93 and the phenyl group of Tyr157 would pack, and the C93A 

mutant can provide a control for distinguishing which active site changes seen in Y157F 

CDO are due to the loss of the crosslink and which are due to the loss of the Y157 hydroxyl 

group. Some evidence for Y157F having a somewhat perturbed structure is that Y157F 

crystals were more difficult to grow and only a fraction of the crystals diffracted to high 

resolution (see methods).

Ligand-free C93A and Y157F structures were solved at ~1.3 Å resolution at pH 8 (Table 1) 

or at pH 6.2 (Table S1). For C93A (Figure 2A and S1A), the active site iron was penta-

coordinate with the three His ligands plus one peak with even higher electron density than 

the sulfurs of Met and Cys residues (~17 ρrms vs. ~15 ρrms), and another with density 

appropriate for a water/hydroxide. The strong density is well modeled as a chloride ion, 

which is present at 15 mM in the crystallization buffer, is known to bind to iron,41; 42; 43; 44 

and was also recently similarly modeled in a crystal structure of a CDO Cys164Ser 

mutant.45 The fully occupied water/hydroxide ligand is opposite to His140, and both the 

chloride and water appear stabilized by reasonably well-aligned bifurcated hydrogen-bonds 

from the Tyr157 hydroxyl (Figure 2A).

In Y157F (Figure 2B and S1B), the iron was largely four-coordinate with a chloride also 

present but slightly shifted so it blocks water from binding opposite to His140. The density 

indicates that a low (~0.3) occupancy water/hydroxide ligand is found opposite His86. This 

weak water appears unreasonably close to both the Fe (~1.7 Å), and the Cys93-Sγ (~2.5 Å), 

possibly indicating it is a hydroxide, but we otherwise have no good explanation for this. It 

is apparently not associated with the minor conformation adopted by the Cys93 side chain in 

the pH 8 structure (Figure 2B), since this conformation is not seen at pH 6.2 (Figure S1B). 

Nevertheless, the reliable information we infer from these structures is that the major 

conformation of Y157F has the Cys93 side chain in a similar orientation as in the wild-type 

enzyme and no fifth iron ligand. A further feature of this structure is that the Arg60 side 

chain mostly (~0.6) adopts a different conformation, which we will refer to as position II, in 

which its guanidino hydrogen bonds with Tyr58 and a water that in turn hydrogen bonds (at 

a typical 3.3 Å distance46) to the chloride (Figure 2B). This Arg60 position matches that 

seen previously in CDO forms having a disulfide modification at Cys16418; 20; 47 and is not 

compatible with Cys binding.28

To assess whether the chloride binding seen in these non-crosslinked structures could be due 

to the iron being present in the ferric state, we soaked C93A and Y157F crystals with 

dithionite and methyl viologen. Although most crystals did not survive this treatment, two 

crystals of Y157F allowed for 1.25 Å resolution analyses at pH 8 (Table 1) and 6.2 (Table 

S1). In both cases, the active site largely still had chloride bound, confirming that the 

coordination seen represents the Fe(II) active site. A minor difference in the active site was 

the presence of some weak density that thanks to the high resolution, we could interpret as a 

low occupancy thiosulfate (S-SO3), a decomposition product of dithionite48 (Figures 2C and 
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S1C). The thiosulfate bound with the terminal sulfur ligating the iron at roughly the same 

position as the chloride, and with the SO3 moiety hydrogen bonding with Arg60 (in position 

II). We tested whether thiosulfate could also bind to wild-type crosslinked CDO and found it 

bound at ~40% occupancy at both pH 8 and 6.2 (Figure 2D and S1D). Despite the fairly 

clear electron density, an implausible feature of these complexes as modeled is an apparent 

~2.1 Å approach of one thiosulfate oxygen with a guanidine nitrogen (Fig 2D). We do not 

have a good explanation for this, but suggest that there is some level of disorder not easily 

seen in the electron density that allows the separation to actually be a still short but plausible 

~2.4-2.5 Å.

Comparing the two non-crosslinked mutant structures with the crosslinked wild-type 

structure reveals that they undergo similar changes (Figure 3). For C93A, the Tyr157 side 

chain shifts ~1.0 Å away from the iron apparently due to the steric interaction with residue 

93-Cβ that is just 3.65 Å from 157-CD and –CE. The chloride ion is near the position of the 

iron-bound water in wild-type CDO, and as noted above, is stabilized by a hydrogen-bond 

from the shifted Tyr157 (Figure 3). No protein atoms outside of this region experience 

noteworthy shifts meaning that His155 is no longer well aligned with the Tyr157 hydroxyl. 

For Y157F, the shift of the Phe157 side chain matches remarkably well with that seen for 

Tyr157 in C93A CDO (Figure 3). The missing hydroxyl of residue 157 opens space in the 

active site, and the chloride is slightly shifted into this space, and this in turn opens space for 

the partially occupied coordinating water near Cys93.

C93A and Y157F in the presence of cysteine

Crystals of C93A and Y157F soaked with 100 mM Cys at pH 8.0, analyzed at ~1.5 Å 

resolution (Table 1), show Cys binding with no molecular oxygen binding or Cys-

persulfenate formation (Figure 4). The position of residue 157 in all complexes is unchanged 

from that seen in the unliganded variants suggesting it is well fixed in that position. For 

C93A, Cys has an estimated occupancy of 90% based on residual electron density 

representing the chloride at occupancy ~0.1 (Figure 4A). The overall binding mode is quite 

similar to that seen in wild-type CDO, with the Sγ and α-amino atoms both coordinating the 

iron (2.35 and 2.3 Å, respectively). Compared to the wild-type CDO complex, a small shift 

(~0.6 Å) of the α-carboxylate appears to accommodate the altered position of the Tyr157 

hydroxyl (Figure 5). The active site Arg60 and Tyr58 that interact with the α-carboxylate 

shift a bit less (~0.3 Å), leading to small variations in the hydrogen bonds between them and 

the α-carboxylate. The most notable difference from the wild-type complex is a new strong 

water site between the iron and the Tyr157 hydroxyl, roughly matching the position seen for 

the distal oxygen (i.e. the OE atom) of Cys-persulfenate (Figure 5).

For Y157F, Cys binds mostly (70%) in the canonical binding mode, coordinating the iron 

via both its thiol and α-amino group (Figure 4B).28 In addition, a minor (~30%) binding 

mode places the Cys-Sγ at the site of chloride binding rather than in the typical position 

(Figure 4B and Figure 5). This minor binding mode plausibly represents Cys molecules 

having a protonated α-amino group (which cannot coordinate the iron), but this is not 

certain. Arg60 and Tyr58 are in their standard positions, forming hydrogen bonds to the α-

carboxylate oxygens (Figure 4B). Interestingly, Cys93 switches its dominant conformation 
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(Figure 4B), which we suggest is enabled by the iron shift and small domain motions that 

occur upon Cys binding in its standard position.28 A control soak of Y157F crystals with 

both Cys and dithionite (Table 2) gave virtually identical results (PDB code 4XF3), 

indicating that the binding modes seen are relevant to Fe(II)-CDO.

Cys soaks with both variants at the lower pH of 6.2 were solved at ~1.4 Å resolution (Table 

S1 and Figure S2). For C93A, the same Cys binding mode is seen, but the occupancy is 

lower at 0.65. For Y157F, none of the standard bi-dentate Cys binding mode is seen, and 

thus no iron shift and alternative Cys93 conformation is observed. Instead, the minor site 

seen in the pH 8.0 analysis is still present as a minor site, and another mode is seen that also 

places the Sγ-atom at the chloride position and has no coordination by the α-amino group, 

consistent with this group being fully protonated at pH 6.2 (Figure S2B).

Homocysteine binding to CDO

Soaks of C93A, Y157F and wild-type CDO at pH 8.0 with homocysteine (Hcy), a known 

competitive inhibitor,19; 39; 49 were solved at resolutions between 1.3 and 1.65 Å (Table 2). 

All of the complexes showed a very similar binding mode with only the thiol coordinating 

the iron (~2.20 Å) and the α-amino group being ~3.5 Å from the iron (Figure 6A-C). The 

thiol sits roughly in the position of the chloride rather than the position thought to be 

catalytically relevant (Figure 7A). The Tyr157-hydroxyl is interacting with the thiol and α-

amino groups of Hcy (Figure 6A,B), and Arg60 only hydrogen bonds with one carboxylate 

oxygen rather than both. Tyr58 and Arg60 shift slightly relative to their positions in the Cys-

bound active site to accommodate the α-carboxylate of Hcy, which extends further from the 

iron (Figure 7A). In both the C93A and Y157F complexes, residue 157 remains in the 

position seen in the unliganded and Cys-bound structures. Structures determined at pH 6.2 

(Table S2) are very similar (Figure S3).

D-Cys binding to CDO

D-Cys, which causes 50% inhibition of CDO at 12 mM,24 has been shown to uncouple CDO 

catalysis so that CDO consumes molecular oxygen readily, but with only approximately 4% 

being converted into CSA, compared with ~80% incorporation of O2 into CSA for L-Cys.24 

For soaks of D-Cys into wild-type and C93A CDO crystals, the electron density was 

complex and included evidence of some displacement of His86 from its iron ligating 

position, and a partial disulfide modification of Cys16418; 20 that is known to disrupt the 

active site.18; 20; 47;28 For the wild-type crystals, we could not place D-Cys with confidence, 

and so are not reporting that structure. However for C93A, despite the complexities, the 

density could be modeled as a 45% occupied dominant and clear D-Cys position, and a 10% 

occupied minor position (Figure 6D). Both coordinate the iron through their thiol and α-

amino groups, with the thiol of the dominant D-Cys sitting in the position of the chloride, 

and that of the minor D-Cys at what is considered the canonical L-Cys binding site. The α-

amino group for both binding modes is close to His86 with the clash apparently leading 

His86 to adopt an alternate position (at 0.55 occupancy) (Figure 6D). Also, the D-Cys 

carboxylate points up to interact with Tyr58 and does not directly interact with Arg60.
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Azide binding to CDO

Azide, which causes 50% inhibition of CDO at 1.4 mM,39 is considered a superoxo mimic, 

despite its ability to bind to CDO even in the absence of Cys.40 Crystal soaks with 100 mM 

azide at pH 6.2 showed no binding to the C93A or Y157F variants, but yielded a 1.5 Å 

resolution full occupancy azide-bound structure of wild-type CDO (Figure 6E and Table 2). 

In the azide-bound structure, a terminal nitrogen coordinates the iron and the azide extends 

at a 105° angle from the iron, similar to what has been seen in 3-His 1-carboxylate mono-

iron enzymes (e.g. PDB code 1AVM50). Consistent with spectroscopic work,40 a fifth water/

hydroxide iron ligand is also present. The azide also interacts with the Tyr157-OH though its 

iron-proximal nitrogen, perhaps explaining why it does not bind as well to C93A or Y157F 

CDO, and Arg60 becomes rather disordered. The position of the coordinating nitrogen 

roughly matches that of the iron-proximal oxygen of the Cys-persulfenate complex and the 

middle nitrogen atom sits close to the normal Cys-bound sulfur position (Figure 7B). 

Interestingly, wild-type CDO crystals soaked with both 100 mM azide and 100 mM Cys, 

gave no evidence of azide binding implying that they do not readily bind simultaneously and 

that at the equal concentrations used, Cys outcompetes azide.

Discussion

Disruption of the Cys-Tyr crosslink by mutation of either Cys93 to Ala or Tyr157 to Phe 

results in the phenyl ring of residue 157 undergoing, in a wide variety of contexts, a nearly 

identical shift of ~ 1.0 Å relative to crosslinked enzyme (Figure 8). That the shift is so 

similar in both mutants allows us to conclude that Cys93 does not push away residue 157 

any more than does an Ala, so that the main cause of the shift must be the steric approach of 

residue 93 Cβ to residue 157 atoms. This implies that a reliable model for what would exist 

in non-crosslinked wild-type CDO can be derived by combining the Cys93 side chain as 

seen in Y157F with the rest of the C93A structure. It also implies that we can make 

inferences about how crosslink formation changes the active site from the mutant structures. 

The importance of the Tyr-OH position for catalysis is further supported by the observation 

that even the bacterial CDO36 and the fully active non-crosslinked C93G mutant of rat 

CDO37 also have the Tyr-OH in a position that is closely similar to that in wild-type 

crosslinked CDO (Figure 8).

The positioning of Tyr157 influences iron coordination

In wild-type crosslinked CDO without substrate bound, the Tyr157 hydroxyl makes a rather 

short (~2.6 Å) hydrogen bond to the iron bound water. The importance of this interaction for 

maintaining that coordination is demonstrated in C93A CDO by the ~1 Å shift in Tyr157-

OH that allows a chloride to displace the water. Because O…Cl hydrogen bonds are in the 

3.0 - 3.7 Å range,46; 51 the native position of the Tyr157 hydroxyl excludes the chloride from 

binding to the wild-type crosslinked enzyme. Human intracellular chloride concentration is 

5 to 60 mM,52; 53 and conceivably chloride might act as a competitive inhibitor and as an 

indirect reason for lower activity in non-crosslinked CDO. Although non-crosslinked CDO 

in vivo may not have a bound chloride, it is certain that its iron coordination will be different 

from that of the crosslinked CDO.
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The positioning of Tyr157 enables proper Cys binding

Exposing crystals of C93A and Y157F variants of CDO to Cys results in direct coordination 

of Cys to the active-site iron, consistent with EPR changes observed for Cys binding to the 

Fe(III) C93A and Y157F variants,24 and to non-crosslinked wild-type enzyme.17 In the 

crosslinked enzyme, Cys was seen to bind to the iron from pH 5.5 to 9.0 in the now 

canonical bidentate mode via its α-amino and thiol groups, indicating that in the active site 

environment the α-amino group is deprotonated over this entire range.28 The structures 

presented here define Tyr157 as a key factor that lowers this pKa from its normal value 

around 8 or 9 to be near 5. Assuming that loss of bidentate binding is due to α-amino group 

protonation, the Y157F bi-dentate Cys binding levels being ~70% and 0% occupancy at 

pH=8 and 6.2, respectively, implies that the Cys α-amino pKa increases to between 7.5 and 

8.0 in the absence of the Tyr157-OH. When the Tyr157-OH is shifted (i.e. in the C93A 

mutant) the impact is not as dramatic, but the weaker bidentate Cys binding at pH 6.2 (65% 

instead of 90% occupancy) is consistent with the likelihood that the α-amino group is 

already partially protonated at that pH. That the Cys93-Tyr157 crosslink is especially 

important for promoting the Fe-N(Cys) coordination is consistent with EPR results showing 

that the most pronounced increase in g strain upon the disruption of the C93-Y157 crosslink 

by mutation (C93A or Y157F) is along the Fe-N(Cys) bond (g1 axis).24

The positioning of Tyr157 influences its activation and dioxygen binding and chemistry

The ~1.0 Å shift in Tyr157 in the non-crosslinked enzyme also can be inferred to impair the 

ability of Tyr157 to serve as a catalytic acid/base. Importantly, as Ser153 and His155 do not 

change positions, the shift in Tyr157 causes a misalignment of the catalytic triad (Figure 8). 

The His155-NE2 to Tyr157-OH hydrogen bonding interaction goes from an N…O distance 

of ~2.8 to ~3.2 Å and an N-H…O angle of ~145° to ~130°. The substantial nature of this 

disruption is underscored by the binding in the C93A:Cys complex of a new ordered water 

(Figure 3A); it both accepts a hydrogen bond from His155 and blocks the expected dioxygen 

binding site.22; 23; 24; 27; 28 Finally, the exquisitely central location of the Tyr157 hydroxyl at 

or below van der Waals distances from both oxygens of the Cys persulfenate and from the 

Cys α-amino group (Figure 1), imply that it is highly involved in the chemistry of CSA 

formation. Even without knowing the mechanistic details, one can surmise that the 1 Å shift 

in the hydroxyl away from the iron is bound to be deleterious to the chemistry it normally 

facilitates. Indeed, all high activity CDOs (cross-linked or not) have a well-aligned catalytic 

triad with a remarkable positional conservation of the Tyr157 equivalent residue, distinct 

from those CDOs with diminished activity (Figure 8).

Among the four published studies of Y157F variants, all show impaired catalytic activity 

(ranging from no activity24 to 2-47 or 20-54 or 100-fold15 lower than wild-type), illustrating 

the importance of the Y157-OH in catalysis.24 Interestingly, the roughly 20-fold lower 

activity of C93A compared with the crosslinked wild-type enzyme24 is similar to the 10-or-

more-fold lower activity reported for the non-crosslinked enzyme, consistent with C93A 

being a reasonable model for that form. Also, a CDO H155A variant had ~100-fold reduced 

catalytic activity compared with pure crosslinked wild-type CDO, and a spectroscopic and 

computational investigation implicated the His155-Tyr157 interaction in optimally 

positioning the Tyr157-hydroxyl, and through this influencing iron coordination.24; 55 
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Finally, a recent kinetics study of the CDO homolog 3-mercaptoproprionate dioxygenase led 

to a proposal that the residue equivalent to Tyr157 must be protonated for the enzyme to be 

active.56

Binding of Inhibitors and insights into CDO specificity

In Alzheimer’s disease high levels of Hcy are observed together with elevated levels of 

cysteine,11 raising the possibility that CDO inhibition by Hcy, with an IC50 of 6.5 mM,57 is 

physiologically significant. Although attempts to crystallize human CDO in the presence of 

Hcy were unsuccessful,47 we have captured Hcy in the active sites of wild-type, C93A and 

Y157F rat CDO through soaking experiments. As Hcy is not a substrate for CDO, it was 

speculated that there must be an energetic reason why the iron(II) CDO-Hcy complex either 

does not bind oxygen or does not react with it.19 However, the structures reveal that the 

inability of CDO to turnover Hcy is not subtle, but is simply due to its thiol binding in an 

incorrect location that blocks the putative oxygen binding site (Figure 7A). It was predicted 

that Hcy has the capacity to coordinate iron via dual S- and N-ligation. 58 However in the 

limited space of the active site, the Hcy α-amino group and thiol groups cannot 

simultaneously bind to the iron as they do for Cys, and this dramatically alters the binding 

mode and hinders catalysis. The equivalent binding of Hcy to the non-crosslinked CDO 

forms implies that, in vivo, in addition to directly preventing Cys conversion to CSA, Hcy 

could inhibit CDO crosslink formation and keep the enzyme in its low efficiency form.

For D-Cys we were able to obtain an interpretable complex with C93A (Figure 6D), but not 

wild type CDO. With its Sγ-atom mostly binding similarly to the thiol of Hcy (comparing 

Figures 6A and D), this implies that D-Cys would be an inhibiter rather than an uncoupler of 

non-crosslinked CDO (for which C93A is a model). Also, the lesser occupied binding mode 

explains how D-Cys could act as an uncoupler of wild-type CDO (promoting the turnover of 

oxygen24; 58) rather than as an inhibitor or substrate. This is because its Sγ-atom being 

positioned similarly to that of a productively bound L-Cys would help create the oxygen 

binding site, but its different geometry of approach would not properly orient the Sγ orbitals 

for reaction with oxygen. Recently, study of a “Gln-type” 36 CDO homolog which shows 

specificity for 3-mercaptopropionic acid as substrate,59 reported that its non-preferred 

substrates such as cysteine or cystamine bound less tightly to the iron and in at least two 

different conformations (i.e. heterogenously).59 These results all support the idea that the 

high specificity of CDO is not related to intrinsic differences in the chemistry of potential 

alternate substrates, but simply due to discrimination against molecules different from L-Cys 

because they do not bind the iron in a proper orientation to promote catalysis.

The structure of azide bound to crosslinked CDO is quite informative. In a recent EPR study 

azide was shown to form an inner-sphere OH−/N3−-Fe(III)CDO complex in the absence of 

Cys.40 Also, based on very weak spectral changes that were said to be due to “a small 

subset” of the active sites that bound both Cys and azide, inferences were made about how 

azide binds as a superoxide mimic in the presence of Cys, and modeling was carried out to 

predict the binding mode.40 The azide complex seen here is consistent with the experimental 

observations, but not their interpretation. It shows that azide does coordinate the iron at 

roughly the same position as the putative oxygen docking site, but rather than binding as a 
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superoxide mimic, the remainder of the molecule extends in a direction that directly blocks 

the Cys binding site (Figure 7B). This competition provides a rationale for why azide could 

not be bound at high occupancy in the presence of Cys, and calls into question the accuracy 

of the density functional theory model modeling of a CDO-Cys-azide ternary complex in 

which the azide coordinates the iron at a similar position, but then extends in a completely 

different direction than is seen in the crystal structure (Figure S4). Our conclusion that azide 

binds competitively with Cys rather than being a true molecular oxygen/superoxide analog is 

also consistent with azide being able to bind in the absence of Cys, while oxygen and other 

known oxygen mimics do not.40

Outlook

Much remains to be learned about the CDO mechanism, but the structures reported here 

advance the field by providing reliable high resolution structures of complexes that can be 

used to guide theoretical studies of CDO catalysis, and by providing insight into two key 

open questions. First, regarding the origins of the exquisite specificity of the enzyme for L-

Cys, the inhibitor-binding studies show that it is a combination of sterics and hydrogen-

bonding groups that allow L-Cys to uniquely bind in a manner that places both its thiolate 

and α-amino groups in proper positions to create the oxygen binding site at the right place 

and with the right geometry for reacting with the thiolate. Second, regarding the mechanism 

by which crosslink formation in mammalian CDO enhances activity, the structures here 

provide compelling support for the conclusion that the importance of crosslink formation is 

primarily about properly positioning the Tyr157 hydroxyl. In all, we see four ways the 

shifted Tyr157 in the non-crosslinked form would be less catalytically effective: (i) proper 

Cys binding should be diminished due to it having more spatial freedom and a higher α-

amino group pKa; (ii) Tyr157 should not be as effectively activated by the catalytic triad; 

(iii) room would be present in the Cys-complex for a bound water that could compete with 

dioxygen binding; and (iv) even with Cys and dioxygen bound properly, the shifted Tyr157 

hydroxyl would not be as well placed to properly influence the binding and reaction of 

molecular oxygen. Consistent with this, all high activity CDOs (cross-linked or not) have a 

well-aligned catalytic triad with a remarkable positional conservation of the equivalent 

Tyr157-OH (Figure 8). Key open questions still to be answered are what are the exact steps 

the lead from a complex with Cys and O2 bound to the CSA product and what exactly is the 

role of Tyr157 in promoting these steps.

Materials and Methods

Expression, purification and crystallization

Expression, purification and crystallization of wild-type, C93A and Y157F recombinant rat 

CDO was done as described previously for rat CDO,22; 28; 60; 61 with seeding being 

especially important for consistent crystal growth for the Y157F variant. The enzymes were 

stored at 6-10 mg/mL in 10 mM Tris pH=7.4 buffer and crystallized at room temperature in 

hanging drops formed from 0.5 μL seed stock in reservoir buffer, 1 μL protein stock and 1 

μL of reservoir buffer composed of 0.1 M tri-sodium citrate pH=5.6, 24% PEG 4000, and 

0.15 M ammonium acetate (final pH=6.2).28 The crystals of all variants were isomorphous 
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with those previously described,22; 28; 60 having space group P43212 and one chain in the 

asymmetric unit.

Crystal soaks and data collection

Soaks were done at room temperature using the reservoir condition as an artificial mother 

liquor (AML) that had its pH adjusted to a final value of 6.2 or 8.0. For data collection, 

crystals were flash frozen by plunging into liquid nitrogen. For cysteine, D-cysteine, 

thiosulfate, homocysteine and azide soaks, crystals were incubated for 10 min in solutions 

with 100 mM cysteine, D-cysteine, thiosulfate, homocysteine, or azide added to AML. 

Ligand-free structures at pH 6.2 were scooped directly from the hanging drop. As 

previously,32 for ligand-free structures at pH 8.0, crystals were incubated for 10 min in 

solutions that contained 100 mM alanine to serve as a buffer that was similar to cysteine. For 

preparing the dithionite-reduced form, crystals were incubated for 45 min under argon in an 

solution of 5 mM dithionite and 0.5 mM methyl viologen in AML with or without 100 mM 

Cys which had been degassed and flushed with argon. The blue color of reduced methyl 

viologen was present during the course of the incubation, indicating that the reducing power 

of the solution was not exhausted.

Synchrotron data sets were collected at beamlines 5.0.1, 5.0.2, and 5.0.3 at the Advanced 

Light Source (Lawrence Berkeley National Laboratory). Data were processed and scaled 

using iMosflm62 and Aimless. 63 For all refinements, the same 10% of the data as used 

previously22; 28 were flagged for use in Rfree.

Crystallographic refinement

For each of the 21 structures reported here, PHENIX-refine64 was used to test eight 

refinement strategies using either the unique unit cell constants for individual crystals 

(within the ranges a=b=57.6-58.2 Å and c=121.7-122.9 Å) or using a=b=57.60 Å and 

c=122.40 Å. Six of the refinement strategies tested were similar to the automated protocol 

used previously28; 65 and began with the 1.5 Å resolution unliganded CDO model (PDB 

code 2b5h) or with the 1.55 Å resolution unliganded CDO model (PDB code 4ieo) either 

with isotropic temperature factors, with one TLS group defined by the entire chain, or with 

individual anisotropic temperature factors. Two additional refinement strategies began with 

PDB code 4ieo with waters retained and a simple minimization either with one TLS group 

defined by the entire chain, or with individual anisotropic temperature factors. The 

anisotropic B-factors were only accepted if their use resulted in an Rfree improvement of at 

least 1% compared with the TLS refinements. The best refinement strategy used the same 

unit cell for all refinements (a=b=57.60 Å and c=122.40 Å) with 4ieo as the starting model 

with the automated protocol. For refinement against all but two of the datasets, the best 

strategy used TLS. The anisotropic B-factors were only used for Y157F dithionite-treated 

structures at pH 6.2 and 8.0 which at 1.25 Å resolution were the best resolved structures.

After the automated stage, each refinement was completed using manual rebuilding in 

Coot66 and PHENIX-refine minimization. Some water sites were removed and others were 

added using standard criteria (>1 ρrms density in the 2Fo −Fc map, >2.4 Å distance from 

nearest contact), and all difference map peaks above 5*ρrms were checked. Alternate 
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conformations were only added when electron density features required it and when those 

features could be interpreted in a way that made chemical sense. For instance, for cases of 

partially occupied ligands, atoms expected to be present in an alternate unliganded 

conformation were not included simply based on the principle that they must be present if 

the ligand is not fully occupied. For those refinements using TLS, the temperature factors of 

the iron were refined anisotropically, and this resulted in an improvement of ~0.5% in Rfree. 

Molprobity67 was used to find problems with model geometry. Data collection and 

refinement statistics are in Tables 1 and 2 for structures reported in the main paper, and in 

Tables S1, S2 and S3 for structures reported in the supplemental information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In mammalian CDO, the Cys-Tyr crosslink formation properly 

positions the Tyr-OH

• Proper Tyr-OH position guides Cys-binding and aligns Ser-His-Tyr 

catalytic triad

• Homocysteine and D-Cys binding modes make clear why they are not 

substrates

• Azide does not bind as a superoxide mimic

• Diverse high-accuracy CDO structures can ground future simulations 

and experiments
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Figure 1. 
Standard view of the wild-type rat CDO active site with bound cysteine persulfenate/

persulfenic acid. Stick model from PDB code 3ELN22 is shown with standard atom coloring 

(oxygen: red, nitrogen: blue, sulfur: yellow, iron: orange, and carbons: grey). Iron ligation 

bonds (solid) are shown and inferred hydrogen bonds (dashed with distances) are indicated. 

The Cys position matches that seen for Cys alone28 and is thought to be catalytically 

relevant. The dioxygen moiety of the Cys-persulfenate is also thought to roughly occupy the 

catalytically relevant oxygen binding site that is created upon Cys binding.
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Figure 2. 
High resolution views of the Y157F and C93A active sites and of thiosulfate binding. All 

2Fo-Fc density is contoured at 1.4 ρrms, and stick models and interactions are shown as in 

Figure 1 and with chloride atoms green. (A) unliganded C93A at pH 8.0 (PDB code 4XFB). 

(B) unliganded Y157F at pH ~7.0 with the Cys93 side chain in two conformations at 0.8 and 

0.2 occupancy (PDB code 4XET). The dominant Cys93-Sγ position is 3.7 Å from the 

chloride, a potential hydrogen-bonding distance.46 (C) Y157F soaked in dithionite at pH 8.0 

showing thiosulfate bound at occupancy ~0.3 (PDB code 4XEZ). (D) wild-type CDO soaked 

in thiosulfate at pH 6.8 with thiosulfate bound differently and at occupancy ~0.4 (PDB code 

5I0T).

Driggers et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2017 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Stereoview comparison of the wild-type, Y157F and C93A unliganded active sites. Ligand-

free crosslinked wild-type CDO (PDB entry 2B5H)20 has green carbons/waters, chloride-

bound C93A (PDB entry 4XFB) has orange carbons/waters/chloride, and chloride-bound 

Y157F (PDB entry 4XET) has tan carbons/water/chloride. Chlorides are represented as 

larger spheres than the waters.
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Figure 4. 
High resolution views of the cysteine-complexes of Y157F and C93A CDO. 2Fo-Fc electron 

density and models and interactions are shown as in Figure 2 with occupancies of the bound 

chloride and Cys provided in parentheses. (A) Cys soak of C93A at pH 8.0 (PDB code 

4XF0), the water near Ala93 receives a hydrogen bond from His155 (not shown). (B) Cys 

soak of Y157F at pH 8.0 (PDB code 4XF1). A Cys plus dithionite soak of Y157F at pH 8.0 

yielded virtually identical results (PDB code 4XF3).
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Figure 5. 
Stereoview comparison of Cys binding to wild-type, Y157F and C93A CDO. Wild-type 

Cys-persulfenate (PDB code 3ELN22) has green carbons/waters, C93A CDO (PDB code 

4XF0) has orange carbons/waters and for simplicity the 0.1 occupancy chloride is not 

shown, and Y157F CDO (PDB code 4XF1) has tan carbons/waters and the lower (~0.3) 

occupancy water and alternate conformation of Cys93 are not shown.
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Figure 6. 
High resolution views of the homocysteine (Hcy), D-Cys, and azide complexes of wild-type 

and/or mutant CDOs. 2Fo-Fc electron density and models and interactions are as in Figure 2. 

(A) Hcy soak of wild-type CDO at pH 8.0 (PDB code 4XF4). (B) Hcy soak of C93A at pH 

8.0 (PDB code 4XF9). (C) Hcy soak of Y157F at pH 8.0 (PDB code 4XFA). (D) D-Cys soak 

of C93A at pH 8.0 (PDB code 5I0R). The orientation is rotated slightly relative to the other 

figures to better show the His86 alternative conformation. The bound D-Cys α-amino group 

would collide with His86 in its iron ligating position (being ~1.6 Å from His86-Nε2). (E) 

Azide soak of wild-type CDO at pH 6.2 (PDB code 4PJY).
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Figure 7. 
Stereoview comparisons of Cys-persulfenate, Hcy and azide binding to wild-type CDO. (A) 

Overlaid complexes of wild-type crosslinked CDO with bound Cys-persulfenate (green 

carbons/waters) and Hcy (tan-carbons/waters). (B) Overlaid complexes of wild-type 

crosslinked CDO with bound Cys-persulfenate (green carbons/waters) and azide (orange 

carbons/waters/azide). Also, visible in the overlays is that neither Hcy nor azide cause the 

same shift in the iron as does binding the Cys-persulfenate.
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Figure 8. 
Positional conservation of the Ser-His-Tyr catalytic triad among wild-type CDO structures. 

Side chains equivalent to rat CDO residues 93, 153, 155 and 157 are shown for wild-type rat 

CDO structures (green carbons; six inhibitor-bound structures from this work plus the 

previously published unliganded–PDB code 2B5H20 – and Cys-persulfenate-bound – PDB 

code 4IEU28 – structures), its C93A variant (orange carbons; 6 structures from this work), 

its Y157F variant (tan carbons; 10 structures from this work), along with previously 

published structures of its C93G variant (cream carbons; PDB code 4UBG37) and the non-

crosslinked, but fully active Bacillus subtilis CDO (purple carbons; PDB code 4QM936).
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Scheme 1. 
Reaction Catalyzed by Cysteine Dioxygenase
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Table 1

Data collection and Refinement Statistics for CDOs
a

CDO form C93A Y157F Y157F Wild-type C93A Y157F Y157F

soak none none dt thiosulfat Cys Cys Cys + dt

nominal pH 8.0 8.0
b 8.0 e

8.0
b

8.0 8.0 8.0

Data
collection

Resolution
(Å)

41-1.35
(1.37
−1.35)

34-1.30
(1.32
−1.30)

26-1.25
(1.27
−1.25)

31-1.37
(1.39
−1.37)

34-1.40
(1.42
−1.40)

34-1.55
(1.58
−1.55)

34-1.55
(1.58
−1.55)

Unique Obs. 45533
(1757)

47533
(1331)

53790
(1261)

44485
(2135)

37823
(1109)

31437
(1539)

31232
(1519)

Multiplicity 23.3
(9.1)

40.7
(18.0)

22.2
(6.8)

27.3 (21.5) 28.1
(26.4)

25.9
(16.3)

26.0
(16.3)

Completenes
s

97.9
(78.6)

91 (52) 92.3
(45.2)

100 (100) 91.8
(54.1)

100
(100)

100
(100)

<I/ρ> 22.5
(1.0)

27.8
(1.5)

27.1
(1.4)

15.9 (0.7) 22.5
(1.8)

21.4
(0.6)

17.3
(0.6)

Rmeas
c
 (%)

10.3
(257)

9.1 (247) 7.0 (129) 19.0 (538) 15.4
(366)

7.6 (596) 9.0 (500)

CC1/2
d
 (%)

1.0
(0.29)

1.0
(0.44)

1.0
(0.56)

1.0 (0.20) 1.0
(0.26)

1.0
(0.24)

1.0
(0.23)

Refinement

Rcryst / Rfree
(%)

16.1/19.
1

16.2/18.
8

12.1/16.
2

16.9/20.0 15.5/18.
6

18.3/22.
4

18.7/22.
2

No. Obs 45445 47060 53704 44155 37752 30548 30399

No. residues 186 186 186 186 186 186 186

No. waters 333 289 354 313 302 143 133

No. atoms 1952 1888 1935 1914 1869 1717 1702

rmsd angles
(°)

1.30 1.32 1.25 1.07 1.28 1.27 1.30

rmsd lengths
(Å)

0.014 0.011 0.011 0.008 0.010 0.012 0.014

φ,ψ-favored

(%)
e

99.5 99.0 99.0 98.0 99.0 98.5 99.0

<B> protein
(Å2)

18 20 17 23 20 46 46

<B> ligand
(Å2)

18 21 15 19 14 33 38

PDB code 4XFB 4XET 4XEZ 5I0T 4XF0 4XF1 4XF3

a
All refinements used space group P43212 with a=b=57.60 Å and c= 122.40 Å. Numbers in parentheses refer to the highest resolution bin.

b
Soak solution at pH 8, but pH sensitive loop conformation indicates pH ~ 7 (see27 and methods)

c
Rmeas is the multiplicity-weighted merging R-factor65

d
CC1/2 is the correlation between two datasets each based on half of the data as defined in Karplus & Diederichs.62

e
Ramachandran statistics as defined by Molprobity64, no φ,ψ-outliers in any structures
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Table 2

Data collection and Refinement Statistics for inhibitor-complexed CDOs
a

CDO form Wild-type C93A Y157F Wild-type C93A

soak Hcy Hcy Hcy azide D-Cys

nominal pH 8.0 8.0 8.0 6.2 pH 8.0

Data collection

Resolution (Å) 41-1.35
(1.37-1.35)

34-1.30
(1.32-1.30)

33-1.65
(1.68-1.65)

34-1.50
(1.58-1.50)

42-1.35
(1.37-1.35)

Unique Obs. 43919
(1521)

43282
(896)

25597
(1236)

33827
(4812)

46343
(2257)

Multiplicity 23.8 (10.3) 26.7 (17.9) 27.4 (22.8) 11.8 (11.9) 53.5 (36.7)

Completeness 94.9 (68) 84.2 (36.2) 98.9 (95.2) 100 (100) 100 (100)

<I/ρ> 23.7 (1.0) 21.3 (1.2) 26.3 (2.0) 8.6 (0.6) 17.4 (0.8)

Rmeas
c
 (%)

8.0 (245) 10.5 (251) 9.1 (199) 18.2 (538) 25.0 (614)

CC1/2
d 1.0 (0.26) 1.0 (0.33) 1.0 (0.60) 1.0 (0.17) 1.0 (0.22)

Refinement

Rcryst / Rfree (%) 16.2/19.1 15.7/18.6 16.9/21.0 17.2/21.0 16.9/20.0

No. Obs 43838 43245 25071 33667 46118

No. residues 186 186 186 186 186

No. waters 280 302 182 214 321

No. atoms 1914 1907 1749 1785 1914

rmsd angles (°) 1.36 1.27 1.33 1.31 1.01

rmsd lengths (Å) 0.011 0.010 0.013 0.012 0.008

φ,ψ-favored (%)
e 99.0 99.0 99.5 99.5 99.0

<B> protein (Å2) 23 20 40 28 23

<B> ligand (Å2) 40 33 30 47 16

PDB code 4XF4 4XF9 4XFA 4PJY 5I0R

a
All refinements used space group P43212 with a=b=57.60 Å and c= 122.40 Å. Numbers in parentheses refer to the highest resolution bin.

b
Soak solution at pH 8, but pH sensitive loop conformation indicates pH ~ 7 (see27 and methods)

c
Rmeas is the multiplicity-weighted merging R-factor65

d
CC1/2 is the correlation between two datasets each based on half of the data as defined in Karplus & Diederichs.62

e
Ramachandran statistics as defined by Molprobity64, no φ,ψ-outliers in any structures
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