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Background: Persulfide dioxygenases (PDOs), which belong to the metallo-B-lactamase (MBL) enzyme superfamily, oxi-

dize glutathione persulfide (GSSH).

Results: Crystal structures and ITC data provide information on ligand binding by PDOs.
Conclusion: MBLs share conserved amino acid residues, but the functions of these residues vary by class.
Significance: These results provide criteria for distinguishing PDOs from other MBL superfamily members.

Persulfide dioxygenases (PDOs), also known as sulfur dioxy-
genases (SDOs), oxidize glutathione persulfide (GSSH) to sulfite
and GSH. PDOs belong to the metallo-3-lactamase superfamily
and play critical roles in animals, plants, and microorganisms,
including sulfide detoxification. The structures of two PDOs
from human and Arabidopsis thaliana have been reported;
however, little is known about the substrate binding and cata-
lytic mechanism. The crystal structures of two bacterial PDOs
from Pseudomonas putida and Myxococcus xanthus were deter-
mined at 1.5- and 2.5-A resolution, respectively. The structures
of both PDOs were homodimers, and their metal centers and
B-lactamase folds were superimposable with those of related
enzymes, especially the glyoxalases II. The PDOs share similar
Fe(II) coordination and a secondary coordination sphere-based
hydrogen bond network that is absent in glyoxalases II, in which
the corresponding residues are involved instead in coordinating
a second metal ion. The crystal structure of the complex
between the Pseudomonas PDO and GSH also reveals the simi-
larity of substrate binding between it and glyoxalases II. Further
analysis implicates an identical mode of substrate binding by
known PDOs. Thus, the data not only reveal the differences in
metal binding and coordination between the dioxygenases and
the hydrolytic enzymes in the metallo-3-lactamase superfamily,
but also provide detailed information on substrate binding by
PDOs.

Accumulating evidence indicates that hydrogen sulfide
(H,S) plays significant roles as a signaling molecule in animals
(1, 2). The cellular H,S concentration is maintained by equilib-
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rium between its formation and oxidation. It is produced from
sulfur-containing amino acids by cystathionine B-synthase,
cystathionine y-lyase, and mercaptopyruvate sulfur transferase
(3). In eukaryotes, H,S is oxidized in the mitochondrion. First,
sulfide:quinone oxidoreductase oxidizes it to sulfane sulfur that
is likely present as a cysteinyl persulfide intermediate within the
active site (4). Sulfide:quinone oxidoreductase passes the sulfur
to a sulfane sulfur acceptor. Although sulfite is an effective
acceptor, GSH is more likely to be the physiological acceptor to
produce glutathione persulfide (GSSH) (5). Then, persulfide
dioxygenase (PDO),* which is also known as sulfur dioxygenase
(EC 1.13.11.18), oxidizes GSSH to sulfite and GSH (6). Further-
more, arhodanese or sulfurtransferase is involved in the metab-
olism (5, 7, 8). Mutations in the human PDO gene ethel are the
cause of the recessive hereditary disease ethylmalonic enceph-
alopathy, which can lead to unusually high excretion of short-
chain carboxylic acids in the urine, brain defects, and early
death (9). PDO activity is also important in plants; its gene
inactivation in Arabidopsis thaliana has been reported to pro-
duce defects in seed development and embryonic arrest by the
early heart stage (10). Thus, H,S oxidation plays a major phys-
iological role in both plants and animals.

The activity of PDO was initially discovered in bacterial cell
extracts, and GSSH was identified as a substrate (11). The
human PDO (referred to as hPDO in this report, and is known
as hETHELI) is the first characterized PDO (10, 12). Sequence
analysis reveals that it belongs to the metallo-B-lactamase
superfamily, which consists of mainly hydrolytic enzymes (13).
Proteins in the family share the same structural fold of two
stacked B-sheets surrounded by a-helices. The metal-binding
residues are located at one edge of the B-sheets, and substrate
binding is from the loops and a-helices surrounding the metal
center. These proteins have six or seven conserved amino acid
residues for binding one or two metal ions at the metal center.
Because the other members of the superfamily are mainly

“The abbreviations used are: PDO, persulfide dioxygenase; ITC, isothermal
titration calorimetry; r.m.s., root mean square.
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hydrolytic enzymes, their reaction mechanisms cannot apply to
explain the dioxygenase activity of PDOs.

Using the hPDO sequence, we have identified a wide distri-
bution of PDO genes in sequenced bacterial genomes and have
recently characterized 10 bacterial PDOs (14). On the basis of
sequence analysis, we have proposed three subclasses of PDO:
(i) ETHEL, which is present in animals, plants, and bacteria, (ii)
persulfide dioxygenase A (PdoA), also known as sulfur dioxy-
genase A (SdoA), which is common in Proteobacteria, and (iii)
Blh, which is an acronym for “B-lactamase-like hydrolase” (14).
To be consistent with scientific names, we rename the bacterial
ETHE1 type as PDO type I, and the PdoA type as PDO type II
throughout this report. Our new structural data also support
this classification. Apo-form crystal structures of hPDO and
A. thaliana PDO (referred to as AtPDO in this report, and is
also known as AtETHE1) have been determined (15, 16).

In this report, we present structural and biochemical anal-
yses for a PDO from Pseudomonas putida (PpPDO2, also
known as PpSdoA) and for a PDO from Myxococcus xanthus
(MxPDO1b, also known as MXxETHE1b because M. xanthus
possesses three type I PDOs). The crystal structure of PpPDO2
with GSH in its binding pocket permits identification of the
amino acid residues involved in substrate binding. In addition,
structural comparison of PpPDO2 with MxPDO1b reveals that
there are differences in the GS-moiety binding sites between
them. Furthermore, the change of metal binding in the PDOs in
comparison with other members of the MBL superfamily is
discussed for the evolution of a dioxygenase from a hydrolase.

Experimental Procedures

Chemicals and Enzymes—Chemicals were obtained from
Sigma or Fisher Scientific. Crystallization screens were ob-
tained from Hampton Research and Qiagen.

Cloning and Enzyme Purification—Genes encoding PpPDO2
from P. putida (ABQ76243) and MxPDO1b from M. xanthus
(WP_011554322, ex. YP_632494) were cloned into pET30
Ek/LIC with Escherichia coli BL21(DE3) as the host (14).

For expression and purification of C terminally His-tagged
PpPDO2 or MxPDOI1b, cultures were grown at 37 °C in LB
broth containing 30 ug/ml of kanamycin. The cultures were
allowed to reach an A, of 0.6 prior to inducing protein expres-
sion, which was done by adding 0.5 mm isopropyl B-D-thio-
galactopyranoside to the media and incubating for 22 h at 20 °C.
Cells were harvested by centrifugation at 5000 X g, frozen, and
then suspended in 50 mMm Tris buffer, pH 8.0, supplemented
with 300 mm NaCl and 20 mMm imidazole. Cells were lysed by
sonication and lysates were cleared by centrifugation at
15,000 X g. The supernatant was stirred into nickel-nitrilotri-
acetic acid-agarose resin (Qiagen), the column was washed with
2 volumes of the lysis buffer, and recombinant enzyme was
eluted with buffer containing 50 mm Tris, pH 8.0, 300 mm NaCl,
and 250 mm imidazole. The eluted sample was concentrated
and exchanged into 20 mm Tris, pH 7.5, applied to a 6-ml
Resource Q column (GE Healthcare), and the enzyme was
eluted with a 50 mm stepwise NaCl gradient in the same buffer.
PpPDO2 or MxPDO1b-containing fractions, which eluted at
~200 and 100 mm NaCl, respectively, were pooled, buffer-ex-
changed, and concentrated into the appropriate buffer for crys-
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tallization or biochemical experiments. To ensure higher occu-
pancy of ferrous iron in the active sites, all enzyme preparations
were incubated with ferrous ammonium sulfate and ascorbic
acid on ice for 2 h prior to use, and at concentrations equal to
those of the enzymes. Purity was monitored for all protein prep-
arations by SDS-PAGE and protein concentrations were deter-
mined with the method of Bradford, using BSA as a standard.

Protein Crystallization and Structure Determination—Crys-
tals of PpPDO2 and MxPDO1b were grown using the hanging-
drop, vapor-diffusion method. For PpPDO2 crystallization,
purified protein at 30 mg/ml in 20 mm Tris, pH 8.0, was mixed
with an equal volume of reservoir solution and equilibrated
against the same solution at 4 °C. The reservoir solution was
100 mm HEPES, pH 7.5, 200 mMm ammonium acetate, and 25%
(w/v) PEG 3350. Crystals of this enzyme typically appeared
within 3 days. To obtain structural data for PpPDO2 in complex
with GSH, crystals were soaked in 5 mm GSH for 1 h prior to
harvest. Adequate cryoprotection was achieved by passing crys-
tals through a small drop of storage buffer/mother liquor mix-
ture (50% of each component by volume) that was brought to
18% glycerol. For MxPDO1b crystallization, purified protein at
11 mg/ml in 20 mm MOPS, pH 7.1, was mixed with an equal
volume of reservoir solution and equilibrated against the same
solution at 4 °C. The reservoir solution was 200 mm calcium
chloride, 100 mm HEPES, pH 7.5, 15% (w/v) PEG 400, and 15%
glycerol (w/v). Because the mother liquor was a sufficient cryo-
protectant, no additional glycerol was required to prevent
freezing.

The space groups of PpPDO2 and MxPDO1b were P4; and
P6,, respectively; the asymmetric units of the unit cells con-
tained both molecules of the respective homodimers. Diffrac-
tion data were collected up to 1.5-A resolution for PpPDO2 in
complex with GSH and 2.5 A for the apo-forms of both
MxPDO1b and PpPDO2 at the Berkeley Advanced Light
Source (ALS, beamline 8.2.1). The diffraction data were pro-
cessed with the HKL2000 package (17). The statistics for the
diffraction data are listed in Table 1. Initial phasing of apo-form
PpPDO2 diffraction data were conducted by molecular
replacement with the PDB coordinates of model 4EFZ using
PHENIX Phaser (18). MxPDO1b initial phasing was conducted
by molecular replacement as well, using the atomic coordinates
of the unpublished structure for a PDO1 protein from Cupria-
vidus necator. Iterative model building and refinement was
conducted using the programs COOT (19) and PHENIX. The
coordinate and diffraction data have been deposited in the Pro-
tein Data Bank.

Multiangle Light Scattering and Isothermal Titration Calo-
rimetry (ITC)—To determine a predominant oligomeric state,
multiangle laser light scattering was performed for PpPDO?2 as
previously described (20). Briefly, 200 nug of PpPDO2 were
loaded onto a Yarra 3-um SEC-200 column (Phenomenex) and
eluted isocratically at 0.5 ml min~'. The elution buffer for
PpPDO2 was 20 mm MOPS, pH 6.8, supplemented with 100
mMm NaCl. The eluate was successively passed through a UV
detector (Gilson), an Optilab DSP interferometric refractome-
ter (Wyatt Technology), and a Dawn EOS laser light scattering
detector (Wyatt Technology). Data analysis was performed
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TABLE 1
Crystallographic data for the PpPDO2 and MxPDO1b structures
Data PpPDO2 (apo-form) PpPDO2 (complex) MxPDO1b

PDB ID 4YSK 4YSL 4YSB
Space group . P4, P4, P6,
Cell dimensions (a, b, ¢) (&) (79.505, 79.505, 94.523)" (79.730, 79.730, 93.990) (116.603, 116.603, 65.061)
(B V() (90, 90, 90) (90, 90, 90) (90, 90,120)
Resolution (A) 50.00-2.40 50.00-1.46 50-2.50
R, 0.165 (0.545) 0.020 (0.042) 0.075 (0.319)
I/al 42.143 (7.892) 30.600 (2.957) 33.625 (6.692)
Completeness (%) 97.25 (65.0) 98.18 (89.1) 99.89 (99.4)
Redundancy 5.5(5.3) 24(2.2) 11.2 (11.1)
Refinement

Resolution (A) 40.6-2.47 40.5-1.46 43.4-2.50

Unique reflections 19,717 99,194 17,540

R/ Riee 0.213/0.262 0.180/0.204 0.175/0.226
R.m.s deviations

R.m.s. deviation bonds (A) 0.002 0.009 0.003

R.m.s. deviation angles (°) 0.641 1.126 0.595
Number of atoms

Protein 4,717 4,871 3,531

Ligand 0 40 0

Ton 2 2 2

Water 131 637 127
B-factors

Protein 41.11 26.78 34.27

Ligand 67.16

Ion 38.24 23.22 32.58

Water 39.88 39.58 35.50
Ramachandran

Favored 94.28 97.38 96.70

Outliers 0.00 0.00 0.22

“ Numbers in parentheses refer to the highest resolution shell.

using the Zimm fitting method with software (ASTRA) pro-
vided by the instrument manufacturer.

Isothermal calorimetry titrations were executed for PpPDO2
and several substrate and product analogs in an ITC,,, instru-
ment (Malvern Instruments). The protein was prepared by
extensive buffer exchange into the titration buffer, which con-
sisted of 20 mm MOPS, pH 7.1. The concentration of protein in
the calorimetric titration cell was diluted to 200 um. All titra-
tions were performed at 25 °C with a stirring speed of 750 rpm
and 27 injections (1.4 ul each). All ligands were brought to a
concentration of 2 mM in the titration buffer and injected into
the protein solution, and the heats of binding were recorded.
Ligands were also titrated against buffer alone to account for
the heats of dilution. Ligand concentrations were adjusted to
obtain significant heats of binding, and the time intervals
between injections were adjusted to ensure proper baseline
equilibration. All samples were degassed prior to titration.

Preparation of GSSCH;—To a solution of GSH (11 mg, 0.036
mmol) in 2 ml of sodium phosphate buffer (50 mm, pH 7.4), 10
eq of methyl methanethiosulfonate in 1 M N,N-dimethylforma-
mide were added. The resulting solution was vigorously stirred
for 1.5 h at room temperature. The solution was frozen on a dry
ice/acetone bath and then lyophilized. The residue was washed
and filtered with cold diethyl ether (3 X 5 ml) to remove excess
methyl methanethiosulfonate. The white solid was collected by
filtration to afford a product in 90% yield and characterized by
'H NMR, which was compared with a previous report (21). 'H
NMR (300 MHz, D,O) & 4.80 (m, CHCH,S, 1H), 3.97 (s,
CH,CO,, 2H), 3.82 (t, ] = 6.3 Hz, CHNH,, 1H), 3.25 (dd, /] =
14.6,4.9 Hz, CH,S, 1H), 3.02 (m, CH,S, 1H), 2.53 (q,/ = 6.9 Hz,
CH,CH,CO, 2H), 2.43 (s, SSCH,, 3H), 2.17 (q, /] = 7.6 Hz,
CH,CH,CO, 2H).
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Preparation of GSSO; —The compound was synthesized fol-
lowing a reported procedure (22). Freshly prepared 2 ml of
Na,SO; solution (200 mMm: sodium phosphate buffer, pH 7.1)
was directly added to freshly prepared 2 ml of GSNO solution
(80 mm: sodium phosphate buffer, pH 7.1), and the resulting
mixture was stirred for 1 h at room temperature. The formation
of GSSO5 was monitored by '"H NMR and the spectral charac-
teristics of GSSO; were compared with previously reported
"H NMR data (22). '"H NMR (300 MHz, D,O, pD 7.4, 2 m KCl,
80 mMm sodium phosphate, 100 um EDTA) 6 5.01 (dd, / = 8.9,
4.6 Hz, CHCH,S, 1H), 3.97-3.89 (overlapped-m, CHNH,,
CH,CO,, 3H), 3.76 (dd, ] = 14.6, 4.7 Hz, CH,S, 1H), 3.57 (dd,
J = 14.7, 8.9 Hz, CH,S, 1H), 2.72-2.59 (m, CH,CH,CO, 2H),
2.32 (m, CH,CH,CO, 2H).

Results

Global Structure—Purified recombinant PpPDO2 and MxPDO1b
were crystallized in the P4, and P6, space groups and solved at
1.5- and 2.5-A resolution, respectively. The structures of both
PpPDO2 and MxPDO1b molecules consisted of two similarly
sized, six-stranded central B-sheets surrounded by a-helices
(Fig. 1, A and B), a structural motif strongly conserved among
the metallo-B-lactamase superfamily. Although there were sev-
eral insertions and deletions between PpPDO2 and MxPDO1b,
which were primarily located in loops and N/C termini, the
Ca positions of the two molecules were superimposable with
a r.m.s. deviation value of 1.18 A (Fig. 1C). The C-terminal
eight residues of MxPDO1b were not visible in the final
2F, — F_ electron density map, indicating their disordered
nature.

Throughout this report, the residue numbers for PpPDO2
were used, with those of MxPDOI1b in parentheses unless
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FIGURE 1. Ribbon diagrams representing the oligomeric and superim-
posed structures of PDOs. A, PpPDO2 and B, MxPDO1b are represented in
their dimeric states. The orange spheres in both enzymes represent Fe(ll). C,
the superimposed structures of MxPDO1b (tan), PpPDO?2 (light blue), hPDO
(blue), and AtPDO (purple). The corresponding N and C termini are marked N
and C, respectively. Residues corresponding to ethylmalonic encephalopa-
thy-causing mutations are highlighted in red. The residues are numbered
according to the hPDO sequence, with equivalent residues from PpPDO2 in
parenthesis. This figure was generated using Chimera (UCSF) (32).

stated otherwise. In both PpPDO2 and MxPDO1b structures, a
single ferrous iron was coordinated by three residues occupying
one face of the coordination sphere, including His™* (His>’),
His'*® (His"''?), and Asp'”° (Asp'?®) (Fig. 2A). This is a typical
coordination pattern among mononuclear non-heme iron (II)
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oxygenases and is known as the 2-His 1-carboxylate facial triad
(13, 23). The locations and orientations of participating resi-
dues observed in both PpPDO2 and MxPDO1b were identical
and all three residues were from the same edge of the central
B-sheets. The nitrogen atoms in Fe(II)-coordinating imidazole
rings of His”* (His®”) and His'*® (His''?) were within a hydro-
gen bond distance from the neighboring residues, Arg'®'
(Arg'®®) and Thr”® (Thr®®), respectively (Fig. 24). Thus both
His residues could not only fix the orientation but also tune the
redox potential of the Fe(II).

Three water molecules (W1, W2, and W3) were noticed
occupying the opposite face of the Fe(I) coordination sphere
(Fig. 24). W3 was hydrogen bonded to the side chains of His”®
(His®®), Asp”® (Asp®"), and His*'? (His'”°), closely mimicking
the 2-His-1-carboxylate facial triad. W2 was also hydrogen-
bonded to the backbone of Ala”” (Ala®®). W1, which was dis-
placed by GSH upon its binding, was connected only to the bulk
solvent.

Oligomeric Structure of PpPDO2 and MxPDOI1b—The asym-
metric units of both PpPDO2 and MxPDO1b were composed of
two tightly associated monomers in a non-crystallographic,
2-fold manner (Fig. 1, A and B). This dimeric status of PpPDO2
is maintained in solution and was verified by multiangle laser
light scattering experiments (Fig. 3). The dimer interface had a
symmetrically oriented inter-subunit (-sheet between two
C-terminal peptides (Val***~Leu®?), resulting in a large area of
hydrophobic interaction. The observed dimer interface con-
tributed to stabilizing one face of the substrate binding pocket,
indicating the dimer as a functional unit (Fig. 24).

GSH Complex—The F, — F, map of GSH-soaked PpPDO2
crystals showed the corresponding electron density for the
bound molecules located on the other side of the facial triad
open to the bulk solvent (Fig. 2B). The r.m.s. deviation value for
Ca atoms between apo-form and GSH complex PpPDO2 was
0.3 A, indicating little change upon GSH binding (Fig. 2C). One
of the metal-coordinating water molecules (W1) was replaced
by GSH and the distance between the sulfur atom of GSH and
Fe(Il) was 2.5 A (Fig. 2, A and B). A deep binding pocket was
established by Asp”®, His'*’, Asp'”®, Arg'®!, Tyr*'*, Arg*°,
Arg®?, Val**!, and Leu®®?. Noticeably, the apo-form structure
of PpPDO2 had a few water molecules at equivalent positions of
the GSH ligand (Fig. 2A4). The backbone of Arg'®! and the side
chains of Arg'®!, Tyr*'*, Arg®*°, and Arg>>® were in direct inter-
action with GSH (Fig. 2B). Specifically, a glycinyl carboxyl oxy-
gen of GSH was electrostatically interacting with the guani-
dinium groups of the Arg**° and Arg*>” side chains, and the two
backbone carbonyl oxygen atoms of GSH were within hydrogen
bond distance from the backbone nitrogen and guanidinium
group of the Arg'®' side chain. In addition, the cysteinyl amide
hydrogen of GSH established a hydrogen bond with the pheno-
lic hydroxyl group of Tyr*'*. The glutamyl carboxyl group of
GSH displayed both direct and indirect interactions through a
water molecule-mediated hydrogen bond with neighboring
residues’ backbone atoms. Contrary to the result of our efforts
with GSH, our numerous attempts to diffuse GSSO; into the
apo-form PpPDO?2 crystals were not successful, resulting in
non-diffracting crystals or diffraction data of very low
resolution.
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FIGURE 2. GSH complex and ligand-free forms of PpPDO2. A, the stereo image of the Fe(ll) coordinated by three water molecules in the apo-form of PpPDO2.
The Fe(ll)-coordinated water molecule W1 represents the water that is displaced upon binding of GSH, whereas water W2 is in the proposed site of O, binding.
The third water, W3, is engaged in hydrogen bonding with neighboring residues and may function as a proton relay. Notably, the lipophilic region of the Lys**
side chain in chain B interfaces with neighboring hydrophobic residues of chain A, likely contributing to binding pocket stability. B, the difference Fourier map
clearly shows PpPDO2 in complex with GSH. Surrounding residues important for binding and catalysis are displayed and their residue numbers are indicated.
The water molecules are shown as red spheres. C, the ribbon diagrams for Ca.atoms of apo-form PpPDO2 (tan) and the same enzyme in complex with GSH (blue)
are superimposable with a r.m.s. deviation of 0.3 A. This figure was generated using Chimera (UCSF) (32).

ITC Data—We used ITC to confirm the differential binding
affinities among the PpPDO2 product and two of its analogs. A
small amount of heat was released when GSH or GSSO; was
titrated into PpPDO2-containing solutions (AH = —0.3 and
—2.2 kcal mol ™", respectively) (Table 2, Fig. 4). Further analysis
of the ITC data revealed favorable entropic contributions for
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both GSH and GSSO; binding (AS = 25.5 and 15.1 cal mol "
K™'), probably indicating that several solvent molecules were
displaced from the pocket upon binding of either compound.
Supporting this, there were several water molecules in the sub-
strate-binding pocket of the apo-form crystal structure of
PpPDO2. The calculated K, values for GSH and GSSO; (Table
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FIGURE 3. The oligomeric state of PpPDO2 in solution. The elution profile
for PpPDO2 was monitored with multiangle laser light scattering and is
shown as absorbance (left y axis) and molecular weight (right y axis) versus
elution volume (ml). The solid line represents changes in absorption at 280
nm. The thick black cluster in the middle of the peak indicates the calculated
molecular mass of 67.4 kDa from the light scattering, illustrating the dimeric
nature of PpPDO2.

TABLE 2

Thermodynamic parameters for binding substrate analogs by
PpPDO2

K, AH AS

M keal mol ™! cal mol ' K™*
GSH 1.6 0.6 —0.31 £0.01 25.5
GSSO3; 12+3 —22*+0.2 15.1
GSSCH, ND“ ND ND

“ND, not determined.

2) were 1.6 and 12 M, respectively. PpPDO2 did not appear to
have affinity for GSSCH,, (Fig. 4).

Discussion

To establish the proper classification of bacterial PDOs and
to identify any unique signatures, comparisons with available
structures in the Protein Data Bank (PDB) were executed using
Dali (24) and BLAST (25) searches. The superimposed three-
dimensional structures of PpPDO2, MxPDO1b, and the related
enzymes displayed that most of the regions with high sequence
similarity were located around the residues of the facial triad.
Significantly, the Fe(Il)-coordinating residues and critical resi-
dues in the second coordination sphere were completely con-
served among those closely related PDOs, including AtPDO
and hPDO. Those residues and their physical arrangements
may be conserved to maintain the orientation of Fe(II)-coordi-
nating residues and water molecules, as well as for facilitating
rearrangements of electrons and protons of substrates.

As shown by our Dali and BLAST searches, both PpPDO2
and MxPDO1b share a high level of sequence identity with
PDOs and glyoxalases II (Fig. 5). In addition, their -lactamase
folds are superimposable with those of PDOs and glyoxalases II
from various species. Their metal-binding centers also closely
resemble that of the first metal-binding site of the glyoxalases II
(Fig. 6), which use di-metallic reaction centers to hydrolyze
S-lactoylglutathione.

The secondary coordination sphere with hydrogen bond net-
works observed in both PpPDO2 and MxPDO1b are essentially
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FIGURE 4. Measurements of PpPDO2 binding for the product and sub-
strate analogs via ITC. The trends of heat released during serial injections of
GSH (A), GSSO; ™ (@), and GSSCH; (M) into a solution of PpPDO2 are pre-
sented. The data reveal low micromolar affinity for GSH and GSSO5, but no
apparent binding of GSSCH;.

the same among the PDOs (Fig. 64, B). This similarity, how-
ever, does not extend to the glyoxalases II, because the three-
dimensional structures of those enzymes do not show any sec-
ondary coordination sphere with hydrogen bond networks.
The corresponding residues in the glyoxalases II are instead
involved in coordinating a second metal ion (Fig. 6, C and D).
Given the fact that most members of the metallo-B-lactamase
superfamily are hydrolytic enzymes with binuclear metal cen-
ters (26), PDOs likely evolved from a hydrolytic enzyme that has
two coordinated metal ions. Evolution has led to loss of affinity
for a second metal and gain of the coordination for water mol-
ecules together with a hydrogen bond network in their second
coordination sphere, which is likely critical to Fe(Il) positioning
and catalysis, as we proposed in the case of 2,6-dichloro-p-hy-
droquinone 1,2-dioxygenase (27). Consequently, the metal-
binding center is highly conserved among PDOs.

Both primary and tertiary structures of MxPDO1b closely
resemble hPDO and AtPDO in regard to the GS-moiety bind-
ing pocket and to Fe(II) coordination, thus supporting our clas-
sification scheme for type I and type II PDOs (14). On the con-
trary, the structure of PpPDO2 is more similar to those of the
glyoxalases II than to hPDO and AtPDO in terms of its three
specific arginine residues (Arg'®', Arg®>°, and Arg>>?®) electro-
statically interacting with GSH (Figs. 2B and 7). The structure
of PpPDO2 in complex with GSH showed that the two interior
carbonyl oxygens of GSH were anchored by Arg'®, and the
glycinyl carboxyl group of GSH electrostatically interacted with
two other arginine residues (Arg>*® and Arg>>®) (Fig. 2B). Sig-
nificantly, both location and orientation of the bound GSH in
PpPDO2 were similar to those in the crystal structure of human
glyoxalase II (PDB code 1QHS5 (28)) (Fig. 7). Furthermore, the
positions of the three specified arginine residues in PpPDO2
were conserved and superimposable when the three-dimen-
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FIGURE 5. Multiple sequence alignment of four PDOs and three glyoxalases Il. Included in the alignment are PDOs from P. putida (PpPDO2), M. xanthus
(MxPDO1b), human (hPDO), and Arabidopsis (AtPDO), as well as glyoxalase Il enzymes from human (hGloB), A. thaliana (AtGloB), and Salmonella typhimurium
(StGloB). The a-helices and B-strands are highlighted in red and yellow, respectively. Functionally significant residues are bolded, and residues involved in
binding metals are underlined. Single conserved residues are marked with an asterisk, whereas conserved motifs are enclosed by a box. Multiple sequence
alignment was performed with CLUSTALW?2 using a BLOSUM weighting matrix. Secondary structure for each enzyme was calculated from PDB coordinates

using DSSP (version 2.0)(29).

sional structures of glyoxalases II and PpPDO2 were aligned.
However, due to large insertions or deletions just before those
basic residues among PDOs and glyoxalases II, all alignment
programs used failed to capture that structural/functional con-
servation, which was only possible to grasp with the aid of ter-
tiary structure alignment. In type I PDOs, including hPDO,
AtPDO, and MxPDO1b, there is a single basic residue (Arg*'*
of hPDO or Argl89 of MxPDO1b) located in the set of con-
served residues NPR(L/V), suggesting the possibility of conver-
gent evolution to accommodate the binding of GSSH. As shown
in Fig. 5, many sequence alignment programs aligned Arg>*? of
PpPDO2 with Arg**" of MxPDO1b and the Arg**® of hPDO,
which turned out meaningless. The latter two residues are
located in a different «-helix that is irrelevant to substrate bind-
ing, and their guanidinium groups instead point to the bulk
solvent.
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Significantly, the His-rich region of the glyoxalases II
includes a one-turn a-helix, and the 1st, 3rd, 5th, and 6th resi-
dues in its HHHXDH motif are involved in metal coordination
(Figs. 5 and 6, C and D). On the contrary, in the corresponding
region in PDOs, only the first histidine of HYHXDH is involved
in Fe(II) coordination (Figs. 5 and 7, A and B). The remaining
residues are involved in the hydrogen bond network, with the
Fe(II)-coordinating water molecules and neighboring residues
establishing the core of the secondary coordination sphere.
Therefore, HHHXDH versus HXHXDH could serve as a signa-
ture sequence for distinguishing between glyoxalases II and
PDOs.

Nonsense mutations of GIn'? and GIn®? and missense muta-
tions of Tyr®®, Leu®®, Thr'?®, Thr'*?, Cys'®', Arg'®?, Thr'®*
Asp'®®, Leu'®, and Asp'®® of hPDO have been implicated in
ethylmalonic encephalopathy (6, 9, 30). These residues are con-
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FIGURE 6. Metal-binding and secondary coordination sphere architectures of PDOs and glyoxalases Il. The two structures shown at the top panel
correspond to PpPDO2 (A) and MxPDO1b (B). At the bottom panel are glyoxalase Il enzymes from human (C) and S. typhimurium (D). The extensive hydrogen
bond network that appears to be characteristic of PDOs is substituted with a conserved, one-turn a-helix (resides 56 - 60 of human and 55-59 of S. typhimu-

rium) in the glyoxalases Il that is involved in coordinating the second metal.
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R253(K252)
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)

FIGURE 7. Active site representations of PpPDO2 and human glyoxalase Il in complex with GSH. A, the binding pocket of human glyoxalase Il (Protein Data
Bank code 1QH5) with a bound GSH molecule is shown. The two gray spheres represent the catalytic Zn(ll) ions (28). B, for comparison, the GSH-binding modes
and participating residues of PpPDO2 (green) and human glyoxalase Il (gray) were superimposed. Residue labels that correspond to residues of the glyoxalase
binding pocket are indicated in parentheses. Bond lengths are written near their respective bond representations. This figure was generated using PyMOL

Molecular Graphics System, version 1.7.0.3 (Schroédinger, LLC).

served among PDOs (Fig. 5). The structure of PpPDO2 in com-
plex with GSH suggests that the backbone amide and side chain
of Arg'®®in hPDO (Arg'®! in PpPDO2) jointly anchor the flank-
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ing carbonyl oxygens of GSH (Fig. 2B). The residues near Arg'®>
of hPDO showed similarity with those of the glyoxalases II (Fig.
5). Tyr®® of hPDO (Fig. 1C), which is conserved among PDOs,
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establishes a side chain-mediated hydrogen bond to the back-
bone carbonyl oxygen of the residue located at the 3-strand of
the opposite side in the central -sheet. Consequently, the
observed Y38C mutation can impact the overall folding of
hPDO and proper configuration of the Fe(II) site. Thr**®, which
is also conserved, is located next to the Fe(II)-coordinating his-
tidine residue, forming a B-bulge structure through its side
chain hydrogen bond. Thus, the T136A/T136G mutations will
cause the loss of proper geometry for Fe(II) coordination.
Leu'®®, which is conserved in PDOs and glyoxalases II, inter-
acts with neighboring hydrophobic residues. Alteration to a
charged residue such as arginine (L185R) will greatly reduce the
stability of enzymes or result in misfolding. It may also be pos-
sible that conservation of hydrophobic residues in this region is
necessary to shield iron-bound oxygen from bulk solvent, thus
preventing formation of reactive oxygen species in non-pro-
ductive side reactions.

Active Site of PpPDO2 and Plausible Reaction Mechanism—
Both apo-form and GSH binary complex structures of PpPDO2
are suggestive of a likely mechanism. The resting state of
PpPDO?2 in its Fe(Il) form is coordinated by two histidines, an
aspartate, and three water molecules. The incoming substrate,
GSSH, replaces the solvent-exposed water molecule (W1 in Fig.
2A) coordinated to Fe(II) and liberates several water molecules
from the GSSH-binding pocket (Fig. 2, A and B). Upon docking
into the binding pocket, the carboxyl groups of GSSH are
anchored by hydrogen bonds and salt bridges to the backbones
and side chains of the residues that constitute the pocket.

The pK,, of the sulthydryl group in GSSH has been estimated
to be 7.2, which is lower than that of GSH (31). Thus, it is likely
deprotonated or being deprotonated as it approaches Fe(II),
which is facilitated by the Lewis acid nature of the metal, the
entropic effect of the departing water molecules, and the lower
dielectric constant upon departure of those waters. In addition,
the Fe(II)-coordinating water molecule, W3 (Fig. 24), could act
as a proton relay to facilitate the deprotonation of GSSH.

Association of substrate into the active site should change
the electronic properties of Fe(II) and the hydrogen bond net-
work, which triggers replacement of a water molecule in the
primary coordination sphere by O,. It is tempting to speculate
that a coordinating water (W2), which is proximal to Phe'®*, is
replaced by O, (Fig. 24). Phe'®* could act as a gate, because two
alternate conformations of its side chain were detected in the
electron density maps of both apo-form PpPDO2 and the
enzyme in complex with GSH. The two conformers lend plau-
sibility to a mechanism for transient exposure of the hydropho-
bic environment to the bulk solvent area.

Conclusion—Our results for PpPDO2 and MxPDO1b indi-
cate a close relationship among PDOs, especially around the
Fe(II) binding site. Although the shape and location of their
binding sites for the GS moiety are superimposable between the
type I and type II of PDOs, the key amino acid residues for
substrate binding originated from different parts of the pro-
teins, supporting the idea for grouping of them into individual
subclasses. Our structural characterization also helps to gain a
comprehensive picture of their binding and catalytic mecha-
nisms that is likely conserved among PDOs.
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