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ABSTRACT: The conformational properties of an active-site loop segment, defined by residues
Ser'®!-Glu'®%-Asn'®-Ser'*, have been shown to be important for modulating the intrinsic reactivity
of Mn(II) in the active site of Bacillus subtilis oxalate decarboxylase. We now detail the functional
and structural consequences of removing a conserved Arg/Thr hydrogen-bonding interaction by
site-specific mutagenesis. Hence, substitution of Thr-165 by a valine residue gives an OxDC variant
(T165V) that exhibits impaired catalytic activity. Heavy-atom isotope effect measurements, in
combination with the X-ray crystal structure of the T165V OxDC variant, demonstrate that the
conserved Arg/Thr hydrogen bond is important for correctly locating the side chain of Glu-162,
which mediates a proton-coupled electron transfer (PCET) step prior to decarboxylation in the

catalytically competent form of OxDC. In addition, we show that the T165V OxDC variant exhibits

a lower level of oxalate consumption per dioxygen molecule, consistent with the predictions of recent spin-trapping experiments
[Imaram et al. (2011) Free Radicals Biol. Med. S0, 1009—1015]. This finding implies that dioxygen might participate as a
reversible electron sink in two putative PCET steps and is not merely used to generate a protein-based radical or oxidized metal

center.

ecent work has identified an active-site loop segment

Ser'®"-Glu'®-Asn'®® (SENS)“ that plays a critical role in
the control of catalytic function in Bacillus subtilis oxalate de-
carboxylase (OxDC)," an enzyme catalyzing the Mn(II)-dependent
conversion of oxalate into CO, and formate.” > The X-ray
crystal structure of wild-type (WT) OxDC shows the existence
of an intriguing hydrogen bond network when the SENS loop
segment adopts a “closed” conformation, which includes an
interaction between the side chains of Arg-92 and Thr-165
(Figure 1).* Both of these residues are stringently conserved,
and Arg- 92 has been shown to be functionally important during
turnover.*® Thus, replacing Arg-92 by a lysine residue gives an
OxDC R92K variant with altered substrate binding kinetics and
a lower rate of decarboxylation, which is probably associated
with altered substrate polarization in the Michaelis complex of
the R92K OxDC variant.® We have investigated the con-
sequences of removing the Arg-92/Thr-165 hydrogen bond by
expressing and purifying two OxDC variants in which Thr-165
is replaced by either valine or serine (T165V and T16SS,
respectively). Spin-trapping experiments using these OxDC
variants show that the N-terminal Mn(II) site of the T165V
OxDC variant remains solvent accessible during catalytic turn-
over.” Herein, we report a detailed structural and kinetic
characterization of the T165V OxDC variant that demon-
strates that the Arg-92/Thr-16S hydrogen bond is important
for correctly locating an active site glutamate side chain,
which mediates a proton-coupled electron transfer (PCET)
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Figure 1. Schematic representation of hydrogen-bonding interactions
(dotted lines) between residues in the active site loop Ser'*'-Glu'®*-
Asn'® and other conserved residues in the N-terminal Mn(II) binding
site when the loop adopts a “closed” conformation. Reproduced with
permission from ref 4. Copyright 2004 American Society for
Biochemistry and Molecular Biology.

step prior to decarboxylation, in the catalytically competent
form of OxDC.
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B MATERIALS AND METHODS

General Information. Unless otherwise stated, all chem-
icals were purchased from Sigma (St. Louis, MO) or Fisher
Scientific (Pittsburgh, PA) and were of the highest available
purity. Nickel—nitrilotriacetic acid agarose (Ni-NTA) was
obtained from Qiagen (Germantown, MD). Protein concen-
trations were determined using the Bradford Assay (Pierce,
Rockford, IL).® Spectra were recorded on an Agilent 8453
spectrophotometer. All DNA primers were obtained from
Integrated DNA Technologies, Inc. (Coralville, IA), and DNA
sequencing was performed by the core facility in the
Interdisciplinary Center for Biotechnology Research at the
University of Florida. ICP-MS determinations of metal content
were performed at the University of Wisconsin Soil and Plant
Analysis Laboratory (Verona, WI). Oxygen consumption experi-
ments were performed using the NeoFox sensor system from
Ocean Optics (Dunedin, FL).

Expression and Purification of C-Terminally Tagged
WT OxDC and OxDC Variants. A plasmid containing the
gene encoding C-terminally tagged OxDC was generously
provided by Dr. Stephen Bornemann (John Innes Center,
Norwich, UK). The recombinant, Hiss-tagged WT enzyme was
expressed and purified following published procedures,™’
except that expression was induced in the presence of 5 mM
MnCl, after heat shocking the bacteria for 18 min at 42 °C.
Site-directed mutagenesis to obtain the genes encoding the
T165S and T165V OxDC variants was performed by overlap
extension'® using standard primers (Supporting Information).
After cell lysis and centrifugation, the desired enzymes were
purified by metal affinity chromatography on an Ni-NTA column,
and stored in 50 mM Tris buffer, pH 8.5, containing 0.5 M
NaCl. Samples used for EPR analysis were concentrated to
6—15 mg/mL using an Amicon Centriprep filter unit from
Millipore (Billerica, MA).

Steady-State Kinetic Assays. The catalytic properties of
the Hisg-tagged WT OxDC and the OxDC mutants were
determined by measuring formate production using an end-
point assay, as described elsewhere.'" Measurements were made at
specific substrate and enzyme concentrations in triplicate, and the
data were analyzed to obtain the values of V and V/K using
standard computer-based methods."”

Isotope Effect Nomenclature. The nomenclature used
herein is due to Northrop,'* where '*(V/K) represents the ratio
of V/K for the '>C-containing species relative to the *C-
containing species and '*(V/K) is the same ratio for '°0 and '*O.

Isotope Effect Measurements. Heavy atom isotope
effects were determined using procedures employing isotope-
ratio mass spectrometry (IRMS)®'! with minor modifications.
Briefly, the partial enzymatic reactions were performed by in-
cubation of the T165V mutant of OxDC with oxalate (25 mM)
and o-phenylenediamine (0.2 mM) at 22 °C in either 0.1 M
1,4-bis(2-hydroxyethyl)piperazine buffer, pH 4.2, or piperazine
buffer, pH 5.7 (790 uL total volume). All reaction solutions
were sparged with nitrogen, with the exception of oxalate solu-
tions, which were sparged with dioxygen prior to use. Reactions
in which oxalate was fully converted to formate and CO, were
performed in a similar manner to those described above except
that the oxalate concentration was only 12.5 mM. Control ex-
periments established that when a partial reaction was per-
formed in the presence of H,'®0, formate, and unreacted oxalate
incorporated less than 0.2% of '®0, as observed for untagged
samples of recombinant WT OxDC."'
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Crystallization of the C-Terminally Tagged T165V
OxDC Mutant. Purified, Hiss-tagged T165V OxDC was
concentrated to 6 mg/mL in 1 mM HEPES buffer, pH 7.5,
for crystallization. Crystallization conditions were determined
using the Crystal Screen HT from Hampton Research (Aliso
Viejo, CA) via the sitting drop vapor diffusion method, in
which drops were formed by mixing 1.2 uL of protein solu-
tion with 1.2 uL of precipitant solution and equilibrated
against the well solution at 290 K. The condition comprised of
10% w/v polyethylene glycol 6000 and 2 M NaCl gave crystals
in ~1 week. Crystals were used in diffraction data collec-
tion directly from the crystallization screen without further
optimization.

Data Collection, Structure Determination, and Crys-
tallographic Refinement. Diffraction data were collected at
100 K on crystals without further cryo-protection on a Bruker
AXS Proteum-R instrument with a MICROSTAR rotating
anode X-ray source and PLATINUM135 CCD area detector,
located in the Department of Chemistry at Boston University,
and processed using the Proteum?2 software suite. The His-
tagged T165V OxDC mutant crystallized in space group R3,
with unit cell dimensions a = b = 154.76 A and ¢ = 121.50 A.
Data from a crystal with dimensions 0.2 X 0.1 X 0.02 mm were
collected to 2.31 A resolution. Data collection, refinement, and
final model statistics are reported in Table 1. Phases from the

Table 1. Crystallographic Data Collection and Refinement
Statistics®

Data Collection

resolution (highest resolution shell) (A) 00—2.31 (2.40—2.31)

X-ray source Cu Ka
wavelength (A) 1.5418
space group R3,

cell dimension (A)

reflections obsd (unique)

a=b=15476, c = 121.50
141418 (46701)

completeness (%) 99.8 (100)
Roperge (%)° 18.6 (34.3)
I/o(1) 54 (2.3)
redundancy 5.7 (4.1)
Refinement

protein residues/water atoms per asu 377/392
other ligands per asu 8
reflections (work/free) 41624/2114
Ryon/Riee (%) 18.9/25.3
resolution (A) 23.61-2.31
av B-factor (A?) 7.1

protein (A?) 7.0

Mn(I1) (A%) 10.9
carbonate(A?) 3.1

water (A?) 15.8

rmsd® bond lengths (A) 0.006

rmsd bond angles (deg) 1.009

“Data for the highest resolution shell is in parentheses. me,Hge =
Dol = L)1/ X 2l d, where (L) is the mean intensity of
the multiple I;;;; observations for symmetry-related reflections. “rmsd:
root-mean-square deviation.

structure of native OxDC (PDB accession code 1UWS8) (4)
were used to solve the T165V structure by molecular replace-
ment. The programs MOLREP'* and PHASER in the CCP4
program suite'® were used to solve the rotation and translation
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functions, yielding a solution with one enzyme protomer in the
asymmetric unit. Alternating rounds of manual rebuilding were
performed using the molecular graphics program COOT'
followed by minimization and simulated annealing in
PHENIX."” During the refinement procedure, water molecules
and metal ions were added only after R, dropped below 30%.
The final protein model was analyzed using composite-omit
electron-density maps calculated with CNS'® and stereo-
chemistry was monitored using PROCHECK."

The final model of the T165V OxDC variant, including
residues 6—382 in the protomer, 392 waters, 1 carbonate, and
2 Mn(II) ions, was refined to 2.31 A resolution with a R,
of 18.9% and R, of 25.3%. Analysis of the Ramachandran
plot showed that 94.4% of residues fall in the most favored
regions with 4.7% in the additionally allowed and generously
allowed regions and 0.9% of residues falling in the disallowed
regions. All residues are well-defined with an average
B-factor for the protein atoms of 7.0 A% The low average
B-factor is consistent with that calculated from the Wilson
plot. Figures were produced using PyMOL ((DeLano Scientific
Software LLC, Palo Alto, CA) or Molscript20 and were rendered
in POVRAY.*

Spin-Trapping Measurements for the T165V OxDC
Variant. Samples for spin trapping were prepared by mixing
100 mM a-phenyl-tert-butylnitrone (20 pL), 1 M aqueous
potassium oxalate (10 uL), and the OxDC T16SV variant
(40 L of a 8 mg/mL solution) dissolved in 1 M NaOAc
buffer containing 300 mM NaCl, pH 4.1 (final volume 100 uL).
The sample was quickly pulled up into a quartz capillary
(1 mm id.), which was sealed with Cha-Seal clay (Fisher Scientific,
Pittsburgh, PA) and transferred into the EPR resonator. Spectra
were taken on this sample (25 °C) at a series of time points,
and the evolution of the signal determined by simulation of
the low-field line and double-integration of the simulated line,
as reported previously.” EPR spectra were recorded using
a Bruker Elexsys ES80 EPR spectrometer with a high-Q
cavity (Bruker ER 4123SHQE). Instrumental parameters were
100 kHz modulation frequency, 1 G modulation amplitude,
20 mW microwave power, 9.87104 GHz microwave frequency,
81.92 ms time constant, and 163.84 ms conversion time/
point. The magnetic field was measured using a calibrated
Hall probe.

Measurements of Dioxygen Consumption by Wild-
Type OxDC and the T165V OxDC Variant. All dioxygen
consumption experiments were performed using the NeoFox
sensor system from Ocean Optics (Dunedin, FL).** In these
experiments, WT OxDC or the T165V OxDC variant (at a final
concentration of 1.0—1.4 uM) was dissolved in 50 mM acetate
buffer, pH 4.2, containing 0.2% Triton X-100. After equi-
libration in the sensor system (5—7 min), catalysis was initiated
by the addition of potassium oxalate, to give a final concen-
tration of 2—200 mM (total volume 200 uL), and the rate of
oxygen consumption was monitored for either 20 min or until
the oxalate substrate had been completely consumed.

B RESULTS

Steady-State Kinetics of the T165S and T165V OxDC
Variants. C-terminally, Hiss-tagged T165V and T165S OxDC
variants were prepared by overlap extension'® and purified
using metal-affinity chromatography.”” Steady-state kinetic mea-
surements, using an end-point assay for formate production,'"**
showed that the T165S OxDC variant exhibited similar catalytic
activity to wild-type (WT) OxDC when adjusted for the amount
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of Mn(II) incorporated into the recombinant protein (Table 2).°
In contrast, removal of the hydrogen—bonding interaction gave

Table 2. Steady-State Kinetic Parameters for the
Decarboxylase Activity of C-Terminally Hiss-Tagged, WT
OxDC, and the T165S and T165V OxDC Variants®

K, (mM) k. (s) Mn/monomer® k_/K,/Mn (M~'s™")

enzyme
WT OxDC 18 +2 301 14 1190
T16SS 9+1 20x1 0.7 3170
T165V 30+£9 38=+04 1.8 70

“Reaction mixtures consisted of enzyme (4 pg) and potassium oxalate
(2.5—100 mM) dissolved in SO mM NaOAc, pH 4.2, containing
0.5 mM o-phenylenediamine and 0.2% Triton-X100 (100 uL total
volume). Turnover was initiated by the addition of enzyme. After
incubation at 25 °C, the reaction was quenched by the addition of
1.1 M aqueous NaOH (10 yL), and the formate quantified using the
NADH absorption at 340 nm in an assay mixture containing formate
dehydrogenase.” Metal content values have been reported previously
for these enzymes and are included here for ease of comparison.®"!

an enzyme with impaired catalytic activity. Thus, k,./Ky for the
T165V OxDC variant was decreased ~15-fold relative to that of
WT OxDC after normalizing for Mn(II) content. Heavy-atom
IE and structural studies were therefore undertaken to establish
how the loss of the putative active-site hydrogen-bonding inter-
action might have affected the chemical steps prior to irrever-
sible loss of CO,.

Heavy-Atom Isotope Effect Measurements. Although
many details of the catalytic mechanism remain to be eluci-
dated, heavy-atom isotope effect (IE) measurements support
a multistep process in which Mn(II)-bound, monoproto-
nated oxalate is activated for decarboxylation by an initial
proton-coupled electron transfer (PCET) step.'' The result-
ing oxalate radical anion 1 then undergoes an irreversible
decarboxylation, which takes place via heterolytic cleavage of
the C—C bond, to give a new radical anion intermediate 2
that is converted to formate in a second PCET step (Scheme 1).
A series of *C and '®O IE measurements using the T165V
OxDC mutant, at both pH 4.2 and 5.7, were per the extent
to which each (or both) of these two catalytic steps had
been affected by removal of the Arg-92/Thr-165 hydrogen
bond (Table 3). We note that the primary *C and second-
ary 'O isotope effects for the T165V OxDC-catalyzed
decarboxylation reaction were measured using the internal
competition method,”* and hence these isotope effects rep-
resent the effects of isotopic substitution on V/K_ ... Hence,
these values are associated only with steps up to and includ-
ing loss of CO,, the first irreversible step in the mechanism
(Scheme 1).

At pH 5.7, the observed *(V/K) IE on the formation of
CO, (0.3%) for the T165V OxDC variant is markedly
different from that seen in studies using other site-specific
mutants (R92K, R270K, E162Q, and E333D) for which this
IE is more normal (1.1%—1.5%)6 in comparison to WT
0xDC (0.8%)."" Indeed, all of the observed '*(V/K) and
'8(V/K) IEs for both cleavage products (CO, and HCO,")
are decreased for the T165V OxDC variant when compared
with the cognate values for WT enzyme. Given that k,,/Ky
values are smaller and the observed *(V/K) and '¥(V/K) IEs
are larger at pH 5.7, external commitments to catalysis that
are pH-dependent should be less at pH 5.7 that those
measured at the pH optimum (4.2) for the enzyme.''
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Scheme 1. Proposed Mechanism for Oxalate Decarboxylase Showing the Putative Involvement of Dioxygen in Proton-Coupled
Electron Transfer (PCET)"" ¢
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“Although spin-trapping experiments support radical anion 2 as an intermediate,” the metal oxidation state(s) and location of the dioxygen binding
site during catalytic turnover remain to be experimentally defined.

Table 3. *C and '®O Isotope Effects on the Decarboxylase Reaction Catalyzed by C-Terminally Hiss-Tagged, WT OxDC and
the T165V OxDC Mutant™”

B3(V/K), % B(V/K),c %
enzyme (pH) CO, HCO,™ CO, HCO,~
WT OxDC (4.2) 1.005 + 0.001 1.015 + 0.001 0.998 + 0.002 1.011 + 0.002
T165V (4.2) 0.998 =+ 0.001 1.008 + 0.001 0.991 + 0.001 1.004 + 0.001
WT OxDC (5.7) 1.008 + 0.001 1.019 + 0.001 0.993 + 0.002 1.010 + 0.001
T165V (5.7) 0.997 + 0.001 1.009 + 0.001 0.984 + 0.001 1.006 + 0.001

“Partial enzymatic reactions were performed by incubation of the T165V OxDC variant with oxalate (25 mM) and o-phenylenediamine (0.2 mM) at
22 °C in either 0.1 M 1,4-bis(2-hydroxyethyl)piperazine buffer (pH 4.2) or piperazine buffer (pH 5.7) (790 uL total volume). “Kinetic isotope effect
values for WT OxDC at both pH 4.2 and 5.7 have been published previously'" and are included here for ease of comparison. “Value is given per two
oxygen atoms.

Scheme 2. Minimal Kinetic Mechanism for the OxDC-Catalyzed Reaction up to, and Including, the First Irreversible Step

kq ks ° ks .
(A) E + oxalate === E.oxalate === E.oxalate ——— E.formate
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In our earlier analysis for WT OxDC, the IEs on both the The observed IEs were interpreted using a minimal, two-step
PCET and the C—C cleavage steps contributed to the observed kinetic mechanism for OxDC-catalyzed decarboxylation (PCET
IEs in product formate, and the **(V/K) IE in product CO, was and decarboxylation) leading to the expressioné’11
attributed mostly to the decarboxylation step. In the reaction
catalyzed by the T165V OxDC variant, *(V/K) on the for- K oqs'ks + xk3(ﬁ) + Ksks
mation of CO,, already well masked from an intrinsic value of 5V /K) = 9 ky kky

3—5% (for rate-limiting C—C bond cleavage reactions) by a ks ks

commitment when compared with the PCET step in WT 1+ (k—)(l + k_)
OxDC, becomes even smaller and is barely rate limiting. For 4 2 1)
the T165V—cata1yzed reaction, the 13(V/I<) IE in product where x = 13 or 18 for a BC or %0 IE, respective]y, and iso-
formate (0.9%) is due largely to the PCET step. '*(V/K) values topic substitution is assumed to affect k;, k,, and k; (Scheme 2A)."!

for CO, production are more inverse for the T165V OxDC This quantitative analysis (Supporting Information) was
variant than for WT enzyme. In general, an inverse '*(V/K) is accomplished using similar procedures to those already detailed
expected for decarboxylases, reflecting the change in bond in our g)revious work on WT OxDC."" As with other carboxylic
order (1.5 to 2.0) as the carboxylate moiety is converted to acids,* proton removal from monoprotonated oxalate likely

CO,. WT OXDC and a number of other site-specific mutants proceeds with a negligible *C IE, allowing the values of "k,
exhibit *8(V/K) IEs of —0.2% to —0.7%, similar to decarboxylases and K, ; to be set to unity.” From the observed IEs at pH 5.7
for which C—C bond cleavage is rate-limiting, where the external commitments (k;/k,) are small, eq 1 can be
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A

Figure 2. Ribbon representation of the protomer structure for the T165V OxDC variant (cyan) (A) with the SENS loop highlighted in red and the
active site indicated by the location of the Mn(II) cofactor (gray sphere) and (B) overlaid with that of WT OxDC with the SENS loop (enclosed in
square) in either the “open” (pink) or “closed” (yellow) conformation.

solved by taking an average value of 1.04 of the '*C IE (**k;) for
decarboxylation.”>*” This gives a value of ky/k, = 12.3 for the
T165V OxDC mutant at pH 5.7, which is 4-fold greater than
that determined previously for WT enzyme."' Thus, the
decarboxylation step was proceeding either with a larger rate
constant in the T165V OxDC variant (increased k) or the
“back-reaction” of 1 to regenerate the Michaelis complex was
slowed (decreased k,) relative to that of WT enzyme.

To calculate the forward 'O isotope effect (**k;) on the
PCET step, the 80 isotope effect at the carbon center that
becomes CO, was interpreted using eq 1. First, a correction of
the observed '*(V/K) by 0.98 was applied for '*O enrichment
due to the required protonation of oxalate to the monoanion.”
Making the same estimates for the 'O IE effect on the
equilibrium constant (lsKeq ;) for reversible formation of the
intermediate prior to decarboxylation and '®k as employed in a
previous analysis of data obtained for WI' OxDC (1.02 and
0.983, respectively)'" yielded an expression for determining the
value of k5 (eq 2).

0.98[(1.02)(0.983) + 12.3'8;]
1+ 123

= 0.984

)

Solving this equation gives a value of 1.0042 for '*k;, which is
substantially smaller than that determined in the reaction
catalyzed by WT OxDC (1.0159)."

Separate analyses of the '*C and 'O IEs for the T165V-
catalyzed reaction in the substrate fragment that becomes
formate gave fractionation factor values of *Keq; = 1.0125 and
'8Keq; = 1.0107, in turn correspond to C—O bond orders in
the transition state for decarboxylation of 1.27 and 1.25, res-
pectively (Figure S1, Supporting Information)."" The decreased
C—O bond order is due to the oxidative transfer of a single
electron from oxalate to a protein-bound acceptor, such as the
metal or bound dioxygen. The average value for the C—O bond
order of 1.26 implies that the structure of the oxalate radical is a
50:50 hybrid of the two resonance forms I and II (Scheme 2B).
This differs from the 70:30 hybrid of I and II that was deter-
mined in similar heavy-atom IE experiments on WT OxDC"!
and argues against the idea that the rate constant for
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decarboxylation rate k; might be greater for the T165V
OxDC variant because the amount of positive charge is lower
on the central carbon that is converted to formate. The normal
'80 IE on the formation of formate is therefore due to a decreased
C—O bond order in the transition state for decarboxylation.

The smaller heavy-atom IEs that are observed at pH 4.2 in
the T165V-catalyzed reaction suggest that k;/k, may no longer
be negligible. We therefore used eq 1 to interpret the O
isotope effect on the substrate fragment that becomes CO, by
substituting the kinetic constants and IEs obtained above to
obtain a calculated value of k;/k, = 3.2 (Supporting Information).
This large value, however, appears questionable for reasons that
are discussed below.

X-ray Crystal Structure of the T165V OxDC Variant.
Direct evidence that the conformational preferences of the
active-site loop had indeed been modified by removal of the
Thr-165/Arg-92 hydrogen bond was obtained by determining
the X-ray crystal structure of the T165V OxDC variant at a
resolution of 2.31 A. A sparse-matrix screen search gave
conditions (10% w/v polyethylene glycol 6000, 2 M NaCl) that
yielded crystals for T165V, which were very similar to those
reported previously for WT enzyme (8% polyethylene glycol
8000, 100 mM Tris, pH 8.5). Moreover, both WT and T165V
crystals exhibited identical unit cell parameters (Table 1),
consistent with the finding that the overall hexameric and
protomeric structure of the T165V OxDC variant is similar to
that observed for WT enzyme when the SENS loop in the latter
adopts either its “open” (rmsd 0.327 A)*’ or “closed” (rmsd
0.227 A)* forms (Figure 2). These differences are comparable
to that seen when the two structures of WI OxDC are super-
imposed (rmsd 0.227 A). In the latter case, rearrangement of
the SENS loop segment in the WT enzyme makes only a small
local perturbation, and there is little change in the relative
positions of the two cupin domains. The B-factors for the Mn
ions in the X-ray crystal structure were both low (10 A% Table 1),
suggesting that the metal occupancy of 1.0 used in refinement was
correct for both sites. This is also true for both of the WT OxDC
structures determined in other laboratories.*”” Since the T165V
OxDC variant was found to contain 1.8 Mn/monomer (Table 2),
it appears that the fully occupied enzyme selectively crystallizes

dx.doi.org/10.1021/bi300001q | Biochemistry 2012, 51, 2911-2920
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E101

Figure 3. Overlay of the active sites of the T165V OxDC variant (cyan) with that of (A) WT OxDC in the “closed” (yellow) and (B) “open” (pink)
conformation bound to formate (ball and stick). In both images, waters are represented by red spheres and Mn(II) is shown as a gray sphere.

from solution. Perhaps surprisingly, there was no significant
displacement of Arg-92 in the active site of the T165V OxDC
variant (Figure 3) even though the original Thr-165/Arg-92
hydrogen bond was absent. Indeed, the Val-165 side chain was
superimposable on that of Thr-165 in WT OxDC with the
SENS loop in its “closed” conformation (Figure 3A). In a
similar manner, the hydrogen bond network involving Arg-92,
GIn-167, and the Tyr-200 backbone carbonyl in the T165V
OxDC variant is uninterrupted, and the introduction of the
valine side chain causes no significant displacement of the metal
cofactor and its surrounding network of hydrogen bonds when
compared with WT enzyme (Figure 4C). However, disruption
of the electronic environment by replacement of —OH with
—CHj; does cause a displacement of the Glu-162 side chain
away from the active site. The repositioning of Glu-162 is not,
however, the result of the entire SENS loop in the T165V
OxDC variant adopting the “open” conformation that is
observed in the OxDC/formate complex,”® and the side chain
of Glu-162 does not occupy the same location as seen in this
structure (Figure 3B). Indeed, the conformation of the SENS
segment in T165V is nearly identical to that seen in the “closed”
form of WT OxDC, with a single water molecule replacing the
Glu-162 side chain carboxylate. In addition, the accessibility of the
active site of the T165V variant in the conformation visualized in
the X-ray crystal structure is similar to that of the “closed” form of
WT OxDC, with no direct channel between bulk solvent and the
active site. This finding has implications for recent spin-
trapping experiments (Scheme 3), which have provided the first
direct evidence for involvement of the formate radical anion 2
in the catalytic mechanism of OxDC.” In this earlier work, it
was proposed that removal of the Arg-92/Thr-165 bond causes
the SENS loop in the T165V OxDC variant to adopt a con-
formation that increases solvent accessibility of the active site,
thereby permitting escape of the formate radical anion into
solution. However, this suggestion needs to be modified in light
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of the X-ray crystal structure. Our working model is that the
lifetime of radical anion 2 is extended by the inability of the
Glu-162 side chain to adopt an active conformation, thereby
facilitating loss of this species into solution.

In a further notable observation, electron density was
observed within coordinate bond distance of the Mn(II) ion
in the N-terminal domain of the T165V OxDC variant, which
could not be refined as water because of the close proximity of
the three lobes (Figure 4A). As a result, and given that the pH
of the crystallization medium was 7.5, this density was modeled
as a carbonate anion located in the position occupied by formate
in a previous X-ray structure of WT OxDC (Figure 4B).>” Support
for this assignment has been provided by preliminary data from
membrane-inlet mass spectrometric measurements,””>° which
suggest that OxDC is inhibited by bicarbonate at pH 5.2
[Moral et al., unpublished results].

Spin-Trapping Studies and Dioxygen Consumption
by the T165V OxDC Variant. By monitoring the time-
dependence of the buildup of the stable radical formed in the
spin-trapping reaction (Figure SA), we were able to estimate
that loss of 2 from the T165V OxDC variant takes place with
a rate constant of 1.1 X 107 s' at pH 4.1 (Supporting
Information). If dioxygen is participating as a reversible
electron sink during catalysis (Scheme 1), however, then loss
of the formate radical anion 2 must be accompanied by the
release of superoxide anion from the active site if the enzyme is
to resume the catalytic cycle. We therefore compared the rate
of dioxygen consumption by the WT' OxDC and the T165V
OxDC variant given that the WT enzyme does not release 2 to
any significant extent during catalytic turnover.” In these experi-
ments, changes in dissolved dioxygen concentration were deter-
mined by monitoring the fluorescence lifetime of an immobilized
ruthenium complex (475 nm).** Under our standard conditions
(pH 4.1 in NaOAc buffer) WT OxDC and the T165V variant
were found to consume dioxygen with rates of 238 and 99 nM s/,
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Figure 4. (A) Stereo view of the N-terminal active site of the T165V OxDC variant showing a simulated annealing omit map calculated with coefficients F,
— F, and contoured at 1 ¢ (cyan cages). Mn(II) is shown as a magenta sphere and the water molecule as a red sphere. Schematic representations of the
N-terminal active site of (B) the T165V OxDC variant with bound CO,*~ and (C) WT OxDC with the SENS loop in the “closed” conformation
(1UWS8).* In both images, Mn(II) is shown as a magenta sphere, water molecules are shown as blue spheres, and distances are given in A.

Scheme 3. Reaction of @-Phenyl-tert-butylnitrone (PBN)
with Formate Radical Anion in Spin-Trapping Experiments
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respectively, when the initial oxalate concentration was
saturating (Figure SB). Any interpretation of these oxygen
consumption rates, however, must reflect the fact that the
T165V OxDC variant breaks down oxalate with a turnover
number (k../M, = 2.11 s7") that is ~10-fold less than that of
WT OxDC (k,/M, = 21.4 s7'). For the enzyme concen-
trations used in these experiments, we therefore computed the
level of oxalate consumption per dioxygen molecule, obtaining
ratios of 126 and 54 for WT OxDC and the T165V OxDC
variant, respectively. Hence, removal of the Arg-92/Thr-165
hydrogen bond does increase dioxygen consumption per oxalate
molecule consumed, as expected on the basis of the spin-trapping
rates of the formate radical anion.

B DISCUSSION

There is general agreement that the initial step of activating
oxalate for subsequent C—C bond cleavage involves bidirectional
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PCET"'!28 using the nomenclature of Nocera and Stubbe. >33

Sequence alignment studies®® and X-ray crystallography®
suggest that this PCET step is mediated by the side chain of
Glu-162, which is located within a conformationally flexible
loop segment. A similar role for an aspartate side chain in
“gating” bidirectional PCET has also been proposed for the
enzyme ribonucleotide reductase.’” Residues adjacent to the con-
formationally flexible SENS loop segment form an extensive
series of hydrogen bonds (Figure 1), which likely have
functional importance given our demonstration that removal
of the interaction between the side chains of Arg-92 and Thr-
165 does impact catalytic activity, reducing k.,./Ky by an order
of magnitude without disrupting metal loading to a significant
extent. The X-ray crystal structure of the T165V OxDC variant
shows, somewhat unexpectedly, that removing the hydrogen
bond does not cause the Arg-92 side chain to adopt a new
position within the active site or perturb the ability of the loop
backbone to adopt the “closed” conformation that is observed
in WT OxDC. Instead, we observe that the Glu-162 side chain
adopts a previously unobserved conformation that incorrectly
positions the carboxylate for proton abstraction given the geo-
metrical requirements for PCET.*>**

This conclusion is supported by the heavy-atom IE mea-
surements outlined above, which reveal that (i) '*k; is 3-fold
smaller and (ii) ks/k, is increased 4-fold for the reaction
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Figure 5. (A) Time dependence of the EPR signal associated with the
radical obtained by reaction of a-phenyl-tert-butylnitrone with the
formate radical anion generated during catalytic turnover of the T165V
OxDC variant. The reaction mixture consisted of enzyme (320 ug),
20 mM PBN, and 100 mM oxalate dissolved in 300 mM NaOAc
buffer, pH 4.1, containing 100 mM NaCl. Color code: 105 s, black;
626 s, red; 522 s, green; 712 s, blue; 892 s, yellow; 1079 s, violet; 1265 s,
gray; 2090 s, purple. (B) Time dependence of dioxygen consumption
under initial rate conditions for the T165V OxDC variant (purple) and
WT OxDC (cyan). The reaction mixtures consisted of WT OxDC or
the T165V OxDC variant (at a final concentration of 1.0—1.4 M) and
100 mM potassium oxalate dissolved in S0 mM acetate buffer, pH 4.2,
containing 0.2% Triton X-100.

catalyzed by the T165V OxDC variant when compared to WT
OxDC. First, the reduced value of '®k; shows that the depro-
tonation step takes place in the T6S V variant via an earlier
transition state than that employed by the WT enzyme. Second,
given that an increase in ks is unlikely because the amount of
positive charge is lower on the central carbon that becomes
formate, the larger k;/k, ratio is a consequence of a decrease in
the rate at which the oxalate radical anion intermediate 1 reverts to
the Michaelis complex. Both findings can be explained by a model
in which removal of the Arg-92/Thr-165 hydrogen bond results in
mis-positioning of the Glu-162 side chain. Assuming that Glu-162
only rarely adopts a conformation in which it can abstract a proton
from a Mn(II)-bound oxalate monoanion, which would slow the
overall turnover of the T165V OxDC mutant, then the neutral
side chain will quickly revert to its alternate, mis-positioned
conformation after substrate deprotonation, thereby preventing
reversal of PCET (reduced k,) and committing the oxalate
radical anion 1 to decarboxylation. In addition, some effect on
bond orders in the transition state for decarboxylation might be
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expected if the electrostatic properties of the active site during
catalysis were perturbed by mis-positioning the Glu-162 side
chain.

When the reaction catalyzed by the T165V OxDC variant
was performed at pH 4.2, a substantial external commitment
(k3/k, = 3.2) was calculated, but this assumed that the internal
commitment (ks/k,) is unchanged at pH 4.2 and S.7. The fact
that the T165V OxDC variant is an order of magnitude slower
than WT OxDC argues, however, against the variant exhibiting
an appreciable k;/k, ratio. We therefore interpret our IE data to
mean that ks/k, is not pH-independent but is larger at pH 4.2.
This is most likely the result of k, being even smaller at pH 4.2
than at pH 5.7. The decreased value of k, presumably results
from an increased tendency at low pH for the Glu-162 side
chain to adopt an unproductive conformation for protonation
of the oxalate radical anion intermediate.

The nature of the reversible electron sink that must also be
present for PCET to take place in OxDC during catalysis remains
elusive. Although there is ample precedent for transferring a sigma-
bond electron into a d-orbital of an oxidized metal center, as is the
case for lipoxygenase,**” the failure of ongoing efforts to observe
catalytically competent Mn(III) or Mn(IV) species in WT OxDC
(or any of the OxDC variants reported in the literature to date)
has stimulated consideration of alternate locations for the electron.
In this regard, we note that the tyrosine radical observed durin
catalytic turnover of the enzyme is not catalytically competent®
and is therefore not the reversible electron sink required by
current mechanistic proposals.”"

Indirect evidence that enzyme-bound dioxygen is the electron
sink for PCET is, however, provided by our observation that the
T165V OxDC variant consumes more dioxygen than WT OxDC.
Spin-trapping experiments clearly show that the leakage rate of
formate radical anion 2 into solution is significantly greater in the
T165V OxDC variant,” although the X-ray crystal structure shows
that in the conformation observed there is no direct channel
between the active site and bulk solvent as is seen in the crystal
structure of the “open”, wild-type enzyme.”® Moreover, if the Glu-
162 side chain points away from the active site event when the
SENS loop adopts its closed conformation, then one would expect
the second PCET step (leading to formate production) to be
slower, thereby extending the lifetime of formate radical anion 2.

The radical anion 2 can react with dissolved molecular di-
oxygen when it is in free solution to form CO, and superoxide,
which in turn can rapidly disproportionate to give oxygen and
hydrogen peroxide at a rate that is diffusion-controlled at pH
4.1.*° Consequently, since this process yields hydrogen peroxide, it
is difficult to ascertain the amount of dioxygen that is consumed
by any oxidase activity in the T165V OxDC variant. Assuming that
oxidase activity of the T165V OxDC variant can be neglected gives
an upper bound for the apparent first-order rate constant of
dioxygen consumption due to radical anion leakage of 3.8 X
107* 57!, Although any comparison of this rate constant with
that observed for formation of the “spin trapped” adduct (1.1 X
1073 s7") is complicated by the different enzyme concentrations
used in the spin-trapping (80 #M) and dioxygen consumption
(1.5 uM) experiments (not to mention the unknown level of
oxidase activity in the T165V OxDC variant), our finding that
the rate constants for dioxygen consumption and formation of
the “spin trapped” adduct differ by only ~3-fold is intriguing.
More specifically, the similarity of these two rate constants
implies that dioxygen is not used merely to generate a protein-
based radical or oxidized metal center that could then function
as a reversible electron sink. Our working hypothesis therefore
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remains that the role of electron sink is played by enzyme-
bound dioxygen, especially given previous studies showing that
decarboxylase activity does not take place under anaerobic
conditions.**!

B ASSOCIATED CONTENT

© Supporting Information

Procedures for obtaining the T165S and T165V OxDC variants
by overlap extension mutagenesis and primer sequences and
detailed analyses of heavy-atom IE data and spin-trapping
kinetics (Figures S1 and S2). This material is available free of
charge via the Internet at http://pubs.acs.org.

Accession Codes

The coordinates and structure factors for the T165V variant of
oxalate decarboxylase have been deposited in the PDB with
accession code 3SOM.
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molecular mechanical; ICP-MS, inductively coupled plasma
mass spectrometry; IRMS, isotope-ratio mass spectrometry; Ni-
NTA, nickel—nitrilotriacetic acid agarose; PBN, a-phenyl-tert-
butylnitrone.
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B ADDITIONAL NOTES

“Residue numbering throughout the article refers to the oxalate
decarboxylase encoded by the YvrK gene in Bacillus subtilis.
The proton is being taken from the end of the substrate that
becomes CO,. At this end of the molecule, the bond orders
remain 1.5. The electron is removed from the other carboxylate
and the fractionation factor at the carbon that becomes product
CO, is NOT significantly affected by changes in bond order at
the other end of the substrate (Figure S1, see Supporting
Information). Therefore, it is very unlikely that the equilibrium
BC isotope effect for proton removal from the carboxyl group
hydrogen bonded to Glu-162 will differ from that for
deprotonation of a normal carboxyl group.

“A justification for this assumption is provided in footnote 38 of
ref 11.

“The presence of high CO, concentrations in assay mixtures
containing OxDC appears to preclude the use of a traditional
Clark electrode for monitoring dioxygen consumption under
our reaction conditions. This likely reflects a perturbation of the
chemical equilibrium operating at the reference electrode due
to bicarbonate or carbonate anion formation.>!
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