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ABSTRACT: The first example of an O, adduct of an active
Co-substituted oxygenase has been observed in the extradiol
ring cleavage of the electron-poor substrate
4-nitrocatechol (4NC) by Co(II)-homoprotocatechuate 2,3-
dioxygenase (Co-HPCD). Upon O, binding to the high-spin
Co(I) (S = */,) enzyme—substrate complex, an S = '/, EPR
signal exhibiting **Co hyperfine splitting (A = 24 G) typical
of a low-spin Co(III)—superoxide complex was observed.
Both the formation and decay of the new intermediate are
very slow in comparison to the analogous steps for turnover
of 4NC by native high-spin Fe(II)-HPCD, which is likely to
remain high-spin upon O, binding. A similar but effectively
stable S = 1/ , intermediate was formed by the inactive
[H200N-Co-HPCD(4NC)] variant. The observations pre-
sented shed light on the key roles played by the substrate, the
second-sphere His200 residue, and the spin state of the metal
center in facilitating O, binding and activation.

I I omoprotocatechuate 2,3-dioxygenase (HPCD) activates
O, to carry out the extradiol ring cleavage of
homoprotocatechuate (HPCA) (Scheme 1) in the biodegradation

Scheme 1. Extradiol Ring Cleavage of Catechol Substrates by
Fe- or Co-Substituted HPCD
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of aromatic compounds by microorganisms.'™> Recent metal
substitution experiments showed that the native Fe(Il) metal
cofactor can be substituted with Co(II) to yield Co-HPCD with
comparable activity® despite an apparent large difference in the
M(III/II) redox potentials of Fe-HPCD and Co-HPCD, as
suggested by the observation that H,O, oxidatively inactivates Fe-
HPCD but not Co-HPCD and the large difference in the standard
M(II/I) redox potentials of these metals.’ As the catalytic
mechanism for Fe-HPCD involves O, binding to the Fe(II)
center,”® our observations raise the question of how O, activation
and extradiol cleavage can be carried out by the higher-potential
Co(II) center of Co-HPCD.

Steady-state kinetics measurements showed Co-HPCD to

have a low apparent O, affinity (Ky¢ = 1.2 + 0.1 mM vs 60 uM
for Fe-HPCD at pH 7.8), perhaps reflecting the higher potential
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of the Co(Il) center. However, under O,-saturating conditions,
Co-HPCD shows a higher HPCA ring cleavage activity than Fe-
HPCD (k. = 1120 =+ 70 min™' vs 470 + 20 min~" for Fe-
HPCD at pH 7.8).* Comparisons of transient kinetic experi-
ments indicated different rate-limiting steps for the Fe-HPCD-
and Co-HPCD-catalyzed reactions. Whereas the rate-limiting
step for Fe-HPCD occurs in the product release phase of the
catalytic cycle,®”'® that for Co-HPCD occurs in the O, binding
and activation phase of the reaction. Investigation of these steps
has been facilitated in our past studies of extradiol dioxygenases
by the use of the slow substrate analogue 4-nitrocatechol
(4NC).%”' This electron-poor substrate is cleaved at the same
position as HPCA by Co-HPCD, but the rate of the reaction is
decreased 1000-fold (pH 6.0, 22 °C, 2 atm O,). This has
allowed us to trap an O, adduct and characterize it as a low-spin
Co(IlI)—superoxide complex, the first documented example of
such a species for a functional cobalt oxygenase.

Co-HPCD binds 4NC [K3NC = 5 + 2 uM; Figure S1 in the
Supporting Information (SI)] in its purple dianionic form with
an intense absorption band at 516 nm that slowly converts to
the yellow extradiol ring-cleaved product with absorption bands
at 330 and 390 nm at pH 6.0 (Figure 1).” Time-dependent
traces of the reaction at 516 and 390 nm were fit satisfactorily
with single-exponential equations to give nearly the same 1/7
value at these two wavelengths (Figure S2). The conversion
exhibited a linear dependence on O, concentration (Figure 1
inset), suggesting that O, binding is the first and rate-limiting
step over the experimentally accessible [O,] range. The slope of
the plot gave a second-order rate constant for O, binding of
30 + 3 M~ min™', which is at least 6 orders of magnitude
smaller than that for O, binding to [Fe-HPCD(4NC)].”"° This
is in accord with our previous proposal, based on steady-state
kinetic analysis, that the O, binding step in HPCA turnover by
Co-HPCD is slow and rate-limiting." Because of the slow
turnover of 4NC by Co-HPCD, the observed activity could
originate from contaminating Fe-HPCD. To rule out this
possibility, the enzyme was pretreated with H,O, to inactivate
any contaminating Fe-HPCD." Furthermore, in the single
turnover of 4NC by Fe-HPCD, none of the observed kinetic
phases show an O, concentration dependence, in contrast to our
observations here for Co-HPCD (Figure 1 inset and Figure $2)?

Electron paramagnetic resonance (EPR) freeze—quench
experiments were performed by rapidly mixing the anaerobic
[Co-HPCD(4NC)] complex (pH 6 at 22 °C) with O,-saturated
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Figure 1. UV—vis absorption spectra observed for the single-turnover
reaction of O, with [Co-HPCD(4NC)] (40 uM 4NC and 150 uM
Co-HPCD) (purple) to form the extradiol ring-cleaved product
(orange). Reaction conditions: SO mM MES (pH 6.0), 2 atm O,,
22 °C. Intermediate lines were obtained at 5 min intervals. Inset: O,
dependence of average 1/7 values from single-exponential fits of data
(Figure S2) at either 516 (purple points) or 390 nm (orange points).
The thin black line represents a linear fit of the 1/7 data points.

buffer and then placing the reaction under 2 atm O,. Aliquots from
the reaction were then taken every few minutes over the course of
60 min and frozen in EPR tubes. Figure 2 shows representative EPR
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Figure 2. EPR spectra of freeze—quench samples of anaerobic
enzyme—substrate complex [Co-HPCD(4NC)] (purple) rapidly
mixed with O,-saturated buffer under 2 atm O, at 22 °C in 50 mM
MES buffer (pH 6.0), showing formation of the [Co-HPCD(4NC)O,]
intermediate (red) at 2 min and subsequent decay to Co-HPCD
(orange) and the extradiol ring-cleaved product after 60 min. The initial
concentrations of reactants were 0.5 mM [Co-HPCD(4NC)] and
2.75 mM O,.

spectra from the freeze—quench experiments. Co-HPCD exhibited
an S = 3/, EPR signal associated with a high-spin Co(II) center
(Figure S3),* with the signal at g = 6.7 showing ¥Co (I = 7/,)
hyperfine splitting (A = 80 G) (Table 1). The S = 3/, signal
changed upon anaerobic formation of the [Co-HPCD(4NC)]
complex (Figure 2 and Figure S3). Upon mixing with O,, the
amount of the S = 3/, species decreased, as indicated by a decrease
in the feature at ¢ = 4.8, and a new S = '/, species formed with
signals centered at g = 2. The new S = '/, species exhibited well-
resolved eight-line hyperfine splitting from the ¥Co nucleus (A =
24 G). The intensity of the S = '/, species continued to increase

797

Table 1. EPR Data for Co(II)-HPCD Complexes

sample S g values Ax(sgCo)
Co-HPCD* 3/, 6.7,34,24 80 G
[Co-HPCD(HPCA)]® 3/, 7.6, 2.5, 1.9 98 G
[Co-HPCD(4NC)1* 3, 5.6,3.5, 2.1 75 G
[Co-HPCD(4NC)0,] '/, 2.10, 2.02, 1.99 24 G
[H200N-Co-HPCD]? 3, 69,3.7,26 920 G
[H200N-Co-HPCD(4NC)]? 3/, 63,32, 19 3G
[H200N-Co-HPCD(4NC)O0, ] 1, 2.10, 2.02, 1.99 2G

“Reference 4. bFigure S3.

over the first 2 min and then decreased as the S = */, signal of Co-
HPCD at g = 8.9 grew.

The reaction progress (Figure 3) was monitored by following
changes in the intensities of EPR features unique to each
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Figure 3. Time dependences of the various EPR-active species
observed in the EPR freeze—quench experiments. The change in
concentration of each species was measured by monitoring the change
in the intensity of EPR features unique to that species. The initial and
final spectra were used to normalize the concentrations of [Co-
HPCD(4NC)] and Co-HPCD, respectively. The maximum yield of
[Co-HPCD(4NC)O,] was measured by spin quantification and used
to normalize its concentration.'” Solid lines represent fits of data by
global analysis to rate equations based on the reaction scheme shown
in the inset.

species. A yield of ~10% for the S = !/, species was measured at
2 min by spin quantification.'”> The ability to observe the
intermediate directly allowed accurate fitting of the time course
to the appropriate equation for a two-step reaction. The EPR
and UV—vis reaction progress curves (Figure 3 and Figure S4)
were fit simultaneously by global analysis to rate equations based
on the reaction scheme shown in Figure 3 using the program
DYNAFIT, and the following rate constants were obtained: k, =
40 + 5 M min™!, k_, = 0.05 + 0.01 min~!, and k, = 0.72 +
0.06 min~"."* Under this model, the k,[O,] and k, values are
comparable in magnitude, with k;[O,] < k, at experimentally
accessible O, pressures (<5 atm). The ~10% yield of the S ="'/,
species observed in the freeze—quench EPR experiments at 2
atm O, is fully consistent with the rate constants obtained.
The H200N-Co-HPCD mutant showed no extradiol ring-
cleavage activity for 4NC at any of the pHs examined.
Nevertheless, the [H200N-Co-HPCD(4NC)] complex could
form an O, adduct with an S = '/, EPR spectrum similar to that
of [Co-HPCD(4NC)O,] (Figure 4). In fact, because k, = 0, the
intermediate was formed in higher yield (50% under 2 atm O,),
facilitating investigation of its properties. Interestingly, no
significant UV—vis spectral changes between [H200N-Co-
HPCD(4NC)] and [H200N-Co-HPCD(4NC)O,] were
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Figure 4. EPR spectra of (A) [Co-HPCD(4NC)'¢0,] at pH 6.0, (B)
[H200N-Co-HPCD(4NC)'0,] at pH 7.5, and (C) [H200N-Co-
HPCD(4NC)"0,] at pH 7.5 (prepared with 70% '70,). Spectra were
obtained at 9.64 GHz using a microwave power of 20 dB at 20 K.

observed (Figure SS), suggesting that the 4NC chromophore is
not affected by O, binding. Accordingly, O, binding to
[H200N-Co-HPCD(4NC)] proved to be reversible, as purging
the sample with argon caused the S = '/, species to disappear,
restoring the EPR signal of the enzyme—substrate (ES)
complex (Figure S6). O, binding experiments monitored by
EPR spectroscopy (Figure S7) showed that [H200N-Co-
HPCD(4NC)] has a low affinity for O,, with a K3* of 2.8 + 0.2
mM O, at pH 7.5, similar to the value of 1.3 mM O, deduced
for Co-HPCD from the kinetic fits described above.

Both the H200N and wild-type [Co-HPCD(4NC)O,] adducts
exhibited small **Co hyperfine splittings of <25 G (Table 1).
These are comparable to those of other characterized low-spin
Co(IlI)—superoxide species (Table S1), where the unpaired
electron is localized on the superoxide moiety and the observed
$Co hyperfine splitting is attributed to spin polarization,"* ¢
Furthermore, the use of O, (I = 3/,) resulted in significant
broadening of the S = !/, EPR signals of both the H200N and
wild-type [Co-HPCD(4NC)O,] adducts (Figure 4C and Figure S8),
in strong support of the low-spin Co(III)—superoxo description
for the adducts.

The binding of O, to the ES complex of Co-HPCD results in
an apparent spin state change from high-spin Co(II) in the ES
complex to low-spin Co(Ill) in the O, adduct. However, as
expected, such a spin transition is not observed for the
corresponding O, adducts of Fe- or Mn-HPCD because of the
weak-field nature of the HPCD coordination environment.%'”
Co(III) differs from the other two metal centers because of its
d° electron configuration and the consequent large ligand-field
stabilization energy that favors the low-spin state, as found for
all Co(III)—superoxide complexes characterized to date."*'®
The formation of the low-spin adduct is likely to be an
important factor that promotes O, binding despite the high
Co(III/II) potential. However, the required reorganization that
accompanies the spin transition as the O, adduct forms and the
high Co(III/II) potential work together to raise the barrier for
O, binding, which shifts the rate-limiting step to the O,-binding
phase of the catalytic cycle for Co-HPCD.*

The decay rate of the observed low-spin Co(III)—superoxide
species is at least 7 orders of magnitude lower than the rate of
the analogous step using Fe-HPCD,”'® even though one may
expect Co(Ill) to be a stronger oxidant than Fe(Ill) in the
subsequent one-electron oxidation of 4NC. This slow rate of
4NC oxidation likely reflects the large kinetic barrier arising
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from an increase in the reorganization energy upon electron
transfer as the low-spin Co(IIl)—superoxide converts to a high-
spin Co(II)(semiquinone)—superoxide species (Scheme 2)."*

Scheme 2. Proposed O, Activation Mechanism by Co-HPCD
with HPCA at pH 9.0 and 4NC at pH 5.5*
The Cof(lll)-superoxide intermediate is
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His200 has been shown previously by site-directed muta-
genesis to be a catalytically important residue for Fe-
HPCD.%'*'"?® The fact that H200N-Co-HPCD is not
catalytically active but is nonetheless able to bind O, reversibly
when 4NC is bound to the cobalt center suggests that the H200
residue is not required for O, binding but must be essential for
a subsequent step. In Fe-HPCD crystal structures of the
substrate complex and intermediates following O, binding,
H200 is observed to be involved in weak hydrogen-bonding
interactions with the OH moiety of the monoanionically bound
catecholate as well as stronger interactions with the various
O,-derived ligands.”*' ™ His200 has been proposed to
facilitate electron transfer from the substrate to the M—O,
unit by a proton-coupled electron transfer mechanism, where it
acts as a base to remove the proton from the substrate to assist
in catechol oxidation. In turn, the protonated His200 residue
can interact with the O, adduct as it forms and stabilize the
developing negative charge on the dioxygen moiety.”*" In
the next step, the protonated His200 may also help to orient
the superoxide moiety to optimize its attack on the substrate
semiquinone radical to form the alkylperoxo intermediate that
leads to the extradiol cleavage of the substrate.”” These
proposed roles are illustrated in Scheme 2.

Scheme 2 can also rationalize the dramatically different
pH—activity profiles of Co-HPCD with HPCA and 4NC as
substrates. Optimal extradiol cleavage of HPCA occurs at pH
9.0 (Figure S9), but for 4NC the optimum pH is 5.5 (Figure S10).
This may arise from the drastically different pK,’s of HPCA
and 4NC>** resulting in HPCA binding to Co-HPCD as a
monoanionic catecholate and 4NC binding as a dianion.”***” In
the latter case, the intensity of the characteristic 516 nm band of
the dianion decreases and the rate of 4NC turnover increases as
the pH is lowered (Figures S10 and S11A). However, the decrease
in the 516 nm band is not accompanied by the appearance of a
425 nm chromophore associated with the 4NC monoanion
(Figure S11A),%%* so lowering the pH from 9.0 to 5.5 does not
result in protonation of the bound 4NC. Instead, we suggest that
H200 becomes protonated and then hydrogen-bonds to the
bound 4NC to affect its chromophore. This notion is consistent
with the observation that the 4NC chromophore of the [H200N-
Co-HPCD(4NC)] complex is much less sensitive to changes in
pH (Figure S11B). As Asn200 has a shorter side chain and cannot
be protonated in this pH range, it is unable to interact productively
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with 4NC. The differences in the pH—activity profiles for HPCA
and 4NC as substrates can thus be rationalized by the key role
proposed for H200 as an acid/base catalyst to promote electron
transfer from the substrate to the M—O, unit to advance the
reaction cycle beyond the O, binding step. In the case of HPCA,
protonation of H200 occurs upon extraction of the proton from
the bound substrate concomitant with its oxidation. The analogous
proton transfer to H200 cannot occur for 4NC, as it is bound as a
dianion. However, H200 can be protonated by solvent at lower
pH, resulting in the observed increase in the rate of 4NC cleavage
(Figure S10). The H200N mutation prevents the ring cleavage
reaction by eliminating both protonation pathways as well as any
effects on orientation of the oxy moiety.

The H200N-Fe-HPCD, mutant is similarly unable to catalyze
extradiol cleavage of 4NC but instead catalyzes the two-
electron oxidation of 4NC to yield quinone and H,0,.571°
Initial O, binding to [H200N-Fe-HPCD(4NC)] is very rapid
and reversible (k; = 9 + 1.2 X 10° M~ min~" and k_, = 3120
min~" at 4 °C and pH 7.5) and leads to the formation of a long-
lived Fe(Ill)—superoxo species analogous to the Co(IIl)—
superoxo species observed in this study. This shows that the
initial electron transfer step from M(II) to O, proceeds with
either metal in the absence of H200. However, the subsequent
electron transfer step from substrate to the M—O, unit is
clearly blocked for the unreactive low-spin [H200N-Co-
HPCD(4NC)O,] species but can still occur for the high-spin
[H200N-Fe-HPCD(4NC)O,] intermediate (k = 1.32 min™"
at 4 °C and pH 7.5) to form a high—zpin Fe(III)— (4-nitro-
benzosemiquinone)peroxo intermediate.”'’

In summary, we have characterized the O, adduct of a cobalt-
substituted iron dioxygenase that exhibits activity comparable
to that of its iron analogue. The O, adduct is best described as a
low-spin Co(III)—superoxo complex,"* ¢ the first example
of such a species for a functional cobalt oxygenase. We have
also shown that H200 plays a crucial role in promoting the
subsequent oxidation steps that lead to extradiol cleavage of
the substrate by acting as an acid/base catalyst and properly
orienting the superoxide to attack the substrate. The
substitution of Co(II) for the native Fe(I) center in HPCD
shifts the rate-limiting step from the product release phase of
the catalytic cycle in the case of the Fe(II) enzyme to the O,
binding and catechol oxidation phase for the Co(II)
enzyme.”'® This shift probably results from the higher kinetic
barrier associated with O, binding to Co-HPCD due to the
higher M(III/II) redox potential of the cobalt center and the
spin transition from high-spin Co(II) to low-spin Co(III) upon
O, binding to Co-HPCD. It may also involve the reverse
spin transition in the subsequent electron transfer from the
electron-poor 4NC substrate to the low-spin Co—superoxo unit.
A similar change in the oxidation and spin state presumably
occurs as [Co-HPCD(HPCA)] binds O,, but this remains to be
demonstrated. However, the fact that the HPCA reaction is at
least 1000-fold faster than that for 4NC suggests that the
lifetime of the putative low-spin Co(III)—superoxo intermedi-
ate significantly decreases as the electron-poor 4NC is replaced
with the more easily oxidized substrate. Further efforts are
aimed at trapping the analogous superoxo intermediate with
substrates other than 4NC.
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