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Abstract

The reactive oxy-intermediate of the catalytic cycle of extradiol aromatic ring-cleaving dioxygenases
is formed by binding the catecholic substrate and O in adjacent ligand positions of the active site
metal (usually Fe(I1)). This intermediate and the following Fe(l1)-alkylperoxo intermediate resulting
from oxygen attack on the substrate have been previously characterized in a crystal of
homoprotocatechuate 2,3-dioxygenase (HPCD). Here a subsequent intermediate in which the O-O
bond is broken to yield a gem diol species is structurally characterized. This new intermediate is
stabilized in the crystal by using the alternative substrate, 4-sulfonylcatechol, and the Glu323Leu
variant of HPCD, which alters the crystal packing.

Extradiol aromatic ring cleaving dioxygenases such as homoprotocatechuate 2,3-dioxygenase
(HPCD) catalyze fissure of the O, bond and incorporation of both atoms into catecholic
substrates to give muconic semialdehyde products (1-3). These enzymes use an active site Fe
(1) (and rarely Mn(ll)) bound in a 2-His-1-carboxylate facial triad motif in the O, activation
process (4-6). X-ray crystal structures show that the substrate binds to the Fe(ll) as an
asymmetric chelate (6,7). As substrate binds, two of the three solvents present on the accessible
face of the iron in the resting enzyme are directly displaced and the third is either released or
its bond to the iron is weakened. This prepares a site for O, binding adjacent to the substrate.

We and others have speculated that O, activation occurs as a result of electron transfer from
the catecholic substrate to the bound O, via the Fe(I1) (1-3,8-13). Radical recombination would
yield an Fe(I1)-bound alkylperoxo intermediate. O—O bond cleavage and insertion of one atom
into the aromatic ring to form a 7-member lactone intermediate is proposed to follow. This
step would be facilitated by an acid catalyst to protonate the oxygen atom proximal to the Fe
(I1). Hydrolysis of the lactone by the Fe(11)-bound oxygen, now at the level of hydroxide, would
result in ring cleavage, and ultimately, product release.

Support for this mechanism has been gained using several experimental approaches. Neither
the Fe(Il) center nor the substrate, homoprotocatechuate (HPCA), has a convenient
chromophore or EPR signal with which to monitor the reaction cycle. However, it was found
that the chromophore of the alternative substrate 4-nitrocatechol (4NC) could be monitored,
and it revealed the occurrence of at least 8 intermediates in the overall cycle (14,15). Many of
these had kinetic or spectroscopic properties consistent with intermediates predicted to occur
in the cycle. Mutagenesis of His200, which is well positioned in the active site to serve as the
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catalytic acid, slowed the oxygen reaction steps (14). This allowed the detection of the first
oxy-intermediate in the extradiol dioxygenase class based on its absorbance maximum at 610
nm.

Recently, we showed that HPCD in crystals retains catalytic activity (2,16). When 4NC was
used as the substrate and O, was limited, the X-ray crystal structure of the homotetrameric
enzyme showed that three of the four subunits in the asymmetric unit contained different
reaction cycle intermediates. One subunit contained the predicted 4NC semiquinone- Fe(ll) -
superoxo intermediate, two more contained the Fe(ll)-alkylperoxo intermediate, and the fourth
contained the product complex. Thus, nearly the entire oxygen activation and insertion segment
of the reaction cycle was represented in a single crystal. Differences in the identical subunits
were presumably introduced by crystal packing forces.

The principal missing intermediate from the structural studies conducted thus far is the 7-
membered lactone species that is postulated to be hydrolyzed to product. The solution transient
kinetic studies showed that the substitution of the nitro group in place of the acetate group of
HPCA resulted in at least a 200-fold decrease in the rate of decay of one of the oxy-
intermediates prior to lactone formation (15). Consequently, it is possible that the lactone
intermediate was not formed in sufficient quantity to be detected in the crystal. Here we show
that use of an alternative substrate with a less electron-withdrawing substituent leads to the
formation of a new intermediate that appears to occur between the Fe(l1)-alkylperoxo and the
product complexes in the reaction cycle.

4-Sulfonylcatechol (4SC) was selected as an alternative substrate in which the substituent
electronegativity is midway between those of 4-NO, and the normal 4-CH,COO" substituents.
HPCD catalyzes conversion of 4SC to a yellow product with spectral features and pKa values
similar to those of the extradiol product from HPCA cleavage between the 2 and 3 positions.
The turnover number is 10% of that observed when using HPCA (Table S1). Diffusion of 4SC
into a crystal of HPCD at either atmospheric or very low O, concentrations (as used
successfully in previous studies) resulted in mixtures of intermediates in the subunit active
sites such that structural assignments were not possible. During ongoing studies of the influence
of crystal packing on intermediate stability, we have noted that surface modifications affect
the subunit-specific stability of intermediates in the active sites. Consequently, the effects of
one such mutation on the stability of intermediates formed during in crystallo 4SC turnover
were tested. Residue Glu323 occurs in a region of the surface of HPCD where significant
unfavorable crystal contacts occur in several locations (Figure S2). This residue also marks the
beginning of a 43-residue C-terminal segment of the enzyme that that forms a flap over the
active site (6,16). The E323L mutant of HPCD was constructed and found not to significantly
alter the steady state Kinetic parameters of HPCA or 4SC turnover (Table S1). E323L
crystallized in the same space group as the native enzyme (P21242), but the unit cell was found
to be 10 A longer in one dimension and 2 A longer in a second, indicating that crystal packing
had been altered. The X-ray crystal structure of mutant enzyme was solved at 1.65 A resolution
(Tables S2, S3). Superposition of the structures of the mutant and WT enzymes shows that the
overall structure of each subunit as well as the overall tetrameric assembly of the enzyme is
unchanged by the mutation (rmsd 0.35-0.45 A over all atoms), but substantial changes occur
in the crystal packing interfaces (Figures S2B, S3).

In crystallo reaction was initiated by transfer of E323L crystal into the crystallization solution
containing 4SC in a low-O, (~5-10 ppm) glovebox, followed by flash freezing (see Supporting
Information for Experimental Procedures). The resulting X-ray structure of the complex,
solved at 1.60 A resolution (Tables S2, S3), showed an apparent single intermediate species
in subunits C (occupancy 85 %) and D (occupancy 65 %) of the enzyme molecule in the
asymmetric unit. Neither 4SC nor any intermediate was detected in subunits A and B.
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The structure shown in Figure 1A was obtained by fitting the electron density in subunit C
with a model built by breaking the O-O bond of a putative 4SC-alkylperoxo intermediate,
resulting in a C2-gem diol adduct of 4SC bound to the iron. The observed electron density and
bond length for the new atom bonded to C2 are both consistent with its assignment as oxygen.
Several other potential ligands were tested, but did not account for the observed density (see
Supporting Information). The electron density of a complete substrate ring is observed,
showing that the ring-open product has not yet formed. However, the ring is puckered,
consistent with a sp3 hybridized carbon 2.

The position of the Fe(ll) ligation that is occupied by the proximal O of the alkylperoxo
intermediate, O,, and small molecules in other ligand complex structures of HPCD appears to
be occupied by a single heavy atom species such as one oxygen derived from O, or solvent.
Attempts to fit this density with a diatomic molecule were unsuccessful.

The second sphere residues of the active site are positioned very similarly to those in the
structures of intermediates previously reported (2,16). In particular, the proposed active site
acid catalyst, His200, is positioned 2.8 A from, and hydrogen bonded to, the putative oxygen
iron ligand as shown in Figure 1B. Tyr257 forms a strong hydrogen bond to the original
hydroxyl group of the 4SC C2, stabilizing the sp3 hybridization of this carbon, as it does in the
Fe(I)-alkylperoxo intermediate.

It is clear from the structure of the new intermediate that it does not represent the 7-membered
lactone species postulated in the mechanism. We originally proposed (2,8) that this species
arises from a Criegee rearrangement, which is traditionally considered to be a concerted process
that would not produce a discrete gem diol intermediate.

Recently, computational studies of the mechanism have been reported based on the X-ray
crystal structures for the enzyme-substrate complex (10,11). As illustrated in Figure 2, these
studies predict that a lactone will be formed as an intermediate, but in each case, the lactone
forms from an intermediate epoxide. The epoxide, in turn, forms from a transient species in
which the O-0 bond is broken such that one oxygen is added to the substrate C2 while the
second is retained on the iron. This substrate intermediate would formally be a gem diol,
however, the computational studies find that the intermediate would be short-lived and likely
to have radical character.

The remarkable stability of the new intermediate versus that predicted in computations may
have several origins. First, midway through the catalytic cycle the enzyme active site may
provide a somewhat different environment for the substrate intermediate than that predicted
by calculations, which were based on the enzyme-substrate complex structure. Second, 4SC
has a different distribution of ring electron density than that of the HPCA used in these
calculations. Third, the current results suggest that crystal packing forces have an important
role in stabilizing the new intermediate, but they are not brought into computations.

It is interesting to note that the active sites of E323L and native HPCD show no significant
structural differences despite the difference in their abilities to stabilize the new intermediate.
This might be expected if the underlying cause is not in the structure, per se, but rather in the
active site and subunit dynamics that contribute to progress along the reaction coordinate.

The O-O bond cleaved intermediate that we propose here has not been previously recognized
for any ring cleaving dioxygenase. It strongly suggests that the oxygen insertion reaction is not
concerted, and thus, under the right conditions, an epoxide or lactone intermediate may also
be trapped. In this regard, the approach of using a crystal to both trap and structurally
characterize enzyme intermediates appears to hold great promise (17).
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FIGURE 1.

Structure of a species trapped in the active sites of E323L mutant of 2,3-HPCD during in
crystallo reaction with 4SC and O, (PDB code 3ECK). (A) Gem diol adduct of 4SC. The blue
2F ops—Fcalc maps are contoured at 1.0 o. The green Fops—Fcalc ligand-omit maps were
computed by removing ligands from the final model and are contoured at +3 . (B) Hydrogen-
bonding interactions of the intermediate with active site residues. Atom color code: gray,
carbon (enzyme residues); yellow, carbon (ligand); blue, nitrogen; red, oxygen; green, sulfur;
purple, iron. Red dashed lines show hydrogen-bonds (A). Gray dashed lines indicate bonds or
potential bonds to iron; distances and angles are given in Table S3; additional views and
comparison of active site structures in subunits C and D are given in Figure S1.
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FIGURE 2.

Proposed mechanism of formation of the 7-membered lactone intermediate. Adapted from ref

(10,11)
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