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Evidence for the Formation of a Radical-Mediated Flavin-

N5 Covalent Intermediate

Yumin Dai, Hannah Valentino, and Pablo Sobrado*!

The redox-neutral reaction catalyzed by 2-haloacrylate hydra-
tase (2-HAH) leads to the conversion of 2-chloroacrylate to pyr-
uvate. Previous mechanistic studies demonstrated the forma-
tion of a flavin-iminium ion as an important intermediate in
the 2-HAH catalytic cycle. Time-resolved flavin absorbance
studies were performed in this study, and the data showed
that the enzyme is capable of stabilizing both anionic and neu-
tral flavin semiquinone species. The presence of a radical scav-
enger decreases the activity in a concentration-dependent
manner. These data are consistent with the flavin iminium in-
termediate occurring by radical recombination.

Halogenated hydrocarbons are extensively used in industrial
processes as solvents and pharmaceutical precursors. In agri-
culture, halogenated compounds are also used as pesticides,
and there is evidence that some halogenated xenobiotics are
toxic to humans.!" For example, polychlorinated biphenyl and
1,2-dichloroethane have been classified as highly toxic and car-
cinogenic agents, respectively.” The toxicity of halogenated
compounds was not realized until they had been extensively
used by the chemical industry for decades. Today, the presence
of these toxic compounds is an important environmental con-
cern, and dehalogenases have the potential to be used in the
bioremediation of environments polluted by these com-
pounds.®’ 2-Haloacrylate hydratase (2-HAH) is a flavin-depen-
dent enzyme that catalyzes the conversion of 2-chloroacrylate
to pyruvate (Scheme 1). 2-HAH catalyzes a redox-neutral reac-
tion that is different from those catalyzed by the well-known
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— + H0 _2HAH
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2-chloroacrylate HCI pyruvate
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Scheme 1. The reaction catalyzed by 2-HAH.

flavin-dependent enzymes in which redox changes in the
flavin cofactor are coupled to changes in the redox state of
the substrate.
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Flavoenzymes that catalyze non-redox or noncanonical reac-
tions are uncommon but play important biological roles. The
best-characterized members of this family of enzymes include
alkyl-dihydroxyacetonephosphatase (ADAP), type Il isopentenyl
diphosphate:dimethylallyl diphosphate isomerase (IDI-2), and
UDP-galactopyranose mutase (UGM)."? ADAP plays a role in
the biosynthesis of ether phospholipids and catalyzes the ex-
change of an acyl chain at the C-1 position of acyl-dihydroxy-
acetonephosphate (acyl-DHAP) with a fatty alcohol, thus form-
ing an ether linkage in alkyl-DHAP"’ This mechanism of ADAP
has been shown to involve a covalent adduct intermediate
that forms between a carbanion of acyl-DHAP and the oxidized
flavin. The isomerization reaction catalyzed by IDI-2 is impor-
tant for isoprenoid biosynthesis. IDI-2 requires the reduced
form of the flavin for activity. In this reaction, the flavin func-
tions as an acid/base catalyst.® The reaction catalyzed by UGM
is essential for the biosynthesis of galactofuranose, which is
found in the cell walls of mycobacteria, fungi, and several
glycan structures on the cell surface of parasites and nema-
todes.”” UGM activity also requires reduced flavin; however, in
the sugar isomerization, the flavin functions as a nucleophile,
forming a covalent intermediate with galactose.” The reaction
of 2-HAH has been shown to have an absolute requirement for
the reduced form of the flavin for activity.”) We recently dem-
onstrated the presence of a flavin-acrylate intermediate during
turnover, as we and others demonstrated for UGM."*™ How-
ever, the mechanism by which this intermediate is formed was
not elucidated. In principle, this intermediate can form accord-
ing to the mechanisms shown in Scheme 2. In one mechanism,
the covalent adduct could form by a nucleophilic attack of the
FAD-N5 atom, similar to what has been shown for UGM
(Scheme 2A)."™ Alternatively, a single-electron transfer step
could lead to a flavin-acrylate radical pair that can recombine
to form the covalent FAD-N5-acrylate adduct (Scheme 2B).

To obtain insight into the steps leading to formation of the
covalent adduct in 2-HAH, we performed a series of rapid re-
action kinetic analyses. The reaction of oxidized 2-HAH with
NAD(P)H was monitored under anaerobic conditions in a
stopped-flow spectrophotometer. The change in absorbance
as a function of time at 453 nm, characteristic of flavin reduc-
tion by NAD(P)H, was selected for kinetic analysis. The experi-
ment was performed at various NAD(P)H concentrations, and
the rate constant of flavin reduction (k) and the K; values
were calculated as previously described.®®'? These values are
listed in Table 1. The results show that 2-HAH does not have a
strong preference for NADPH over NADH. Reduction of 2-HAH
with NADH was also performed in the presence of 2-CA. Under
this condition, the k.4 value slightly increased to (0.50+
0.01) s™', whereas the K, value remained unchanged (Table 1).
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Scheme 2. Proposed chemical mechanisms for the 2-HAH-catalyzed reaction.

with a small amount of neutral (or blue) semiquinone forming
Table 1. Flavin reduction of 2-HAH by NAD(P)H.”! . -

very fast and then slowly converting to the anionic (or red)
Reductant K [5 ] K, [mm] Koo/ Ky M5 1] semiquinone form."® The observation of a flavin semiquinone
NADH 046 £ 0.01 067 £ 0.06 0.68 £ 0.30 species resulting from an obligate hydride transfer reductant
NADH +2-CA 0.50-0.01 0.68-+0.04 0.72+0.02 (NAD(P)H) under anaerobic conditions is unexpected. These
NADPH 0.50+0.01 0.56+0.03 0.84+0.02 results could be explained by single electron transfer from the
[a] Conditions: 25°C in 100 mm sodium phosphate buffer (pH 7.5) in the fully reduced FAD to an aromatic residue in the active site,
absence of oxygen. When 2-CA was used, its concentration was 0.5 mm. another oxidized 2-HAH, or a small amount of contaminating

oxygen. Regardless the mechanism, these results show that 2-
HAH is able to stabilize one-electron reduced forms of its

bound FAD.
2-HAH reduction by NADH alone was accompanied by an Previously, the reaction of fully reduced 2-HAH and 2-CA
absorbance decrease at 453 nm, typical of flavin reduction. In was monitored under anaerobic conditions on a stopped-flow
addition, increases and decreases in absorbance at wave-  spectrophotometer. The only flavin spectral changes observed
lengths >550 nm were observed. This was followed by an  were consistent with the formation of a covalent flavin imini-
increase at 400 nm (Figure 1A). These features are consistent um ion."” The lack of any transient semiquinone forming
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Figure 1. Spectral changes during flavin reduction with NADH (0.1 mm) measured in a stopped-flow spectrophotometer under anaerobic conditions. A) The
reaction of oxidized 2-HAH (@) with NADH in the absence of 2-CA shows typical bleaching of the absorbance peak at 453 nm. The spectra also show an in-
crease and subsequent decrease in a wide absorption band (> 550 nm), consistent with the transient formation of a neutral semiquinone (A). The appearance
of a peak at 400 nm, characteristic of an anionic semiquinone, is observed at later time points (m). B) In the presence of 2-CA, the early time points of the re-
duction process also include the transient formation of a neutral semiquinone (A); however, significantly more neutral semiginione is observed than in the
absence of 2-CA. The neutral semiquinone is slowly converted to the anionic semiquinone (m);® =2-HAH. C) Time evolution of the formation of the anionic
semiquinone species in the absence (o) and presence (@) of 2-CA monitored at 400 nm, and of a transient neutral semiquinone in the presence (m) and ab-
sence (o) of 2-CA.
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Figure 2. Effect of the free radical scavenger DEPMPO on 2-HAH activity. A) Activity of 2-HAH at various concentrations of DEPMPO (0-100 mwm). B) Decrease
in k., normalized to the value obtained in the absence of DEPMPO. C) Reaction of NADPH-reduced UGM in the presence of DEPMPO.

under these conditions suggests that this intermediate might
form and decay very rapidly. We probed the rate-limiting step
under steady-state conditions by measuring the kinetic solvent
isotope effect (KSIE). A KSIE value of 2 was calculated for k.,
thus indicating that there is a proton in flight in the rate limit-
ing step (Figure S2 in the Supporting Information). We believe
that this step is the hydrolysis of the iminium adduct
(Scheme 2).

To further characterize the reaction of 2-HAH, the changes in
the flavin spectra during reaction with NADH (0.10 mm) were
also monitored in the presence of 2-CA. These changes were
similar to those observed in the absence of 2-CA; however, for-
mation of the flavin semiquinone species was accelerated, and
the formation of the neutral semiquinone was significantly
augmented (Figure 1B). Absorbance changes at 600 and
400 nm were analyzed to determine the relative increase in
the rate of formation caused by 2-CA. In the presence of 2-CA,
the rate of formation of the neutral semiquinone is approxi-
mately four times greater, whereas formation of the anionic
semiquinone is approximately two times faster (Figure 1C).

The stopped-flow experiment showed that 2-HAH is capable
of stabilizing the anionic flavin and forming a transient neutral
semiquinone in the presence of 2-CA (Figure 1B). If the flavin
covalent adduct forms through a radical rearrangement
(Scheme 2B), the activity of 2-HAH would be affected by radi-
cal trapping agents. To test this possibility, the reaction was
performed with various concentrations of the free radical
scavenger 5-(diethylphosphono)-5-methyl-1-pyrroline N-oxide
(DEPMPO)."™ As the concentration of DEPMPO increased, the
k., value decreased in a linear fashion (Figure 2B). As a control
experiment, the effect of DEPMPO was tested on the reaction
of NADPH-reduced UGM. It was determined that DEPMPO did
not reduce the activity of UGM (Figure 2 C). Similar results were
obtained if UGM was reduced by dithionite (Figure S1). The
data are consistent with the presence of free radicals in the re-
action of 2-HAH and inconsistent with a radical mechanism in
the reaction catalyzed by UGM, as expected. Furthermore, EPR
analysis of the 2-HAH reaction when using 3,5-dibromo-4-nitro-
sobenzenesulfonate (DBNBS) showed evidence of radical spe-
cies; however, no detailed characterization of the observed
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species was provided."™ It was postulated that the radical in-
termediates would donate an electron back to the flavin semi-
quinone, thereby forming the reduced flavin and a cation in-
termediate that would be attacked by a hydroxy group leading
to chloride elimination and the formation of pyruvate.'™ Our
previous characterization of a covalent substrate flavin adduct
is not consistent with this proposed mechanism.

In summary, 2-HAH catalyzes the dehalogenation and hydra-
tion of 2-CA through the formation of an N5-flavin iminium
adduct, similar to the intermediate reported for UGM and
other enzymes. The data presented here support the formation
of this intermediate by radical recombination. This is a varia-
tion of the formation of the iminium ion through the nucleo-
philic mechanism shown for the reduced flavin in UGM. Thus,
2-HAH should be added to the growing list of flavoenzymes
with new flavin functionalities that are centered on the reactiv-
ity of the N5-atom of the flavin.
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