BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Substrate-Mediated Oxygen Activation by Homoprotocatechuate
2,3-Dioxygenase: Intermediates Formed by a Tyrosine 257 Variant

Michael M. Mbughuni,T Katlyn K. Meier,® Eckard Miinck,** and John D. Lipscomb*"}-

"Department of Biochemistry, Molecular Biology and Biophysics and Center for Metals in Biocatalysis, University of Minnesota,

Minneapolis, Minnesota 55455, United States

§Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, United States

© Supporting Information

ABSTRACT: Homoprotocatechuate (HPCA; 3,4-dihydroxyphe-
nylacetate or 4-carboxymethyl catechol) and O, bind in adjacent
ligand sites of the active site Fe'' of homoprotocatechuate 2,3-
dioxygenase (FeHPCD). We have proposed that electron transfer
from the chelated aromatic substrate through the Fe' to O, gives
both substrates radical character. This would promote reaction
between the substrates to form an alkylperoxo intermediate as the
first step in aromatic ring cleavage. Several active site amino acids
are thought to promote these reactions through acid/base
chemistry, hydrogen bonding, and electrostatic interactions. Here the role of Tyr257 is explored by using the Tyr257Phe
(Y257F) variant, which decreases k., by about 75%. The crystal structure of the FeHPCD-HPCA complex has shown that
Tyr257 hydrogen bonds to the deprotonated C2-hydroxyl of HPCA. Stopped-flow studies show that at least two reaction
intermediates, termed Y257Fj* and Y257Fjy", accumulate during the Y257F-HPCA + O, reaction prior to formation of the

ring-cleaved product. Y257Fja1 is colorless and is formed as O, binds reversibly to the HPCA—enzyme complex. Y257Fjin™

forms spontaneously from Y257F}5* and displays a chromophore at 425 nm (g4,5 = 10 500 M~' cm™"). Mdssbauer spectra of
the intermediates trapped by rapid freeze quench show that both intermediates contain Fe'. The lack of a chromophore

characteristic of a quinone or semiquinone form of HPCA, the presence of Fe', and the low O, affinity suggest that Y257F{}* is

an HPCA-Fe"-0, complex with little electron delocalization onto the O,. In contrast, the intense spectrum of Y257Fjs ™
suggests the intermediate is most likely an HPCA quinone-Fe'-(hydro)peroxo species. Steady-state and transient kinetic analyses
show that steps of the catalytic cycle are slowed by as much as 100-fold by the mutation. These effects can be rationalized by a

failure of Y257F to facilitate the observed distortion of the bound HPCA that is proposed to promote transfer of one electron to

0,.

H omoprotocatechuate 2,3-dioxygenase (FeHPCD) from
Brevibacterium fuscum catalyzes the insertion of both
atoms from O, into the aromatic ring of homoprotocatechuate
(HPCA, 3,4-dihydroxyphenylacetate or 4-carboxymethyl cat-
echol) resulting in ring-opening as shown in Scheme 1."
The enzyme utilizes an Fe", which is bound in the active site
by two histidine and one glutamic acid side chains in a 2-His-1-

Scheme 1. Proposed Reaction Sequence for Extradiol
Dioxygenases®
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“For the studies described here, R = CH,COO™. The numbering
system shown is adopted for consistency with studies described in the
accompanying report.” The endogenous Fe' ligands are omitted for

clarity.
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carboxylate facial triad motif shown in Figure 1A.*~” Substrates
bind in multistep processes to displace solvents from the Fe'
and form a chelate complex.® For catecholic substrates such as
HPCA with relative high pK, values for the hydroxyl
substituents, only the C2-hydroxyl group deprotonates upon
binding, so that the overall charge of the metal center is
neutral.>~>® Crystallographic studies have shown that small
molecules such as O, and the O, surrogate NO bind in the
open ligand site of the Fe'! adjacent to the substrate.>® We and
others have proposed the mechanism summarized in Scheme 1
in which an electron is transferred from the aromatic substrate
through the iron to the oxygen, giving both substrates radical
character (SQ*-Fe-0,°7).5!°"!* Recombination of the radicals
would yield an alkylperoxo intermediate. A subsequent Criegee-
type rearrangement would result in O—O bond cleavage to
yield a substrate lactone intermediate with the second atom of
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Figure 1. Second sphere residues proposed to participate in catalysis.
(A) FeHPCDEFCA structure of the anaerobic FeHPCD-HPCA
substrate complex (PDBID: 1Q0C).2 (B) FeHPCDC, structure of
the oxy complex from the FeHPCD-4NC + O, reaction (PDBID:
2IGA, subunit C).° This reaction intermediate is proposed to have a
SQ®-Fe-0,*~ electronic structure. The endogenous iron ligands are
omitted for clarity.

oxygen retained on the iron. Hydrolysis of the lactone by this
oxygen would yield the bound product ready for release.

Crystallographic studies in which the slow alternative
substrate 4-nitrocatechol (4NC) was diffused anaerobically
into the crystal and the reaction initiated by exposure to low
concentrations of O, have allowed the SQ®-Fe"-0,*~ (Figure
1B), alkylperoxo, and the product complexes to be structurally
characterized.® A gem-diol intermediate (or stabilized form),
which presumably occurs between the alkylperoxo and lactone
intermediates, was trapped in a crystal and structurally
characterized using a similar approach.'” These studies and
earlier structural studies of the FeHPCD—HPCA complex®
have revealed several residues in the active site that are likely to
facilitate catalysis (Figure 1A). In particular, residue His200 is
positioned to interact with both the substrate C1-OH
substituent and the bound oxygen. Mutation of this residue
indicates that it plays many roles including that of an acid—base
catalyst to promote the Criegee rearrangement chemistry.12 It
may also serve to sterically promote the side-on binding
orientation of the oxygen in the SQ°-Fe'™-O," complex
revealed by the crystal structure and to stabilize the oxy
complex by a combination of hydrogen bonding and charge
interaction with the bound superoxo anion (Figure 1B).
Substitution of His200 by shorter residues that cannot
effectively hydrogen bond or catalyze acid—base chemistry
and/or the use of alternative substrates greatly slow catalysis,
allowing several intermediates to be trapped by rapid freeze
quenlc6h17 (RFQ) techniques for spectroscopic characteriza-
tion.”™

Another active site residue, Tyr257, also appears to be
important for catalysis based on its interaction with the HPCA
C2—0". This residue is located on the opposite side of the
substrate from His200 and forms a hydrogen bond with the
deprotonated substrate hydroxyl (Figure 1A). We postulate
that Tyr257 promotes oxygen activation, ring attack, and ring
cleaving chemistry in several ways related to favoring a
tetrahedral geometry at the carbon bearing this hydroxyl.
This proposal is based on the observation that the structurally
characterized intermediates exhibit an increasingly tetrahedral
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substrate C2 as they progress toward product formation (see
for example Figure 1B).o" Consequently, active site structural
elements that favor sp® hybridization at substrate C2 should
promote each step of the reaction.

Here we explore the roles of Tyr257 in catalysis by mutating
it to a Phe (Y257F), which preserves the spatial characteristics
of Tyr, but not the ability to hydrogen bond or sterically
interact with the substrate via the Tyr hydroxyl substituent. It is
found that, in accord with the postulated role for Tyr257, the
Y257F-HPCA + O, reaction forms a ring-cleaved product with
kinetics that are slow in comparison to those of the wild-type
reaction. The slow internal steps of the Y257F reaction cycle
allow new intermediates to be detected, trapped, and
characterized. The new intermediates support the proposed
requirement for electron transfer to the oxygen from the
substrate without a net change in metal oxidation state prior to
O, attack in order to sustain efficient catalysis. The structural
basis f(;r the roles of Tyr257 are explored in the accompanying
report.

B EXPERIMENTAL PROCEDURES

Reagents and Enzymes. All chemicals were purchased
from Sigma-Aldrich and were used without purification except
for HPCA which was recrystallized from water at 4 °C to
remove minor contaminants. Anaerobic conditions were
achieved by repeated cycling of solutions between argon gas
and vacuum. Trace contaminating O, was removed from the Ar
gas by passage through an Agilent GC-1 POP O, scrubbing
cartridge, then through an Agilent GC-4 POP O, indicating
cartridge. Mushroom tyrosinase was purchased from Sigma-
Aldrich.

Y257F Variant. Y257F mutant of FeHPCD was prepared
using the Stratagene QuickChange kit. The following muta-
genesis primer was used along with its reverse complement:

GCGTCTCCAACGCGTTCTACCTGTTCATCC

The mutant codon is shown in bold highlight. The mutation
was confirmed via sequencing at the University of Minnesota
MicroChemical Facility.

Recombinant WT FeHPCD and Y257F were purified as
previously described"'* with a few modifications. No cysteine
or Fe was added to the purification buffers, but all buffers used
in the purification were continually sparged with 1 psi of N, to
remove O,. After loading FeHPCD onto the DEAE Sepharose
column, the column was gravity washed with 10 column
volumes of buffer (50 mM MOPS pH 6.8 + 190 mM NaCl).
The wash buffer is sparged with 1 psi of N, during this process.
After the wash, a salt gradient totaling 10 column volumes was
run from 190—350 mM NaCl using a gravity dependent
gradient maker sparged with 1 psi N, in the mixing chamber
(chamber with low salt buffer). The pooled fractions from the
DEAE Sepharose column were found to be sufficiently pure for
kinetic and spectroscopic studies. Purified Y257F yielded the
correct ring cleaved product from HPCA.

The isotope *’Fe was incorporated into the enzyme by
growth on *’Fe enriched media as previously described except
that the media contained 4 g/L yeast extract and 4 mL/L of
filter sterilized glycerol.'® Méssbauer analysis of the purified
Y257F mutant revealed ~1 eq of *'Fe'/site enrichment as
previouslgr described for the wild type enzyme and the H200N
mutant.' "

Iron Quantification Using ICP-OES. The ICP-OES
samples are digested in 20% nitric acid at 37 °C for at least
24 h. Insoluble materials were removed by centrifugation at
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Table 1. Steady-State Parameters for FeHPCD-HPCA and Y257F-HPCA Reaction with O,

kinetic parameter wild type 22 °C pH 7.5

ke (s74) 100 + 1.5
K,,FPA (mM) 0.016°

kew/ K HPEA (mM!s7!) 625

K% (mM) 0.015 + 0.007
keo/ Kpn© (mM!s71) 667

Y257F 22 °C pH 7.5

Y257F 4 °C pH 7.5 Y2S7F 22 °C pH 5.5

2.70 £ 0.13 0.38 £ 0.07 04 + 0.1
0.26 + 0.05 0.25 + 0.0S 0.13 £ 0.02
10.4 1.5 3.1

0.08 + 0.03 0.02 £ 0.01 0.01 £ 0.00S
34 19 40

“Reactions were conducted in 200 mM MES or MOPS at pH 5.5 or 7.5, respectively. The buffer is air saturated at either 4 or 22 °C. At this O,

concentration, the reaction is saturated. YFrom ref 1.

10000g at 4 °C. The supernatant was analyzed for transition
metals using ICP-OES at the Aqueous Geochemistry Lab
(University of Minnesota, Department of Earth Science).

Stopped-Flow Kinetics and Spectroscopy. All stopped-
flow experiments were performed using an Applied Photo-
physics model SX.18MV stopped-flow device. The reaction
procedures were as previously described.® All stopped-flow
experiments were conducted at 4 °C in 50 mM MOPS buffer at
pH 7.5 or 50 mM MES buffer at pH 5.5, as previously
described.'” Solutions varying in O, concentrations were
prepared by diluting a stock saturated O, buffer solution with
anaerobic buffer in a gastight S mL Hamilton syringe
equilibrated on ice. The kinetic data were analyzed to extract
reciprocal relaxation times using the Applied Photophysics Pro-
Data Viewer version 4.0.17. In general, the reaction time
courses were fit to summed exponential expressions, which are
appropriate for series of first order or pseudo first order
reactions.'® EPR spectra were collected using a Bruker Elexsys
E-500 spectrometer equipped with a Bruker dual mode cavity
and an Oxford ESR 910 liquid helium cryostat. Mdssbauer
spectroscopy was performed as previously described.'®"’
Spectra were analyzed using the software WMOSS (SEE Co,
Edina, MN, USA).

Steady-State Kinetic Experiments. Steady-state kinetic
parameters for the ring-cleaving reaction of FeHPCD and the
Y257F variant were monitored using UV—vis detection. The
initial velocity of product formation was observed at 380 nm
using a stopped-flow device. The linear portion of the trace was
fit using the Pro Data Viewer software package. The enzyme
concentration was 1 yM for FeHPCD and 3—6 uM for Y257F
after mixing with varying HPCA substrate concentrations.
Experiments were done at either 4 or 22 °C in 200 mM MES or
MOPS buffer at pH 5.5 or pH 7.5, respectively, in air saturated
buffer as noted in the figure legends. Initial velocities were fit as
a hyperbolic function of substrate concentration to determine
K., and V,, using the data analysis software in Origin.

Rapid Freeze Quench (RFQ) Methods. Y257F-HPCA
anaerobic complex (1.6 mM) was prepared in the glovebox by
mixing 1 equiv of Y257F with 1 equiv of HPCA. RFQ syringes
were loaded inside the Coy anaerobic glovebox and then
transferred to an Update Instrument model 1019 RFQ
apparatus and allowed to equilibrate for 30 min at 4 °C. The
RFQ samples were mixed with O, buffer as previously
described."” Previously, we observed a splash artifact when
the shortest time reaction mixtures were frozen on the counter-
rotating aluminum wheels maintained at liquid N, temper-
ature.'” To avoid this artifact, the instrument was redesigned to
rotate the wheels at a higher velocity and plastic scrapers were
placed to remove the frozen solution from the wheels each
cycle. This allowed the reaction mixture to always contact the
metal surface rather than frozen solution on the wheel. Samples
at times >1 s were frozen as previously described."’
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Preparation of HPCA Semiquinone and HPCA
Quinone. HPCA was oxidized to a quinone using mushroom
tyrosinase (Sigma) in 100 mM MOPS buffer pH 7.5 and 4 °C.
A solution of 2 mM HPCA was mixed with 10 mg/mL
mushroom tyrosinase. The quinone formed during the first 4
min of the reaction. It is photolabile and decays to an
unidentified secondary species over the next 10 min. HPCA
was oxidized to a transient semiquinone by oxidation with
3,4,5,6-tetrachloro-1,2-benzoquinone (O-chloranil, Sigma-Al-
drich) in ethanol at 20 °C.***' The reaction was initiated
and monitored using the stopped-flow spectrometer with
diode-array detection (2 mm path). A solution of 2 mM HPCA
was mixed with 2 mM of O-chloranil. The semiquinone formed
during the first 150 s of the reaction and then slowly decayed to
an unidentified species.

B RESULTS

The Y257F Variant of FeHPCD Reacts Slowly. The
steady-state parameters for Y257F with the HPCA substrate
were determined at 4 and 22 °C and at pH 7.5 and pH 5.5 by
monitoring the initial velocity of product formation using
stopped-flow spectroscopy as summarized in Table 1. An
example of the Michaelis—Menten plot for HPCA varied at pH
7.5 and 4 °C is shown in Figure S1. The results show that the
k., value decreases to about 27% of that of the WT enzyme at
pH 7.5, 22 °C. The K, is increased by about 16-fold by the
mutation, whereas K,,* is increased only slightly.

Substrate Binds Tightly to Y257F. Direct determination
of the K for HPCA is complicated by the lack of a visible or
fluorescence change upon binding. However, the Ky can be
approximated by comparison to 4NC binding. The K4 for 4NC
for WT enzyme has been previously determined to be 5 yuM
based on the spectroscopic change that occurs as monoanionic
4NC in solution converts to the dianionic form bound to the
enzyme.® The fraction of 4NC bound upon addition of a fixed
concentration to Y257F is the same as that observed for the
WT enzyme, showing that the Ky does not change significantly
(Figure 2, blue and black traces). When HPCA and 4NC are
added in equal concentrations to either FeHPCD or Y257F,
only the spectrum of free 4NC is observed, showing that HPCA
binds much more tightly than 4NC (K < S M) in each case
(Figure 2, red trace). This is not the case when a weak binding
substrate 4-chlorocatechol (4CC) is added instead of HPCA
(Figure 2, green and black traces). These results suggest that
the relatively high K,,""“* value observed for Y257F must be
attributed to reaction cycle steps other than those associated
with formation of the final substrate complex. The low Ky value
facilitates transient kinetic experiments as described below.

Single-Turnover Studies of the Y257F-HPCA + O,
Reaction Reveal Two Reaction Intermediates. The
diode-array stopped-flow spectra from an experiment wherein
anaerobic, stoichiometric Y257F-HPCA complex reacts with a
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or FeHPCD + HPCA + 4NC
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Figure 2. Estimation of K for HPCA binding to Y257F. The
anaerobic substrate complexes were prepared in 200 mM MOPS
buffer pH 7.5, 22 °C. 4CC is a weak binding catechol, 4-
chlorocatechol. Concentrations: Y257F and FeHPCA, 40 uM;
HPCA, 4NC, and 4CC, 80 yM when present.

large excess O, at 4 °C at pH 7.5 or pH 5.5 are shown in Figure
3, panels A and B, respectively. There is little change in the
spectra in the first 30 ms at either pH value. Indeed, single
wavelength data at 450 nm from pH 7.5 and pH 5.5 diode-array
time courses clearly reveal a lag-phase during this period
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Figure 3. The Y257F-HPCA + O, reaction time-course followed using
diode-array detection. Approximately 80 uM Y257F-HPCA complex
was mixed with ~500 uM O, at 4 °C and pH 7.5 (A) and pH S.5 (B)
(1 cm path length). Inset: The reaction time-course monitored with
single-wavelength detection at 450 nm.
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(Figure 3A,B insets). This suggests that there is at least one
colorless intermediate formed at the outset of the reaction
before formation of a chromophoric species.

At slightly longer times, a transient species with a
chromophore in the 400—470 nm range is observed. At pH
7.5, the chromophore begins to appear after 30 ms and
maximizes at ~250 ms before it decays over the course of
several seconds to yield the extradiol ring-cleaved product (A,
= 380 nm). The spectrum of the transient species has an
isosbestic point with that of the ring-cleaved product, so it may
be the direct precursor of product formation in the reaction
cycle. However, it is possible that other short-lived
intermediates may intervene.

It was previously shown that 4, for the ring-cleaved product
shifts to a shorter wavelength at low pH.'” Accordingly, when
the Y257F-HPCA + O, reaction is conducted at pH 5.5, 4,
for the ring-cleaved product shifts to 325 nm, revealing the
chromophore associated with the new intermediate at 425 nm
(Figure 3B). The pH S.5 data shows that the new intermediate
maximizes at ~700 ms, suggesting one or both rate constants
for formation and decay of this species have changed at low pH.
We will term the first and second new intermediates
Y257FPCA and Y257FHPCA respectively.

Rate Constants for the Formation and Decay of the
Intermediates. Single-wavelength kinetic time courses were
analyzed using regression methods to obtain reciprocal
relaxation times (1/7 values) associated with the reaction.
Figure 4 shows the single wavelength time course monitored
under pseudo first order conditions at 450 or 350 nm for the
first 15 s of the Y257F-HPCA + O, reaction at pH 7.5 or 5.5, 4
°C. Each of the time courses requires four summed exponential
phases to achieve a satisfactory fit (summarized in Table 2).
The slowest phase is not kinetically competent and arises from
a photochemical side reaction of the product bound to the
enzyme as described in Supporting Information (Figure S2).

Observation of at least three competent phases in product
formation at pH 5.5 and pH 7.5 shows that the Y257F-HPCA +
O, single turnover reaction entails at least three distinct steps
under both low and high pH conditions (Table 2). For a given
pH, pairs of reciprocal relaxation times are similar at the two
wavelengths monitored in all cases, suggesting that three phases
are sufficient to describe the product formation time courses.
The slower reciprocal relaxation times decrease with decreasing
pH, albeit not proportionally, consistent with the slower
formation and longer lifetime observed for the chromophoric
intermediate Y257Fj* at pH 5.5 (Figure 3A,B).

The reciprocal relaxation times for the reaction monitored at
425 nm are plotted vs the O, concentration in Figure S. For the
reaction at pH 5.5, it is seen that only 1/7, is dependent on O,
concentration and that the dependence is linear passing
through zero (Figure SA). The linear dependence suggests
that 1/7, is at least dominated by the rate constant for the O,
binding step and the zero intercept suggests that this step is
effectively irreversible. If the binding reaction occurs first in the
reaction sequence and is irreversible, then 1/7, = k; = 4.0 X 10*
+02M s

At pH 7.5, the fastest reciprocal relaxation time is again
linearly dependent on O, concentration, but the intercept of
the plot is not zero (Figure SD). This is the expected result if
the O, binding reaction occurs first and is reversible at this pH
value. The forward and reverse rate constants are given by the
slope and intercept of the plot respectively (k; = 2.7 X 10* +
02 M1 sk, =110 + 0.1 57!, K% = k_/k; &~ 400 uM).

dx.doi.org/10.1021/bi301114x | Biochemistry 2012, 51, 8743—8754
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Figure 4. The Y257F-HPCA + O, reaction time course followed using
single-wavelength detection at 450 and 350 nm. Approximately 80 M
Y257F-HPCA complex was mixed with ~500 uM O, at 4 °C and (A)
pH 7.5 or (B) pH 5.5 (1 cm path length). The residuals from the fit
are plotted on the same absorbance scale as the transient data but
displaced for clarity.

The consequence of a fast reversible first step in the reaction is
expected to be a hyperbolic plot for another of the 1/7 vs O,
plots, as observed in Figure SE. The y-intercept of this plot is
the reverse rate constant k_, for the step following O, binding
(zero in this case). The plot asymptotically approaches the sum
of ky + k_,, while the K, for the plot is the Ky for the O,
binding reaction (nonlinear fitting gives k, = 15.0 + 0.6 s™* and
K% = 500 + 40 uM). The irreversible nature of this step
would uncouple the third reciprocal relaxation time from the
others, so it would be expected to be independent of O,
concentration and equal to the sum of the forward and reverse
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Figure S. O, dependence of the three kinetically competent reciprocal
relaxation times (1/7) from the Y257F-HPCA + O, reaction. The data
were collected using single wavelength detection at 425 nm following
the reaction of ~60—80 uM Y257F—HPCA complex with varying
amounts of O, at 4 °C and pH 5.5 (panels A—C) or pH 7.5 (panels
D-F).

rate constants for the third step in the reaction, as observed (k;
+ k3 =2 + 0.1 s7') (Figure SF). The amplitude for this
uncoupled third phase monitored at 350 nm is much larger
than those of the others, suggesting that the third step in the
reaction is ring-cleavage. If this is the case, then the reaction is
irreversible and k_; = 0. The irreversible steps following O,
association are presumably the explanation for the low observed
K, value for O, (Table 1) despite that rather high K;° value
for complex formation.

Returning to the pH 5.5 data, the occurrence of an initial
irreversible O, binding step would uncouple 1/7, and 1/7; from
O, concentration dependence, as observed in Figure SB,C).
This does not indicate a priori that 1/7, and 1/7; are uncoupled
from each other, and they may not be if the second reaction
step is reversible. However, our previous studies of
intermediates in extradiol dioxygenase cycles have shown that
the steps in their formation are generally well described as

Table 2. Reciprocal Relaxation Times and Amplitudes Obtained from Fitting Single Wavelength Data from the Y257F-HPCA +
0, Reaction at One O, Concentration®

reciprocal relaxation time number 450 nm pH 5.5 s~ (amp) 350 nm pH 5.5 s™! (amp) 450 nm pH 7.5 s™* (amp) 350 nm pH 7.5 s™! (amp)

1 13 (0.09) 10 (—0.1) 21% (0.07)¢ 21 (0.017)

2 2.9 (=0.41) 2.9 (0.12) 5.5 (—0.40) 5.0 (0.18)

3 0.75 (0.30) 0.65 (—0.41) 1.8 (0.27) 2.2 (—-0.91)
4 0.002 (—0.08) 0.002 (—0.08) 0.03 (—0.18) 0.03 (—0.25)

“Fitting to a 4 summed exponential equation by nonlinear regression using Pro Data viewer software available with Applied Photophysics SX series
stopped-flow. 80 uM Y257F-HPCA complex was mixed with S00 uM O, at 4 °C and pH 7.5 (1 cm path length, 2 mm slit width). “The fitting error
for all data in a single experimental run with at least S repeated trials is less than +3%. For the experiment repeated using different enzyme batches
over multiple days, the error is approximately +10%. “The sign of an amplitude from exponential fitting is the opposite of the observed direction of
change.
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irreversible; attack of an activated oxygen intermediate on
substrate to form a covalent alkylperoxo species or subsequent
breaking of the O—O bond are unlikely to be reversible
processes.>'> Thus, it is likely that 1/7, and 1/7; are equal to
rate constants of unique steps. This analysis does not indicate
which rate constant is associated with which step, although it is
likely that the order established by the pH 7.5 data is
maintained (k, = 2.6 + 0.2 s and k; = 0.70 + 0.06 s™*). The
assignment can be directly probed by analysis of the extinction
coefficient of the chromophoric intermediate (see Discussion)
or by directly trapping the intermediate for quantification using
a technique such as Mdssbauer spectroscopy, as described
below.

Rate-Limiting Step. The rate constants for the reaction
cycle steps that can be directly observed are all significantly
greater than the k_, value at both pH 7.5 and S.5. These steps
apparently encompass O, binding through formation of the
product. Consequently, the rate limiting step must be either
product release or a step in the substrate binding sequence or
both.

Mossbauer Study of the Anaerobic Y257F-HPCA
Complex. The anaerobic Y257F-HPCA complex (Y257FEy %)
exhibits well-resolved MGossbauer spectra in strong applied
magnetic fields, B, a rather rare occurrence for the type of
ligand environments afforded by ferrous sites with a 2-His-1-
carboxylate facial triad ligand motif. Therefore, it is useful to
extract zero field splitting (ZFS), magnetic hyperfine (*’Fe A-
tensor) and electric field gradient (EFG) parameters from the
data. Figures 6 and 7 show variable field, variable temperature
Mossbauer spectra of Y257FES A, The zero field spectrum of
Figure 6A exhibits a doublet with quadrupole splitting AE, =
3.19 mm/s and isomer shift § = 1.12 mm/s, parameters typical

Absorption (%)

Velocity (mm/s)

Figure 6. 4.2 K Mdssbauer spectra of Y257FE¢ “* recorded in parallel
applied magnetic fields as indicated. The red curves are spectral
simulations, in the slow relaxation limit of the electronic spin, based on
the S = 2 Hamiltonian of eq 1 using the parameters listed in Table 3.
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Figure 7. 6.0 T Mdssbauer spectra of Y237F5t“* recorded at the
temperatures indicated on the left side of the figure. The red curves are
spectral simulations, performed in the fast relaxation limit of the
electronic spin, using the parameters of Table 3.

of high-spin Fe'. Y257Fp¢“* exhibits a single doublet, in
contrast to the HPCA complexes formed with H200N and
FeHPCD,"” which exhibited, for reasons not yet understood,
two species. The variable field spectra of Y257F5s “* observed
at 4.2 K reflect an S = 2 spin system for which the two lowest
levels form a quasi-doublet with expectation values of the
electronic spin, <S>, that are large in one particular direction
(here z) and small in directions perpendicular to z. <S>,
together with the ’Fe magnetic hyperfine tensor, A, determines
the internal magnetic field at the nucleus, By, = —<S>-A/g,j,,
which in turn determines the observed magnetic splitting. We
have analyzed the spectra of Figures 6 and 7 in the framework
of the commonly used S = 2 spin Hamiltonian:

E o e
H = D[sz2 -2+ (B)(sj - sj)] + pS-gB+ S-AT

[313, -
(1)

The traceless ZFS tensor (parameters D and E) defines the
main molecular frame, (x, y, z). The quadrupole interaction
(the last term in eq 1) is written in its conventional form in the
frame (x, y', z’). The method of analyzing the spectra follows
that described by Zimmermann et al. for protocatechuate 3,4
dioxygenase.”> Our major conclusions are summarized in the
following. The ZFS tensor of Y257F-HPCA is nearly rhombic,
E/D = 0.32. For perfect rhombicity, namely, E/D = 1/3, the
three t)-derived orbital states would be equally spaced with
respect to each other (provided they have the same
covalency).”® The two lowest spin levels of Y257FE: A have
Mg = + 2 heritage (i.e., they would have the exact Mg = + 2
label in the limit E/D = 0). In moderate applied fields, the
induced magnetic hyperfine interactions of the spectra of
Figure 6B—D depends on the splitting A of the “Mg = + 27

eQVz’z’
12

15
i (L = 1)

- gnﬁng-f +
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doublet and not on D and E/D separately, where A is given
by22

A =2D[(1 + 3(E/D)*)"/* — 1] )

Analysis of the spectra in Figure 6B—D showed that
Y257Fe Y has A = 32 cm™'. This A value is much too
large for observation of integer spin EPR signals at either X- or
Q-band (hv = 0.3 cm™ at X-band). Further analysis revealed
that the EFG tensor of Y257FE “ is quite axial ( = (V. —

Vyy)/ V. = 020), that its largest component, V., is positive
(hence AEQ > 0), and that z’ makes an angle fgpg & 27°
relative to z. The stated properties are readily extracted from
the spectra of Figure 6B—D. The high-energy (right) features of
the spectra of Figure 6B,C depends on g.A,. However, the
right-hand features of Figure 6D depend only on A, (for the
quoted value of A the expectation value <S> saturates at <S>
= —2 independent of g,), which allowed us to determine A,/
g.f, = —6.3 T. Above 20 K the electronic spin system is in the
fast relaxation regime. The 25 K spectrum shown in Figure 7A
is reasonably sensitive to D but depends only weakly on E/D.
This behavior allowed for fitting of the 25 K spectrum to obtain
D = —11.2 cm™" which, using the expression for A, yielded E/D
= 0.32.

The simulations shown in Figures 6 and 7 represent the data
very well. The spin Hamiltonian parameters of Table 3 will be a

Table 3. S = 2 Spin Hamiltonian Parameters of Y257F-
HPCA Evaluated Using eq 1

D=-112 cm™ AJgp.=-22T AEq = +3.19 mm/s

E/D =032 AJgf, ~ 29T n =020

g = 2.00° Afgf,=—=63T  (afy)esc” = (160,27, 0)°
g = 2.00 (apy)a” = (98, 6.5,76)°
g =2.00 6 =1.12 mm/s

“g-values were fixed to g = 2.00. b(aﬁy)EFG and (afly), are the Euler
angles that rotate the EFG- and A-tensor into (x, y, z). The simulations
are more sensitive to # than to a and y.

useful spectroscopic benchmark for density functional calcu-
lations based on the X-ray structure of Y2S57FEe<* (see
accompanying report). The solution presented in Table 3 is not
unique. We have made many attempts to fit the spectra and
have found that all reasonable solutions share the following
features: D is confined to (9—11) cm™ and, roughly, 0.31 < E/
D < 0.36. fgpg may vary between 20 and 35°, and f3, is between
3 and 10° (3, = 0 did not produce good fits). The observation
that the EFG and A-tensors have different principal axis systems
suggests that the A-tensor has substantial orbital contributions;
as the latter are proportional to (g —2), it follows that the g-
values cannot be 2.00, as we have arbitrarily assumed. The
orbital contributions to A are expected to be diagonal in (x, y,
z), whereas the spin-dipolar contribution to A is expected to be
diagonal in («/, ¥, 2'), the principal axis system of the EFG
tensor. The combination of the orbital and spin dipolar parts
determines the principal axis frame of the A-tensor. The
software package WMOSS allows group fits to theoretical
spectra. Thus, if quantum chemical calculations suggest
different solutions, researchers can use the solution given
here to explore whether particular parameter sets are
compatible with the data.

Density functional calculations, combined with a ligand field
approach, will relate the spin Hamiltonian parameters to
molecular coordinates and delineate the orbitals available for
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interaction with O,; such studies are in progress. While these
calculations are beyond the scope of the present work, the
spectra collected here are useful 1n judging the Mdssbauer
spectra of Y257Fhr® and Y257Fn2, presented next.
Mossbauer Spectra of Y257FHPCA and Y257FHPSA,
Figure 8 shows 4.2 K Mossbauer spectra recorded for B = 0

g 0 " S
YISTEHPCA | )

Mwmmwm Wwﬁ' ,m.www

100 ms )

Iy

I |
I |
I |

M‘MWWW#M% ,fW"""""" | ..u.,,ﬂ.,»w-.aamw

500 ms
II |
H |

Absorption (%)

Velocity (mm/s)

Flgure 8. Zero field 42 K Mdossbauer spectra of Y257FErCA,
Y257FieCA (100 ms sample) and Y257Fis? (500 ms sample).
Quadrupole splittings and isomer shifts are AEg = 3.02(3) mm/s and

= 1.15(2) mm/s for Y257F{iC* and AE, = 3.08(3) mm/s and & =
1.18(2) mm/s for Y257FIPCA (see text).

of Y257FIC and Y257F* formed at pH 6.0. The sample
for Y257F5* was rapidly quenched 100 ms after mixing with
O,. The kinetic data suggests that this sample should contain
60% Y257FIPCA 209% Y257FHECA and 20% Y257FEECA (see
Discussion). The sample for Y257F}n" was quenched at 500
ms and, according to the kinetic data, should contain 60%
Y257FE0CA 20% Y257F{ECY and 20% Y257E-product
(Y257FhS™). Neither sample exhibited an EPR spectrum in
either perpendicular or parallel mode. It can be seen that the
spectra of the two samples are essentially the same, and
moreover, the spectra are close to those seen for the Y257FE¢ <A
and Y2S7FHPGA zero field spectra for Y2S7FEF“Y and
Y257FRPSA Y257FIPCA and Y257Fi® are shown in Figure
S3. Clearly, the iron sites of Y257FiPCA and Y257FHECA are
high-spin ferrous, in stark contrast to the Fe" — radical
intermediates observed for the early oxy-intermediates of the
H200N variant.'®'” In order to get the best possible AEqg and 6
values for Y257FEECA and Y257FIPCA the contributions of
Y257FEs A and Y257FheG® were subtracted from the spectra
and then the remaining spectra were combined such that the
contribution of either Y257FHICA or Y257FIECA canceled. In
this way, we found AE = 3. 02(3) mm/s and § = 1.15(2) mm/
s for Y257FH® and AE, = 3.08(3) mm/s and & = 1.18(2)
mm/s for Y257FHrCA,
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Figure 9 shows 2.0 T spectra of Y257Fj® (black hash
marks) and Y257Fjix? (blue) samples recorded at 4.2 K. For

| '”hmh “ I f»
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| ‘ ’ M'" u H“‘b

) [” m\
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o
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Figure 9. 2.0 T Mossbauer spectra of Y257Fi (black hashed) and
Y257Fie (blue) recorded at 4.2 K. For comparison is shown the
spectral simulation for the enzyme substrate complex, Y257F-HPCA
(red, same curve as in Figure 6D).

comparison, we show the theoretical curve (red) of the
Y257Fs"P“ complex. It can be seen that the 2T spectra of
Y257Fi® and Y257Ffis " are indistinguishable within the
noise, and that both differ from the spectrum of Y257Fgs A,
Subtraction of the spectrum represented by the red curve from
the 2T spectrum of Y257F}i1* showed that the 100 ms sample
could have no more than 15% contribution to the total iron
from Y257FEYCA Likewise, subtraction of the zero field
spectrum of Y257Fheg™ from the corresponding spectrum of
the 500 ms sample showed the end complex can account for no
more than 20% of total iron in the 500 ms sample.

The reader may wonder why the AEq values of Y2S7F,
Y257FEPCA Y257FHICA Y257FHPCA and Y257FEPSA are the
same within 6%. The present complexes have a distorted
octahedral symmetry for which the three lowest states are
combinations of mainly d,, d,, and d,, orbitals. It has been
shown that any linear combination of these three orbitals (the
°T, approximation) yields the same AEq at 4.2 K as long as
there are no major changes in covalency.”® As the states
observed here present us with various FeOsN coordinations,
the small variability in AE, is not surprising.

B DISCUSSION

The results described here show that Tyr257 plays an
important role in efficient catalysis at several points in the
catalytic cycle of FeHPCD. Structural studies indicate that it
has two different types of interactions with the substrate.>>*
First, there is a van der Waals interaction between the Tyr-OH
and the C2 carbon of the substrate forcing a slight global
deformation to the aromatic ring. Second, the Tyr-OH forms a
hydrogen bond to the deprotonated substrate C2—O~ in both
the anaerobic enzyme substrate complex and the FeHPCD{h{
intermediate (Figure 1). The second interaction causes a
substantial localized distortion in the normally planar ring. This
work complements earlier studies in which the roles of His200
and the nature of its interaction with the second iron-bound
substrate, O,, were examined.'>'®'”** These studies support
the hypothesis that the two substrates are connected electroni-
cally through the iron and that the transfer of electron density
from the catecholic substrate to O, is the basis for oxygen
activation in this system. The current studies show that the
second sphere residues of the iron, specifically His200 and
Tyr257, must also work in concert to make the O, activation
process efficient and specific. Newly recognized aspects of this
complex collaboration for catalysis are discussed here.

Kinetic Model for Catalysis. The rate constants assigned
for the single turnover reactions at pH 7.5 and 5.5 are shown in
Scheme 2, panels A and B, respectively. Figure 10 shows a

109 ——Y257FE™
— Y257F A
084 | ——Y257F 5
— Y 257F A
0.6
o
o
>_
0.4
0.24
0.0 o
1 I L) 1 1 I L) 1 1 I

00 02 04 06 08 10 12 14 16 18 20
Time (s)

Figure 10. Simulation of expected time-dependent relative yields for
reaction intermediates from the Y257F-HPCA + O, reaction at pH 5.5
for the model shown in Scheme 2B.

Scheme 2. Kinetic Models for Species Occurring in the Y257F-HPCA + O, Single-Turnover Reaction®

A-pH75 K,
27x10°M's" o
Y257F-HPCA+ 0, —m—
—
~11s"
k4
B-pH5.5

4 x10*M's”

HPCA

26s

ks

HPCA

15s 2s’
Y257F i — Y257F, — Y257F-Product

k3
1 -1
HPCA

0.7s
Y257F-HPCA+ O, — Y257F; — Y257F,, — Y257F-Product

“Rate constants are as determined from kinetic analysis of the Y257F-HPCA + O, reaction at pH 7.5 (Model A) and pH 5.5 (Model B).
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Table 4. Intermediates Formed by FeHPCD and Its Variants with HPCA and Alternative Substrates

Fe ox state
intermediate” (Mossbauer) optical spectrum &, M~ cm™
FeHPCD!FCA Fe!! no
H200N}P A Fe' spin-coupled  yes HPCA-SQ £395 = 3200 4,0 = 1100
H200N}PEA Fe' no
H200N{NC Fe' spin-coupled  yes 4NC 45 = 10000 &30 & 1200
H200NY Fe' spin-coupled  yes 4NC-SQ £,95 2 15000 &5 = 1000
Y257FHbCA Fel! no
Y257FLPCA Fell yes €55 = 10500

“FeHPCD}T ™, first intermediate observed after mixing FeHPCD-HPCA with O,; H200N}F
first and second intermediates observed after mixing H200N-4NC with O,

observed after mixing H200N-HPCA with O,; H200N{

and H200N;NS

reversible O,

EPR spectrum binding assignment ref
no no Fe'-alkylperoxo 17

yes S = 2 ES” no HPCA SQ-Fe™(H) 17

peroxo

no no Fe'-alkylperoxo 17

yes S = 2 GS” yes 4NC-Fe"-0,°~ 16

yes S = 2 ES N/AY 4NC SQ-Fe™(H)peroxo 16

no yes HPCA-Fe''-0, this work
no N/AY HPCA Q-Fe''-(H)peroxo this work

and H200N!PEA first and second intermediates

bAbbreviations: ES = excited state; GS = ground state; N/A = not applicable.

numerical integration simulation of the single turnover reaction
of Y257F-HPCA + O, at pH 5.5 for the model shown in
Scheme 2B. The simulation predicts that Y257Fii® will
accumulate to ~64% at 90 ms, and Y2S57FECA will build to
~63% at 700 ms. The simulation for the reaction at pH 7.5
predicts an accumulation of Y257FirCA of ~30% at 50 ms,
while that of Y257FEE is computed to be ~55% at 250 ms
(simulation not shown). These values together with the known
total enzyme concentration can be used to predict the
extinction coefficient of Y257FHPCA of £,,c =10 500 M™! cm™
at each pH value. The values predicted by Model B at pH 5.5
for the intermediate concentrations are similar to those
observed in RFQ/Mdssbauer samples from a reaction time
course at pH 6.0 (Figure 8), supporting the order for the rate
constants associated with the second and third steps shown in
Scheme 2 (enzyme precipitation at high concentration
prevented making pH 5.5 Mdssbauer samples).

Chemical Nature of Y257FI*CA, Y257FIPCA forms in a
second-order reaction between Y257F-HPCA and O,, so it is
an oxygen complex of some sort. However, it differs from each
of the oxygen complexes found thus far for FeHPCD and its
variants as summarized in Table 4. For example, Y257Fki
closely resembles FeHPCD}* in most of its characteristics,
but these intermediates are clearly quite different because only
Y257F{CA exhibits an O, concentration dependence for its
formation rate constant. Consequently, Y257FHPCA  must
represent a species occurring as O, binds, while we have
proposed that FeHPCD}®™* is a species occurring after
irreversible oxygen attack on the substrate. ' Y257FirCA
could, in principle, be the SQ°-Fe''—0,"” species postulated
to be the reactive oxygen-activated species and observed in
crystallo when a crystal of FeHPCD-4NC is exposed to O,.°
However, it is illustrated below that the electronic transitions
which give rise to the SQ° chromophore are easily detected and
not greatly perturbed when the SQ°® ligand is exchange coupled
to a high-spin Fe'™-(H)peroxo site. This is likely to also be the
case for a SQ° ligand bound to an Fe"'—0,"” site, but there is
no precedent in solution for this state to the best of our
knowledge. Consequently, the lack of a strong chromophore
from Y257F[* suggests that this intermediate does not
contain a semiquinone or quinone form of the substrate. Since
Mossbauer data show that Y257Fin A contains only Fe', the
lack of a bound SQ°® or quinone suggests that the bound oxygen
must remain close to the O, oxidation state. This would not be
expected to be a strong bond, which is in accord with the weak
affinity observed here for the complex at pH 7.5 (see below for
a discussion of the complex at pH 5.5). It is also possible that
0, is bound in the active site, but not to the iron (In this case,
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however, there must be some adjustment in the iron
coordination as the Mossbauer spectra of Y257Fim differ
from those of Y257F-HPCA as shown in Figure 9). This type of
complex appears to be an intermediate in the O, binding
process in FeHPCD and other dioxygenases based on previous
transient kinetic studies.**®*” We propose that Y257Ffi ™ is
most likely an HPCA-Fe-O, complex with minor electron
transfer or spin delocalization to the oxygen. The relevance of
this conclusion to the role of Tyr257 is discussed below.
Chemical Nature of Y257F}I"SA, In contrast to Y257FHPCA
Y257FEPEA exhibits a relatively intense chromophore at 425 nm
and possibly a weak feature near 325 nm. The 4, and intensity
of this chromophore are consistent with the spectra observed in
the UV—vis region from unbound quinones or semiquinones,
albeit with a slightly larger extinction coefficient."” In the
absence of FeHPCD, incubation of HPCA with a high potential
quinone results in an unbound HPCA-SQ® exhibiting a very
similar long wavelength spectrum to that observed for
H200Nj .t (Figure 11, 4, near 610 for H200Nf** and
645 nm for HPCA-SQ*)," suggesting that the electronic
transitions which give rise to the SQ° chromophore are retained
when the SQ° ligand is exchange coupled to a high-spin Fe'"-
(H)peroxo site. This is likely to also be true for a SQ*-Fe'-0,°*~

Y257F A

Y257F st

H200N} " A(pH 5.5)
HPCAQ (pH 7.5)

HPCA SQ in EtOH

325 nm

425 nm
395 nm

Absorbance

500 600
Wavelength (nm)

T
400 700

Figure 11. Comparison of UV—vis spectra of unbound HPCA
quinone and HPCA semiquinone to those of Y257F[f, Y257F{n4
and H200NHFCA The spectra of Y257Fin® and Y257Fin? are
derived from the time course of Figure 3. HPCA quinone and HPCA
semiquinone were synthesized as described in Experimental
Procedures. The spectra are scaled arbitrarily to facilitate comparison

of UV—vis features.
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site, since the origin of the semiquinone chromophore is not
charge transfer to the iron.

The UV—vis spectrum of Y257Fj? is missing the low
energy UV—vis feature associated with the HPCA-SQ®, but it
does have a feature similar to that observed for the unbound
HPCA-Q (Figure 11, A, near 425 nm for Y257F5-* and 395
nm for unbound HPCA-Q). On the basis of this spectrum,
Y257 is unlikely to contain a HPCA SQ°. Mossbauer
spectra from a sample expected to contain >60% Y257Fin™
shows that only Fe' species are present. The absence of Fe'
species, the lack of a low-energy band, and the presence of an
intense feature near 425 nm suggest that Y257FHPCA i most
likely a HPCA-Q-Fe'-(H)peroxo complex.

Origin of Rate Constant Decreases in Reaction Cycle
Steps — Mechanistic Significance. The rate constants for
intermediate conversion in the catalytic cycle are affected in
similar ways by the Y257F mutation as by the use of 4NC as
the substrate. We have proposed that 4NC slows the reaction
because the electron withdrawing nitro substituent makes
electron transfer through the Fe' to the O, less favorable.®' 1>
This is dramatically observed in the H200N-4NC reaction with
O, where the 4NC-Fe™-0,*~ species persists for hundreds of
seconds without attacking the 4NC." In the case of HPCA, the
electron donating inductive effects of the para substituent will
make it much more favorable to donate an electron through the
iron to the O,, leading to rapid, nearly irreversible binding. The
effect of this putative electron transfer will be to give the
substrate semiquinone character that would facilitate subse-
quent attack by the superoxo species formed in the process.
However, a radical semiquinone will normally form by
delocalizing the unpaired spin on the ring, which would cause
the ring to remain essentially planar. Moreover, no position
would be preferentially activated for attack by the superoxide,
so specificity would result solely from orientation of the
superoxo moiety. Stabilization of the HPCA C2—O~ below the
plane of the ring by interaction with Tyr257 would serve to not
only promote the formation of the semiquinone, and thus
electron transfer, but also to localize the radical on HPCA C2.
This would activate this position for superoxide attack, thereby
accelerating the reaction. It is possible that without this
additional stabilization, electron transfer between the substrates
does not readily occur, leading to slow kinetics for the same
reasons just described for the 4NC reaction.

The natures of Y257Fha - and Y257FPCA appear to support
the proposal that the rate of electron transfer between
substrates is slowed. The discussion above suggests that no
electron has transferred from the substrate in Y257FLFCA while
in Y257FEPCA most likely two electrons have transferred
without attack on the substrate by a putative intermediate
superoxo species as occurs in the reaction cycle of the WT
enzyme. It may be that without the localized radical and ring
distortion caused by Tyr257, attack on the ring is much less
favorable. It remains unclear whether the attacking species is
superoxo or (hydro)peroxo in the wild type enzyme with
HPCA as the substrate. While it appears from the current
results that the (hydro)peroxo intermediate can go forward to
attack the quinone form of the aromatic substrate, this reaction
is slow relative to the normal rate of formation of the
alkylperoxo intermediate. One possibility is that the electrons
from substrate are transferred one at a time, normally leading to
a reactive substrate and oxygen radical pair after the first
electron is transferred. If the reactivity of this pair is decreased
due to lack of stabilization by Tyr2S57, then there is time for
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transfer of the second electron to form the quinone and
(hydro)peroxo pair bound to the Fe'.

Basis for pH Effects on O, Binding. The binding of O, to
the iron of FeHPCD is a complex process that is carefully
regulated to ensure specificity. The current and several past
studies show that substrate must bind first to provide the
electrons needed to stabilize the Fe—O, bond and perhaps to
facilitate the release of solvent that blocks the O, binding site in
the resting enzyme.”®* ' In the absence of Tyr257, we
hypothesize that the supply of electrons to stabilize the Fe—
O, bond will be compromised, causing the binding process to
be slow and reversible. One way the enzyme can counter the
reversibility is to protonate His200 which is in hydrogen
bonding and charge interaction range of the bound O, (Figure
1). In particular, the new positive charge gained by protonating
His200 at low pH would stabilize the O,°” character as O,
binds to the iron. This would not necessarily make the binding
process more rapid, but it might serve to slow oxygen release
leading to the observed high O, affinity.

Roles of Tyr257 in Other Reaction Cycle Steps. The
results indicate that the slowest step in the reaction of Y257F is
shifted from product formation to either product release or
substrate binding. This suggests that Tyr257 may play a role in
one or both of these processes. In another branch of the
extradiol dioxygenase family typified by Sphingomonas
paucimobilis SYK-6 protocatechuate 4,5-dioxygenase (LigAB)
or E. coli 2,3-dihydroxyphenylpropionate 1,2-dioxygenase
(MhpB), a histidine is sometimes present in place of
Tyr257.> Mutagenesis and kinetic studies of MhpB indicate
that this histidine may play a role as a base catalyst by
promoting deprotonation of the substrate during binding with
transfer back to the lactone intermediate during ring-opening.>>
The structural studies presented in the accompanying report
suggest that Tyr257 is not involved in active site interactions
that would stabilize a deprotonated form, and thus it is unlikely
to act as an active site base.” However, it does participate in key
hydrogen bonding and van der Waals interactions with
substrate that would favor the anionic form of the substrate
C2-hydroxyl. Thus, it may accomplish some of the mechanis-
tically relevant roles attributed to the MhpB histidine through a
different strategy. These interactions are absent in Y257F, and
this may account for the decreased rate of steps in the substrate
binding and/or product release processes.

B CONCLUSION

For the reaction of the WT FeHPCD, the oxygen binding,
activation, and reaction steps to form the alkylperoxo
intermediate of the reaction cycle are complete within the
dead time of the stopped flow instrument at 4 °C (~1 ms). In
contrast, these steps in the Y257F variant require well over 100
ms to complete. The >100-fold decrease in the observed rate
(and rate constants) shows that Tyr257 plays a key role in
aiding the ring attack/oxygen insertion steps. The catalytic
process does proceed in the absence of Tyr257, encompassing
the putative HPCA-Fe"-O, and HPCA quinone-Fe'-(H)-
peroxo intermediates described here, but the decreased rates
suggest that these intermediates are not optimized for the most
efficient catalytic process.
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Supporting results, Figures S1—S3. This material is available
free of charge via the Internet at http://pubs.acs.org.
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B ABBREVIATIONS USED

FeHPCD, recombinant homoprotocatechuate 2,3-dioxygenase
from Brevibacterium fuscum; WT, wild type or unmodified
FeHPCD; H200N, His200Asn variant of FeHPCD; Y2S57F,
Tyr257Phe variant of FeHPCD; HPCA, homoprotocatechuate
or 3,4-dihydroxyphenylacetate or 4-carboxymethyl catechol;
4NC, 4-nitrocatechol; FeHPCDEF©A anaerobic FeHPCD-
HPCA complex; Y257FEFCA anaerobic Y257F-HPCA complex;
Y257FHPCA and Y257FHFCA novel intermediates observed in
the Y257F-HPCA + O, reaction; Q, quinone; SQ°, semi-
quinone; EPR, electron paramagnetic resonance; RFQ, rapid-
freeze-quench; ICP-OES, inductively coupled plasma optical
emission spectroscopy; LMCT, ligand to metal charge transfer
transition
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