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ABSTRACT: Kinetic and spectroscopic studies have shown that the
conserved active site residue His200 of the extradiol ring-cleaving
homoprotocatechuate 2,3-dioxygenase (FeHPCD) from Brevibacte-
rium fuscum is critical for efficient catalysis. The roles played by this
residue are probed here by analysis of the steady-state kinetics, pH
dependence, and X-ray crystal structures of the FeHPCD position 200
variants His200Asn, His200Gln, and His200Glu alone and in complex
with three catecholic substrates (homoprotocatechuate, 4-sulfonylca-
techol, and 4-nitrocatechol) possessing substituents with different
inductive capacity. Structures determined at 1.35−1.75 Å resolution show that there is essentially no change in overall active site
architecture or substrate binding mode for these variants when compared to the structures of the wild-type enzyme and its
analogous complexes. This shows that the maximal 50-fold decrease in kcat for ring cleavage, the dramatic changes in pH
dependence, and the switch from ring cleavage to ring oxidation of 4-nitrocatechol by the FeHPCD variants can be attributed
specifically to the properties of the altered second-sphere residue and the substrate. The results suggest that proton transfer is
necessary for catalysis, and that it occurs most efficiently when the substrate provides the proton and His200 serves as a catalyst.
However, in the absence of an available substrate proton, a defined proton-transfer pathway in the protein can be utilized.
Changes in the steric bulk and charge of the residue at position 200 appear to be capable of altering the rate-limiting step in
catalysis and, perhaps, the nature of the reactive species.

The FeII-containing extradiol dioxygenases such as
homoprotocatechuate 2,3-dioxygenase from Brevibacte-

rium fuscum (FeHPCD) catalyze aromatic ring cleavage of
catecholic substrates with incorporation of both atoms of O2 to
yield yellow muconic semialdehyde adducts as products.1−5

The FeII is bound on one coordination face by two His ligands
and one Glu/Asp ligands from the protein and on the opposite
face by three water molecules.6−8 X-ray crystallographic and
spectroscopic studies have shown that the catecholic substrates
chelate the FeII opposite the two histidine ligands by displacing
two solvents.7−10 This has the effect of releasing or weakening
the binding of the third solvent opposite the Glu/Asp residue.
Small molecules such as O2 or NO can bind in this site, placing
them adjacent to the catecholic substrate.7,9,11,12 The second
sphere of the active site of type I extradiol dioxygenases like
FeHPCD contains only three invariant residues, including a
histidine residue (H200 in FeHPCD) positioned close to the
O2-binding site. Histidine is also similarly placed and essential
for the high activity of type II ring-cleaving dioxygenases.13−15

The working model for the mechanism of FeHPCD and
related enzymes begins with the sequential binding of the
catecholic substrate and O2 to the FeII (Scheme 1).1,3,4,9,15−21

Net electron transfer from the substrate to the O2 through the
FeII would create an adjacent diradical pair, which could

undergo recombination to yield an alkylperoxo intermediate.
Criegee-like rearrangement of this species would yield a lactone
intermediate with the second oxygen from O2 retained on the
iron. Subsequent hydrolysis of the lactone by this retained
oxygen (at the oxidation state of water) would give the ring-
opened product and preserve the dioxygenase stoichiometry.
The substrates for FeHPCD fall into two types. Those like

the native substrate homoprotocatechuate (HPCA) bind with
only one of the two hydroxyl substituents deprotonated.10,22

This type includes slower alternative substrates such as 4-
sulfonylcatechol (4SC) with a more electron-withdrawing non-
hydroxyl substituent.23 The second type of substrate, typified
by 4-nitrocatechol (4NC), has strongly electron-withdrawing
non-hydroxyl substituent(s) and binds with both hydroxyl
groups deprotonated. This type is turned over very
slowly.2,12,17,24

The salient features of the proposed mechanism in the
context of the current study are that (i) the second proton must
be removed from substrates such as HPCA at the C1-OH
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group to allow formation of the alkylperoxo intermediate (in
this study, C1 is defined as the aromatic ring position para to
the non-hydroxyl substituent) and (ii) Criegee rearrangement
(or a stepwise alternative suggested by computational
studies18,19) would be facilitated by protonation of the bridging
oxygen proximal to the iron in the breakdown of the
alkylperoxo intermediate. The implied role for an acid/base
catalyst in FeHPCD has been assigned to residue H200 and is
consistent with past crystallographic, spectroscopic, mutagenic,
and kinetic studies.6−8,12,13,25−27 In particular, mutagenesis of
H200 to other residues incapable of proton transfer was shown
to strongly decrease the rates of steps in the oxygen binding,
activation, and insertion portion of the reaction cycle.
Moreover, use of these variants led to the stabilization of
several intermediates that were not observed in parallel studies
with the wild-type (WT) enzyme.25−27 The most stable
intermediates were observed when 4NC without a protonated
catecholic hydroxyl function was used, sometimes resulting in
the formation of alternative products. For example, use of the
H200N variant and 4NC as the substrate allowed observation
of a spin-coupled, non-heme FeIII−superoxo species that slowly
decayed to a spin-coupled 4NC semiquinone−FeIII−(H)peroxo
species.26 This species released hydrogen peroxide and 4NC
quinone over the course of several hours without aromatic ring
cleavage, but with restoration of the FeII state.
It is important to recognize that changes in the rates of

reaction cycle steps and alterations in reaction outcomes upon
changes in substrates and mutation of active site residues may
result from broad structural changes that have little bearing on
catalysis by the native enzyme. Here, the effects of mutagenesis
and substrate substitutions on the structure of the FeHPCD
active site are evaluated using high-resolution X-ray crystal
structures of three enzymes that have H200 substitutions that
differ in the bulk, charge, and ability to function as acid−base
catalysts. Also, the substrate complexes of each variant with
HPCA, 4SC, and 4NC are determined for comparison. It is
shown that almost no change occurs in the overall active site

structure of FeHPCD for this set of variants and substrates, and
thus, they can be used to evaluate the structural basis for the
roles played by H200 and the substrate in catalysis. The results
emphasize the delicate balance that is maintained by the
enzyme between electron and proton transfer through control
of the interaction of H200 with the substrate and O2. Changes
in reaction dynamics and the specific interactions that occur
upon disruption of this balance reveal new aspects of the many
roles played by the substrate and H200 during catalysis.

■ EXPERIMENTAL PROCEDURES

Details of the reagents used, procedures for site-directed
mutagenesis, protein expression, and purification, and X-ray
crystallography experiments are provided in the Supporting
Information.

Steady-State Kinetics. The enzymatic activity of FeHPCD
variant enzymes was determined spectrophotometrically by
following the increase in absorbance due to formation of the
ring-open 5-R-2-hydroxymuconic semialdehyde products (5-
CHMSA from HPCA and 5-SHMSA from 4SC). The molar
extinction coefficients at pH 7.5 used for quantification of the
ring-open products of HPCA and 4SC were as follows: ε380 =
36 mM−1 cm−1 and ε378 = 20.4 mM−1 cm−1, respectively. For
pH dependence studies using HPCA as the substrate, the molar
extinction coefficients for protonated (325 nm) and unproto-
nated (380 nm) forms of 5-CHMSA were determined as a
function of pH. Extradiol ring-cleavage reactions (WT, H200E,
and H200N) were assayed in the pH range of 5.5−9.7 using
varied concentrations of HPCA in air-saturated buffers (50 mM
MES, MOPS, TAPS, and AMPSO) at 20 °C. At each pH value,
the apparent kinetic constants, kcat and kcat/KM, were
determined from the fit of the initial velocity values after
establishment of the steady state at varied concentrations of
catecholic substrates and the atmospheric concentration of O2

(∼260 μM) to the expression v0 = kcat[S]/(KM + [S]). The pH
dependence of the steady-state kinetic parameters for reaction
of FeHPCD enzymes (WT, H200E, and H200N) was
determined from the fit of the apparent kinetic constants, kcat
and kcat/KM, at each pH value to the expressions that describe
mechanisms with one ionization (Ka) and activities of different
protonation forms (eqs 1 and 2). Here, k is the observed kinetic
constant, and kl and kh represent the limiting values at low and
high pH extremes, respectively.

= + ++ +k k k K K( /[H ])/(1 /[H ])l h a a (1)

= + +k k K/(1 /[H ])l a (2)

A nonlinear least-squares analysis using Igor-Pro was
performed to fit pH dependencies of kinetic constants, with
the fitting weighted by the individual standard deviation errors
for kcat and kcat/KM, determined from hyperbolic fits at each pH
value.
The steady-state kinetic parameters for reaction of Y269F

and D272N variants with HPCA at pH 7.5 were determined
using a similar approach. Ring-cleavage activity of 4NC by
Y269F and D272N variants and dissociation constants for 4NC
complex were determined using previously described meth-
ods.17 All reactions with Y269F and D272N variants were
conducted in 200 mM MOPS (pH 7.5) at 22 °C.

Scheme 1. Proposed Extradiol Dioxygenase Reaction Cyclea

aThe substrate R group is -CH2COO
− for the native substrate. In this

study, alternative substrates with R groups of -SO3
− and -NO2 are also

utilized. The acid-base catalyst B: is H200 in HPCD.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00709
Biochemistry 2015, 54, 5329−5339

5330

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00709


■ RESULTS
Active Site Variants. Three active site variants, H200E,

H200Q, and H200N, were selected to evaluate the roles of
H200. These substitutions perturb the second-sphere environ-
ment by charge, bulk, and polarity. The catecholic substrates
with substituents of different chemical properties (HPCA, 4SC,
and 4NC) have been used previously in mechanistic and
structural investigations directed toward finding reaction cycle
intermediates and, as such, are the most relevant substrates for
this study.2,12,17,23−28 Although the ring substituents
(-CH2COO

−, -SO3
−, and -NO2) differ in electronegativity

and alter the ionization properties of the catecholic substrates,
these groups are similar in bulk and polarizability. Therefore, it
is reasonable to predict that all three substrates will bind in a
similar manner with little change in the position of the aromatic
ring in the active site, and this is borne out in the structural
results presented here.
FeHPCD and the H200X variants show different patterns of

activities toward the three substrates. When the optimal
substrate (HPCA) and the substrate with moderate substituent
electronegativity (4SC) are used, all of the H200X variants and
FeHPCD produce the same ring-cleaved products. In contrast,
the use of the 4NC with a highly electron-withdrawing
substituent allows ring cleavage to occur only for the WT
enzyme reaction, albeit with a significantly reduced kcat
(∼1.5%) relative to that of the optimal substrate.17 All
H200X variants catalyzed slow ring oxidation to yield 4NC
quinone.25,26,29

The steady-state kinetic parameters for ring cleavage of
HPCA and 4SC substrates at pH 7.5 by the H200X variants are
compared with those for FeHPCD in Table 1. The turnover

numbers for HPCA by the H200Q and H200N variants are 36
and 23% of that of the WT enzyme, respectively, whereas a 30-
fold reduction is observed for the H200E variant. When 4SC is
used as a substrate for FeHPCD, an 80% decrease in turnover
number is observed relative to the value for HPCA at pH 7.5.
However, in contrast to HPCA, the H200N, H200Q, and
H200E variants turn over 4SC with a kcat similar to that
observed for FeHPCD. WT and H200X variants all exhibit high
Km values for 4SC, leading to low kcat/Km values in comparison
to that for HPCA turnover. The structural studies described
below suggest that this may be due in part to nonoptimal
interactions of the sulfonyl moiety with the anion-binding
pocket that stabilizes the position 4 substituent, resulting in
weak binding.

Effects of pH on Steady-State Turnover. The pH
dependencies of kcat and kcat/Km for reactions of WT and
H200X variants with HPCA are shown in Figure 1, with fitted

parameters summarized in Table 2. For HPCA turnover, the
kcat for the reaction increases with increasing pH for the WT
enzyme, remains unchanged for H200N, and decreases for
H200E (Figure 1A). This behavior is mimicked by the Km

values (Figure 1C), and as such, the kcat/Km ratio is nearly
unchanged in the pH range of 5−9.5 for WT and H200N
(Figure 1B). In contrast, while the kcat/Km ratio is constant for
the H200E variant at low pH, it decreases above pH 7.5. The
contrasting trends observed for the WT and mutant enzymes
using the same substrate suggest that the kinetic changes are
related to the ionization state of the altered residue rather than
that of the substrate. Furthermore, the insensitivity of the kcat/

Table 1. Comparison of Apparent Kinetic Parameters for
Reaction of the FeHPCD and H200X Variants at pH 7.5a

kcat (s
−1) kcat/KM (mM−1 s−1) KM (μM)

HPCA
WT 10.6 ± 0.2 620 ± 60 17 ± 2
H200Q 3.8 ± 0.1 400 ± 80 10 ± 2
H200N 2.39 ± 0.05 240 ± 30 10 ± 1
H200E 0.35 ± 0.01 110 ± 10 3.2 ± 0.3

4-Sulfonylcatechol
WT 2.16 ± 0.08 4.7 ± 0.5 460 ± 50
H200Q 1.35 ± 0.04 2.0 ± 0.2 660 ± 60
H200N 1.92 ± 0.05 7.7 ± 0.9 250 ± 30
H200E 0.25 ± 0.01 0.90 ± 0.05 270 ± 8

aReactions were conducted in air-saturated 50 mM MOPS (pH 7.5) at
20 °C and analyzed as described in Experimental Procedures.

Figure 1. pH dependence of apparent kinetic parameters for turnover
of HPCA by FeHPCD and H200X variants under saturating
concentrations of O2. The apparent kinetic constants (A) kcat, (B)
kcat/KM, and (C) KM for reaction with (□) FeHPCD, (○) H200E, and
(△) H200N were determined as described in Experimental
Procedures. The solid lines represent fits of the kcat and kcat/KM data
at each pH value to the equations that describe mechanisms with a
single ionization and activities of different protonation forms (Table
2). The dashed lines represent simulated pH profiles for KM values
using fitted parameters of kcat and kcat/KM as a function of pH
[log(KM) = log(kcat) − log(kcat/KM)].
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Km ratio for WT and H200N (and H200E below pH 7.5)
suggests that the pH sensitive step occurs after the first
irreversible step of the reaction cycle. This is apparently not the
case for H200E in the high-pH region (see Discussion).
Protein Structure Comparisons. High-resolution X-ray

crystal structures of FeHPCD with single active site mutations
H200E, H200Q, and H200N were determined at resolutions of
1.65 Å [Protein Data Bank (PDB) entry 4Z6L (Figure 2A)],

1.35 Å [PDB entry 4Z6M (Figure 2B)], and 1.52 Å [PDB entry
4Z6N (Figure 2C)], respectively (Tables S1−S3). Comparison
of the resting-state structures of the H200X variants with that
of the previously reported WT enzyme (PDB entry 3OJT)
shows that these mutations have no detectable effect on the
overall protein structure or on the intersubunit interactions as
indicated by the rmsd values of ∼0.5 Å for superposition of all
atoms within each tetramer (see an example in Figure 2D).
Furthermore, these substitutions of the second-sphere residues
preserve the same distorted octahedral metal coordination
geometry that is observed in the FeHPCD structure (Table S4)
and do not elicit any conformational changes in the residues in
the active site as indicated by rmsd values of 0.15−0.44 Å for
superposition of all atoms within 15 Å of the metal center.
Therefore, structural comparison of the resting-state structures
of these second-sphere mutant enzymes indicates that the
observed differences in activity and the type of reaction product
formed are likely due to the differences in chemical properties
of the side chains and/or the interactions that they support
rather than to the physical alterations in protein structure,
global or local.

Interactions and Environment of Second-Sphere
Residue 200. In the WT enzyme, the environment of the
active site places the imidazolium moiety of H200 in the center
of the pocket defined by residues Y269, H155, and W192.
Because of these spatial restrictions, the conformational
flexibility of the H200 side chain is rather limited. In the
resting-state structures of the WT enzyme, the Nε atom of
H200 is 2.8−3.0 Å from the Fe-bound solvent in the dioxygen-
binding site, and it is 3.6−3.7 Å from the solvent in the
substrate C1-hydroxyl-binding site. In the H200E and H200Q
variants, the side chains of residue 200 occupy spatially similar
conformations and are brought slightly closer to the metal
center, as indicated by the distances of 2.5−2.9 and 3.0−3.2 Å
to solvent molecules in O2 and substrate C1-hydroxyl-binding
sites, respectively (Figure 2A,B). In contrast, Asn at position
200 is a spatially different mutation, as the conformational
flexibility of this shorter side chain is not restricted by the
proximity to the Y269/H155/W192 pocket. An important
structural consequence of the Asn at position 200 is a
significant increase in the available space at both the O2- and
substrate C1-hydroxyl-binding sites (Figure 2C). In fact, a new
solvent molecule (WatN) is observed in the active site of the
H200N enzyme, occupying the space created by Asn
substitution and hydrogen-bonded to N200, Y269, and solvent

Table 2. Summary of Steady-State Kinetic Parameters kcat and kcat/KM for Reaction of FeHPCD, H200E, and H200N Variants
with HPCA as a Function of pHa

substrate HPCA

kinetic constant enzyme eq pKa value limiting value(s)

kcat (s
−1) WT 1 7.65 ± 0.03 1.70 ± 0.06 and 23.3 ± 0.7

H200Nc 1 8.0 ± 0.1 2.14 ± 0.04 and 3.6 ± 0.1
(−)d NA 2.8 ± 0.6

H200E 1 7.20 ± 0.01 1.01 ± 0.02 and 0.0192 ± 0.0004
kcat/KM (mM−1 s−1) WTb 2 10.3 ± 0.7 540 ± 50

(−)d NA 570 ± 100
H200N 2 9.6 ± 0.2 250 ± 20
H200E 1 8.3 ± 0.2 110 ± 10 and 8 ± 4

aThe data were fitted to the expressions for pH dependence that define a mechanism with single ionization process and activities of different
protonation forms, as described in Experimental Procedures. bIn the experimental pH range, values of kcat/KM were nearly pH-independent, and the
pKa value could not be determined accurately. cValues for kcat were essentially pH-independent as evidenced by the <2-fold difference in limiting
values at high and low pH extremes. dAn average of all values in the pH range.

Figure 2. Resting-state structures and comparison of the active site
environments for H200X variants with that of FeHPCD. (A) H200E
variant (PDB entry 4Z6L), (B) H200Q variant (PDB entry 4Z6M),
and (C) H200N variant (PDB entry 4Z6N). (D) Overlay of active site
structures of H200X variants and FeHPCD (PDB entry 3OJT). The
blue 2Fobs − Fcalc electron density map is contoured at 1.3σ (A and C)
and 1.4σ (B). Atom color code: gray, carbon (FeHPCD); yellow,
carbon (variant); blue, nitrogen; red, oxygen (variant); dark red,
oxygen (FeHPCD); green, chlorine; purple, iron (variant); bronze,
iron (FeHPCD). The orientation of the carboxamide moiety in the
H200Q and H200N variant structures cannot be determined
unambiguously on the basis of the observed electron density or
hydrogen bonding interactions with neighboring residues.
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in the substrate C1-hydroxyl site. The relevant hydrogen
bonding distances in the active sites of the WT, H200E,
H200Q, and H200N enzymes are listed in Table S4.
Interactions of Second-Sphere Residues in the ES

Complex. Although the analysis of the resting-state structures
shows that H200E, -Q, and -N variants maintain the same local
and global protein structure, the altered residues are expected
to have different interactions with the nearby metal-coordinated
solvent in the O2-binding site and the aromatic substrate.
Accordingly, high-resolution X-ray crystal structures of H200E,
H200Q, and H200N variants were determined in complex with
HPCA, 4SC, and 4NC substrates (Tables S1−S3). To facilitate
comparison of the substrate binding mode, the high-resolution
X-ray crystal structure of FeHPCD in complex with 4SC was
determined, as well (Table S5). High-resolution structures of
FeHPCD (PDB entry 3OJT), FeHPCD-HPCA (PDB entry
4GHG), and FeHPCD-4NC (PDB entry 4GHH) have been
reported in previous studies.24,30

The X-ray crystal structures of the H200E-[HPCA] [PDB
entry (Figure 3A)], H200E-[4SC] [PDB entry 4Z6R (Figure
S1A)], and H200E-[4NC] [PDB entry 4Z6U (Figure 3B)]
complexes were determined at 1.63, 1.70, and 1.48 Å
resolution, respectively (Table S1). Glu at position 200
participates in several interactions with solvent in the O2-

binding site, substrate C1-hydroxyl, and Y269 that are
reminiscent of those observed for H200, except for the
bidentate interaction of the carboxylate moiety that bridges
the ligands in two first-coordination sphere sites. The hydrogen
bonds between residue 200 and the C1-hydroxyl moiety of the
aromatic substrates are the strongest for the H200E variant (2.5
Å), suggesting an anionic character for the glutamate (Tables
S6−S8) for the HPCA and 4SC complexes. In the case of the
H200E-4NC complex, optical spectra show that the 4NC is
bound as a dianion.25 Consequently, Glu200 must be
protonated to account for the short distance observed.
Interestingly, there is substantial decrease in activity for this
mutant with each substrate despite its potential to serve as an
acid−base catalyst like the histidine normally in position 200.
This decreased reactivity is likely to reflect differences in the
protonation state, charge, and rate-limiting step in the pH range
of enzymatic activity, which are discussed in more detail below.
The X-ray crystal structures of the H200Q-[HPCA] [PDB

entry 4Z6P (Figure 3C)], H200Q-[4SC] [PDB entry 4Z6S
(Figure S1B)], and H200Q-[4NC] [PDB entry 4Z6V (Figure
3D)] complexes were determined at 1.75, 1.42, and 1.37 Å
resolution, respectively (Table S2). Spatially, Glu (H200E) and
Gln (H200Q) are conservative substitutions and participate in
similar interactions. However, the differences in chemical

Figure 3. Substrate coordination environments in the active sites of H200X variants. (A) H200E-[HPCA] complex (PDB entry 4Z6O), (B) H200E-
[4NC] complex (PDB entry 4Z6U), (C) H200Q-[HPCA] complex (PDB entry 4Z6P), (D) H200Q-[4NC] complex (PDB entry 4Z6V), (E)
H200N-[HPCA] complex (PDB entry 4Z6Q), and (F) H200N-[4NC] complex (PDB entry 4Z6W). The blue 2Fobs − Fcalc maps are contoured at
1.0−1.4σ. The green ligand omit Fobs − Fcalc maps are contoured at 4−8.5σ. Atom color code: gray, carbon (enzyme); yellow, carbon (substrate);
blue, nitrogen; red, oxygen; purple, iron. Red dashed lines show hydrogen bonds (in angstroms). Gray dashed lines indicate bonds or potential
bonds to iron (in angstroms). Cartoons depict secondary structure elements. Representative structures for FeHPCD and H200X variants in complex
with 4SC are shown in Figure S1.

Biochemistry Article

DOI: 10.1021/acs.biochem.5b00709
Biochemistry 2015, 54, 5329−5339

5333

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5b00709/suppl_file/bi5b00709_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.5b00709


properties of the carboxylate (H200E) and carboxamide
(H200Q) moieties are reflected in the strength of hydrogen
bonding interactions toward the C1-OH groups of the
substrates (Tables S6−S8).
The X-ray crystal structures of the H200N-[HPCA] [PDB

entry 4Z6Q (Figure 3E)], H200N-[4SC] [PDB entry 4Z6T
(Figure S1C)], and H200N-[4NC] [PDB entry 4Z6W (Figure
3F)] complexes were determined at 1.57, 1.50, and 1.57 Å
resolution, respectively (Table S3). The new solvent molecule
(WatN) observed in the active sites of the resting-state
structure of the H200N enzyme (Figure 2C) is also present
in the ES complex structures with HPCA and 4NC (Figure
3E,F). The occupancy (mobility) of this new solvent (WatN)
varies depending on the substrate bound in the active site of the
H200N variant. For example, the electron density for WatN in
H200N-[4SC] is lower than in the other substrate complexes of
this variant (Figure S1C), indicating significantly reduced
occupancy or increased mobility. On the other hand, the
presence of WatN is very well-defined in the complex with
4NC (Figure 3F).
In contrast to the H200N structures with HPCA or 4SC

bound, the electron density in the active site of the H200N-
[4NC] complex clearly indicates that N200 adopts multiple
conformations (Figure 3F). One of the N200 conformers is the
same as that found in the resting-state structure or in the
structures of the HPCA or 4SC complexes, forming a hydrogen
bond to the new solvent. The second N200 conformer is
refined with its carboxamide moiety flipped “out” away from
the new solvent. The simultaneous presence of two N200
conformers was observed in all four subunits of the H200N-
[4NC] complex, with the new flipped “out” conformer refined
at occupancies of 50−70%. While it is possible that the new
“out” conformation is sampled in H200N complexes with other
substrates, as well, structural analysis shows that in the
crystalline form of ES complexes with HPCA and 4SC a single
conformation dominates. The distribution of Asn200 con-
formers in complex with catecholic substrates may be governed
by the ionization state of the bound substrate (specifically the
protonation state of C1-OH), which in the case of substrates
used in this study, appears to be the only difference in the
vicinity of residue 200 in the H200N variant. When dianionic
4NC is bound in the active site of the H200N variant, the
observed position of the new WatN solvent differs from that
observed in the resting state or in the H200N-HPCA complex
(Figure S2). This shift in position of WatN closer to the
coordination sphere may reflect changes in hydrogen bonding
interaction with C1-O− of 4NC, and as a consequence, the
unfavorable steric interaction with the N200 conformer in the
“in” position (2.3 Å) is relieved in the new flipped “out”
conformer (cf. Table S8 with Tables S4 and S6).
Examples shown in panels A and B of Figure 4 illustrate that

neither the substrate binding mode nor the coordination
geometry to the FeII center is altered by the residue
substitutions at position 200 (H200E, -Q, and -N). This is
consistent with the anion-binding pocket (R243/R293/H248)
serving as a primary determinant of the substrate binding mode
by preferential stabilization of the non-hydroxyl substituent of
catecholic substrates. The optimal steric and electrostatic
stabilization by the anion-binding pocket in FeHPCD is
achieved for the -CH2COO

− moiety of HPCA. However,
different substituents at position 4 can be accommodated in the
substrate-binding site, without changes in the positions of the
aromatic ring. Although they are shorter, these typically

delocalized moieties (−NO2, −SO3
−) become polarized and

can still interact with the anion-binding pocket,24 albeit with
slight out-of-place distortions.

Proton-Transfer Pathway. The mechanism illustrated in
Scheme 1 invokes a role for H200 as an acid catalyst for the
reaction in which the O−O bond is broken. The proton for this
function may be supplied by the substrate, or alternatively, it
might be supplied from bulk solvent if the substrate is fully
deprotonated as is the case for 4NC. Inspection of the structure
reveals the potential proton-transfer pathway, which connects
H200 in FeHPCD to bulk solvent in the intersubunit space
(Figure S3) via alternating solvents and ionizable residues
(Figure 5). In principle, this pathway will be essential for
turnover of 4NC, but not for HPCA, which can supply a proton
directly. This is borne out in the case for the FeHPCD enzyme
by kinetic experiments with the D272N variant, where isosteric

Figure 4. Comparison of active sites in the ES complexes of the
FeHPCD and H200X variants. (A) Overlayed complexes with HPCA:
FeHPCD (PDB entry 4GHG) and H200N (PDB entry 4Z6Q). (B)
Overlayed complexes with 4NC: FeHPCD (PDB entry 4GHH) and
H200E (PDB entry 4Z6U). Atom color code: gray, carbon
(FeHPCD); yellow, carbon (H200X); dark blue, nitrogen (FeHPCD);
blue, nitrogen (H200X); dark red, oxygen (FeHPCD); red, oxygen
(H200X); bronze, iron (FeHPCD); purple, iron (H200X). Cartoons
depict secondary structure elements for FeHPCD (gray) and H200X
variants (light blue).
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replacement of an ionizable residue in the proposed proton
relay pathway retains HPCA turnover but completely abolishes
ring cleavage of 4NC, despite the presence of H200 in the
second sphere (Table 3). In contrast, little effect on ring-

cleavage activity for both types of substrates (HPCA or 4NC) is
observed for the Y269F variant (Table 3), where an “off-
pathway” interaction is eliminated by the substitution. In the
case of the H200X variants, the envisioned alternate proton
relay pathway via Y269 does not lead directly to the O2-binding
site because the link though H200 is broken. Consequently,
ring cleavage is replaced by ring oxidation in the 4NC reaction
for H200X variants as observed for the D272N variant.

■ DISCUSSION
The structural studies described here show that a broad range
of substitutions can be made at position 200 in the active site of
FeHPCD without causing detectable changes in the positions
of the other active site residues. Moreover, several substrates
with substituents of very different electronegativities and
structures are accommodated without detectable perturbations

in the position of the aromatic ring. This is a very favorable
outcome for a study designed to evaluate the roles played by
substrate and active site residues in the catalytic process. Past
kinetic and spectroscopic studies have shown that the substrate
is far from passive during the oxygen activation and insertion
process. It has been suggested that the iron-bound substrate can
transfer an electron to activate O2 (and simultaneously itself)
and provide a proton needed to break the O−O bond in a
subsequent step.1,3,4,9,16−19 Similarly, we have suggested that
H200 can play many roles by not only serving as an acid−base
catalyst but also controlling the orientation of bound O2
through its steric bulk and stabilizing the activated superoxo
intermediate through hydrogen bonding and charge compensa-
tion.12,25−27,31 The studies described here provide insight into
the structural basis for how both substrate and H200 perform
these various roles. These aspects of the mechanism of extradiol
dioxygenases will be discussed in the following sections.

Roles of H200 in Acid−Base Catalysis. The participation
of an acid−base catalyst has long been proposed in the O2
activation and insertion mechanism of extradiol dioxygenases,
but it was unclear whether this involved one residue serving
both roles or two catalytic groups.1,13 The current and past
studies support the role of H200 in one or both roles because
exchange of this residue for one incapable of acid−base catalysis
significantly alters the rate constants of the reaction steps in
which catalytic proton transfers between substrate and bound
O2 are proposed to occur.25−27 The kinetic data presented here
show strong pH dependence related to the ionization state of
the residue at position 200 for turnover of the optimal substrate
HPCA for enzymes with an acid−base residue in position 200
(WT and H200E). In contrast, kcat is essentially insensitive to
proton concentration when a residue incapable of proton
transfer is at that position (H200N), as evidenced by the <2-
fold difference in magnitude of kcat at low and high pH
extremes. Structural analysis shows that H200 is ideally
positioned for abstraction of a proton from the substrate
hydroxyl moiety as well as subsequent transfer of the proton to
the dioxygen in the adjacent site. Accordingly, H200 is found to

Figure 5. Proton-transfer pathway in the active sites of the FeHPCD in complex with 4NC (PDB entry 4GHH, subunit C). The atom color code is
the same as that described for Figure 3. Red dashed lines show hydrogen bonds. Gray dashed lines indicate bonds or potential bonds to iron.
Corresponding pathways for complexes in H200E, H200Q, and H200N variants are depicted in Figure S4.

Table 3. Comparison of Apparent Kinetic Parameters for
Reaction of the Y269F and D272N Variants of FeHPCD at
pH 7.5a

kcat (s
−1) kcat/KM (mM−1 s−1) KM (μM) Kd (μM)

HPCA
D272N 2.61 ± 0.04b 160 ± 20 16 ± 2
Y269F 6.4 ± 0.5b 145 ± 25 44 ± 7

4NC
D272N <0.001c,d 64
Y269F 0.82 ± 0.03b 40 ± 7 19 ± 3 31

aReactions were conducted in air-saturated 200 mM MOPS (pH 7.5)
at 22 °C and analyzed as described in Experimental Procedures.
bOptical spectroscopy shows that the expected ring-cleaved product is
produced. cBelow the limit of detection for the ring-cleaved product.
dAerobic incubation over 2 h yields the 4NC quinone product.
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form a strong hydrogen bond (2.5 Å) with the superoxo moiety
of the 4NC semiquinone−FeII−superoxo complex trapped
previously by conducting the reaction in a crystal of
FeHPCD.12 Together, these kinetic and structural results
strongly support the role for H200 as both the base and acid
catalyst of the reaction cycle. However, the source of the
protons for these catalytic events may differ depending on the
specific substrate bound in the active site, and this is discussed
below.
Role of the Substrate in Providing a Proton to H200.

Binding of aromatic substrates in the active site is a multistep
process, involving displacement of solvent, substrate ionization,
and active site reorganization events to form a reactive state of
the enzyme−substrate complex.17,25 Across the extradiol
dioxygenase family, both the native and the rapidly turned
over alternative substrates of extradiol dioxygenases become
singly deprotonated at the C2-hydroxyl as they bind to the
catalytic metal in the active site7,8,10,22 From a structural
perspective, the mechanistic advantage of initially retaining a
proton on the substrate C1-hydroxyl for extradiol ring-cleavage
reaction may be at least 2-fold. First, the substrate monoanion
can serve as a guaranteed source of the required proton
optimally placed for base catalysis by H200 in the ternary
complex. Second, the dissociation of the C1-hydroxyl proton,
which must occur for C2 to become sp3-hybridized during
oxygen attack, provides a mechanism for coordinating oxygen
activation and alkylperoxo complex formation. This coordina-
tion prevents adventitious reactions of activated oxygen, while
increasing the efficiency and specificity of ring attack. The slow
substrate 4NC presents a quite different case because it binds in
the fully deprotonated state,17,26 and thus, it cannot provide a
proton. Accordingly, the reaction catalyzed by the WT enzyme
is significantly slowed, and another proton source is required.32

The structural basis for the supply of this proton provides an
intriguing new insight into catalysis by FeHPCD as described in
the next section.
Role of H200 in Acid−Base Catalysis When the

Substrate Cannot Provide a Proton. In contrast to
reactions with substrates such as HPCA and 4SC, H200 is
absolutely required for ring cleavage of fully deprotonated
4NC. This may indicate that the ability of H200 to readily
accept a proton from a source other than substrate near neutral
pH is an important aspect of promoting the ring cleavage over
ring oxidation chemistry. Indeed, protonation of the proximal
oxygen to the Fe is key to O−O bond cleavage in oxygen
insertion chemistry.19,21,32−34 Analysis of interactions in the
active site of FeHPCD reveals a hydrogen bonding network
beginning in the intersubunit space and terminating at H200
that could supply a proton when aromatic substrates such as
4NC cannot (Figure 5). While most of the putative proton
pathway is intact in the H200X variants (Figure S4), the lack of
His as the terminal residue prevents ring cleavage of 4NC. This
may reflect the more favorable pKa of histidine for acid−base
catalysis in this case, or it may be due to unfavorable steric and
charge effects of the variants.
The evolutionary rationale for the proposed proton relay

pathway in the mechanism of the FeHPCD as a means for
sourcing a proton other than that supplied by substrate remains
unclear. Nevertheless, it is worth pointing out that FeHPCD
and its structural homologue, MndD, are the only structurally
characterized extradiol enzymes that exhibit such an ordered/
direct network of functional groups that link to the strictly
conserved second-sphere acid−base catalyst. A significant

variation in composition (enzyme residues and solvents) and
a lack of order are observed for this region in the other extradiol
dioxygenase enzymes for which structural data are currently
available.6,7,35 Accordingly, FeHPCD and MndD are the only
extradiol dioxygenases reported to date to cleave the aromatic
ring of 4NC.

Role of the Substrate in Providing Protons in the
Absence of H200. The fact that ring-open products from the
singly deprotonated substrates HPCA and 4SC can be formed
by all H200X variants implies that an alternative acid−base
catalyst must exist in the enzyme to compensate for the lack of
H200. One possibility is that the solvent molecules near the
active site metal assume this role. The majority of solvent
molecules observed within the active site of the resting-state
structures are displaced upon binding of the aromatic substrate.
The remaining crystallographic solvent molecules are found in
all of the enzyme−substrate structures reported here; these
include solvents participating in specific interactions with
charged residues within the proposed proton relay pathway
and those near the anion-binding pocket (Figure 5 and Figure
S4). However, these solvent molecules are located 5−8 Å from
the substrate C1-OH- or O2-binding sites and thus appear not
to be well placed as direct substitutes for H200 as the acid−
base catalyst. In the H200E and H200Q variants, the steric bulk
of the position 200 side chains restricts access of the solvent to
the substrate C1-OH- and O2-binding sites (Figure 3A−D and
Figure S1A,B). The opposite steric effect is observed for the
H200N variant, where the void created by the shorter Asn side
chain allows a new crystallographic solvent (WatN) to occupy
the second-sphere environment, where it is stabilized by
hydrogen bonding interactions with N200, Y269, and substrate
C1-OH (Figure 3E,F). If the solvent is the alternative catalyst
in the H200 variants, WatN in H200N would be expected to
make it a better catalyst than either H200E or H200Q. This is
observed to be the case in comparison with the H200E variant,
but the electrostatic properties of E200 may contribute strongly
to the low activity (Tables 1 and 2 and Figure 1A) as discussed
further in the next section. The expected correlation with
solvent accessibility does not appear to be valid, however, for
the comparison of the overall activities of the H200N and
H200Q variants, which exhibit similar kinetic parameters when
turning over HPCA and 4SC. One explanation for this
observation is that the steric bulk of H200Q may establish a
balance between decreased solvent accessibility and an
increased level of stabilization of a reactive intermediate in a
productive orientation, another possible role for H200. In
contrast, the shorter and more flexible side chain of N200 can
assume multiple orientations, none of which is close enough to
the O2-binding site to contribute significantly to stabilization of
bound dioxygen in the correct orientation for attack on the
substrate (Tables S6−S8). While WatN is properly placed in
H200N to act as a base catalyst for substrate deprotonation, it is
significantly displaced from the position of H200 and
consequently not ideally located to act as an acid catalysis for
protonation of the proximal oxygen to the Fe in the alkylperoxo
intermediate.
If the solvent is not the acid−base catalyst in the absence of

H200, the bound oxygen intermediate itself may fulfill this role.
Our transient kinetic studies show that addition of O2 to the
H200N variant bound with HPCA results in the formation of a
relatively long-lived substrate semiquinone−Fe(III)−peroxo
species.27 Computational studies suggest that such a species
is capable of both abstracting the remaining hydroxyl proton
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from HPCA and subsequently attacking the substrate to form
the alkylperoxo intermediate.34 This reaction is slow and may
not represent the reaction coordinate for the native enzyme,
but it would result in the same committed alkylperoxo
intermediate and, consequently, the same reaction product. In
the case of 4NC turnover by the H200X variants, neither the
substrate nor the proton-transfer pathway can supply the
proton to the peroxo moiety. As a result, the peroxo moiety
would not attack the substrate and the O−O would not break,
resulting in the very slow (t1/2 of minutes to hours) observed
release of the substrate quinone and peroxide from the enzyme.
Effect of Charge at Position 200. When H200 is

substituted with Glu, the magnitude of the turnover number
for reaction with the optimal substrate HPCA is maximal in the
acidic pH range, opposite to the trend observed for FeHPCD
and the other H200 variants (Figure 1). At pH 7.5, the activity
of the H200E variant with HPCA is reduced by 30-fold
compared to that of the WT enzyme and also 11-fold compared
to that of the H200Q enzyme (Table 1). Although these
changes in kcat may reflect the effects on steps other than
oxygen activation and reaction, we have reported similar large
decreases in rate constants for steps in the oxygen activation
steps themselves.25 The fact that significant differences in
activity are observed for structurally isosteric substitutions
(H200E and -Q) suggests that steric interactions alone are
unlikely to be the basis for reduced turnover numbers and
opposite pH effects.
A more likely cause of the observed kcat effects is the charge

on the group at position 200. If H200 functions as the active
site base as proposed, then it will gain a positive charge in
preparation for the acid catalysis of the Criegee rearrangement.
This positive charge in the second-sphere environment would
stabilize both the deprotonated substrate C1-O− resulting from
the base catalysis and the putative superoxo anion radical
moiety that would result from electron transfer to O2 as it binds
to the iron. Introduction of neutral Gln in position 200
(H200Q) could stabilize one of these anionic species in part by
hydrogen bonding, given the proximity (2.7−2.9 Å) and
bidentate interaction of its carboxamide moiety with the first-
coordination sphere sites. However, introduction of a
negatively charged Glu into the second-sphere environment
(H200E) would disfavor formation and stabilization of the
anionic iron−superoxo intermediate, thereby slowing the
overall reaction at a key point in the cycle.
The interactions described above are consistent with the

crystal structures reported here. Shorter (stronger) hydrogen
bonds to substrate C1-OH relative to those in the H200Q
variant are consistent with an ionized E200 side chain at pH 7.5
(Tables S6−S8). Aromatic substrates that bind with C1-OH
protonated, such as HPCA and 4SC, would be stabilized by
interaction with the ionized E200 carboxylate. However, E200
may not be a sufficiently strong base for abstraction of a proton
from substrates such as HPCA and 4SC at neutral pH. In
contrast, binding of substrates such as fully ionized 4NC would
require that E200 be protonated to prevent charge repulsion
with the substrate C1-O−. This proton is evidently not in the
proper location to promote O−O bond cleavage and insertion,
or transfer of the proton to bound oxygen is inhibited by the
resulting creation of a negatively charged residue near the
anionic substrate.
Effect of the Position 200 Residue on the Rate-

Limiting Step. In addition to an overall slowing of the
reaction, H200E exhibits a dramatically different pH depend-

ence compared to that of WT or the other H200X variants.
Accounting for the pH dependence in a multistep mechanism
as found for FeHPCD is often complex because kcat changes
may arise from the change in ionization state of one or several
important amino acids, or from a change in the rate-limiting
step. The rate-limiting step for WT and H200N turnover of
HPCA occurs late in the reaction cycle, although the step in
which the alkylperoxo intermediate is formed in the case of
H200N is only slightly faster and may contribute to the
observed kcat.

17,25 This is in accord with the observation that the
kcat/Km value is unchanged by pH because this value reflects
steps up to and including the first irreversible step,36 which is
thought to be O2 binding/reduction when HPCA is the
substrate.25 The pH dependence of kcat for the WT enzyme
turning over HPCA suggests that a step in the ring opening or
product release steps is favored by a neutral histidine. A neutral
histidine would also be required for the acid−base role
proposed above. The opposite pH effect on kcat of H200E
suggests that its pKa is relatively high [e.g., 7.2 (Table 2)] and
that a negative charge slows the rate-limiting step. At pH <7.5,
the constant kcat/Km value for H200E suggests that the rate-
limiting step follows the first irreversible step as in the case of
the WT and other H200X variants. However, at pH >7.5, the
decrease in kcat/Km shows that either the rate-limiting step or a
preceding step is affected by pH. It is possible that the negative
charge of the Glu in this pH region inhibits the rate of binding
of the deprotonated, anionic substrate, shifting the rate-limiting
step to this portion of the reaction cycle. If this is the case, then
the dramatic difference in pH dependence observed for H200E
versus the WT enzyme at high pH arises from the impact of the
position 200 residue on two different steps of the reaction
cycle, neither of which is in the oxygen activation, attack, or
insertion portion of the reaction cycle. Protonated E200 favors
anionic substrate binding, while deprotonated H200 favors
anionic product formation and release. These observations
reveal additional roles for H200 on the substrate binding and
product formation/release portions of the reaction cycle.

■ CONCLUSION
As summarized in Scheme 2, the structural studies presented
here show that the FeHPCD active site is exactingly organized

to allow H200 to abstract a proton from the optimal substrate,
stabilize the oxy complex by both hydrogen bonding and charge
interaction, and promote oxygen reaction and insertion by acid
catalysis. At the same time, the substrate and oxygen are
connected through bonds to the iron that may allow internal
transfer of one or two electrons. Perturbations caused by
introducing new residues at position 200 or altering the

Scheme 2. Summary of the Multiple Effects of H200
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inductive capacity of the substrate substituents cause little or no
change in the positions of the substrate or active site amino acid
side chains, but significant changes are observed in solvent
distributions, the kinetic parameters, and, in some cases, the
products formed. These results serve to emphasize the
exquisitely interconnected nature of the roles played by the
components of the active complex. For example, the use of a
substrate like 4NC denies H200 the proton needed for
catalysis. The reaction can apparently be rescued by histidine
protonation via a backup proton relay system, but the reaction
remains slow because the electronegative nitro substituent of
the substrate prevents efficient transfer of an electron to the
metal−oxygen complex. Similarly, substitution of H200 with a
residue such as Glu forces the system to use an inefficient acid/
base catalyst [solvent, Glu, or Fe(III)−peroxo], and it also
introduces a negative charge near where an anionic superoxo
species is proposed to form. Again, catalysis is slowed by two
different effects, both of which result from the same amino acid
change. Finally, efficient enzyme catalysis requires maintenance
of a high intermediate interconversion rate throughout the
catalytic cycle, and a neutral histidine at position 200 appears to
be the best choice for the late ring-opening and product release
steps.
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