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the R244L variant.

cycle differently than plant peroxidase.
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(Bacl(ground: DypB, a Dyp-type peroxidase, oxidizes Mn(II) and transforms lignin.
Results: DypB forms a stable Compound I that rapidly decays to Compound II in the D153A and N246A but is undetectable in

Conclusion: The requirement of Arg-244 but not Asp-153 to form Compound I indicates that DyPs modulate the peroxidative

Significance: Understanding DyPs helps harness their biotechnological potential.
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DypB from Rhodococcus jostii RHA1 is a bacterial dye-decol-
orizing peroxidase (DyP) that oxidizes lignin and Mn(II). Three
residues interact with the iron-bound solvent species in ferric
DypB: Asn-246 and the conserved Asp-153 and Arg-244. Sub-
stitution of either Asp-153 or Asn-246 with alanine minimally
affected the second order rate constant for Compound I forma-
tion (k; ~ 10° M~ 's™!) and the specificity constant (k_,,/K;,,) for
H,O,. Even in the D153A/N246A double variant, these values
were reduced less than 30-fold. However, these substitutions
dramatically reduced the stability of Compound I (¢, ~ 0.13 s) as
compared with the wild-type enzyme (540 s). By contrast, sub-
stitution of Arg-244 with leucine abolished the peroxidase activ-
ity, and heme iron of the variant showed a pH-dependent tran-
sition from high spin (pH 5) to low spin (pH 8.5). Two variants
were designed to mimic the plant peroxidase active site: D153H,
which was more than an order of magnitude less reactive with
H,0,, and N246H, which had no detectable peroxidase activity.
X-ray crystallographic studies revealed that structural changes
in the variants are confined to the distal heme environment. The
data establish an essential role for Arg-244 in Compound I for-
mation in DypB, possibly through charge stabilization and pro-
ton transfer. The principle roles of Asp-153 and Asn-246 appear
to be in modulating the subsequent reactivity of Compound I.
These results expand the range of residues known to catalyze
Compound I formation in heme peroxidases.

Dyp-type peroxidases (DyPs)? are a recently identified family
of heme proteins present in a wide range of bacteria and fungi
(1-4). Based on phylogenetic analysis, DyPs have been classi-
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fied into four subfamilies: A—C are predominantly bacterial,
whereas subfamily D is mostly fungal (2-5). Although DyPs
were initially characterized for their ability to degrade
anthraquinone dyes (1, 5), the subfamilies have remarkably dif-
ferent specificities for reductive substrates, with some DyPs
catalyzing the oxidation of methoxylated aromatic compounds
(6) and carotenoids. More recently, DypB from Rhodococcus
jostii RHA1 was shown to oxidize lignin and Mn(Il) (2, 7).
Accordingly, there has been burgeoning interest in developing
the biotechnological potential of these enzymes. Nevertheless,
the physiological role of these enzymes is unclear, with propos-
als ranging from bacterial oxidative stress response (8) to viru-
lence factors in plant pathogens (9), iron removal from heme
(10), and porphyrinogen oxidation (11). Regardless of their
physiological role, the peroxidative catalytic cycle of these
enzymes has not been experimentally substantiated.

DyPs belong to the CDE (chlorite dismutases, DyPs, EfeB)
superfamily (12), whose fold comprises two copies of a ferre-
doxin-like domain containing two [(-sheets sandwiched
between two a-helices. The heme is bound in the C-terminal
domain (5,7, 13-15). As in plant peroxidases, a histidine serves
as the fifth ligand to the heme iron on the proximal face and is
hydrogen-bonded to an acidic residue. The distal heme envi-
ronment includes two conserved residues, an aspartate and an
arginine, numbered 153 and 244 in DypB, respectively. The
aspartate forms a hydrogen bond with the distal solvent species
and has been proposed to be essential for catalysis, analogous to
the distal histidine in plant peroxidases and distal glutamate of
structurally distinct chloroperoxidases (5, 7, 13—16). The argi-
nine guanidinium side chain interacts electrostatically with
heme propionate A (5, 7, 14, 15). Finally, B-type DyPs also have
an asparagine in the distal heme pocket (Asn-246 in DypB of
RHA1) that interacts with the distal solvent ligand. In the well
characterized D-type Dypy,,.;, this residue is Ser-331 (5).

The peroxidative cycle of DyPs has been proposed to be sim-
ilar to that of plant peroxidases (4, 5) whereby the distal aspar-
tate serves as the base-acid catalyst. Accordingly, this aspartate
transfers the proton from the proximal oxygen atom of the
Fe(III)-bound H,0, to the distal oxygen atom, facilitating het-
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FIGURE 1. The distal residues of DypB from R. jostii RHA1. Non-covalent
bonds are shown as dashed lines. The atoms are colored as follows: heme
carbon, orange; residue carbons, cyan; nitrogen, blue; oxygen, red; iron,
brown; solvent species oxygen, gray. The figure was generated using coordi-
nates from PDB ID 3QNR.

erolytic cleavage of the O-O bond to form Compound I, an
Fe(IV)=O0 intermediate with an additional oxidizing equiva-
lent delocalized over either the porphyrin ([Fe(IV)=O Por’]™)
or an oxidizable amino acid. The distal arginine is proposed to
stabilize and polarize the negative charge on the Fe(IlI)-OOH
complex during formation of Compound I. The reaction of
Compound I with one equivalent of the reducing substrate
yields Compound II, an [Fe(IV)=O0] species, which further
reacts with a second equivalent of the reducing substrate yield-
ing the resting state Fe(IIl) peroxidase. Critical aspects of this
proposed mechanism remain unsubstantiated, and the few
studies to date indicate important differences both with the
plant peroxidases and within the four DyP subfamilies. For
example, the identity of Compound I in DyPs has not been
definitively established, although the electron absorption spec-
trum (7) and the 35-GHz EPR spectrum?® of the green-colored
intermediate are consistent with an [Fe(IV)=OPor’]* species.
Regardless of its identity, B- and D-type DyPs stabilize Com-
pound I (£, ~ 9 min), which then decays to the ferric enzyme
without detectable Compound II formation (4, 5, 7). Moreover,
substitution of the conserved aspartate in DyP,,.; abolished
the enzyme peroxidase activity (5). By contrast, the equivalent
substitution in EfeB/YcdB from Escherichia coli, an A-type
DyP, retained ~80% of the wild-type peroxidase activity (15),
suggesting the residue is not essential for peroxidase activity in
all DyPs. Further structure-function studies are required to
substantiate the peroxidative catalytic cycle in DyPs and to
identify their catalytic determinants.

Herein, we investigated the roles of each of the three distal
residues (Fig. 1) in the peroxidative cycle of DypB of R. jostii
RHAL. Asp-153 and Asn-246 were single- and double-substi-
tuted with alanine, whereas Arg-244 was substituted with leu-
cine. In addition, the D153H and N246H variants were con-
structed to engineer histidine in the active site of DypB to more
closely resemble the active site of plant peroxidases. The reac-
tion of the variant proteins with H,O, was analyzed using
steady-state and transient state kinetics. X-ray crystal struc-
tures were solved for each of the single variants. The role of
these residues in the peroxidative cycle of DypB is discussed.

3 R. Davydov and B. M. Hoffman, personal communication.
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EXPERIMENTAL PROCEDURES

Reagents and Chemicals—HPLC grade DMSO was from Alfa
Aesar. All other reagents and chemicals were purchased from
Sigma, ACROS, MP Bio-medicals, or Fisher and were used
without further purification. Water was purified using a Barn-
stead NANO pure UV apparatus (Barnstead International,
Dubugque, IA) to a resistivity of greater than 17 megaohms cm.

Recombinant DypB and Variants—Wild-type DypB (WT)
was heterologously produced in E. coli BL21(DE3) using
pETDYPBI as described elsewhere (2). The variants were
constructed using oligonucleotide-directed mutagenesis as
described in the supplemental Experimental Procedures. The
variants were produced, purified, and reconstituted with heme
as described for the WT (2). For reconstitution, 20 mg/ml
hemin chloride in DMSO was added dropwise with gentle stir-
ring to 20 mg/ml protein in to a molar ratio of 2:1. Excess heme
was removed via centrifugation and gel filtration. The protein
samples were then dialyzed overnight at 4 °C in buffer contain-
ing 1 mm EDTA and further purified by anion-exchange chro-
matography. Fractions with Rz values > 2.5 were pooled, con-
centrated, and flash-frozen as beads in liquid nitrogen and
stored at —80 °C until use. Protein concentration was measured
using the Micro BCA assay (Thermo Scientific). The molar
absorption coefficients for heme in the DypB variants was
determined by using a pyridine hemochromogen assay (17) and
were used to determine the enzyme concentrations in kinetic
assays. Electronic absorption spectra were recorded using a
Cary 5000 spectrophotometer (Varian) equipped with a ther-
mostatted cuvette holder.

Steady-state Kinetic Analysis—Apparent steady-state kinetic
parameters for H,O, were determined using a previously
described spectrophotometric assay containing 10 mm ABTS,
appropriately diluted enzyme, and H,O, (0.05-5 mm) in 1 ml of
50 mm sodium acetate (pH 5.5) at 25.0 = 0.5 °C (7). Reactions
were initiated by the addition of H,O,, and initial rates were
monitored at 414 nm (€,,, = 36.6 mM ‘cm ™' (18)). Steady-
state kinetic equations were fit to the data using LEONORA
(19).

Stopped-flow Kinetics—Transient state kinetics were per-
formed using an SX18 stopped-flow spectrophotometer
(Applied Photo Physics Ltd.) equipped with a diode array detec-
tor and a monochromator. A circulating water bath was used to
maintain the temperature of the reactant syringes and the mix-
ing cell at 25 °C. Typically, 10 um enzyme was mixed with H,O,
at various concentrations at pH 5.5 and 7.5. Multiwavelength
data were analyzed using singular value decomposition with the
Pro-K.2000 Global Analysis program (Applied Photo Physics)
to obtain the transition rates (k,) between intermediates. Reac-
tions were then monitored at selected single wavelengths to
follow the formation and decay of intermediates, and multiple
exponential equations were fitted to the data to obtain pseudo-
first order rate constants (k). Second order rate constants for
the formation of Compound I were evaluated from plots of k.
versus H,O,.

Crystallization, Data Collection, and Structure Solution—
Crystals of each of the D153H, D153A, N246H, N246A, and
R2441L variants were grown at room temperature by hanging
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drop vapor diffusion. Drops were made from 2 ul of 18 mg/ml
protein solution in 20 mm MOPS (pH 7.5) 50 mm NaCl, and 2 ul
of well solution consisting of 0.1 M sodium acetate trihydrate, 3
MNaCl (pH 4.5). Crystals formed overnight. To prepare crystals
for mounting, they were briefly soaked in well solution supple-
mented with 16% glycerol and then flash-frozen by immersion
in liquid nitrogen. Data were collected at the Canadian Light
Source on beamline 08B1-1 at 0.97952 A wavelength. The crys-
tals grew in the space group P3,21 and crystallized with three
molecules in the asymmetric unit as reported for the WT struc-
ture (7). Data were processed using HKL2000 (20). Structures
were solved directly by refinement using the WT P3,21 crystal
structure (PDB ID 3QNR) with alanine replacement of active
site residues. Structures were manually edited using Coot (21)
and refined using Refmac (22) from the CCP4 program suite
(23). Structure figures were generated using PyMol (24). Data
collection and structure refinement statistics are summarized
in Supplemental Table S2.

RESULTS

Electronic Structure of Variants—As with WT DypB, the
variants were produced predominantly as apoproteins in E. coli
(Rz < 0.1). Accordingly, purified proteins were reconstituted
with heme as previously described (2). The spectra of the
D153A, N246A, and D153A/N246A variants were remarkably
similar to that of the WT, with a Soret band at 404 nm and the
charge transfer band 1 at 632 nm (Fig. 2), consistent with the
presence of high spin ferric heme. The molar extinction coeffi-
cients of these variants were similar to that of WT (supplemen-
tal Table S1). By contrast, the spectra of the D153H and N246H
variants suggest the presence of low spin ferric heme com-
plexes. Thus, the Soret band was red-shifted to 410 nm, the
charge transfer band 1 was absent, and the « and 3 bands
occurred between 530 and 580 nm (supplemental Fig. S1). The
spectra of position 153 and 246 variants were not significantly
affected by pH over the range of 4.5 to 8.0. By contrast, the
spectrum of the R244L variant showed a strong pH depend-
ence, with the Soret band shifting from 411 nm at pH 8 to 404
nm at pH 6 (supplemental Fig. S1). The species at low pH was
further characterized by charge transfer bands at 503 and 632
nm. These spectral changes are consistent with a transition
from high spin to low spin with increasing pH.

Steady-state Kinetic Analyses—The steady-state kinetic
parameters for H,O, were determined for the WT and the var-
iant proteins using a saturating amount of ABTS (10 mm) as the
reducing substrate (Table 1). Substitution of Arg-244 with leu-
cine had a much greater effect on the reactivity of DypB with
H,O, than did substitution of either Asp-153 or Asn-246 with
alanine. Thus, the respective k_,/K,, values of the D153A and
N246A variants for H,O, were very similar to that of WT,
whereas the R244L variant possessed no detectable peroxidase
activity. Nevertheless, both the k_,, and K, values of D153A for
H,O, were ~17-fold higher compared with the WT, whereas
these values were relatively unchanged in N246A. The D153A/
N246A double variant was also surprisingly reactive, possessing
a slightly higher k_,, value than the WT, although its K, for
H,O, was 200-fold greater. Finally, the introduction of histi-
dine at either position 153 or 246 did not increase the peroxi-
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FIGURE 2. Stopped-flow analyses of the reaction of DypB (A), D153A (B),
N246A (C), and D153A/N246A (D) with H,0, (20 mm MOPS, 50 mm NaCl
(pH 7.5) at 25 °C. In each case, 10 um concentrations of enzyme were mixed
with an equal volume of 200 um H,0,, except in D, where 1000 um H,0, was
used. The black spectrum, recorded immediately after the mixing, corre-
sponds to the ferric enzyme. The transitions to the first and second interme-
diates are shown in green and red, respectively. The inset shows the region
between 450 and 700 nm.
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TABLE 1
Kinetic parameters for DypB and the distal residue variants

Steady-state kinetic parameters were determined using 10 mm ABTS, 50 mm sodium acetate (pH 5.5) at 25.0 = 0.5 °C. Pseudo-first order and -second order rate constants

were determined using 20 mm MOPS, 50 mMm NaCl (pH 7.5) at 25.0 = 0.5 °C.

Enzyme K,™0, Kot kK, ky k,
M s! X10°m 157! X10°m 15! st

DypB 27 *5 3.2+ 0.03 1.20 = 0.08 2.0 = 0.07 -
D153H 87 *+7 1.8 £ 0.04 0.20 = 0.06 0.12 £ 0.05 1.2 £0.01
D153A 460 = 30 513 1.10 = 0.04 0.94 £ 0.01 0.75 £ 0.06
R244L -
N246H -
N246A 15*1 54*02 3.60 = 0.20 3.20 £0.01 0.37 = 0.04
D153A/N246A 5000 = 2000 19*+8 0.04 = 0.002 0.13 £0.02 -

“ Not measured because Compound I did not transition to Compound II.

»No significant activity was detected (detection limit was 0.04 wmole/min/pwmol of heme).
¢ Not measured because the high concentrations of H,O, required to produced Compound I resulted in the conversion of the latter to Compound III without detectable for-

mation of Compound II

dase activity of DypB. Indeed, the N246H variant did not show
any detectable peroxidase activity under the experimental
conditions.

Compound I Formation in Variants—Transient intermedi-
ates in DypB and the variants were observed by following the
variants reaction with 5-200 eq of H,O, using a rapid-mixing,
stopped-flow spectrophotometer. In the D153A and N246A
variants at pH 7.5, the spectrum of the first intermediate,
observed within ~0.1 s upon mixing with H,O,, was almost
identical to Compound I observed in WT (Fig. 2, A-C, thick
green trace) with a hypochromatic, blue-shifted Soret at 397 nm
and a hyperchromic CT band at 649 nm. Similar intermediates
were observed in D153A/N246A and D153H, although the CT
band of Compound I in the double variant was less hyperchro-
mic (Fig. 2D, thick green trace), and >100 eq of H,O, were
required to form it, consistent with the high K, for H,O,. In the
D153H variant, the Soret was less blue-shifted at 406 nm (Fig.
3A, thick green trace), and the visible region was less hypochro-
matic compared with the WT. Neither R244L nor N246H
detectably reacted with H,O, even at 100-fold greater concen-
trations of the latter (Fig. 3, B and C, thick red spectrum). More-
over, neither the high spin state (pH 6) nor pH 7.5 the low spin
state (pH 7.5) of the R244L variant detectably reacted with
H,O0, (Fig. 3B, thick red spectrum). However, the heme of this
variant was more susceptible to degradation at pH 6 (supple-
mental Fig. S2) compared with pH 8.

The second order rate constants for Compound I formation
(k;) by the WT and the variants were measured by following the
changes in absorption at 404 and 647 nm. The kinetic traces
were described by single order exponentials, and the deter-
mined pseudo-first order rate constants, k., were similar at
the two wavelengths (supplemental Fig. S5). Plots of k,, ; versus
H,O, concentration were linear (supplemental Fig. S6). In each
of the studied enzymes, the k; values were comparable at pH 7.5
(Table 1) and pH 5.5 (data not shown) and were remarkably
similar to the k_,,/K,,, values for H,O,. Thus, k, for D153A was
about half that for WT, whereas that for N246A was 1.6-fold
greater. Similarly, the k; values for D153H and D153A/N246A
were more than an order of magnitude less than that for WT.

Compound II Formation in Variants—Compound I was
much shorter lived in each of the D153H, D153A, and N246A
variants (ti, ~ 0.13 s) than in WT (£, ~ 540 s). Moreover, in
these variants, Compound I decayed to an intermediate whose
spectra resemble Compound II of peroxidase (Fig. 2, B and C,
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and Fig. 3A, thick red spectrum). Thus, the Soret of Compound
II was red-shifted to various extents in each of the three vari-
ants, whereas a and 3 bands appeared near 525 and 555 nm,
respectively. Interestingly, the Soret band for Compound 1II is
less red-shifted in the spectrum of N246A compared with
D153A. In addition, the spectrum of N246A possessed a charge
transfer band at 649 nm, suggesting the presence of a mixture of
Compounds I and II (Fig. 2C, thick red spectrum).

In D153A/N246A, Compound I decayed to an intermediate
whose spectrum resembled that of Compound III, with a Soret
for this intermediate located at 410 nm and «/f bands at 538
and 574 nm, respectively (Fig. 2D, thick red spectrum). Forma-
tion of this intermediate was likely due to the use of higher
concentrations of H,O, required to produce detectable Com-
pound I. Compound III was not observed in either D153A or
N246A even upon reaction with 100 eq of H,O, (supplemental
Fig. S4).

The transient observed in reactions of WT DypB and the
variants with H,O, were modeled using singular value decom-
position, global analysis, and a three-step model (A — B — C)
(supplemental Fig. S7). The simulated spectra of the interme-
diates were consistent with the formation of a single interme-
diate in the reaction with WT and two intermediates in the
reactions with each of D153A, N246A, D153A/N246A, and
D153H.

Structural Characterization of Variants—Crystal structures
of each of the four single variants were determined to at least
2.64 A resolution (supplemental Table S2). The average r.m.s.d
for all Ca atoms is <0.25 A when compared with the WT crys-
tal structure (PDB ID 3QNS), indicating that the substitutions
had minimal effect on the overall -fold. Generally, the active site
residues are well defined and are similarly positioned relative to
the wild-type structure (Fig. 44). The only significant differ-
ences in the structures are observed on the distal side of the
heme where Asp-153, Arg-244, and Asn-246 interact with the
iron-coordinated solvent molecule in the wild-type structure.

Difference electron density maps of the D153A and D153H
variants revealed a strong positive peak on the distal side of the
heme iron. Refinement of each site as a water molecule resulted
in residual positive electron density and a low B-factor relative
to surrounding atoms. Chloride, present at 3.0 M in the crystal-
lization buffer, fully models the electron density and refines at
full occupancy with B-factors comparable with those of the sur-
rounding atoms (D153A, Fe(Ill) ~45 A® and CI- ~58 A%
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FIGURE 3. Stopped-flow analyses of the reaction of D153H (A), R244L (B),
and N246H (C) with H,0, (20 mm MOPS, 50 mm NaCl (pH 7.5) at 25 °C). In
each case, 10 um concentrations of enzyme were mixed with an equal volume
of 2000 um H,0,, except in A, where 200 um H,0, was used. The black spec-
trum, recorded immediately after the mixing, corresponds to the ferric
enzyme. The spectra are represented as in Fig. 2.

D153H, Fe(Ill) ~39 A% and CI- ~58 A?). The presence of a
chloride in the Asp-153 variants may be favored in the absence
of the negatively charged carboxylate. In D153A, the chloride
ion interacts with the heme iron (~2.3 A), Arg-244Nnl (3.2 A),
and Asn-246 N&2 (3.1 A) (Fig. 4B). Arg-244 is in the same con-
formation as in the WT structure, and the orientation of Asn-
246 corresponds to one of the two orientations modeled in the
WT structure. A bound water molecule was observed to occupy
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part of the void created by the aspartate-to-alanine replace-
ment. This solvent species is located ~4.5 A from the chloride
ion and forms a hydrogen bond with Asp147. Similarly, in the
D153H structure, the chloride also interacts with Arg-244 Nn1
(3.1 A) and Asn-246 N&2 (2.4 A in one conformation). How-
ever, italso interacts with His-153 (3.0 A), and the chloride-iron
bond is elongated (~2.7 A) (Fig. 4C). In contrast to D153A, two
conformations are observed for Asn-246 in the D153H struc-
ture; one bound to chloride through N62 and the other directed
into the distal solvent access channel by an ~135° rotation
about x1. The increased chloride-iron bond length in D153H
appears to be a result of the imidazole side chain, which steri-
cally prevents the chloride from occupying a coordination site
closer to the iron. This amino acid replacement also causes a
0.6-A shift of Asn-246 N2 away from position 153 relative to
its position in the structure of WT DypB.

The replacement of Asn-246 with either alanine or histidine
removes the N62 atom that is directly bound to the axially coor-
dinated solvent molecule in the WT structure (Fig. 44). Omit
difference (F, — F,) electron density maps of N246A and
N246H clearly display elongated density on the distal side of
heme-iron, extending toward residue 246 (Figs. 4, D and E).
Two water molecules may be refined into the density of each
variant with one coordinating the iron (2.1-2.2 A) and the sec-
ond hydrogen-bonded to the first (2.5 A). The B-factors for
these water molecules are in line with those of heme iron
(N246A, Fe(Ill) ~35 A” and waters both ~38 A% N246H,
Fe(III) ~41 A% and waters ~41 and 50 A2). Attempts to model
the density by an acetate molecule (present at 0.1 M in the crys-
tallization buffer) were unsuccessful, but the possibility that the
structure contains a mixture of coordinated solvent and acetate
cannot be excluded. A positionally equivalent second solvent
molecule was observed in the high resolution WT crystal struc-
ture (Fig. 4A4), where it is modeled at 40% occupancy, correlated
with one of two conformations of Asn-246. In contrast to WT,
in N246A and N246H the second solvent molecule is shifted
~0.7 A toward residues 246 and forms a hydrogen bond with
Asp-153 (3.1-3.3 A). The remaining residues in N246A active
site overlay well with those of the WT structure, indicating that
the mutation has little effect on the rest of the heme environ-
ment. In the N246H variant, the imidazole of His-246 is orien-
tated away from the heme and projects into the distal solvent
access channel, potentially blocking substrate access. The ori-
entation of His-246 appears to perturb surrounding residues. Asp-
153 is displaced toward the heme (maximal deviation ~1.2 A at
001 relative to WT), and the side chain of Arg-244 is displaced
~0.5 A away from the distal coordination site (Fig. 4E). The
remainder of the N246H structure closely resembles WT.

In R244L, the distal ligand is a solvent molecule coordinated
at 2.0 A from the iron (Fig. 4F), similar to what is observed in the
WT structure. The coordinated solvent forms a H-bond with
Asn-246 (3.1 A) but is shifted ~0.5 A away from Asp-153 rela-
tive to its position in the WT structure. As a result, Asp-153
081 is located ~4.2 A from the solvent molecule, outside
hydrogen bonding distance. The guanidinium group of Arg-
244 is effectively replaced by two solvent species. One solvent
molecule is positioned similarly to Arg-244 Nl in the WT
structure, bridging the coordinating solvent molecule (2.6 A)
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FIGURE 4. X-ray crystal structures of DypB variants. Shown are wild-type (PDB ID 3QNS) (A), D153A (B), D153H (C), N246A (D), N246H (E), R244L (F). Active sites
residues are shown as green (carbon), blue (nitrogen), and red (oxygen) sticks. Alternate conformations for Asn-246 (A and C) are highlighted in light green. Water
(gray), iron (orange), and chloride (cyan) are shown as spheres. Hydrogen bonds are indicated by dashed lines. Gray mesh represents omit difference (F, — F,)
maps for the distal ligand contoured at 3 o for all panels except E (2.5 o) and F (2.0 o).
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FIGURE 5. The proposed mechanism of peroxidases. The steps leading to Compound | formation are in parentheses. An acid-base catalyst, B:, assists in
transferring a proton from the proximal O to the distal O of the iron-bound H,0,, accelerating Compound | formation. This residue is histidine and glutamate
in plant peroxidases and chloroperoxidase, respectively. In D- and B-type DyPs, this residue appears to be aspartate and arginine, respectively.

and heme propionate A (2.7 A). This species also forms an addi-
tional hydrogen bond with Asp-153 081 (2.9 A). The second
additional solvent species occupies a position similar to that of
Arg-244 Nn2 in the WT structure, forming another hydrogen
bond with heme propionate A (2.8 A). The remainder of the
active site is unperturbed by the mutation.

DISCUSSION

The current study establishes that of the three distal polar
residues, only Arg-244 is essential for peroxidase activity in
DypB. Indeed, the replacement of Asp-153 and/or Asn-246
with an alanine had a remarkably small effect on the enzyme
reactivity with H,O,, as evaluated by the apparent specificity
constant (k.,/K;,,) and the first order rate constant for the for-
mation of Compound I (k;). Nevertheless, substitution of these
residues dramatically decreased the stability of Compound I in
DypB. In addition, the data from the D153H and N246H vari-
ants suggest that DypB cannot efficiently utilize imidazole as an
acid-base catalyst on the distal face of the heme. Overall, this
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study indicates that in DypB, the peroxidative cycle is modu-
lated very differently than in plant peroxidases.

The ability of D153A to form Compound I and to react with
peroxide almost as efficiently as WT DypB is surprising consid-
ering that substitution of the equivalent residue, Asp-171, in
DyPp..; reduced the enzyme peroxidase activity to undetect-
able levels (5). The latter result led to the proposal that the distal
aspartate functions as an acid-base catalyst, similar to the distal
histidine of plant peroxidases and the distal glutamate of chlo-
roperoxidase (B: in Fig. 5). Substitution of the distal acid-base
catalyst in plant peroxidases reduces catalytic efficiency by four
to six orders of magnitude (25, 26). The distal aspartate also
does not appear to be essential for peroxidase activity in A-type
DyPs. Thus, WT EfeB and the D235N variant oxidized guaiacol
at similar rates (15). Interestingly, the variant-oxidized catechol
at ~20% that of the rate of WT indicated that the aspartate has
a role in substrate specificity. The lack of the steady-state and
transient state kinetic data from the DyP,.; and EfeB variants
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makes comparison with DypB difficult. Nevertheless, the avail-
able data suggest that although the distal aspartate is the essen-
tial acid-base catalyst in D-type DyPs, it is not in either A- or
B-type DyPs. This may reflect the different physiological sub-
strates and/or roles of the different subfamilies of enzymes as
discussed below.

Although the current data indicate that Asn-246 plays a
minor role in Compound I formation, it is positioned remark-
ably similarly to the conserved asparagine in catalases (27). In
bovine liver catalase the conserved asparagine (Asn-147) and
histidine (His-74) on the distal face of the heme assist in the
binding of H,O, to the heme iron (27). In resting state bovine
liver catalase, the two residues are hydrogen-bonded to a shared
solvent molecule, much as Asn-246 and Asp-153 are in DypB.
Although the kinetic parameters of the N246A variant (Table 1)
establish that Asp-246 is not required for catalysis, those of the
D153A/N246A double variant indicate that these two residues
interact with the H,O,. Further insight into the interaction of
Asn-246 and Asp-153 was obtained by inverse analysis. This
analysis uses the double variant as a reference point to evaluate
whether the effect of substituting two residues is additive, coop-
erative, anti-cooperative, or antagonistic (28). The effect of the
Asp-153 and Asn-246 substitutions was anti-cooperative (sup-
plemental Fig. S9), indicating that the two residues function
synergistically with respect to peroxidase activity.

The inability of the R244L variant to form Compound I fur-
ther distinguishes DypB from HRP and cytochrome ¢ peroxi-
dase. Although the distal arginine is similarly located in these
enzymes, it forms an electrostatic interaction with heme propi-
onate A (supplemental Fig. S8) in DyPs (5, 7, 14). In plant per-
oxidases, the propionate is orientated away from the arginine
guanidinium group (29). Substitution of this residue with leu-
cine in HRP or cytochrome ¢ peroxidase lowers the rate of
Compound I formation by 2—3 orders of magnitude, although
this intermediate is still formed (25, 26). Nevertheless, the pH-
dependent iron spin state transition of R244L is similar to that
of the R48L variant of cytochrome ¢ peroxidase (26). This tran-
sition suggests that the pK, of Asp-153 in R244L is ~7, much
higher than the expected value of 3.5. Indeed, it would be inter-
esting to determine the pK, values of Asp-153, which is 0.7 A
further away from the distal solvent species in R244L than in
WT.

The large effect of substituting Arg-244 in DypB indicates
that this residue has a major catalytic role in Compound I for-
mation and may be the requisite acid-base catalyst (B: in Fig. 5).
It is unclear what other residue could fulfill this role; other than
the three residues targeted in this study, the closest residue with
the requisite functionality is Asp-147, located up to 7 A away
from the heme iron. Although the pK, of the acid-base catalyst
is expected to be ~5, much lower than that of an arginine res-
idue (12.5), the pK, of catalytically relevant arginines can be
significantly shifted. For example, Arg-82 of bacteriorhodopsin
has a pK, of 5.8 in the M state (deprotonated retinal) (30), and
Arg-418 of inosine 5'-monophosphate dehydrogenase has a
pK, of ~8 (31). In both of these cases, the arginine is in close
proximity to an aspartate, as observed in DypB. Moreover, in all
three cases, the arginine is part of a hydrogen bonding network
that connects the residue to the protein surface. In DypB, the
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network involves the iron-bound solvent species, Arg-244,
heme propionate A, a structurally conserved solvent molecule,
and the highly conserved Arg-208 on the protein surface (sup-
plemental Fig. S8). This network is conserved in DyPs and may
mediate proton transfer as has been proposed in ascorbate per-
oxidase and other enzymes (32, 33). Disruption of this network
may help explain the lack of peroxidase activity in R244L.

Although Asp-153 and Asn-246 have relatively minor roles
in Compound I formation, they appear to have important roles
in stabilizing this intermediate; substitution of either residue
decreased the half-life of Compound I by >3 orders of magni-
tude. This is consistent with their close proximity to the heme
iron: ~5.0 A for Asn-246N&2 and 5.1 A for Asp-153081.
Although this is similar to the corresponding distances for His-
42Ne2 in HRP (5.8 A (29)) and Glu-1830€2 in chloroperoxi-
dase (5.1 A (16)), neither of the latter has an equivalent of Asn-
246. At this time, it is unclear whether the stabilization of
Compound I by Asp-153 and Asn-246 is due to kinetic or ther-
modynamic effects. Thus, these residues contribute to both the
electrostatic environment and the hydrogen bonding network
of the active site. The precise role of Asp-153 in stabilizing
Compound I clearly depends on the residue protonation state.
Although the iron spin-state transition in R244L suggests that
the pK, value of Asp-153 is ~7, this is unlikely to be the case in
WT DypB.

The poor catalytic efficiency of the D153H and N246H vari-
ants is likely due in part to the suboptimal positioning of the
imidazole in the distal heme pocket of DypB. In the case of
D153H, the Ne2 atom of His-153 is 1.8 A closer to the heme
iron than His-42 is in HRP (29). This close proximity also likely
favors the low spin state of the D153H variant. In the case of
N246H, the imidazole is 7.8 A from the iron. However, it is
positioned at the center of the distal solvent access channel,
potentially limiting the access of H,O, to the heme iron. In
addition, hydrogen bonding (3.3 A) between His-246 N1 and
the main chain carbonyl of Asp-153 would also influence the
catalytic role of His-246. Overall, this result highlights how pro-
tein active sites are fine-tuned for efficient utilization of specific
functional groups. Additional amino acid substitutions are
required to transform DypB into a more efficient peroxidase.

This work highlights the differences in the modulation of the
active site residues in the peroxidative cycle of DypB as com-
pared with that of D-type DyPs and plant peroxidases. Our data
rule out Asp-153 as the acid-base catalyst in the formation of
Compound I in DypB and identifies Arg-244 as best candidate
for this role. It is possible that the different modulation of the
peroxidative cycle in the DyPs reflects their different physiolog-
ical roles. For example, C- and D-type DyPs may oxidize a vari-
ety of substrates such as dyes (5) and melanin (14), whereas A-
and B-type DyPs may oxidize a specific substrate, such as
porphyrinogen (11). Thus, although the lignin-and Mn** -oxi-
dizing activities of DypB from R. jostii RHA1 may be biotech-
nologically useful, it may not be physiologically relevant. This
possibility is consistent with the ~100-fold lesser activity of A-
and B-type DyPs with classic peroxidase substrates (7). Further
studies should elucidate the structural bases of the diverse
activities of DyPs and facilitate developing the biotechnological
potential of this family of microbial enzymes.
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