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ABSTRACT: Dye-decolorizing peroxidases (DyPs) comprise a recently discovered family of heme peroxidases with considerable
biotechnological potential. However, the roles of the distal aspartate and arginine in catalysis remain underexplored. Here we
elucidated their roles in DyPB from Rhodococcus jostii RHA1 using steady- and transient-state kinetics, pH-rate relationship,
viscosity, and solvent kinetic isotope effect (sKIE). Consistent with previous data, substitution of the distal aspartate reduced the rate
of compound (Cpd) I formation much less dramatically than substitution of the distal arginine. Inspection of the structural data
suggests this may be because the distal aspartate is much farther away from the solvent ligand in DyPB than in other B-class DyPs.
Replacement of the distal aspartate decreased the rate of Cpd I reduction with ABTS by ~11-fold. An observed inverse sKIE of 0.13
for the WT (k.o/ Kpr)*E™ is consistent with three waters dissociating from the heme iron during a catalytic cycle, indicating mechanistic
importance of aquo release in DyP-catalyzed reactions. An inverse sKIE of 0.25 for Cpd I reduction along with other observations
implied that Cpd I is likely in a “wet” form and may undergo two successive le -reduction via an undetected Cpd II. The viscosity
effect, sKIE and pH-rate profiles of Cpd I formation demonstrated that, while Cpd 0 deprotonation is likely rate-limiting, O—O
scission plays a more significant role in DyPB than in other B-class enzymes. It is further proposed that a rate-limiting conformational
change precedes the step that returns the enzyme to its resting state in ABTS oxidation. By highlighting mechanistic differences

between similar DyPs, this study provides insight into an important class of enzymes.

Introduction

Dye-decolorizing peroxidases (DyPs) comprise a recently
discovered family of heme enzymes that catalyze H,O,-
dependent oxidation of dye substrates, specifically
anthraquinone-derived dyes with high redox potentials.'* DyPs
have attracted much interest due to their biotechnological
potential, including delignification of biomass and degradation
of phenolic lignin.>'* Based on their primary sequences, DyPs
have been classified into four subfamilies: A to D.* '° The
sequence identity between subfamilies is less than 15%."* Both
A- and B-class DyPs occur exclusively in bacteria,  !* and
several act on phenolic lignin model compounds.> * '*!3
Recombinant DyPB from Rhodococcus jostii RHA1 can
transform Kraft lignin and break down wheat straw
lignocellulose in the presence of Mn?*.3 Intriguingly, expression
of the dypB gene in tobacco facilitated subsequent
delignification of the biomass and depolymerization of the
phenolic lignin.'®

DyPs are distinct from well-known heme peroxidases such as
fungal peroxidases (e.g. LiP) and horseradish peroxidase in
structural fold, substrate specificity, and pH optimum.'*
Furthermore, unlike classical heme peroxidases that use a distal
histidine and arginine to perform catalytic functions,'”'® DyPs
employ an aspartate in place of the distal histidine to
accomplish H,O, reduction and enzyme activation.'* This
difference has significant ramifications for the enzyme’s
properties and its molecular mechanism. For example, we

recently demonstrated that the distal aspartate of E/DyP, a B-
class DyP from Enterobacter lignolyticus, is involved in the
formation and reduction of Cpd I and contributes to the
enzyme’s higher activity at acidic pH.'” Based on this and
similar studies for other classes of DyPs,” 1?2 it has been
proposed that the distal aspartate is essential for DyP activity.
However, this is contradicted by the studies of A-class DyPs
from Bacillus subtilis (BsDyP) and Escherichia coli O157
(EfeB/YcdB) as well as the B-class DyPs from R. jostii RHA1
(DyPB) and Pseudomonas putida MET94 (PpDyP), in which
substitution of the distal aspartate had an unexpectedly small
effect on the respective peroxidase activities of these
enzymes.”*? Given the biotechnological potential of DyPs,>'*
we investigated the catalytic roles of distal aspartate and
arginine in greater depth.

Using the WT and variant DyPBs from RHA1, the roles of
the distal aspartate and arginine were evaluated using steady-
and transient-state kinetics together with the studies of the
effects of pH, viscosity, and deuterated solvent on the rates.
Based on our results, we propose that DyPB utilizes a
bisubstrate ping-pong mechanism (Scheme 1) that involves two
le~-reduction of compound (Cpd) I to an isoform of enzyme
resting state (ERS") via an undetected Cpd II. Subsequently, the
ERS" undergoes a conformational change prior to its return to
ERS, which was predicted to be rate-limiting for the overall
reaction of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) oxidation. Our study has demonstrated that both



Scheme 1. Proposed mechanism of DyPB
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Table 1. Stead

-state kinetic parameters of WT and variant DyPBs"

Enzyme kear (571 Ky (uM) kea/Kp (™M)

(pH optimum) ABTS H,0, ABTS H,0,

WT | InH,O | (3.2240.16)x10% | (6.50+0.97)x102 | (2.86+0.29)x10° | (4.95+0.98)x10% | (1.14+0.06)x103

(3.5 | nD,O | (3.06+£0.11)x10% | (8.08+0.59)x10 | (2.45+0.25)x10% | (3.79+0.12)x10°¢ | (1.26+£0.03)x10°

SKIE 1.0840.05 0.13+0.02 0.92+0.07

DI153A (5.0) | (4.71£0.03)x10 | (1.40+0.22)x103 | (6.89+0.94)x10% | (3.36£0.36)x10* | (6.78+0.60)x10*
DI53E (3.5) | (2.30+0.07)x10? | (3.43+0.38)x10% | (1.84+0.09)x10% | (6.70+0.76)x10° | (1.40+£0.02)x10°
DI153H (4.0) | (7.27+0.10)x10 | (1.43£0.65)x103 | (2.294£0.16)x10° | (5.08+0.98)x10* | (3.31+0.04)x10*
DI53N (4.0) | (4.20£0.42)x10 | (3.18+1.81)x10? | (6.87£0.45)x10% | (1.324+0.55)x105 | (5.39+0.10)x103
R244L (5.0) | (2.31£0.03)x10 | (1.23+0.65)x10° | (1.83£0.27)x10* | (1.88+0.40)x10* | (1.37+0.21)x103

*Assays were performed at enzymes’ respective pH optima (Table S2).

distal residues are catalytically important in DyPB. However,
substitution of the distal aspartate had a much lesser effect on
the rate of Cpd I formation than the distal arginine, which could
be rationalized by their respective distances to the sixth water
ligand of heme iron in the ERS. In addition, deprotonation of
Cpd 0 was proposed to be a rate-determining step (RDS) in Cpd
I formation, though the O—O scission appeared to play a more
significant role in DyPB than in other B-class enzymes. The
significant inverse solvent kinetic isotope effects (sKIEs)
associated with DyPB suggested that aquo release is
mechanistically important. The implications of these findings
are discussed with respect to other DyPs.

Results

Steady-state kinetics of DyPBs. To investigate the importance
of the distal aspartate in catalysis, variants were generated by
site-directed mutagenesis (Table S1) and purified by affinity
chromatography (Figure S1-A). We determined kinetic
parameters of each of the aspartate variants at their respective
pH optima (Figures S2-A/B and Table S2). As summarized in
Tables 1 and S3 and depicted in Figure 1, substituting Asp153
with alanine resulted in ~85% loss of activity (ke.) toward
ABTS and ~50% loss toward Reactive Blue 19 (RB19). This

substitution also doubled the K, value for ABTS and decreased
the (kea/Ky Y B™S value ~15-fold. Since the same substitution
enhanced the H,O, binding affinity by ~4-fold, the decrease in
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Figure 1. Residual activities of WT and variant DyPBs with ABTS
and RB19 in the presence of H,O, at enzyme-saturating

concentrations. Conditions of enzyme assays are described in Table
S2.



0.35

A 405 45 D153A —uoms C R244L  —oms
0.30 4 0.16 —40ms —50ms
70 ms 0.20 404 03s
0.14 4 —0.13s —3s
0.25
02s 5s
] @ 0.12 — 3 s @ —10s
S 020+ S Bo1s
5 5 1s 5 ——40s
g & 503 553 g
£ 2010+ - £
20151 401 2 649 §o1n 530
< < 0.08 :
402
0.10 4
008 509 634
0.05 -
0.05 4 \
0% 835 "Q&v
| 632
e — : ' T , 002 . , - ; . . , 000 ; ; : ; . ; .
35 400 450 500 550 600 650 700 350 400 450 500 550 600 650 700 350 400 450 500 550 600 850 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
0.20 - 0,035 3.0+ ol g
D w E F s D153A
50.
] 25 x =
0.18 4 - 0.030 50 2
" E
N < 30 £ 20
fe] 3 Fa 1 -
e 50 G 0025] A 4.5 4 %
® 10 § = =
@ s 1.5 g
g0 04 £ 0020 '0‘9 40 ta e
3 0 20 40 [Hsg : (aoM)mo oo 3 X %
!
E kL § 1.0435
02 £ 0015 Li
3.0
05
3
e 0.0104 L4
T T 1 25 -7 T T T T T T T
25 50 75 100 125 2 3 4 5 & 7T 8 8 10 1
Time (ms) pH
154
H 027 |
124
£0.244 ®
=
w
Q
= ~ 10 ]
@ 021 o 5
g ] =
= x
g g 4]
5018
2
=]
< [
4 8 12 18 ad
0.15+ [ABTS] (uM)
-
T T T T T T 1 T T T T 1 0+ . T - :
350 400 450 500 550 600 650 700 0.0 0.z 04 0.6 0.8 1.0 3 ] H 8 7
Wavelength (nm) Time (s) pH

Figure 2. Transient-state kinetics of DyPB-catalyzed reactions. Spectra recorded at 450-700 nm are magnified 4 times. Reactions were
performed at the variants’ respective optimal pH (see Table 2). (A—C) Spectral transitions of Cpd I formation between enzymes and H,O, at
final concentrations of 2.5 and 50 uM, respectively. Enzymes used are the WT (A), D153A (B), and R244L (C). (D—E) Formation of Cpd I
monitored at the Soret bands for the WT (D) and R244L (E). Insets represent determination of the second-order rate constant of Cpd I
formation. (F) pH-dependence of the second-order rate constants of Cpd I formation for the WT (black), D153A (red), and R244L (blue).
The color of Y-axis and curves correspond to each other. (G) Spectral transitions of 2.5 uM WT Cpd I reduced by 10 pM ABTS in the
presence of 100 uM ascorbate at pH 3.5. Cpd I was produced by reacting 2.5 uM WT with 2.5 uM H>0O, at pH 3.5 followed by a 10-s delay.
(H) Regeneration of ERS at pH 3.5 from the WT Cpd I in the presence of ABTS and ascorbate monitored at 405 nm. The inset represents
determination of the second-order rate constant of Cpd I reduction. (I) pH-dependence of 2.5 uM WT Cpd I reduced with 15 uM ABTS at

various pH in the presence of 150 pM ascorbate.

(kea/Kar Y292 was much lesser (~2-fold). Among the aspartate
variants, D153E had the highest activity, retaining ~72% WT
activity toward ABTS. This is consistent with the conservative
nature of the substitution: the only difference between aspartate
and glutamate is an extra methylene group, which might
introduce steric hindrance. Replacement of Aspl53 with
asparagine resulted in ~87% decrease in activity with ABTS,
likely due to disruption of hydrogen bonds involving the
carboxylate group. Since fungal lignolytic enzymes such as LiP
have a distal histidine,?’-*® the D153H variant was constructed.
This variant had ~23% of the WT’s activity toward ABTS.
Overall, these results demonstrated that the distal aspartate in
DyPB contributes significantly to catalysis.

To elucidate the importance of the distal Arg244, it was
replaced with a leucine, resulting in a 93% decrease in the k..
for ABTS. The catalytic efficiencies (k../Ki) for ABTS and
H,0, were ~26- and ~83-fold lesser relative to the WT,

respectively. While the k. of the variant with RB19 dropped by
~74%, so did its Ky, value, and its catalytic efficiency stayed
almost the same as the WT. By contrast, the Ky value of the
R244L variant for H,O, was ~5-fold higher than that of the WT,
and the (ke./Kir )72°2 value was ~16-fold lesser. Overall, these
results support the previous findings that the distal arginine
contributes more to catalysis in DyPB than the distal aspartate.*®

Transient-state kinetics of Cpd I formation. As shown in
Scheme 1, the catalytic cycle of heme peroxidases generally
involves a ferric resting state, ERS, and intermediates
consisting of Cpds 0, I, and II, which are key to understanding
the enzymes’ chemistry and biology.”” WT and variant DyPBs
rapidly formed Cpd I when reacted with H,O, at their respective
pH optima. Representative spectral changes are shown in
Figures 2A—C and the characteristic absorbance maxima for the
ERS and Cpd I are summarized in Table S4. To determine the
second-order rate constants of Cpd I formation, ;, reactions



Table 2. Transient-state kinetic parameters and pK, of WT and variant DyPBs’

Enzyme Cpd I formation Cpd I reduction
(pH optimum) oK, k(M 's ) kers (MT's™)
Asp Arg
WT (3.5) 3.08+0.11 | 7.73£0.19 | (4.00£0.02)x10° | (8.24+0.06)x10°
D153A (5.0) 5.05+0.16 | (1.42+0.02)x10° | (7.38+0.08)x10*
D153E (3.5) N.A. N.A. (2.46+0.04)x10° N.A.
D153H (4.0) N.A. N.A. (1.60+0.02)x10* N.A.
D153N (4.0) N.A. N.A. (7.14+0.18)x10° N.A.
R244L (5.0) | 4.41+0.07 (1.72+0.03)x10° N.D.

*Assays were performed at enzymes’ respective pH optima (Table S2); N.A.: not available; N.D.: not detected

were followed by disappearance of the Soret band of each
enzyme’s ERS at its Amax (Figures 2D-2E). Single-exponential
decays were fitted to the resulting traces to obtain k., which
was then plotted against [H,O,] to derive k; (insets in Figures
2D-E). While the WT and D153A yielded linear plots from
which k; values could be calculated, the R244L variant gave
saturation kinetics, suggesting presence of a preequilibrium
(Kp) between the R244L and H»O prior to Cpd I formation (k)
(Eq. 1in SI). Accordingly, k; values of the WT and D153 A were
calculated from the slopes of the linear curves, and the k; value
for R244L was determined from 4/Kp using Eq. 2 in SI. Table
2 summarizes the k; values determined at enzymes’ respective
pH optima. For the WT, the k; was also determined at 648 nm
(Figure S3), where Cpd I formation and decay could be
monitored. The value derived from 648 nm was
(4.16£0.03)x10° M"'s™!, in agreement with the k; determined at
405 nm (Table 2). Consistent with the previous report,* the WT
Cpd I was remarkably stable at pH 3.5 with a half-life time of
~32 min when it was generated using a 20 molar excess of H,O,.

Consistent with the previous report,” the distal arginine was
found to be much more important than the distal aspartate in
DyPB Cpd I formation. At their respective pH optima, the
R244L formed Cpd I at 0.4% the rate of the WT. By contrast,
the most impaired aspartate variant, D153N, retained 1.8% k;of
the WT. Interestingly, the &; values of the D153A and D153H
were found to be 35% and 4% that of the WT, respectively, even
though the latter was expected to be more reactive due to its
resemblance to the classical plant peroxidases. This discrepancy
may be due to significant changes in the heme environment,
which are further suggested by the bathochromic shift of the
heme’s absorption maxima in D153H (Figure S1-B). The
discrepancy may also be explained from their crystal structures
discussed below. Finally, the &; values are consistent with the
(kea/Krr)™0: obtained from the steady-state kinetics.

pH-dependence of Cpd I formation. Determination of
reactionrates as a function of pHcan provide critical
information about enzyme mechanism.’' These rates are
sensitive to the pK, values of catalytically important residues, a
value that can be influenced by the enzymes’ environment.*!
Accordingly, we investigated the pH-dependence of Cpd I
formation (k;) in the WT and variant DyPBs. Equations 3-5 in
SI were fitted to plots of k; vs pH.* Similar to B-class E/DyP,"
the rate of Cpd I formation in the WT increased with pH. The
curve (Figure 2F) had two inflection points, at 3.08 and 7.73
(Table 2), which were assigned to Aspl53 and Arg244,
respectively. To examine whether this assignment was correct,
we also determined the pH-rate profiles of D153A and R244L.

Consistent with our prediction, each mutant only had a single
inflection point (Figure 2F). Furthermore, similar to the WT,
the rate of Cpd I formation in D153A increased as pH increased.
However, the trend in R244L was the opposite: the rate
decreased with increasing pH. Finally, the pK, assigned to
Aspl53 is close to the intrinsic pK, of aspartate, 3.65. By
contrast, that assigned to Arg244 is 4.75 pK, units lower than
the intrinsic value of arginine, 12.48. Indeed, this shift is greater
than the 3.80 pK, unit shift observed for the distal arginine of
the E/DyP," highlighting the difference in their respective
heme environment.

Transient-state kinetics of Cpd I reduction. The reduction of
Cpd I was investigated using a sequential-mixing mode. Cpd I
was generated by mixing the enzyme with 1 equiv. H,O,. After
a 10-second delay to maximize Cpd I formation, the mixture
was then rapidly mixed with ABTS in the presence of ascorbate.
Ascorbate was used of to quench the ABTS radical, eliminating
its spectral interference in the Soret band region.* This allowed
us to use low concentrations of ABTS to maintain pseudo-first-
order reaction conditions.*® A typical spectral transition is
shown in Figure 2G, where band characteristics of Cpd II were
not detected. Therefore, the rate of Cpd I reduction was
indirectly determined at pH 3.5 at 405 nm corresponding to ERS
generation (Figure 2H). The second-order rate constant (kzgs,
inset in Figure 2H), calculated after correcting for reduction by
ascorbate, was ~2 times faster than the rate of Cpd I formation
at pH 3.5 (Table 2).

We also investigated the pH-dependence of Cpd I reduction
(kers) by ABTS. No reduction was observed above pH 5.0.
Furthermore, the instability of DyPB precluded the rate
determination below pH 3.5. As shown in Figure 21, the rate
increases drastically as the pH decreases, indicating that acidic
conditions favor Cpd I reduction. Fitting the equation used
previously " to the data gave a pK, of 2.28, suggesting an
ionizable acidic residue, possibly Aspl153, participates in this
reduction process. Replacement of Aspl53 with alanine
reduced the reduction rate by 11-fold compared to the WT
(Table 2).

Viscosity effects on steady- and transient-state kinetics. D,O
is ~25% more viscous than H>O at room temperature ** and this
viscosity could mask intrinsic sKI1Es.>® Therefore, sucrose was
employed as a viscosogen to probe the viscosity effects on
steady- and transient-state kinetics. Results are shown in
Figures 3A and S4 and summarized in Table 3. In these plots, a
slope of 1 indicates a completely diffusion-controlled reactions,
while diffusion-independent reactions have a slope of zero. For
the WT, k., was diffusion-independent. By contrast,



(kea/Kn)*E™S was determined to be 60% diffusion-controlled.
Inverse viscosity effects were observed for the (ke./Ky)™%: and
ki, for which the averages were 0.98 and 0.88, respectively, at a
relative viscosity (M) of 1.25. These results suggest that Cpd I
reduction by ABTS is diffusion-dependent. Moreover, it was
observed that the viscosity effect on Cpd I formation (k;) is pH

independent for the WT and variant DyPBs.

An inverse viscosity effect was observed for the k; of D153A,
with an average of 0.68 at n« = 1.25 (Table 3 and Figure S4-
A). The k; of R244L, calculated from A/Kp, showed no
significant viscosity effect (Table 3 and Figure S4-B). It is of
note that inverse viscosity effects have been reported for several
unrelated enzymes,***® although the cause for this and the
corresponding mechanistic implications remain unknown.
Nevertheless, effects on enzyme activities resulting from
changes in solvent viscosity have to be considered when
interpreting sKIEs. For example, if there is an inverse viscosity
effect arising from the more viscous D,O, the intrinsic sKIE will
be underestimated for an observed normal sKIE and
overestimated for an observed inverse sKIE.

Solvent kinetic isotope effects (sKIEs) of steady- and
transient-state kinetics. The sKIE is a useful mechanistic probe
of reactions involving solvent-exchangeable protons.'®: 340
Generally, sKIEs are calculated from pH-independent regions
of kinetic parameters in H,O and D,O. DyPs have optimal
activities at an acidic pH.!* Consequently, the pH-independent
region for their steady-state kinetics should appear in an acidic
region. However, WT DyPB was unstable below pH 3.5.
Therefore, the sKIEs of steady-state kinetics were evaluated at
pL (= pH/pD) 3.5. None of the k.. or ke./Ku values (Table 1)
exhibited significant sKIEs except for P(ke./Ku)*B™
(=120 (hoar/ Kag) ABTS/P2O (ke oo/Kpg)*B™S], for which a significant
inverse SKIE of 0.13 (Table 1) was determined. Since only a
small normal viscosity effect (Figure 3A, 1.19 at 1 = 1.25)
was observed for (ke./Ky)*B'S, it suggests that the intrinsic sKIE
of (kea/Ku)*B™ is close to the observed value of 0.13. The
magnitude of this sKIE implies the dissociation of approximate
three water molecules from the heme iron as discussed below.

To determine sKIEs of Cpd I formation and reduction,
experiments of transient-state kinetics were performed in H,O
and D0 at various pL. The sKIE was then calculated from pH-
independent regions. As shown in Figure 3B and summarized
in Table 3, two pH-independent regions were found for the
formation of WT Cpd I, giving two small normal sKIEs of 1.07
and 1.22. The corresponding intrinsic sKIEs should be larger
than the observed, as both regions displayed an inverse
viscosity effect of 0.88. The D153A exhibited an observed
inverse sKIE of 0.55 at its pH-independent region (Table 2 and
Figure S4-A), which was attributed mainly to the viscosity
difference between D,O and H,O. Thus, the intrinsic sKIE of
D153A Cpd I formation should be ~1. Since no viscosity effect
was identified for the R244L, the observed sKIE of 0.92 (Table
2 and Figure S4-B) should be close to the intrinsic value. Proton
inventories were not performed, as these enzymes did not
display significant intrinsic sKIEs of Cpd I formation.

Based on the pH-rate profile of the WT Cpd I reduction
(Figure 2I), its pH-independent region is at or below pH 3.5.
However, the enzyme is unstable below pH 3.5. Consequently,
the sKIE of Cpd I reduction was determined in H>O and DO at
pL 3.5, giving a significant inverse sKIE of 0.25 (Figure 3C). A
similar inverse sKIE of 0.32 was also obtained for the D153A
Cpd I reduction at pL 5.0. Since a small normal viscosity effect
was predicted for Cpd I reduction [based on the observed
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Figure 3. Viscosity effects and sKIEs of WT DyPB. (A) Viscosity
effects of (kear)*B™ (yellow dash), (ke./Ku) BT (yellow solid),
(kea/Krr)202 (blue solid), and &/ (red). The black solid and dash
lines represent completely diffusion-controlled and diffusion-
independent reactions, respectively. All experiments were
performed at pH 3.5. (B) Rates of the Cpd I formation at various
pL in H>O (black) and D,O (red). (C) Rates of the Cpd I reduction
with ABTS in the presence of ascorbate at pH 3.5 in H,O (solid)
and D,O (dash). (D) Proton inventory of the Cpd I reduction with
ABTS. The black dots represent experimental data. The black, red,
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Table 3. Effects of viscosity (n) and solvent isotope (sKIE) on
transient-state kinetics

Enzyme 1 on ks sKIE of k; SKIE of kers
WT 0.88+0.01 1.07+0.02 and 1.22+0.01 0.25+0.01

D153A | 0.68+0.01 0.55+0.01 0.32+0.04

R244L 1.014+0.03 0.92+0.01 N.D."

"N.D.: not detected.

viscosity effect of 1.19 at M = 1.25 for (kea/Ku)*E™S], the
corresponding intrinsic sKIEs should be close to what was
measured, suggesting dissociation of two water molecules from
the metal center during Cpd I reduction.

This is consistent with the sKIE of steady-state kinetics and
further demonstrates that aquo release is mechanistically
important for DyPB-catalyzed oxidation. Moreover, since only
one water is produced during Cpd I reduction, the inference that
two water molecules are released implies that one is bound to
Cpd I prior to its reduction (i.e. Cpd Iis hydrated and in a “wet”
form). A proton inventory of the WT Cpd I reduction displays
a concave curvature (Figure 3D), implying an inverse sKIE and
transfer of more than one proton in the RDS.*' The data
obtained were best described by the Gross-Butler Eq. 6 shown
in SI involving simultaneous transfer of many protons, that is,
ki/k, = (1/0.19)".#2 This is also reflected in Scheme 1, where
production of the water molecule from Cpd I reduction uses a
distal aspartate, one or more bridging water molecules, and a
proton.



Figure 4. Structural comparisons of B-class DyPs. (A) Overlay of the WT DyPB (pink, PDB 3QNS), E/DyP (yellow, PDB 5VJ0, RMSD =
0.872 A with DyPB), and KpDyP (green, PDB 6FKS, RMSD = 0.908 A with DyPB). The heme and catalytic residues are shown as sticks.
(B) Heme distal sides of the WT DyPB, E/DyP, and KpDyP. Distances of the distal residues to the sixth water ligand (represented by a grey
sphere) are shown. (C) Overlay of the heme pockets for DyPB [WT (pink) and R244L (bright yellow, PDB 3VEG)] and KpDyP [WT (green)
and R232L (cyan, PDB 6FKT)]. (D) The shallow heme accessing channels in the WT DyPB and its D153A variant (PDB 3VEC). Protein
surfaces are colored in grey and arrows indicate the access channels.

Discussion

Relative catalytic importance of the distal residues. Our
present studies have shown that the distal aspartate contributes
to catalysis in DyPB. However, it contributes less than the distal
arginine. This contrasts to what has been found in the B-class
EIDyP and VeDyP from Vibrio cholera, in which the distal
aspartate is of greater catalytic importance than the distal
arginine.'” #* Nevertheless, it is unclear to what extent this is
true in other A- and B-class DyPs. For example, the distal
aspartate was claimed to be nonessential for the catalytic
activity of A-class BsDyP and B-class PpDyP.**?* Such claims
need to be reevaluated as the enzymes were inhibited by low
UM concentrations of H,O,, 2*?* preventing determination of
their steady-state kinetic parameters with ABTS at saturating
concentrations of H,O». Further, the kinetic parameters of
BsDyP were determined using proteins with partial heme
occupancy.”* The claim is further confounded by our finding
that the contribution of the distal aspartate in catalysis in DyPB
is dependent on the identity of the reducing substrate (Figure 1
and Table 1), suggesting existence of different modes of
oxidation for different substrates in DyPs.* Finally, transient-
state kinetics indicate that the distal aspartate in DyPB plays a
more significant role in Cpd I reduction than in Cpd I formation.
Given the complexity of the distal aspartate, investigating its
role in other A- and B-class DyPs is warranted.

The distal arginine has been reported to be essential for all
DyPs except for BsDyP.>* As noted above, steady-state kinetics
of BsDyP are complicated by inhibition by H,O, and
incomplete heme occupancy. Nevertheless, as with the distal

aspartate, the role of Arg244 in catalysis is also substrate-
dependent because its substitution had a larger effect on the k.
measured with ABTS than with RB19. Moreover, transient-
state kinetics revealed that Arg244 plays an indispensable role
in Cpd I formation in DyPB. Finally, the UV-Vis spectrum of
the R244L variant differed significantly from those of the WT
and DI53A DyPBs (Figure S1-B), indicating that the distal
arginine contributes to the heme microenvironment in a way
that the distal aspartate does not. Together, these results suggest
that the distal arginine in D153A is likely to participate in
protonation and deprotonation of Cpd 0 in the same way as the
distal aspartate in the WT (Scheme 1).

Structural regulation of the relative importance of distal
residues. Comparison of the structures of DyPB, E/DyP and
KpDyP from Klebsiella pneumonia suggests a possible
rationale for the relative catalytic importance of the distal
aspartate in B-class DyPs.' 3" # Overall, these structures are
superimposable with an RMSD of 0.872-0.908 A (Figure 4A).
Inspection of the enzyme’s respective heme pockets (Figure
4B) revealed that the distal aspartates in DyPB, E/DyP and
KpDyP are located, respectively, 3.5, 2.7, and 2.9 A away from
the water molecule that acts as the sixth ligand of the heme iron.
The distal arginines are positioned 2.9, 2.8, and 3.4 A away
from the water ligand in DyPB, E/DyP and KpDyP,
respectively. Since this water is displaced by the H>O, in Cpd I
formation, interactions of the solvent ligand with the distal
residues likely reflect those present during Cpd I formation.
More specifically, a short distance between the distal residue
and H,O, is expected to facilitate proton transfer and O-O
scission in Cpd I formation (Scheme 1). In this respect, the



relative proximity of the distal aspartate to the water ligand is
consistent with the more profound catalytic effect of
substituting this residue with alanine in E/DyP and KpDyP (~3-
4 orders of magnitude reduction in k;)'** versus DyPB (4-fold
reduction in k;). In contrast, the similar distances between the
distal arginine and water ligand in E/DyP and DyPB are
consistent with the similar effect of their substitution on Cpd I
formation: replacement in either enzyme resulted in an ~3
orders of magnitude reduction in ;.

Although KpDyP has the longest distance of the distal
arginine to water ligand (3.4 A) among the three enzymes
discussed here, it still displays a similar reduction of &; (by ~3
orders of magnitude) as the other two, which is unexpected and
is mainly attributed to the reorganization of the heme pocket. It
has been reported that replacing the distal arginine in KpDyP
induces a collapse and reorganization of the heme cavity,
leading to the loss of the distal heme access channel.*
Additionally, the distal aspartate undergoes a significant
conformational change, resulting in its side chain pointing away
from the heme iron in the R232A variant of KpDyP (Figure 4C)
and drastic rate reduction of Cpd I formation. A similar
detrimental effect on protein structure was not observed with
the R244L variant of DyPB, in which the integrity of the heme
pocket was retained (Figure 4C).>° These results imply that
substitution of the distal arginine in KpDyP would have
minimally reduced the rate of Cpd I formation if structural
integrity of the heme pocket was maintained. This supports our
aforementioned proposal that the relative catalytic importance
of the distal residues in B-class DyPs is likely regulated by their
distances to the sixth water ligand of the heme iron.

Somewhat unexpectedly, the D153A variant of DyPB was
more active than the D153H, forming Cpd I almost 10-time
faster. Substitution was expected to mimic the catalytic
machinery of plant peroxidases. Inspection of the structures of
the WT and D153A revealed the presence of an additional
shallow pocket leading to the distal side of the heme in the
D153A (Figure 4D). This pocket is much wider than the
proposed distal solvent access channel for the H,O, in the WT,*
and may partially compensate for the loss of the distal aspartate
in D153A by facilitating the access of H,O, to the heme.
However, such compensation is absent from the D153H,
resulting in a lower activity than the DI5S3A for Cpd I
formation. Interestingly, the steady-state kinetics showed that,
for the overall reaction, the k., of the D153H was still ~1.5
times higher than that of the D153A in ABTS oxidation, which
provides additional evidence that the distal aspartate in DyPB
is critical for Cpd I reduction, as the function of the aspartate as
a general acid can be partially rescued by the histidine, but not
alanine.

Mechanistic implications of sKIEs. Detailed analyses were
performed for sKIEs along with viscosity effects for transient-
and steady-state kinetics. Their mechanistic implications are
discussed below from three aspects.

Aquo release in DyPB. Inverse sKIEs are not commonly
observed and can have various origins including catalysis
involving thiols, medium effects, and the dissociation of water
from metal centers.> DyPB contains three cysteine residues, of
which the closest, C116, is 21.7 A away from the heme iron.
Thus, it is unlikely that any of the cysteines participates directly
in catalysis. Medium effects arise due to solvation of the
enzyme and substrate.*> ! 446 Extensive protein solvation by
D,O can result in a pronounced positive shift of redox
potentials. ' *” However, the negative shift in the E” of DyPB

(Figure S1-D) from —292 mV in H,O to —305 mV in D,O
suggested that the medium effect is unlikely to contribute to the
observed inverse isotope effect of (ke./Ki )*E™S. By process of
elimination, it is therefore likely that the strong inverse sKIE is
due to the release of water from the heme iron during catalysis.
The magnitude of the inverse sKIE can be used to estimate the
number of aqua or hydroxo ligands dissociating from the metal
center. The fractionation factor, @, is ~0.7 per O—H ligand on
average and is multiplicative.*® Dissociation of one, two, and
three water molecules will have sKIEs of 0.49 (©?), 0.24 (©%),
and 0.12 (®°%), respectively. This method has been employed to
elucidate kinetic details of several metalloproteins including
EIDyP." *-3! The P(ke/Ku )*B'S of DyPB, 0.13, corresponding
to the release of three water molecules, could come from the
displaced sixth water ligand in ERS, and the two water
molecules produced during Cpd I formation and reduction
(Scheme 1).

Cpd 1 formation in DyPB. The intrinsic sKIEs of Cpd I
formation of the WT, D153A, and R244L were predicted to be
~1.0 based on their observed sKIEs and viscosity effects (Table
2). Additionally, the intrinsic sKIEs of Cpd I formation should
reflect the primary isotope effect from the D,O, and the solvent
isotope effect from the D,O, and their relationship is
multiplicative.’ As discussed above, a strong inverse sKIE of
(kea/Kar Y*BTS implies that displacement of the sixth ligand. H,O,
in ERS by H,0 is important for Cpd I formation, which should
result in a theoretical solvent isotope effect of 0.49. This was
predicted to lower the observed primary isotope effect from the
D,0,. Consequently, the value of the intrinsic primary isotope
effect was likely much larger than the observed sKIE (~1.0) for
the WT, suggesting that deprotonation of Cpd0 (k; in Scheme
1) is likely to be rate-limiting for Cpd I formation. However,
unlike the E/DyP, where the O—O bond scission is much less
important than the deprotonation for Cpd I formation," the
O-0 bond scission in DyPB (ks in Scheme 1) was proposed to
contribute to the Cpd I formation significantly. Since the distal
arginine in DyPB facilitates the O—O bond scission '® and the
Cpd0 protonation and deprotonation, substitution of this residue
was expected to drastically decrease the rate of Cpd I formation.
This is supported by the observation that the second-order rate
constant of Cpd I formation in R244L was three orders of
magnitude slower than in the WT.

Cpd I reduction in DyPB. We proposed that the Cpd I is
reduced by ABTS via two successive le™-reduction processes,
producing first the Cpd II then the ERS". We further proposed
that the first reduction step is slow, preventing accumulation
and detection of the Cpd IL*® Several experimental
observations support our hypothesis. First, the substrate, ABTS,
is a le™reductant: a 2e"-reduction is only possible if at least two
ABTS molecules bind to DyPB and donate their electrons
simultaneously to the enzyme. Involvement of multiple,
catalytically relevant binding sites is often manifested
experimentally as cooperativity.””** Such cooperativity has
been observed in the binding of ABTS to E/DyP and, indeed, it
has been suggested that ABTS reduces Cpd I in E/DyP via a
single 2e~-reduction step. However, such cooperativity was not
observed for the WT DyPB (Figure S2-B). Second, it has been
postulated that the mechanism of Cpd I reduction depends on
whether a water molecule is bound to the Cpd 1% A “dry” Cpd
I without water bound is more prone to direct 2e™-reduction to
ERS’, as is the case for E/DyP.' Alternatively, a “wet” Cpd 1,
characterized by a bound water, is more prone to a le™-
reduction pathway. The inverse sKIE of 0.25 for the Cpd I



reduction in DyPB, suggests a “wet” form for the intermediate,
which is predicted to undergo two successive le-reductions to
produce ERS" via Cpd II. Finally, spectral features
corresponding to Cpd II were observed in DyPB variants at
pH>7.0,% demonstrating that Cpd II could occur in this enzyme.

Protein conformational change as an RDS for the overall
reaction. It was proposed that the RDS of the DyPB-catalyzed
reaction is either Cpd I formation, product release, or a protein
conformational change.' #"-%* Cpd I reduction was eliminated
as a candidate for the RDS because the second-order rate
constant with ABTS was ~2.1-fold faster than that of the Cpd I
formation. Product release is unlikely to be rate-limiting
because the k.."®™ was viscosity-independent. Therefore, the
RDS is either the Cpd I formation or a protein conformational
change, which might also be the first irreversible step in a
catalytic cycle. It is known that k../Ky incorporates the rate
constants for steps prior to the first irreversible one in a reaction
pathway. Thus, if the Cpd I formation was the first irreversible
step, P(kea/Ki)'2°? should be close to P(ke/Kir ) B™S, as they
essentially describe the same part of the reaction: the Cpd I
formation. However, significant differences were observed for
D(kea/Ku ), suggesting that Cpd 1 formation is not the first
irreversible step and, therefore, is unlikely to be the RDS for the
overall reaction. If the protein conformational change was the
first irreversible step, then the (ke./Ku)™2°? and (kea/Kar)*BTS
would reflect different parts of the reaction, resulting in
different sKIEs. Indeed, °(k../Kar) #2°2 and P(kas/Kir Y ETS were
determined to be 0.92 and 0.13, respectively, Thus, a change in
protein conformation is likely to be rate-limiting for the overall
ABTS oxidation reaction. Moreover, this conformational
change likely does not involve significant movement of loop on
the protein surface, as the k., values for both H,O, and ABTS
were viscosity-independent and P(k.;) was close to unity (1.08,
Table 1).

Conclusions

Our detailed kinetic studies investigating the catalytic roles
of the distal aspartate and arginine in DyPB help reconcile the
reported discrepancy in the catalytic importance of these
residues in DyPs. Our results establish that both distal residues
are indispensable for DyPB, but that the arginine is catalytically
more important than the aspartate. The relative importance of
distal residues in B-class DyPs is likely a function of their
respective distances to the solvent ligand in the resting state
enzyme. The sKIEs highlight mechanistic differences between
B-class DyPB and EIDyP. Specifically, while the deprotonation
of Cpd 0 is rate-limiting for Cpd I formation in both enzymes,
0-O scission plays a more significant role in DyPB than in
EIDyP. Our studies have also shown that aquo release is
mechanistically important for both DyPB and E/DyP, which is
reflected by significant inverse sKIEs of (ke./Ki)*B™ and
corresponds to the release of three water molecules from the
heme iron. Interestingly, Cpd I’s of DyPB and E/DyPB were
proposed in “wet” and “dry” formats, respectively, which in
turn would undergo le™- and 2e~-reduction pathways. This may
have catalytic implications in DyPs’ activity. The significant
inverse sKIEs of both enzymes also suggest that their rate-
limiting steps are likely to involve a conformational change,
which may be characteristic of B-class DyPs. These
mechanistic insights increase our understanding of the
molecular determinants of catalysis in DyPs and facilitate
engineering of these enzymes for biotechnological applications.
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