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Abstract

Dye-decolorizing peroxidases (DyPs) are a family of H2O2-dependent heme peroxidases, which 

have shown potential applications in lignin degradation and valorization. However, the DyP kinetic 

mechanism remains underexplored. Using structural biology and solvent isotope (sKIE) and 

viscosity effects, many mechanistic characteristics have been uncovered for the B-class ElDyP 

from Enterobacter lignolyticus. Its structure revealed that a water molecule acts as the sixth axial 

ligand with two channels at diameters of ~3.0 and 8.0 Å leading to the heme center. A 

conformational change of ERS* to ERS, which have identical spectral characteristics, was 

proposed as the final step in DyPs’ bisubstrate Ping-Pong mechanism. This step is also the rate-

determining step in ABTS oxidation. The normal KIE of wild-type ElDyP with D2O2 at pH 3.5 

suggested that cmpd 0 deprotonation by the distal aspartate is rate-limiting in the formation of 

cmpd I, which is more reactive under acidic pH than under neutral or alkaline pH. The viscosity 

effects and other biochemical methods implied that the reducing substrate binds with cmpd I 

instead of the free enzyme. The significant inverse sKIEs of kcat/KM and kERS* suggested that the 

aquo release in DyPs is mechanistically important and may explain the enzyme’s adoption of two-

electron reduction for cmpd I. The distal aspartate is catalytically more important than the distal 

arginine and plays key roles in determining DyPs’ acidic pH optimum. The kinetic mechanism of 

D143H-ElDyP was also briefly studied. The results obtained will pave the way for future protein 

engineering to improve DyPs’ lignolytic activity.
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INTRODUCTION

Dye-decolorizing peroxidases (DyPs) are a new family of heme peroxidases, which use 

H2O2 to catalyze oxidation of various dye substrates, specifically anthraquinone-derived 

dyes that have high redox potentials.1–3 DyPs have recently received significant attention 

due to their potential applications in lignin degradation and valorization.4–7 Lignin is a 

complex aromatic polymer that represents the second most abundant renewable carbon 

source on Earth after cellulose, constituting around 30% non-fossil organic carbon.8 

However, lignin valorization is challenging because it is recalcitrant to degradation.9–11 

More than 60% of lignin is wasted by combustion due to lack of methods to convert it into 

valuable end products.12–14 Additionally, lignin degradation represents major hindrance for 

the competitiveness of biofuels vs. fossil-based gasoline.15

While class II plant peroxidases such as lignin peroxidase (LiP), manganese peroxidase 

(MnP), and versatile peroxidase (VP) can break down lignin efficiently,16–17 they have not 

been used for industrial applications due to their fungal origins, which create challenges in 

genetic manipulation and large-scale protein production. Thus, the field is currently 

undergoing a paradigm shift to pursue lignin biodegradation using bacterial enzymes,4, 18 

among which DyPs are promising candidates. Several DyPs have been reported to show 

activities toward lignin model compounds and wheat straw lignocellulose,19–23 albeit with 

low efficiency. Therefore, DyPs are considered as a potential functional equivalent of fungal 

LiP in bacteria.

The characteristics of DyPs, including primary sequence, tertiary structure, catalytic 

residues, substrate specificity, and pH optimum, differ significantly from those well-known 

heme peroxidases such as class II plant peroxidases and horseradish peroxidase (HRP).3, 24 

In particular, DyP employs a distal aspartate, in place of the distal histidine used by other 

heme peroxidases, as a catalytic residue. This aspartate is also proposed to be responsible for 

the acidic optimum of DyP activity.25 While it has been suggested that DyPs follow a similar 

mechanism as the class II plant peroxidases and HRP,19, 21 their mechanistic details remain 

underexplored. This has severely limited our ability to engineer them in order to improve 

their lignolytic activity.

In this work, we have selected B-class ElDyP from Enterobacter lignolyticus as a model to 

study the DyP molecular mechanism. Selection of ElDyP is based on the fact that the host 

microbe is capable of growing anaerobically using lignin as the sole carbon source.26 Also, 

the B-class DyPs appear to have the highest activity towards lignin and its non-phenolic 

model compounds among bacterial DyPs.19, 22 Consequently, the ElDyP may be directly 

involved in lignin degradation by E. lignolyticus. Additionally, while it is still in dispute,27 

the Escherichia coli YfeX, which has 93% sequence identity with ElDyP, was proposed to 

be the first heme deferrochelatase.28 Detailed mechanistic insights may facilitate to 

unraveling the true biological functions of DyPs. Here, we used solvent kinetic isotope 

effects (sKIEs) and viscosity effects determined under steady-state and transient-state 

conditions, together with structural biology, to dissect the reactions catalyzed by DyPs and 

to examine the individual roles of catalytic residues. This study provides the insights into the 

DyP mechanism and paves the way for the efforts in protein engineering.
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MATERIALS AND METHODS

Instruments, biochemicals, and chemicals

All activity assays and steady-state kinetics were performed on a Cary 100 Bio UV-Vis 

spectrometer equipped with a temperature controller and magnetic stirring. Transient-state 

kinetics was carried out on an Applied Photophysics SX20 stopped-flow spectrometer 

equipped with sequential mixing, a PDA detector, and a monochromator. All chemical and 

biochemical reagents were purchased at the highest grade and used without further 

purification. Protein concentrations were determined by bicinchoninic acid assays (BCA).29 

Stocks of H2O2 and ascorbate were prepared fresh before experiments. Concentrations of 

H2O2 were determined at 240 nm using ε240 = 43.6 M−1cm−1. Buffers of pH 2.0–6.5, 7.0–

8.0, 8.5–9.0, and 9.5–11.5 were prepared using sodium citrate, potassium phosphate, Tris-

HCl, and 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), respectively. All kinetic 

measurements were performed in triplicate and data were processed by OriginPro 2015.

Cloning, expression, and purification of ElDyP and its mutants

The gene corresponding to ElDyP was synthesized by GenScript and inserted into pET28-

MHL (Addgene plasmid #26096) using restriction sites NdeI and HindIII to generate 

pElDyP, which contains a His6 tag and tobacco etch virus (TEV) cleavage site at the N-

terminus. Active-site mutants of ElDyP were generated using QuickChange from Agilent 

Technologies according to manufacturer’s instructions. DNA sequences of the synthesized 

wild-type (wt) ElDyP and mutant primers are summarized in Table S1 of the Supporting 

Information (SI) file.

Proteins of wt and mutant ElDyPs were overexpressed in Escherichia coli BL21(DE3) cells 

(Lucigen). A 90-ml starter culture was grown overnight from a single colony in LB media in 

the presence of 50 μg/ml of kanamycin at 37 °C with shaking at 225 rpm and then used to 

inoculate 4.5 liters of LB medium. When the A600 reached 0.6, isopropyl-1-thio-β-D-

galactopyranoside (IPTG) and hemin chloride were added to a final concentration of 0.2 mM 

and 30 μg/ml, respectively. The cells were grown at 30 °C for an additional 15 h and then 

harvested by centrifugation at 5,000×g for 20 min at 4 °C. The cell pellets were collected 

and stored at −80 °C until further use.

All of the following steps were carried out at 4 °C. Purification buffers consisted of buffer A 

(400 mM NaCl and 50 mM potassium phosphate, pH 7.8) and increasing concentrations of 

imidazole. Buffers B (lysis), C (wash), and D (elution) contained 10, 30, and 250 mM 

imidazole, respectively. The cell pellets were re-suspended in buffer B and lysed by 

sonication (25×30-s pulsed cycle). The cell debris was removed by centrifugation at 

15,000×g for 45 min and the supernatant was incubated with 10 mL Ni-NTA resin that had 

been pre-equilibrated with buffer B for 1h. The resin was washed with 10 column volumes 

of buffer C and then eluted with buffer D. Fractions containing the DyP were collected, 

concentrated to ~70 mg/mL, and exchanged into buffer E (100 mM NaCl and 50 mM 

potassium phosphate, pH 7.8) using Amicon Ultra-15 filters (10K, EMD Millipore). The 

purified protein was stored in aliquots at −80 °C until further use. Protein purity was 

assessed by 12% acrylamide SDS-PAGE and protein concentration was determined by BCA 
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using a BSA calibration curve. The Reinheitszahl values (Rz) of purified proteins were 

measured at 2.0–2.3. Their heme stoichiometric ratios were determined to be 1.1–1.3 using 

pyridine hemochromogen assays and Δε557−541 = 20.7 mM−1cm−1.30

The protein for crystallization was purified in the following way. Ten mg wt-ElDyP were 

treated with 40 μg subtilisin A at 37 °C for 1 h before diisopropyl fluorophosphate was 

added to a final concentration of 100 μM to stop proteolysis. The protein was then 

exchanged into buffer B using a 10K Amicon Ultra-15 centrifugal filter and subsequently 

incubated with Ni-NTA resin for an additional hour. The flow-through fractions, which 

contained ElDyP lacking a His6-tag, were collected, concentrated, and subjected to size-

exclusion chromatography (SEC) using a HiLoad 26/600 Superdex 200 pg column (GE 

Healthcare) equilibrated with 150 mM NaCl in 50 mM potassium phosphate, pH 7.5. 

Fractions corresponding to dimeric ElDyP were pooled, and buffer exchanged into 60 mM 

NaCl, 20 mM Tris-HCl, pH 7.9, before crystallization.

Crystallization and structure determination

Crystals were grown by the sitting drop vapor diffusion method in a crystallization solution 

consisting of 100 mM HEPES (pH 7.3) and 26% (w/v) PEG3350. Crystals of wt-ElDyP (5.5 

mg/ml) were grown at 16 °C. They began to appear after 48 h and matured after 72 h. 

Individual crystals were transferred to a buffer containing the crystallization solution with 

10% glycerol (v/v) as a cryoprotectant before flash-cooling in liquid nitrogen. Diffraction 

data were collected at 100 K using beamline 22-BM of the Advanced Photon Source, 

Argonne National Laboratory, at a wavelength of 1.0 Å and processed with the HKL2000 

package. The structure was solved by molecular replacement using a PHENIX software 

suite with coordinates of PDB entry 5DE0 as a starting model.31 The final structure was 

obtained by iterative automated model building and refinement using PHENIX and 

interactive model modification in Coot.32 Figures were prepared using PyMol (Schrödinger, 

LLC). The final coordinates have been deposited in the RCSB under accession ID 5VJ0.

Spectroelectrochemical determination of redox potential

In a 3.5-ml cuvette, a 3.0-ml solution consisting of 50mM potassium phosphate (pH 7.0), 

100mM NaCl, and a mixture of redox mediators (10 μM each for methyl viologen, 

anthraquinone-2-sulfonic acid, anthraquinone-2,6-disulfonic acid, 2-hydroxy-1,4-

naphthoquinone, 2,5-dihydroxy-1,4-benzoquinone, duroquinone, 1,2-naphthoquinone, and 

ferricyanide; 3μM each for Safferin and Neutral Red) was purged with water-saturated argon 

for 1 h. The electrodes (Ag/AgCl, 012167; Pt gauze, 011498; ALS Co, Japan) were 

connected to a potentiostat. The wt-ElDyP was added to a final concentration of 10μM. The 

entire mixture was completely reduced to ferrous state with ~5 μl of 100 mM freshly 

prepared sodium dithionite stock solution. This was then oxidized by stepwise addition of 2–

5μl aliquots of argon-purged 2.5 mM K3Fe(CN)6. The reaction mixture was kept under 

water-saturated argon protection during the whole experiment. After each addition, the 

reaction was allowed to equilibrate with stirring until the difference in potential readings was 

less than 1 mV/min. Once the equilibrium was established, the UV-visible spectrum was 

recorded. The fraction of reduced ElDyP was calculated by the ΔA434 nm and the midpoint 

reduction potential (E°′) was determined by fitting the data into the following Nernst Eq. 1,
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(Eq. 1)

where f is the fraction reduced, n is the number of electrons, E° is the potential at each point 

in mV, and E°′ is the midpoint reduction potential in mV. The determined potential is with 

respect to a SHE. The experiment was performed again in D2O. All reagents were prepared 

in 99.9% D2O (Cambridge Isotope Laboratories).

Enzyme assays

Enzyme activities against various substrates were determined using a continuous assay by 

monitoring the absorbance change at a certain wavelength at 25 °C. Briefly, in a 480 μL 

solution consisting of 50 mM sodium citrate (pH 3.5), 10 mM H2O2, reducing substrate, and 

0.02 mg/mL bovine serum albumin (BSA), the purified wt or mutant ElDyP was added to 

initiate the reaction. Controls were performed in the absence of enzyme, H2O2, or both. The 

tested reducing substrates and their concentrations, wt enzyme concentrations, wavelengths 

monitored, and the corresponding extinction coefficients were summarized in Table 1.

To determine optimal pH, the assays were carried out with 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS) and Reactive Blue 19 (RB19) as described 

above in the pH range of 2.0–8.0 at 25 °C. To determine optimal temperature, the assays 

were performed in a similar way with ABTS at pH 3.5 at temperatures ranging from 10–

60 °C.

Steady-state kinetics

To determine steady-state kinetic parameters (kcat and KM) of the wt and mutant ElDyPs, 

reactions were performed in the same way as described above except that the concentration 

of one substrate was varied in the presence of the other substrate at saturation. The data 

obtained were fitted into either Michaelis-Menten Eq. 2 or Hill Eq. 3.

(Eq. 2)

(Eq. 3)

Transient-state kinetics

Stopped-flow experiments were performed at 25 °C at pH 2.0–11.5 and investigated at both 

defined (monochromator) and multiple (PDA) wavelengths. The PDA data were analyzed 

using singular value decomposition with the Pro-KIV Global Analysis program provided by 

Applied PhotoPhysics to obtain the number of reaction intermediates and their 
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corresponding spectra. Reactions were then monitored at selected single wavelengths to 

follow the formation and decay of intermediates. Data were fitted to single exponential 

expressions to obtain pseudo-first-order rate constants (kobs). Second-order rate constants 

were calculated from plots of kobs vs. substrate concentrations.

All concentrations mentioned here were concentrations after mixing. Formation of 

compound (cmpd) I was carried out in a conventional mixing mode with 2.5 μM enzyme in 

5 mM phosphate buffer (pH 7.8) containing 10 mM NaCl and equal volume of H2O2 in 50 

mM buffer (pH 2.0–11.5) at various concentrations. Formation of cmpd I was monitored at 

wavelengths corresponding to Soret and Q bands. Regeneration of wt enzyme resting state 

(ERS*) from cmpd I was performed in a sequential mixing mode, in which 2.5 μM wt 
enzyme in 5 mM phosphate buffer (pH 7.8) containing 10 mM NaCl was premixed with 

equal volume of 2.5 μM H2O2 in 50 mM citrate buffer (pH 3.5). After a 2s-delay to reach 

maximal formation of compound I, ABTS in 50 mM buffer (pH 2.0–11.5) was mixed with 

cmpd I in the presence of ascorbate at concentrations of 10, 50, and 75 μM for 0.1–1.0, 1.5–

5.0, and 7.5 μM ABTS, respectively. Regeneration of ERS* was monitored at 406 nm 

corresponding to the Soret band of wt-ElDyP.

Solvent kinetic isotope effect (sKIE)

Experiments of steady-state and transient-state kinetics described above were performed 

again in deuterated buffers, which were prepared in 99.9% D2O (Cambridge Isotope 

Laboratories). The pD (pH in D2O) was adjusted based on the following relationship: pD = 

pHobs + 0.38. Reducing substrates and H2O2 were directly dissolved in D2O buffers. 

Enzymes were highly concentrated (≥ 60 mg/mL) to ensure minimal protium contribution to 

deuterated buffers and were equilibrated in D2O buffer before analysis.

Viscosity effect

Experiments of steady-state and transient-state kinetics described above were performed at 

pH 3.5 with wt-ElDyP in sucrose at various concentrations. For stopped-flow experiments, 

all reagents, including the enzyme, were prepared in a matching sucrose solution.

RESULTS

Protein purification and characterization

Proteins of wt and mutant ElDyPs were purified with an N-His6 tag and a tobacco etch virus 

(TEV) protease cleavage site. Mutant H215A is not included in this report because the holo-

enzyme could not be obtained. This is not surprising, as mutation of the axial ligand in heme 

proteins (H215 in ElDyP) has been known to result in the failure of heme 

incorporation.33–34 SDS-PAGE (Figure S1-A in SI) reveals that the molecular weight (MW) 

of ElDyP is 35 kDa, which is consistent with the calculated value. Since the presence of the 

His6 tag did not interfere with enzyme activity, it was not removed prior to further 

biochemical studies. Size-exclusion chromatography (SEC) of wt-ElDyP (Figure 1A) shows 

that the enzyme mainly exists as a dimer in its native state, which is consistent with the 

result from its crystal structure. Spectroelectrochemical titrations of wt-ElDyP (Figure 1B) 

at pH 7.0 gave a Fe3+/Fe2+ midpoint reduction potential (E°′) of −290 ± 0.96 mV vs NHE 
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with Nernstian behavior (n = 1.13 ± 0.05). When the measurement was carried out in D2O at 

pD 7.0, the E°′ shifted more positively to −263 ± 0.70 mV (n = 0.95 ± 0.02). As shown in 

Figure 1C and Table S2 in SI, the UV-Vis spectrum of wt-ElDyP displays Soret (406 nm), 

Q- (507 and 539 nm), and charge-transfer (635 nm) bands, corresponding to the presence of 

a heme cofactor. The mutants have the same absorbance maxima as the wt except that 

D143H contains an extra Q-band at 567 nm, suggesting that the heme environment has 

changed significantly in D143H. The pH dependence of enzyme activity (Figure 1D) 

demonstrates that the wt and mutant ElDyPs display the highest activities toward ABTS at 

pH 3.5 and 4.0, respectively. The same pattern was also observed with RB19 (data not 

shown). It has to be noted that the mutations, especially replacement of D143 with H143, did 

not result in significant shifts of pH optimum. The temperature-rate profile (Figure S1-B in 

SI) shows that the highest activity of wt-ElDyP toward ABTS was achieved at 30 °C, while 

93% wt activity was observed at 25 °C. Thus, for the sake of simplicity, further studies were 

carried out at 25 °C (r.t.).

Protein structure and access channels to heme active site

The crystal structure of wt-ElDyP was solved by molecular replacement using the VcDyP 

from Vibrio cholerae (PDB entry 5DE0) as a search model and refined to 1.93 Å limiting 

resolution. Data collection and refinement statistics are given in Table S3 in SI. The final 

model consists of four copies of the ElDyP monomer, each with a heme bound in its active 

site. The monomers assemble into symmetric dimers composed of chains A and B, and 

chains C and D, as judged by buried surface area found at the dimerization interfaces. The 

ElDyP monomer represented by chain B was used for all structural analyses described in 

this manuscript. As shown in Figure 2A, the ElDyP displays a ferredoxin-like fold 

consisting of four-strand, antiparallel β-sheet and peripheral α-helices. The overall structure 

is similar to B-class DyPB from Rhodococcus jostii RHA1, VcDyP, and YfeX,35–37 but is 

quite different from the structures of class II plant peroxidases, which contain mainly α-

helices.38–40 The heme active site shows that H215 acts as a proximal ligand. The distal site 

is occupied by D143, R232 and H2O288. The H2O288 acts as a sixth ligand to heme iron 

and forms hydrogen bonds with both D143 and R232. During enzyme oxidation, H2O2 is 

expected to displace this H2O288 and initiates the oxidation reaction. R232 also forms a 

hydrogen bond with the heme 5-propionate group, which should contribute to the 

noteworthy pKa shift of arginine as described below. Compared with the active site of LiP 

from Phanerochaete chrysosporium (PDB 1B82),38 a typical distal histidine in class II plant 

peroxidases (H47 in LiP) and HRP is replaced with a distal aspartate (D143 in ElDyP) that 

is absolutely conserved across all four classes of DyPs.

Examination of the ElDyP structure revealed two heme access channels. The first of these 

has a diameter of ~3.0 Å and points to the distal side of the heme (left panel in Figure 2B). 

This channel is proposed to be the entrance of H2O2 and also exists in DyPB and 

VcDyP.35–36 The second heme access channel has a diameter of ~8.0 Å and leads to the 

heme 6-propionate group (right panel in Figure 2B), which is larger than the corresponding 

channels in DyPB (~6.0 Å) and VcDyP (~7.5 Å).35–36 It has been reported that the 

propionate group can provide a direct electron transfer path from the porphyrin radical to a 

bound substrate.41 Charged residues in ElDyP are mainly present in and around these two 
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channels. Other areas are mostly occupied by hydrophobic and polar residues, which may 

facilitate surface interaction with dyes and lignin, both of which are rich in aromatic 

moieties.

Enzyme activities

The wt-ElDyP is active toward a wide range of substrates summarized in Table 1. While 

ABTS and anthraquinone dyes such as reactive blue (RB) could be easily oxidized by 

ElDyP, low activities were observed with Reactive Black 5 (RBlk5) and small-size 

molecules like pyrogallol, hydroquinone (HQ), and guaiacol. No activity was detected with 

veratryl alcohol (VA). Similar to B-class DyPB and C-class DyP2,20, 35 ElDyP was also 

found to have low MnP activity. Such activity is thought to be important for microbial lignin 

degradation due to high Mn content of wood that facilitates formation of Mn3+ oxidant.42

To determine the catalytic importance of the distal aspartate and arginine, the corresponding 

mutants were studied with ABTS and RB19. As shown in Figure 3, mutation of either 

residue is deleterious, resulting in significant loss of enzyme activity. D143A only retained 

<2% wt activity toward both tested substrates. D143H displayed 11% and 12% wt activities 

toward ABTS and RB19, respectively. The higher activity observed with D143H is attributed 

to the introduction of the distal histidine, which is present in class II plant peroxidases and 

HRP. R232A retained ~14% wt activity, which is much higher than the activity of D143A, 

suggesting that the distal aspartate may be catalytically more important than the distal 

arginine. That said, both residues are required for substrate oxidation.

sKIE on steady-state kinetics

To characterize wt and mutant ElDyPs, their kinetic parameters were determined with 

ABTS, RB19, and H2O2. As summarized in Table 2, the turnover numbers (kcat) of wt-
ElDyP with the two reducing substrates are among the fastest DyP-catalyzed reactions 

reported so far.20–21, 35–36, 43 Moreover, the wt enzyme displayed 3- to 9-fold higher affinity 

(KM) with the reducing substrate than with H2O2. While mutations of distal residues 

significantly decrease the turnover numbers, the values for D143H and R232A are still 

comparable with other wt DyPs,35–36 suggesting that ElDyP is a good target to study DyP 

mechanisms. The affinities of the mutants with reducing substrates and H2O2 are weakened 

except for D143A, in which the KM values with ABTS and RB19 are similar to those of the 

wt enzyme.

The effect of D2O on kinetics provides insights into the role of transfer of exchangeable 

protons during the reaction, thus revealing important mechanistic details. Since RB19 

displayed a significant inhibitory effect in D2O, determination of steady-state kinetic 

parameters in D2O was carried out only with ABTS. As shown in Table 2, inverse sKIEs 

were observed with ABTS for both the turnover number  and 

catalytic efficiency . Their mechanistic 

implications will be discussed below in detail.
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Transient-state kinetics of cmpd I formation

Formation of cmpd I between ElDyPs and H2O2 was investigated using stopped-flow 

spectroscopy. Representative spectra at acidic and alkaline pH values are shown in Figures 

4A–D. The absorbance maxima are summarized in Table S2 of the SI file. While both wt- 
and R232A-ElDyP displayed similar spectral transition characters under both acidic and 

alkaline pH values (Figures 4A and 4D), the aspartate mutants gave vastly different 

transitional spectra under the same conditions (Figures 4B and 4C). In particular, a red shift 

was observed in the aspartate mutants for the Soret band along with appearance of two peaks 

in Q-band region (526–556 nm) when buffer pH was increased from 4.0 to 10, suggesting 

the formation of cmpd II-like intermediates under alkaline and neutral pH in the presence of 

H2O2 (data not shown).

To determine second-order rate constants of cmpd I formation (kI), reactions between 

enzymes and H2O2 were followed via the disappearance of a Soret band (406 nm) 

corresponding to ERS* (top panel in Figure 4E). For the wt-ElDyP, the reaction was also 

monitored at 615 nm (bottom panel in Figure 4E), where cmpd I formation and decay were 

observed. The traces were fitted to single-exponential expressions to obtain kobs, which was 

then plotted against H2O2 concentrations to derive a kI (top panel in Figure 4F). The results 

at optimal pH/pD are summarized in Table 3. Both the distal aspartate and arginine are 

important for cmpd I formation, for which their replacement by alanine resulted in rate 

decrease by 104 and 102 magnitude, respectively. This is consistent with steady-state kinetic 

results, in which aspartate was found to be catalytically more important than arginine. 

Substitution of aspartate with histidine partially recovered enzyme activity in cmpd I 

formation and was only 22-fold less active than the wt-ElDyP.

pH dependence of cmpd I formation and decay

To study the pH-rate relationships of cmpd I formation, the kI values of wt and mutant 

ElDyPs were determined at various pH. Plots of kI vs pH are shown in the bottom panel of 

Figure 4F. Assuming that pH dependence is controlled by protonation/deprotonation of an 

ionizable group in or close to the active site, the data were fitted to equations 4, 5, 6, and 7 

for wt, D143A, D143H, and R232A, respectively. The k1a/k1b and pK1/pK2 represent pH-

independent second-order rate constant of cmpd I formation and the pKa of ionizable 

groups, respectively. The latter is summarized in Table 3.

In contrast to LiP where cmpd I formation is pH independent,44–45 ElDyPs showed a clear 

dependence on

(Eq. 4)

(Eq. 5)
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(Eq. 6)

(Eq. 7)

pH. The rate of wt cmpd I formation increases as pH increases. Two ionizable residues with 

pKa of 3.65 and 8.69 were identified, which were assigned to the distal aspartate and 

arginine in the heme center, respectively. While the observed pKa of the distal aspartate is 

exactly the same as the intrinsic value, the arginine pKa shifted drastically from the intrinsic 

value of 12.48 to 8.70 in the protein. Such a huge shift is not uncommon because the protein 

microenvironment can change a pKa significantly via hydrogen bonds, electrostatic 

interactions, and hydrophobicity.46 For example, the pKa of the distal histidine in pristine 

peroxidase can vary from 5.1 for ERS to 7.8 for cmpd I during H2O2 oxidation.47 The pKa 

of K115, a catalytic residue in acetoacetate decarboxylase, shifts downward by 4.5 pH units 

to ~6.0.48 In this regard, the crystal structure of wt-ElDyP has revealed that R232 forms 6 

hydrogen bonds (Figure 2A) with neighboring residues (D143 and heme propionate) and 

solvent molecules (H2O 42 and 288). In addition, there are several hydrophobic residues 

(I230, V231, and F248) within a distance of 4 Å surrounding R232. These interactions may 

account for the large pKa shift (3.78 pH units) associated with R232.

To investigate if the distal aspartate and arginine are indeed responsible for these ionizable 

residues, the pH dependence of their mutants were also studied. It was predicted that 

mutation of a distal residue to alanine would result in removal of one of the pKa identified in 

the wt enzyme. Indeed, both D143A and R232A displayed single pKa at 9.08 and 4.81, 

respectively, confirming assignment of the residues for the observed pKa in the wt enzyme. 

Moreover, while the rate of cmpd I formation becomes faster with increasing pH for D143A, 

the corresponding rate in R232A decreases as the pH increases. Their implications will be 

discussed below. The pH dependence of cmpd I formation for D143H is bell-shaped, which 

is quite different from the wt-ElDyP and other two mutants. Two pKa values of 3.61 and 

9.32 were determined, corresponding to the histidine and arginine in D143H, respectively. 

The pH dependence of D143H is similar to that of HRP cmpd I formation, in which a bell-

shaped curve was obtained with pKa of 4.11 and 10.90.49

The stability of cmpd I was also investigated at different pH values. By monitoring H2O2 

oxidation of wt-ElDyP (1:1 ratio) at 615 nm, cmpd I formation followed by decay to ERS* 

was observed sequentially (bottom panel in Figure 4E). The half-life of cmpd I decayed to 

ERS* was 0.2, 4.4, and 2.0 min at pH 3.5, 7.5, and 10.0, respectively. Cmpd I would further 

decay into a new species, possibly cmpd III, in the presence of excess H2O2 over a long time 

(data not shown). Thus, wt-ElDyP cmpd I has the shortest lifetime and is thus most reactive 

at acidic pH, suggesting that acidic conditions may facilitate its conversion to other reactive 

intermediates.
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Transient-state kinetics of wt cmpd I reduction using ABTS and its pH dependence

The reaction was performed in a sequential mode. Cmpd I was generated by mixing wt-
ElDyP with H2O2. After a 2 s delay to achieve maximal cmpd I formation, the mixture was 

then mixed with ABTS in the presence of ascorbate. Since the absorbance spectrum of the 

ABTS oxidation product overlaps with that of the wt-ElDyP and interferes with the reaction 

monitored, ascorbate was used to instantaneously reduce the oxidation product back to 

ABTS.50 Additionally, only low concentrations of ABTS (<10 μM) were required in order to 

maintain pseudo-first-order reaction conditions,50 as too high concentrations would make 

the rate too fast to determine. A typical spectral transition at pH 3.5 is shown in Figure 5A, 

where the characteristics corresponding to cmpd II are absent.21, 35 Analysis of the PDA 

data using the Pro-KIV Global Analysis program (Applied PhotoPhysics) did not show 

significant preference for a two-step reaction over a one-step reaction. Furthermore, when 

the data were fitted to a two-step reaction, the calculated spectra corresponding to cmpds I 

and II were almost identical. These results suggest that regeneration of ERS* from cmpd I is 

likely to proceed via a 2-electron reduction. A one-electron reduction of cmpd I to ERS* 

should produce cmpd II, which was not observed with our experiments. It has also to be 

noted that ABTS is a one-electron reductant. Thus, it is proposed that two molecules of 

ABTS donate their electrons to the protein simultaneously (one electron from each ABTS 

molecule). This requires the enzyme to have multiple sites for substrate binding, which has 

been found in several DyPs.51–54

The reduction of cmpd I was monitored at 406 nm corresponding to ERS* regeneration and 

a typical absorbance change is shown in Figure 5B. The kobs was obtained by fitting the 

curve to a single exponential growth equation. The overall second-order rate constants 

(kERS*) were determined by plotting the kobs vs ABTS concentrations (inset in Figure 5B), 

giving a value of 2.74 × 107 M−1 s−1. Thus, the rate of ERS*regeneration from wt cmpd I in 

the presence of ABTS is more than 10-fold faster than that of cmpd I formation (2.35 × 106 

M−1s−1). It has to be pointed out that the rate of ERS* regeneration is expected to be 

substrate-dependent. Consequently, it is possible that a slower rate than the cmpd I 

formation could be obtained if a less reactive reducing substrate were employed.

The rate of wt cmpd I reduction using ABTS was also determined at pH ranging from 3.0 to 

10.5. Conditions lower than pH 3.0 were not studied due to protein instability. As shown in 

Figure 5C, the overall kobs increases significantly as the pH decreases, demonstrating that 

cmpd I reduction prefers acidic conditions. When the pH is higher than 5.0, the kobs 

approaches zero. Additionally, fitting the data to Eq. 7 gave a pKa of 3.00, indicating that an 

ionizable residue, possibly D143, is involved in this reduction process.

sKIE on transient-state kinetics

D2O2 is a good mechanistic probe for studying compd I formation, which can be easily 

prepared from H-D exchange of concentrated H2O2 in D2O. Thus, both the enzyme (wt or 

D143H-ElDyP) and H2O2 at high concentrations were dissolved in D2O before they were 

mixed together using a stopped-flow spectrometer. Since the D2O2, rather than the H2O2, 

oxidizes the enzyme to produce cmpd I in D2O, the KIE, instead of sKIE, should be used to 

describe cmpd I formation. As shown in Figure 6A and summarized in Table 3, the rate of 
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wt cmpd I formation at pD 3.5 was slowed in D2O, resulting in a normal KIE of 2.44. A 

proton inventory experiment showed a linear relationship between the rates and fraction of 

D2O, indicating that a single proton was involved in the rate-determining step (RDS) of 

cmpd I formation. The sKIE of D143H was determined to be 1.54 at pH/pD 4.0, which was 

much smaller than that of the wt enzyme. The KIE of wt cmpd I formation was also 

investigated as a function of pH/pD, which increased as the pH/pD decreased, to a maximum 

of 5.3 at pH/pD 2.0 (black lines in Figure 6B). When the pH/pD was greater than 5.5, the 

KIE approached to unity. For D143H, a normal KIE was observed when pH/pD£9.0 and the 

value slightly increased as the pH/pD dropped, to a maximum of 2.1 at pH/pD 3.0. Similarly 

to HRP,49 an inverse KIE was observed at high alkaline pH/pD (> 9.0), reaching 0.26 at 

pH/pD 10.0. Additionally, most pKas determined in D2O shift upward (Table 3), consistent 

with the known effects of D2O on pKa.55

As shown in Figure 6C, the second-order rate constants of cmpd I reduction (kERS) with 

ABTS in H2O and D2O were determined to be 2.74× 107 and 5.68 × 107 M−1s−1, 

respectively, at pH/pD 3.5. This resulted in an inverse sKIE [D(kERS)] of 0.48, which 

suggests that cmpd I reduction to ERS* is likely to involve water elimination from the heme 

iron. Their mechanistic implications will be discussed in the next section.

Viscosity effects on steady-state and transient-state kinetics

The effects of solvent viscosity upon kcat/KM and kcat were determined to evaluate whether 

diffusion into and out of the active site plays a significant role in the steady-state kinetic 

parameters of ElDyP. Additionally, viscosity could cause a small sKIE as D2O is 25% more 

viscous than H2O at r.t. To probe this possibility, sucrose was used as a viscosogen to 

modulate the viscosity of reaction medium. The results are summarized in Figure 7. For a 

completely diffusion-controlled reaction, the slope should equal to 1 as represented by the 

blue lines. When the slope approaches to zero, the reaction is independent of diffusion. 

Reactions with slopes between 0 and 1 are partially diffusion-controlled. It was found that 

kcat/KM of wt-ElDyP with ABTS was 40% diffusion-controlled (black solid line in Figure 

7), suggesting that binding of a reducing substrate is partially diffusion-controlled and limits 

the rate of the overall reaction. The kcat, was observed to be viscosity independent (black 

dash line in Figure 7), however, implying that product release is not rate-limiting. Similar 

observations were also made for reactions employing glucose as a viscosogen (data not 

shown), demonstrating that the viscosity effects are viscosogen independent for steady-state 

kinetics.

To characterize the origin of the viscosity effects found in steady-state kinetics, transient-

state kinetics of cmpd I formation and reduction were performed in sucrose at various 

concentrations. It was found that the second-order rate constants of wt cmpd I formation (kI) 

are insensitive to solvent viscosity (red solid line in Figure 7). However, the reduction of 

cmpd I in the presence of ABTS and ascorbate was determined to be 34% diffusion-

controlled (red dash line in Figure 7), which accounts for the 85% viscosity effect on 

kcat/KM observed in steady-state kinetics.
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DISCUSSION

Based on the results described above, a bisubstrate Ping-Pong mechanism involving a final 

step of conformational change is proposed in Scheme 1. Several unique features associated 

with DyPs have been identified and are described below.

Cmpd 0 deprotonation is rate-limiting in DyP cmpd I formation

ElDyP activation by H2O2 to form cmpd I was proposed in Scheme 1 based on the Poulos-

Kraut mechanism.56 After H2O2 displaces H2O and binds with ERS as the sixth ligand, the 

conserved distal aspartate acts first as a general base to deprotonate H2O2 to form the iron-

peroxide complex named cmpd 0, then as a general acid to protonate the outer oxygen of 

cmpd 0. Electrostatic interactions between the distal arginine and the outer oxygen atom are 

proposed to promote heterolysis of the O–O bond to form cmpd I.57 Since the former two 

steps (k3 and k4) involve formation and breakage of an O–H bond, a primary KIE is 

expected with D2O2 if any of these steps is rate-limiting. However, no primary KIE should 

be observed if the O–O bond scission (k5) is rate-limiting. We found that the wt-ElDyP 

displayed an observed isotope effect of 2.44 in D2O. Because H2O2 can exchange with D2O 

to produce D2O2 quickly, the observed isotope effect should be a combination of the primary 

KIE (if it exists) and sKIE. Since two water molecules are released during cmpd I formation 

(k1 and k6), an inverse sKIE will be expected as described in the next sub-section. Thus, the 

observed normal isotope effect suggests that a primary KIE larger than 2.44 should be 

present, as the inverse sKIE will cancel the isotope effect resulting from a normal primary 

KIE. Proton inventory showed that only one proton is involved in cmpd I formation. Because 

the viscosity did not contribute to the observed isotope effect, the results suggest that either 

H2O2 deprotonation or subsequent outer oxygen protonation should be rate-limiting, which 

could be determined by studying pH-dependence of cmpd I formation.

In sharp contrast with LiP, where the rates of cmpd I formation are pH-independent,44–45 the 

rates of ElDyP cmpd I formation displayed pH-dependence (Figure 4F, bottom panel). The 

rate increases as pH increases for both the wt enzyme and D143A-ElDyP. Moreover, cmpd I 

was formed only at alkaline pH for D143A. These observations indicate that the step of 

cmpd 0 deprotonation (k3) is likely to be a RDS for ElDyP cmpd I formation. While the 

distal aspartate is responsible for cmpd 0 deprotonation, alkaline conditions are expected to 

facilitate this process, resulting in an increased rate. When the aspartate was replaced with 

an alanine, deprotonation could only occur at alkaline pH due to the assistance of OH−, 

which resulted in the rate decreased by four orders of magnitude. Furthermore, pH-

dependence of wt cmpd I formation in H2O and D2O (black lines in Figure 6B) revealed that 

the isotope effect becomes less pronounced as the acidity decreases, reaching 1.18 at pH 9.0. 

Under alkaline conditions, OH− and OD− are expected to participate in cmpd I formation as 

a specific base and thus, to have a small KIE. This provides additional evidence to support 

our hypothesis that cmpd 0 deprotonation is a RDS in wt cmpd I formation. The trend of 

pH-dependence was reversed in R232A, in which cmpd I was formed only at acidic pH and 

the rate increased as pH decreased. This suggests that O–O bond scission in ElDyP does not 

necessarily require the assistance of the distal arginine, though loss of it will result in a rate-

drop by more than two orders of magnitude. Moreover, unlike the wt and D143A-ElDyPs, 
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the step to protonate the outer oxygen atom (k4) may become rate-limiting in R232A, in 

which the aspartate acts as a general acid. Acidic pH should facilitate the formation of a 

protonated aspartate. Together, these results demonstrate that cmpd 0 deprotonation is rate-

limiting for wt-ElDyP and that the aspartate is catalytically more important than the 

arginine.

Conformational change is the final step in the DyP mechanism

Transient-state kinetics of ERS* regeneration revealed that cmpd I reduction (2.74× 107 M−1 

s−1) was more than 10 times faster than that of cmpd I formation (2.35 × 106 M−1s−1) when 

ABTS was used as a reducing substrate. Thus, either cmpd I formation or a step after ERS* 

regeneration would be rate-limiting in the overall ABTS oxidation catalyzed by wt-ElDyP. 

This RDS should be described by kcat in steady-state kinetics.

The inverse sKIE is not very common. Its chemical origins have been attributed to catalysis 

involving cysteine, water dissociation from metal centers, and medium effects.58 Because 

the closest C249 in ElDyP is 12.6 Å away from the heme iron, it is unlikely that cysteines 

participate in catalysis. Thus, the observed inverse sKIE should arise from either water 

release from the heme iron or medium effects during turnover. The fractionation factor (Φ, 

equilibrium distribution of the two isotopes) for L2O (where L = H or D) is inverse when 

water is bonded to a metal, resulting in a tendency for D2O to accumulate in bulk solvent.59 

It is commonly accepted that the water released from M−OH2↔M + H2O equilibrium has 

Φ≈0.70.60 Additionally, Φ is reported on a per-bond basis and multiplicative. Thus, the 

observed sKIE is diagnostic of the number of H2O released from the metal center. For 

example, 0.49 (Φ2), 0.24 (Φ4), and 0.12 (Φ6) are expected for the dissociation of one, two, 

and three H2O molecules, respectively. Such a method has recently been employed to reveal 

kinetic mechanisms of two iron-containing enzymes, FIH and ToMO.59, 61–62 While most 

inverse sKIE resulting from medium effects are due to viscosity-sensitive conformational 

changes,58, 63–64 solvation can also cause inverse sKIE as demonstrated by the blue single-

copper protein azurin from Pseudomonas aeruginosa.65 The effect of solvation on azurin is 

reflected as a positive shift of E°′ by 10 mV from H2O to D2O65

The D(kcat) values for wt-ElDyP were determined to be 0.70 with ABTS. Although the value 

equals Φ of one hydroxyl group dissociated from a metal center, which is included in the 

step of cmpd I reduction to ERS* (k8), our experimental results with ABTS eliminates this 

possibility as cmpd I reduction is much faster than cmpd I formation. Thus, a 

conformational change of ERS* to ERS was proposed as the final rate-limiting step in the 

presence of ABTS. Since the kcat was found to be viscosity-independent, our results indicate 

that enzyme motion does not involve movement of large loops on protein surface. The 

observed inverse sKIE is likely due to protein solvation, which is further supported by a 

positive shift of E°′ from −290 mV in H2O to −263 mV in D2O for wt-ElDyP.

It has to be pointed out that the two conformers, ERS* and ERS, are spectroscopically 

identical for ElDyP. Moreover, whether this final step of conformational change is rate-

limiting or not will depend on the reducing substrate. With fast substrates such as ABTS and 

RB19, conformational change (k9) is a RDS. However, with slow substrates such as 
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pyrogallol, guaiacol and HQ, cmpd I reduction (k8) is more likely to be rate-limiting, which 

has been shown in TcDyP and DyPB.19, 21

Aquo release is mechanistically important

While both the D(kcat) and D(kcat/KM) of wt-ElDyP are inverse with ABTS, the inverse 

effect is much more pronounced with the latter than with the former. The sKIE of kcat/KM 

was determined to be 0.11, which is in excellent agreement with the theoretical value of 

0.12, corresponding to the release of three water molecules (Φ2× Φ2× Φ2 = 0.12). Since the 

kcat/KM describes the steps preceding the RDS, examination of the mechanism proposed in 

Scheme 1 reveals that three waters are released before the RDS in the catalytic cycle, which 

include (1) one released from Fe (III) in ERS during H2O2 displacement. A water molecule 

was seen to act as the sixth ligand in wt-ElDyP crystal structure (Figure 2A); (2) one 

dissociated from cmpd 0 prior to the formation of cmpd I. It was proposed that a water 

molecule is eliminated from cmpd 0-water complex 4, though additional experimental 

evidence in support of this concept has yet to be obtained; and (3) one released in the 

reduction of cmpd I to generate ERS* via a two-electron process. To further demonstrate the 

importance of aquo release, the sKIE of cmpd I reduction (kERS) was investigated. An 

inverse sKIE of 0.48 was determined, which is again in excellent agreement with the 

theoretical prediction of 0.49 (Φ2 = 0.49) as only one water is dissociated from the heme 

iron during cmpd I reduction. The excellent agreement between theoretical and experimental 

results suggests that aquo release in DyP is mechanistically important.

It has been postulated that cmpd I undergoes different redox pathways depending on whether 

the coproduced water is bound with the intermediate or not.66 If the water is absent (dry 

form), the cmpd I will proceed through a two-electron equivalent reduction. However, only 

one-electron equivalent processes are accessible in the presence of water (wet form). Thus, 

the coproduced water may act as a gate to control enzyme function and activity.66 In ElDyP 

cmpd I reduction, only one water was found released based on the sKIE of 0.48. If the 

coproduced water is bound with cmpd I before its reduction, two water molecules should be 

expected, resulting in a sKIE of 0.49×0.49=0.24. Therefore, it was deduced that the wt-
ElDyP cmpd I is in a dry form and may undergo a two-electron reduction, which agrees with 

our experimental results: absence of cmpd II species in stopped-flow spectroscopy during 

cmpd I reduction.

Reducing substrates bind with cmpd I only

Viscosity experiments performed under steady-state kinetic conditions showed that, while 

kcat was unchanged, the kcat/KM with reducing substrates decreased as the viscosity 

increased. The overall reaction of ABTS oxidation (kcat/KM) is 40% diffusion-controlled, 

suggesting that binding of reducing substrate is important. Additionally, reduction of cmpd I 

(kERS) using ABTS accounts for most of the overall viscosity observed in steady-state 

kinetics. Thus, it is proposed that the reducing substrate only binds with cmpd I. This is 

further supported by isothermal titration calorimetry (ITC) and surface plasmon resonance 

(SPR) experiments (data not shown), where ABTS did not show bindings to free enzyme 

except for non-specific bindings under very high substrate concentrations. Similar results 

were also obtained in our study of TcDyP with lignin model compounds.23 Therefore, unlike 
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some heme peroxidases, in which the reducing substrate binds randomly with free enzyme 

and cmpd I,67–69 sequential binding of H2O2 with free enzyme followed by reducing 

substrate with cmpd I is proposed for DyPs.

DyPs’ acidic optimum results from distal aspartate and other acidic residues

It has been claimed that the acidic optimum of DyP activity is due to the presence of the 

distal aspartate.1–3, 25 While our results provided the first experimental evidence to support 

this claim, they also demonstrated that the distal aspartate is not the only determinant. Other 

acidic residues must have contributed to the enzyme’s acidic optimum, as mutations of D143 

shifted the pH optimum only by 0.5 pH unit to 4.0 (Figure 1D). Should the distal aspartate 

be the sole origin of the acidic optimum, the mutant D143H would be expected to have the 

highest activity under neutral conditions due to the pKa of histidine. This was clearly not the 

case. Consequently, in addition to the distal aspartate, other acidic residues around the heme 

center must also be responsible for the DyPs’ acidic optimum, which are yet to be identified. 

Moreover, the pH dependence of ERS* regeneration showed that the acidic optimum is 

essential for cmpd I reduction (Figure 5C), which explains why the ElDyP is inactivated 

above pH 5.0 (Figure 1D) though cmpd I formation is actually enhanced at higher pH values 

(bottom panel in Figure 4F). The distal aspartate is likely to be the ionizable group and act 

as a general acid to protonate cmpd I in order to eliminate the oxygen atom attached to 

Fe(IV) as a water. These results provide convincing evidence that the distal aspartate plays 

key roles in catalysis and leads to acidic optimum of DyPs.

D143H-ElDyP shows mechanistic difference from the wt enzyme

D143H-ElDyP was selected for study because class II plant peroxidases and HRP contain a 

distal histidine. Elucidation of its properties will provide the basis to understand mechanistic 

difference between the DyPs and fungal lignolytic enzymes. The sKIE of cmpd I formation 

was determined to be much smaller for D143H than for the wt at the same pH/pD (Table 3 

and Figure 6B). Its pH-independent, second-order rate constants of cmpd I formation were 

determined to be 1.56 × 105 and 1.06 × 105 M−1s−1 in H2O and D2O, respectively (red lines 

in Figure 6B), yielding a pH-independent sKIE of 1.47. This is close to the pH-independent 

sKIE of 1.60 for HRP.49 The decreased sKIE relative to the wt enzyme at the same pH 

suggests that deprotonation and protonation of cmpd 0 are less important for cmpd I 

formation in D143H than in the wt enzyme. When the pH was higher than 9.0, an inverse 

sKIE was observed, which could be ascribed to restrictions on torsional motions of 

exchangeable protons as reported for β–lactam synthetase.64

The D(kcat) of D143H with ABTS was close to unity, implying that the rate-limiting 

conformational changes are insensitive to the solvent. This is in contrast to wt-ElDyP and 

indicates that the distal aspartate is important in determining the heme microenvironment, 

which is also reflected in their UV-absorbance spectra (Figure 1C). An extra Q-band was 

observed at 567 nm when the distal aspartate was replaced with a histidine. The D(kcat/KM) 

of D143H was nearly identical to that of the wt (Table 2), displaying a large inverse sKIE. 

Similar to wt-ElDyP, the large inverse sKIE was attributed to water dissociation from the 

heme iron, which should result in an expected D(kcat/KM) of 0.12. Thus, the predicted value 

is in excellent agreement with the observed one at 0.13.
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CONCLUSION

A bisubstrate Ping-Pong mechanism involving a final step of conformational change was 

proposed as a possible DyP mechanism based on the sKIEs and viscosity effects on steady-

state and transient-state kinetics. The conformational change is also rate-limiting in ABTS 

oxidation. Spectra of ERS* and ERS present in the conformational change were 

indistinguishable. The normal KIE and pH-dependence of cmpd I formation demonstrated 

that cmpd 0 deprotonation is rate-limiting for wt-ElDyP, which is less important for D143H. 

Cmpd I reduction to ERS* is likely a two-electron process in the presence of ABTS, in 

which the viscosity effects observed accounted for almost all of the viscosity effects found 

in kcat/KM. Together with the results of ITC and SPR (data not shown), this suggested that 

H2O2 and reducing substrates bind with free enzyme and cmpd I, respectively. The 

significant inverse sKIEs of kcat/KM and kERS* were ascribed to water dissociation from the 

heme iron, which are in excellent agreement with the predicted values. This demonstrates 

the unique mechanistic importance of aquo release in DyP-catalyzed reactions. Steady-state 

and transient-state kinetics showed that the distal aspartate is catalytically more important 

than the distal arginine. The drastic pKa shift of 3.79 pH units for the distal arginine is likely 

caused by its extensive networks of hydrogen bonds. While the distal aspartate plays key 

roles in determining DyPs’ acidic optimum, other acidic residues in the heme center also 

contribute to this unique property. Thus, the results reported here provide a detailed picture 

of DyP mechanism at the molecular level, which will pave the way for future protein 

engineering to improve DyPs’ lignolytic activity.
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Figure 1. 
Biochemical characterization of ElDyP. (A) SEC chromatography of wt-ElDyP (red) and 

molecular weight standards (black) loaded onto a GE Superdex 200 Increase 10/300 GL 

column eluted with 50 mM potassium phosphate buffer (pH 7.5) containing 150 mM NaCl. 

The inset represents a MW calibration curve. (B) Changes in the UV-Vis absorption 

spectrum showing stepwise oxidation of Fe2+−wt-ElDyP (red) to Fe3+−wt-ElDyP (blue). 

The inset represents three individual spectroelectrochemical titrations of wt-ElDyP 

monitored by ΔA434 nm. (C) Normalized UV-Vis absorption spectra of wt and mutant 
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ElDyPs with 450–700 nm region magnified by 4 times. (D) pH-activity profiles of wt and 

mutant ElDyPs with ABTS.
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Figure 2. 
Crystal structure of wt-ElDyP. (A) Overall structure (left) and active site of the enzyme. 

Catalytic residues, heme, and water 288 are represented in green sticks, red sticks, and a 

grey ball, respectively. Distances in angstrom are labeled and shown in yellow dashed lines. 

(B) Surface representations of the small (left, diameter of ~3.0 Å) and large (right, diameter 

of ~8.0 Å) heme access channels.
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Figure 3. 
Activity percentages of wt and mutant ElDyPs toward ABTS (sparse bar) and RB19 (solid 

bar).
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Figure 4. 
Single mixing of cmpd I formation. Spectra in 450–700 nm are magnified by 4 times. All 

spectral transitions represent the reactions between 2.5 μM enzymes and 50 μM H2O2. (A) 

Spectral transition of wt-ElDyP under acidic (top) and alkaline (bottom) conditions. (B) 

Spectral transition of D143A under acidic (top) and alkaline (bottom) conditions. (C) 

Spectral transition of D143H under acidic (top) and alkaline (bottom) conditions. (D) 

Spectral transition of R232A under acidic (top) and alkaline (bottom) conditions. (E) 

Formation and decay of wt-ElDyP cmpd I monitored at 406 (top) and 615 nm (bottom), 
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respectively. The bottom inset represents cmpd I formation monitored at 615 nm. (F) 

Second-order rate constants of cmpd I formation. The top panel represents the dependence 

of k1 monitored at 406 (● and solid line) and 615 nm (▲ and dash line). The bottom panel 

represents pH-rate profiles of wt (■ and black solid line), D143A (● and red solid line), 

D143H (✳ and blue dash line), and R232A (+ and red dot line). The color of Y-axes and 

curves correspond to each other.
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Figure 5. 
Transient-state kinetics of ERS regeneration from wt-ElDyP cmpd I. (A) Spectral transition 

of 2.5 μM wt cmpd I reduced by 2.5 μM ABTS at pH 3.5 in the presence of 10 μM 

ascorbate. The cmpd I was produced by reacting 2.5 μM wt-ElDyP with 2.5 μM H2O2 

followed by 2-s delay. (B) Regeneration of ERS from cmpd I monitored at 406 nm. The 

inset represents determination of second-order rate constant kERS in the presence of ABTS. 

(C) pH-dependence of 2.5 μM wt cmpd I reacted with 0.5 μM ABTS at various pH.
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Figure 6. 
KIE and sKIE of transient-state kinetics. Solid and dash lines represent reactions performed 

in H2O and D2O, respectively. (A) Rates of wt-ElDyP cmpd I formation at pH/pD 3.5. The 

inset represents proton inventory plot of rates vs fraction of D2O. (B) pH/pD dependence of 

wt (black lines) and D143H-ElDyP (red lines) cmpd I formation on a logarithmic scale. (C) 

Rates of cmpd I reduction using ABTS as the reducing substrate at pH/pD 3.5.
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Figure 7. 
Effects of solvent viscosity on kinetic parameters at pH 3.5. Blue dash lines reflect 

theoretical limit for a completely diffusion-controlled reaction. Effects on kcat/KM (black 

solid line, slope = 0.404) and kcat (black dash line, slope = 0.007) with ABTS are scaled by 

left black Y-axis. Effects on second-order rate constants of cmpd I formation (kI, red solid 

line, slope = 0.069) and reduction using ABTS (kERS, red dash line, slope = 0.342) are 

scaled by right red Y-axis.
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Scheme 1. 
Proposed bisubstrate Ping-Pong mechanism for DyPs involving a final step of 

conformational change
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Table 3

Transient-state kinetic parameters, sKIEs, and pKa of ionizable groups in cmpd I formationa

kI (M−1s−1)b KIE pKa

Asp Arg

wt (2.35 ± 0.02) × 106

[(9.62 ± 0.06) × 105]
2.44 ± 0.06 3.65 ± 0.05

[4.15 ± 0.06]
8.70 ± 0.20

[8.20 ± 0.20]

D143A (1.97 ± 0.01) × 102 9.08 ± 0.08

D143H (1.06 ± 0.01) × 105

[(6.90 ± 0.20) × 104]
1.54 ± 0.06 3.60 ± 0.20c

[3.70 ± 0.20]c
9.30 ± 0.20

[10.10 ± 0.20]

R232A (8.27 ± 0.07) × 103 4.80 ± 0.20

a
Values shown in square brackets were determined in D2O.

b
Values were determined at optimal pH/pD of 3.5 and 4.0 for the wt and mutant enzymes, respectively.

c
For histidine.
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