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Spectroscopic evidence for an engineered,
catalytically active Trp radical that creates
the unique reactivity of lignin peroxidase
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The surface oxidation site (Trp-171) in lignin peroxidase (LiP) required
for the reaction with veratryl alcohol a high-redox-potential (1.4 V)
substrate, was engineered into Coprinus cinereus peroxidase (CiP) by
introducing a Trp residue into a heme peroxidase that has similar
protein fold but lacks this activity. To create the catalytic activity
toward veratryl alcohol in CiP, it was necessary to reproduce the Trp
site and its negatively charged microenvironment by means of a triple
mutation. The resulting D179W+R258E+R272D variant was charac-
terized by multifrequency EPR spectroscopy. The spectra unequivo-
cally showed that a new Trp radical [g values of gx = 2.0035(5), g, =
2.0027(5), and g, = 2.0022(1)] was formed after the [Fe(IV)=O Por°*]
intermediate, as a result of intramolecular electron transfer between
Trp-179 and the porphyrin. Also, the EPR characterization crucially
showed that [Fe(IV)=0 Trp-179°] was the reactive intermediate with
veratryl alcohol. Accordingly, our work shows that it is necessary to
take into account the physicochemical properties of the radical,
fine-tuned by the microenvironment, as well as those of the preced-
ing [Fe(IV)=0 Por**] intermediate to engineer a catalytically compe-
tent Trp site for a given substrate. Manipulation of the microenvi-
ronment of the Trp-171 site in LiP allowed the detection by EPR
spectroscopy of the Trp-171°, for which direct evidence has been
missing so far. Our work also highlights the role of Trp residues as
tunable redox-active cofactors for enzyme catalysis in the context of
peroxidases with a unique reactivity toward recalcitrant substrates
that require oxidation potentials not realized at the heme site.

heme peroxidase | high-field EPR spectroscopy | protein engineering |
tryptophan radical | electron transfer

he catalytic potential of enzymes is often extended by the

presence of key transition metals in the active site, specifi-
cally involved in redox reactions. In some cases, amino acid
residues can also have a crucial role as redox-active cofactors, in
concert with the metal ions (1). The formation of protein-based
radicals resulting from the well-controlled oxidation of specific
Trp or Tyr residues and the associated intramolecular electron
transfer (ET) processes allows the catalytic reaction with sub-
strates having affinity for binding sites removed from the metal
active site (2). The oxidation potential of these protein-based
radical intermediates could be fine-tuned by the influence of the
protein microenvironment without modifications of the usually
highly conserved metal active sites (1).

The active site of heme peroxidases consists of a penta-
coordinated Fe(III) iron-protoporphyrin IX prosthetic group
(Fig. 1), which is capable of one-electron oxidation of sub-
strate(s) binding close to the heme edge. Thus, high valence
heme-iron intermediates are responsible for substrate oxidation
(3). Fungal peroxidases have been the focus of significant
interest due to their possible industrial and environmental
applications. Lignin peroxidase (LiP) is one of the fungal
enzymes having a key role in the ligninolytic cycle (3); these
include manganese peroxidase (MnP), versatile peroxidase
(VP), laccase, and H,O,-producing enzymes. The ligninolytic
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cycle is responsible for the degradation of the complex polymer
lignin, a key structural component of plant cell walls, whose
degradation is rate limiting in the natural carbon cycle. The
polymer is insoluble and too large to directly access the very
occluded heme active site in LiP (4), where small substrates have
been shown to interact (3). Accordingly, it has been proposed
that veratryl alcohol (3,4-dimethoxybenzyl alcohol, VA), a sec-
ondary metabolite also produced by the fungus during the
ligninolytic cycle, could have the role of a diffusible mediator in
the reaction with lignin and other large substrates, once oxidized
by LiP to the radical form (5). The same mechanism of a
diffusible mediator has been proposed for the oxidation of lignin
by MnP, except that in this enzyme, a loosely bound Mn?* ion
having a binding site close to the heme site is the species reacting
with lignin, once oxidized to Mn3* by MnP. Interestingly, an
engineering strategy similar to the one described in this work was
applied to design MnP activity into a cytochrome ¢ peroxidase
(CcP) protein scaffold (6-8).

LiP readily oxidizes substrates of redox potentials >1.4 V,
possibly requiring VA as mediator (9). Based on structural data
(4, 10), and site-directed mutagenesis studies (11), a surface Trp
residue (Trp-171) removed from the heme site (Fig. 1), and
surrounded by negatively charged residues, was proposed as the
oxidation site for VA. The acidic microenvironment of Trp-171
provided by Asp-264, Asp-165, Glu-168, and Glu-250 (the latter
being also in H-bonding distance to the indole nitrogen; Fig. 1)
could enhance the oxidation potential of the Trp® intermediate,
allowing the reaction with VA (1.4 V). However, no direct
evidence for the formation of the Trp-171° species or its
reactivity with VA has been reported to date, a fact tentatively
explained by the short-lived nature of the radical (12). Coprinus
cinereus peroxidase (CiP) has similar protein fold to LiP, but
lacks the VA oxidation activity. We have successfully induced in
CiP the capability to oxidize VA by engineering a Trp site that
mimics the naturally occurring Trp-171 in LiP (13). In the
present work, we have applied EPR spectroscopy as a unique
tool to unequivocally characterize the electronic nature of the
intermediates formed in the CiP triple variant
(D179W+R258E+R272D), containing the engineered Trp site.
A new Trp® intermediate was detected in the engineered CiP,
and was shown to be the sole reactive species with VA. An
engineered MnP is the only previously reported case (14), in
which a Trp had been introduced into a homologous position to
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Fig. 1. Crystallographic structure of LiP highlighting the site (residues in
yellow) of the catalytically active Trp radical (Trp-171) and its acidic microen-
vironment (Glu-250, Glu-168, and Asp-264). The residues at homologous
positions in WT CiP are shown in gray. The Asp-179 (in CiP) completely overlaps
with Trp-171 (in LiP); thus, only the oxygen from the carboxylic group is visible.
The figure was prepared by using the coordinates deposited in the Protein
Data Bank (accession nos. 1B82 for LiP and 1LYC for CiP).

that of the LiP oxidation site (Trp-171). However, none of the
three relevant negatively charged residues that provide the
Trp-171 acidic environment (Asp-264, Asp-165, and Glu-250),
and which are not conserved in MnP, were included. A low
catalytic efficiency for VA oxidation was reported, but no direct
evidence for the Trp® formation or its reactivity with VA was
given (14).

In the present work, we have used an engineering-based
approach that also involved the design and characterization of
LiP variants (E250Q, E250Q+E168Q, and E168Q), in which the
microenvironment of Trp-171 was modified. The Trp*® interme-
diate was readily stabilized in the E250Q single and double
mutations as shown by the EPR Trp® signal, but remained
undetected in WT LiP and the E168Q variant. The physico-
chemical properties related to the radical stabilization, reactivity
toward VA, and associated ET process are discussed. This work
also highlighted the role of Trp as a tunable redox-active cofactor
for enzyme catalysis in the context of peroxidases with a unique
reactivity toward substrates that require oxidation potentials not
necessarily realized at the metal site. Also, it demonstrates the
structural design aspects to be considered to introduce a novel
catalytic activity through protein-based radical intermediates,
and the required EPR spectroscopy approach to unequivocally
assess such a new reactivity.

Results

As shown in Fig. 1, three mutations were necessary to mimic the
redox-active Trp site of LiP (residues in yellow) into the CiP
enzyme (residues in gray): The substitutions of Asp-179 to
introduced the Trp-171 equivalent of LiP, and of two arginines
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Fig. 2. The 9-GHz EPR spectra of the D179W+R258E+R272D variant of CiP in
the resting state (gray trace) and on reaction with hydrogen peroxide (green and
red traces). The yield of the very broad and axial spectrum of the [Fe(IV)=0 Por**]
intermediate was 5 times higher at pH 4.0. The yield of the narrow [Fe(IV)=0 Trp*]
species contributing at g ~ 2 was similar at both pHs, indicating a higher conver-
sionto the EPR-silent [Fe(IV)=0] species. Experimental conditions: 4 K; modulation
amplitude, 2 G; modulation frequency, 100 kHz.
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at positions 258 and 272 to provide the H-bond partner to the
indole nitrogen, the acidic environment around the Trp, and to
make sufficient space to accomodate the new Trp (Fig. 1). This
CiP triple variant (D179W+R258E+R272D) was capable of
oxidizing VA with a similar pH dependence to LiP (i.e., a
maximum at pH 3.5 and drastic drop at pH 6). The k¢, was
measured to be 12% of the WT LiP enzyme (13). Consequently,
the open questions were whether a radical was formed at the
engineered Trp-179 site in CiP, and whether this radical was the
intermediate reacting with VA. Multifrequency EPR spectros-
copy was chosen as a unique tool to determine and discriminate
the electronic structures and yields of the metal-radical inter-
mediates formed in the reaction of the CiP variant with hydrogen
peroxide, and to identify the intermediate that selectively re-
acted with the VA substrate.

Characterization of the Radical Intermediates in CiP. Fig. 2 shows the
9-GHz EPR spectra, recorded at 4 K, of the CiP variant in the
resting state (gray trace) and after reaction with hydrogen
peroxide (green and red traces). The nearly axial signal of the
resting enzyme with resonances at g6 ~ 6 and gﬁff ~ 2 (gray trace
in Fig. 2) is characteristic of heme iron in the high-spin ferric
oxidation state (15). The dramatic decrease in intensity of the
ferric signal on reaction with hydrogen peroxide reflected the
conversion of the resting enzyme to a high valence intermedi-
ate(s) (83 and 95% conversion for pH 4 and 6, respectively). The
broad EPR signal (green trace Fig. 2) that appeared concomi-
tantly with the disappearance of the ferric signal, showed
spectral features (broadening and temperature-dependent re-
laxation properties), which were completely consistent with a
[Fe(IV)=0 Por" *] species (16), known as Compound I, the first
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Fig. 3. Conventional (9 GHz, 40 K) and high frequency (285 GHz, 4 K; Inset)

EPR spectra of the Trp*® formed in the CiP triple variant and in the

E250Q+E168Q variant of LiP. The 9-GHz EPR spectrum of the Trp is dominated

by partially resolved proton hyperfine couplings (Table S1), whereas at higher

frequencies, the g values (gx = 2.0035, g, = 2.0027, and g, = 2.0022) were
accurately resolved.

3300

committed intermediate in the catalytic cycle of peroxidases (3).
Specifically, the axial EPR spectrum with effective g values of
g = 2.45 and gﬁ‘cf = 1.99 readily observed on reaction of the
enzyme with hydrogen peroxide at pH 4 and 6 (in lower yield for
pH 6) was very similar to the [Fe(IV)=0 Por* *] species observed
in the equivalent reaction of turnip peroxidase isoforms at pH
4.5 (17). The [Fe(IV)=0 Por"*] species should not be detected
when recording the EPR spectrum at higher temperatures (T =
30 K) due to the relaxation properties imposed by the magnetic
interaction of the porphyrin radical with the heme iron (18).
Accordingly, the narrower radical signal readily detected at 7 =
40 K (Fig. 3 Upper) was clear evidence for the contribution of a
protein-based radical species to the g =~ 2 region of the
[Fe(IV)=0 Por"*] spectrum. A similar situation was previously
reported for turnip peroxidase isoenzyme 7 at pH 7.7 (figure 34
in ref. 17), where both the porphyrin and tyrosyl radicals
contributed to the spectrum. In the CiP variant, the 9-GHz EPR
spectrum of the protein-based radical (Fig. 3 Upper) with an
effective isotropic g value of 2.003 and peak-to-trough width of
54 G could be simulated with proton hyperfine coupling tensors
(Fig. S1 and Table S1), which agreed well with those previously
reported for Trp radicals (19, 20). The advantageous resolution
of the radical g-tensor given by the 285-GHz EPR spectrum (Fig.
3 Inset) provided accurate g values of 2.0035(5), 2.0027(5), and
2.0022(1) for g, gy, and g, respectively. Thus, the g anisotropy
(Ag = |g« — g-| = 0.0014) of the radical was totally consistent with
that expected for a Trp* (21). Also, the g, value was consistent
with the presence of a hydrogen-bond interaction to the Trp°
(22), most likely donated by the Glu inserted at the position of
Arg-258 (Fig. 1).

Thus, we concluded that reaction of the CiP variant with 5-fold
excess hydrogen peroxide (10-s mixing time at 20 °C) induced the
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Fig. 4. The reaction of the D179W+R258E+R272D variant of CiP with VA.
The enzyme was premixed with 2-fold excess VA before the reaction with
hydrogen peroxide (10-s mixing time at 22 °C). The formation of the [Fe(IV)=O
Por**] intermediate (broad and axial EPR signal recorded at 4 K, black trace)
was not affected by the presence of VA, but the Trp* signal was clearly absent
(black trace; Inset).
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formation of a [Fe(IV)=0 Trp°] species both at pH 4 and 6 (see
below), subsequent to the [Fe(IV)=0O Por**] intermediate and
resulting from intramolecular ET between the Trp introduced at
position 179 and the porphyrin. In contrast, the EPR experi-
ments on the reaction of WT CiP showed that the [Fe(IV)=0O
Por* *] intermediate was rather short-lived and converted spon-
taneously to the EPR-silent [Fe(IV)=0] intermediate (Fig. S2).
No Trp® was detected in WT CiP, only a very low yield of a
clearly different radical species, with peak-to-trough of 16 G
(Fig. S3). Spin quantification showed that the yield of the CiP
narrow radical was only 10% of that of the Trp® in the CiP
variant. Together, our findings clearly showed that the formation
of the Trp* intermediate in the CiP triple variant resulted from
the engineered Trp site (Fig. 1).

Identification of the Trp°® As the Catalytic Intermediate in the Oxida-
tion of VA. EPR spectroscopy is well suited for monitoring the
reactivity of intermediates with specific substrates, particularly
when protein-based radicals are involved in the peroxidase cycle,
because in such cases, the electronic absorption spectrum of the
heme completely masks the marker bands for Trp and Tyr (23,
24). The CiP variant was premixed with 2-fold excess VA before
reaction with a 5-fold excess of hydrogen peroxide. Comparison
of the 9-GHz EPR spectrum obtained in these conditions (black
trace in Fig. 4) with the spectrum obtained when no VA was
present (green trace in Fig. 4) showed that the narrow signal of
the Trp® contributing at g ~ 2 was missing, whereas the shape
and yield of the broad axial signal of the [Fe(IV)=O Por" "]
species did not change, as judged from the resonance at g" =
2.45. Comparison of the same two spectra recorded at 40 K
unambiguously showed the absence of the Trp® signal for the
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Fig.5. The 9-GHz EPR spectra of Trp* in the (E250Q+E168Q) variant of LiP (red
trace) obtained by the reaction with 5-fold excess H,0; (2-s mixing time at 0 °C).
The spectrum of the enzyme premixed with 2-fold excess of VA before the
reaction with H,0, showed no Trp* signal. Only a very narrow radical (peak-to-
trough of 12 G) was detected (black trace; Inset); the same species was already
detected in the reaction of the WT LiP with H,O; (gray trace; Inset).

sample mixed with VA before the reaction with hydrogen
peroxide (Fig. 4 Inset). This result provided clear evidence for a
catalytically active [Fe(IV)=0 Trp-179°] intermediate in the CiP
triple variant, and allowed us to confidently rule out the
[Fe(IV)=0 Por"*] species as the reactive intermediate with VA.
Also, the detection of the EPR signal of the [Fe(IV)=0O Trp-
179°] species at both pH 4 and 6 (Fig. 2), with the H-bond
interaction to the indole nitrogen being maintained at pH 6 (as
revealed by the 285-GHz EPR spectrum) allowed us to conclude
that the drastic drop in the catalytic efficiency of the enzyme with
VA at pH 6 is not explained by the absence of the radical, but
is most probably a consequence of a pH-induced decrease in the
oxidizing potential, which, in turn, makes the reaction with the
substrate unfavorable.

Characterization of the Naturally Occurring Tryptophan Radical in LiP
Variants. To investigate the physicochemical and structural fac-
tors determining the observed differences in kinetic stability of
the [Fe(IV)=0O Trp°] species in the CiP variant with those
occurring in WT LiP, we characterized the three LiP variants,
E168Q, E250Q, and E250Q+E168Q, using EPR spectroscopy.
The variants were designed to alter the microenvironment of the
putative Trp* site of LiP. EPR experiments on the reaction of
WT LiP with hydrogen peroxide on ice, expected to slow down
the intramolecular ET and possibly detect the Trp® signal
showed that the WT LiP converted readily and mostly to the
EPR-silent [Fe(IV)=0] species, in agreement with a previous
report of similar tests performed at room temperature (25).
However, a low yield of a rather narrow organic radical signal
(peak-to-trough width of 12 G; gray trace in Fig. 5 Inset) was
detected. The EPR spectrum of this radical was clearly too

Smith et al.

narrow to be a Trp® or a Tyr® species, and most probably
originates from a thiyl radical (26). It is of importance to note
that this narrow radical had been erroneously assigned to the
[Fe(IV)=0 Por"*] intermediate in a previous report (25). The
E168Q variant showed a complete conversion to the EPR-silent
[Fe(IV)=0] species within the 2-s reaction time with hydrogen
peroxide at 0 °C.

A rather different behavior was observed for the LiP variants
in which Glu-250 was replaced by Gln. The EPR spectra of the
E250Q and E250Q+E168Q variants clearly showed the forma-
tion of a predominant protein-based radical species (red trace in
Fig. 5 Inset), very similar to the Trp® species in the CiP variant
(Fig. 3). The spectra could be simulated with parameters similar
to those used for the Trp* species formed in the CiP variant (Fig.
S1). It is of note that the extra intensity contributing to the
central part of the Trp-171° signal arises from the very narrow
radical (peak-to-trough of 12 G) also observed in the WT LiP
spectrum (gray trace in Fig. 5 Inset). The Trp*-only spectrum
resulting from the arithmetic subtraction of the additional
radical signal is shown in Fig. 3 (red trace). The Trp°® yield in the
E250Q+E168Q variant was twice that of the single variant
(E250Q), under the same experimental conditions. The E168Q
variant had the effect of readily converting the enzyme to the
second intermediate (see above). Thus, the higher yield of
[Fe(IV)=O Trp°] intermediate in the double mutant could be
explained by an additive effect of the single mutations.

To test the reactivity of the Trp-171° with VA, the
E250Q+E168Q variant was premixed with VA before the
reaction with hydrogen peroxide. In this case, no Trp*® signal was
detected, in contrast to the experiment without VA present (red
trace in Fig. 5). Only the EPR signal of the very narrow radical
was detected (black trace in Fig. 5 Inset). This result suggests that
the [Fe(IV)=0 Trp°] species is the reactive intermediate for VA
in the LiP variants as demonstrated for the CiP variant. It also
constitutes a direct spectroscopic evidence for the radical inter-
mediate previously proposed to be formed on Trp-171 in LiP.

Discussion

For a long time, it has been considered that CcP was the
exception among heme peroxidases, because a [Fe(IV)=0
Trp**] species (27) formed subsequently to the short-lived
[Fe(IV)=0 Por"*] intermediate is responsible for the reaction
with the substrate cytochrome c. This reaction was shown to
require a well-defined ET pathway (28) between the unique
radical site, Trp-191, and the binding site for cytochrome ¢ on the
surface (29). Recent findings on the specific role of tryptophan
radicals as oxidizing species in the reaction with substrates in
mono and bifunctional peroxidases (19, 20, 23) challenge this
view and support the hypothesis that in heme enzymes, specific
tryptophan (or tyrosine) residues can either have a role in
facilitating ET between redox cofactors (30, 31) or act as true
intermediates in the peroxidase cycle (23); thus, generalizing the
CcP case.

In LiP, a surface tryptophan has been proposed as an alter-
native oxidation site for VA. However, no direct evidence in
support of the formation of the Trp* has been reported, despite
a comprehensive characterization of the enzyme including EPR
spectroscopy (25). In this work, we were able to detect the EPR
signal of the Trp® in two LiP variants, E250Q and
E250Q+E168Q. The replacement of Glu-250 by Gln was chosen
to conserve the hydrogen-bond interaction to the indole nitrogen
of Trp-171 suggested by the crystal structure of WT LiP while
testing the effect of removing the negative charge(s) from the
Trp microenvironment (Fig. 1). The formation of the Trp* in the
E250Q and E250Q+E168Q variants of LiP agrees well with Gln
being an H-bonding partner to Trp-171 in the variants. The
higher stability of the Trp* in the variants as compared with the
WT LiP could be explained by the decrease in redox potential
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of the radical as a result of removing one or more negative
charges on the Trp microenvironment, effectively altering the
intramolecular ET between Trp-171 and the porphyrin. The ET
rates would typically depend on the reduction potential of the
Trp®, because significant conformational changes that could be
rate limiting are not expected as a result of mutations that are
largely peripheral to the core fold. It is of note that a large effect
in the donor/acceptor ET rates as a function of the Trp reduction
potential was predicted in the case of a modified copper protein
azurin, in which a Re! complex was tethered to the enzyme
surface and a Trp residue was introduced to facilitate ET
between the Re! and the distant the Cull site (figure 4 in ref. 30).
In the case of DNA photolyase, a rise in the reduction potential
of the enzyme active site induced by the binding of the substrate
resulted in an increase (or decrease, depending on pH) in the
charge recombination kinetics of FADH™ and Trp-306° (32).
The approach of engineering a catalytically active Trp site into a
peroxidase, which does not naturally form a Trp® intermediate or
react with VA, required the introduction of the Trp residue, as well
as its negatively charged microenvironment (residues in gray in Fig.
1). This strategy allowed us to further explore the putative physi-
cochemical properties related to the radical formation as well as the
equilibrium between intermediates in relation to intramolecular
ET. The characterization by EPR spectroscopy of the CiP triple
variant containing the engineered Trp site unequivocally showed
that a Trp* species was formed (Fig. 3), in sharp contrast to the WT
enzyme (Fig. S2). Also, the EPR signal of the [Fe(IV)=O Por**]
intermediate was readily detected in the CiP triple variant (Fig. 2),
also in contrast to the WT case (Fig. S2). Relatively small and
indirect structural changes on the heme proximal side induced by
the mutations, which were suggested by the measurable changes in
the ferric EPR signal of the CiP variant (Fig. 2), could explain the
different stability of the [Fe(IV)=O Por" "] intermediate. A similar
situation was previously reported through comparison of turnip
peroxidase isoforms (17). Thus, the CiP variant showed long-lived
[Fe(IV)=O Por"*] and [Fe(IV)=O Trp°] intermediates. The dis-
tinct EPR spectra of these intermediates allowed us to monitor the
reaction with VA and unequivocally identify the Trp* as the reactive
species with this substrate, whereas the [Fe(IV)=O Por**] species
could be ruled out as intermediate reacting with VA (Fig. 5).
Interestingly, the EPR characterization of WT VPs showed a
short-lived [Fe(IV)=O Por"*] intermediate (thus, not detected
even in the millisecond time range) as in WT CiP and LiP, but the
Trp® EPR signal was readily detected (20, 33), as in the case of the
variants of CiP and LiP (Fig. 3). Comparison of the crystal
structures of LiP and Pleurotus eryngii VP (34) shows that a
methionine residue close by the Trp® site in the VP enzyme is
replaced by a phenylalanine (Phe-254) in LiP (unlabeled residue in
yellow in Fig. 1). The Met residue close to the Trp® in CcP was
proposed to be one of the structural factors stabilizing the radical
(35). Similarly, the presence of Met-262 in CiP (unlabeled residue
in gray in Fig. 1) could have a role in stabilizing the Trp°® in the
engineered enzyme. It is tempting to correlate the presence of the
Met residue, a more stable Trp® and the lower turnover (and
apparent affinity) for VA in the CiP variant and VPs as compared
with the LiP case. Kinetic studies on VPs showed that the reaction
rate with VA is doubled when the Met is replaced by Phe (M247F)
(36). Further studies are planned to disentangle the effect of
negative charges in the microenvironment of the Trp” site as well
as the relative stability of the intermediates (thus, redox potentials)
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possibly using a Re! complex tethered to the surface of the enzyme
(22, 30). The possibility of generating higher valence intermediates
without using H>O; is a valuable tool to better understand the
reactivity of the Trp* intermediate toward the substrate VA and its
relationship to the preceding [Fe(IV)=0 Por**] intermediate and
associated charge recombination.

In conclusion, our work shows that, to engineer a catalytically
competent Trp site for a given substrate, it is necessary to take
into account the physicochemical properties of both the radical
and the preceding [Fe(IV)=O Por"*] intermediate, the latter
formed by intramolecular ET. Our findings on the modification
of kinetic stability of the engineered Trp* in CiP induced by the
mutations and the equivalent effect obtained with the reverse
mutations on the LiP enzyme allowed us to understand better
the differences observed between LiP and the Bjerkandera
adusta and Pleurotus eryngii VPs. This work highlights the role of
Trp as a tunable redox-active cofactor for enzyme catalysis in the
context of peroxidases with a unique reactivity toward recalci-
trant substrates that require oxidation potentials not attainable
by the heme cofactor. Also, this work opens the possibility of
combining the engineered Trp® site with a Re! complex tethered
to the surface of the enzyme as a promising system for charac-
terizing issues related to ET in biology, such as superexchange
pathways and the role of Trp and Tyr in facilitating electron
transport between cofactors or cofactors and substrates.

Materials and Methods

Sample Preparation. Synthesis of the CiP gene, site-directed mutagenesis,
preparation of protein extracts from Escherichia coli inclusion bodies, protein
purification, and activity assays were previously described (13). Recombinant
LiPH8 and the variants were expressed in E. coli and activated by in vitro
refolding of inclusion body material, as described (11). VA (Sigma) was double
glass distilled and stored at —80 °C.

Multifrequency EPR Spectroscopy. Conventional 9-GHz EPR measurements
were performed by using a Bruker ER 300 spectrometer with a standard TE1o;
cavity equipped with a liquid helium cryostat (Oxford) and a microwave
frequency counter (Hewlett Packard 5350B). The home-built high-field EPR
spectrometer (95-285 GHz) has been described previously (37). The absolute
error in g values was 1 X 1074, The relative error in g values between any two
points of a given spectrum was 5 X 107>,

EPR Samples Preparation. The reaction of resting (ferric) CiP and LiP enzymes
was done by mixing manually 40 pL of enzyme in 20 mM succinate buffer, pH
6.0 (or pH 4.0) with an equal volume of 5-fold excess hydrogen peroxide
solution (at the same enzyme pH) directly in the 4 mm-EPR tubes kept at 20 °C
for the CiP variant or on ice (0 °C) for LiP enzymes (WT and variants). The
reaction time was 10s for CiP and 2 s for LiP. The mixing time and temperature
conditions were those providing the maximum yield of Trp* signals for each
enzyme. The choice of pH 4 and 6 for characterizing the intermediates formed
on reaction of CiP and LiP with H,O; was based on the sharp pH dependency
of the VA specific activity of the enzymes, with the maximum turnover
measured at pH 3-4 and a drastic decrease at pH 6. For the 9-GHz EPR
experiments with the LiP enzymes, an initial concentration of 0.4 mM was
used. A high initial enzyme concentration of 1.5 mM was used to obtain well
resolved high-field EPR spectra of the Trp radical in the CiP variant; the same
samples were tested in the 9-GHz EPR spectrometer.
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