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ABSTRACT:. The molecular architecture of versatile peroxidase (VP) includes an exposed tryptophan
responsible for aromatic substrate oxidation and a putativé"MRridation site. The crystal structures
(solved up to 1.3 A) of wild-type and recombinaPleurotus eryngilvP, before and after exposure to
Mn2*, showed a variable orientation of the Glu36 and Glu40 side chains that, together with Asp175,
contribute to MA™ coordination. To evaluate the involvement of these residues, site-directed mutagenesis
was performed. The E36A, E40A, and D175A mutations caused-85dold decrease in Mt affinity

and a decrease in the Knoxidation activity. Transient-state kinetic constants showed that reduction of
both compounds | and Il was affected {8825-fold lowerkzagpand 16—10%fold lower ksapp respectively).

The single mutants retained partial Mroxidation activity, and a triple mutation (E36A/E40A/D175A)

was required to completely suppress the activitil ¥ k.a). The affinity for Mr#* also decreased-25-

fold) with the shorter carboxylate side chain in the E36D and E40D variants, which nevertheless retained
30—50% of the maximal activity, whereas similar mutations caused-al®80-fold decrease ik.atin the

case of thePhanerochaete chrysosporiumanganese peroxidase (MnP). Additional mutations showed
that introduction of a basic residue near Asp175 did not improvéNmidation as found for MnP and

ruled out an involvement of the C-terminal tail of the protein in low-efficiency oxidation of*Mithe
structural and kinetic data obtained highlighted significant differences in the Biidation site of the

new versatile enzyme comparedRo chrysosporiunMnP.

Enzymatic oxidation of MA" to Mn3" is a unique tigated since their discovery and subsequent cloning, includ-
characteristic of fungal peroxidases involved in lignin ing molecular characterization and structufenction rela-
degradation 1), although it has also been reported in tionship studiesy 4). These studies have been strongly stim-
prokaryotic catalaseperoxidases?). Enzyme oxidation of ulated by the biotechnological interest in ligninolytic enzymes
Mn?* can also be produced indirectly, e.g., via the superoxide as industrial biocatalysts for biotransformation of recalcitrant
anion radical 8). Manganese peroxidase (MAEC 1.11.1.13) aromatic compounds including lignin (e.g., in biobleaching
was first discovered along with lignin peroxidase (LiP; EC of paper pulp or even bioethanol productioB). (
1.11.1.14) in the wood-rotting basidiomycé&kanerochaete Initially, LiP attracted more attention than MnP due to its
chrysosporiuma model organism for lignin biodegradation ability to break down non-phenolic lignin model dimers,
studies. Both oxidoreductases have been extensively inveswhereas the Mn-mediated action of MnP appeared to affect

the phenolic units that represented only a small percentage
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Versatile Peroxidase Mh Oxidation Site

enzymes. Manganese is naturally present in wood, and the

Mn3* ion is a strong readily diffusable oxidizer (1.5 V redox
potential in free form) which is able to penetrate the
lignocellulose matrix. Moreover, the oxidizing power of
Mn3* is increased by the presence of unsaturated lipids,
whose Mrii*-mediated peroxidation generates free radicals
(16). The potentiation of lignin degradation by redox
mediators has been suggested for other ligninolytic oxido-
reductasesl(7, 18), but their relevance under natural condi-
tions has still to be established. It is widely accepted, how-
ever, that MAt is the natural mediator in lignin degradation
by Mn?"-oxidizing peroxidasesl@). Studies on the mech-
anisms of enzymatic oxidation of Mhare relevant both to
understand the natural degradation of lignin and to develop
new industrial biocatalysts.

The X-ray structure of MnP was determined shortly after
that of LiP 0, 21). Following early studies2?), the first
evidence for the location of the Mhoxidation site in MnP
came from the crystal structure of the wild-type (nonrecom-
binant) enzyme isolated from Mn-containing culturesPof
chrysosporium21, 23). Site-directed mutagenesis in com-
bination with homologous fungal expression was used to
identify those amino acid residues contributing to a¥n
oxidation @4—28). This information was confirmed by
engineering MA" oxidation sites into other heme peroxi-
dases, although with much lower catalytic efficiencies than
that of MnP 9—31). In the case of VP the broadening of
heme proton NMR signals during titration with ®tnof the
P. eryngiienzyme provided the first experimental evidence
of Mn binding in proximity to the heme3@).

The VP cDNA (0) was expressed iBscherichia coliand
reconstituted in vitro under conditions promoting disulfide
bridge formation and heme incorporation, with a higher yield
than previously reported for other secreted peroxida@®s (
Recently, site-directed mutagenesis @&ndcoli expression,

in combination with spectroscopic and crystallographic b
analyses, have been used to demonstrate long-range electro,

transfer from an exposed tryptophan residue in the oxidation
of high redox potential aromatic compounds by \&4,(35)

in a manner similar to that seen for LiBg). From these
results a revised catalytic cycle for oxidation of both¥in
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Ficure 1: VP catalytic cycle 5). The scheme shows (i) the basic
cycle involved in M#* oxidation including two-electron oxidation

of the resting peroxidase (VP, containing®Peby hydroperoxide

to yield compoundd (VPIa, containing F&'-oxo and the porphyrin
cation radical), whose reduction in two one-electron steps results
in the intermediate compoundI{VPIl,, containing F&"-oxo after

the porphyrin reduction) and then the resting form of the enzyme,
and (ii) the extended cycle including also compougd(VPlg,
containing F&"-oxo and the Trp radical) andgl(VPlIg, containing
Fe3t and the Trp radical) involved in oxidation of veratryl alcohol
(VA) and other high redox potential aromatic compounds @/PI
and VPIk are in equilibrium with VP4 and VPIL respectively).
Low redox potential aromatic compounds and dyes (like ABTS)
are probably oxidized by both the A and B forms, but they are not
included for simplicity.

VPIIg
[Fe** Trp*]

VPIl,
[Fe4+—O]

W3110 was used for native and mutated cDNA expression.
The VP* proteins obtained were reconstituted in vitro and
purified as indicated below.

Site-Directed Mutagenesishe mutations were introduced
PCR @7), using the expression plasmid pFLAG1-VPL2
template and the QuikChange kit from Stratagene. For

each mutation, both a direct and a reverse primer were

designed complementary to opposite strands of the same

DNA region. The changed codons for single mutants were

GAA to GCA (E36A) or GAC (E36D), GAG to GCG

and aromatic compounds by this peroxidase has been(E40A) or GAC (E40D), GAC to GCC (D175A), and GCT

proposed (Figure 1). In the present study, the putativéMn
binding site was localized in the crystal structures (at near-
atomic resolution) of wild-type and recombinant VP (VP?*),
which had been in contact with Mn. The contribution of the
putative Mn ligands and other neighboring residues was
evaluated by site-directed mutagenesis and kinetic and
crystallographic characterization of the VP variants obtained.

MATERIALS AND METHODS

Heterologous ExpressioMative (nonmutated) VP* pro-
tein and different site-directed variants were obtainedby
coli expression33). The cDNA encoding the sequence of
mature isoenzyme VPL of. eryngii VP expressed in
peptone-containing liquid cultures (allelic variant VPL2;
GenBank AF007222)10) was cloned in the expression
vector pFLAG1 (International Biotechnologies Inc.), and the
plasmid pFLAG1-VPL2 was used for site-directed mutagen-
esis using the polymerase chain reaction (PQR).coli
DHb5a was selected for plasmid propagation, whelasoli

to CGT (A173R). The double mutant E36A/E40A was
obtained including the codons for both amino acids in the
same primer (GAA to GCA and GAG to GCG). The triple
mutant E36A/E40A/D175A was obtained as described for
the double mutant but using plasmid pFLAG1-VPL2 (D175A)
as template. Finally, the multiple mutant E36A/E40A/
D175A/P327ter was obtained as described for the single ones
but using plasmid pFLAG1-VPL2 (E36A/E40A/D175A) as
template and direct and reverse oligonucleotides, introducing
a termination codon (TAA) in substitution of the Pro327
codon, as primers. The mutated genes were completely
sequenced using an ABI 377 automatic sequencer to ensure
that only the desired single mutations occurred.

PCR reactions (50L final volume) were carried out in a
Perkin-Elmer Gene Amp PCR System 240 using 10 ng of
template DNA, 500uM each dNTP, 125 ng of direct and
reverse primers, 2.5 units ¢&ffuTurbo polymerase (Strat-
agene), and the manufacturer’s buffer. Reaction conditions
were as follows: (i) a “hot start” at 95C for 1 min; (ii) 18
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cycles at 95°C for 50 s, 55°C for 50 s, and 68C for 10
min; and (iii) a final cycle at 68C for 10 min.

Enzyme Production and PurificatioNative VP* and site-
directed variants were produced B coli W3110 after

Ruiz-Du€ras et al.

| was first prepared by mixing 4M resting enzyme with 1
equiv of HO, in 10 mM sodium tartrate (pH 5). After 2 s
aging in a delay line, & 10-fold molar excess of Mt in

50 mM (final concentration) sodium tartrate (pH 5) was

transformation with the corresponding plasmids. Cells were added, and compound Il formation was followed at 416 nm
grown far 3 h in Terrific broth 38), induced with 1 mM (the isosbestic point of VP compound Il and resting enzyme).
isopropyl-p-thiogalactopyranoside, and grown for a further The first step to investigate compound Il reduction consisted
4 h. The apoenzyme accumulated in inclusion bodies, asof production and reduction of compound | by premixing a

shown by sodium dodecyl! sulfat@olyacrylamide gel elec-
trophoresis (SDSPAGE) 39), and was recovered using 8
M urea. Subsequently, in vitro folding was performed using
0.16 M urea, 5 mM C#, 20 uM hemin, 0.5 mM oxidized
glutathione, 0.1 mM dithiothreitol, and 0.1 mg/mL protein
concentration, at pH 9.38). Active enzyme was purified
by Resource-Q chromatography using @003 M NacCl
gradient (2 mL/min, 20 min) in 10 mM sodium tartrate (pH
5.5) containing 1 mM CaGl Wild-type VP was obtained
from filtrates of P. eryngii cultures, and its allelic variant
VPL2 was purified as described elsewhed€)(
Spectroscopic Measuremert&ectronic absorption spectra
were recorded at 28C using a diode array Hewlett-Packard

solution of 4uM enzyme and 4M ferrocyanide with 1
equiv of HO, in 100 mM sodium tartrate (pH 5). The
mixture was incubated for 4 s, and compound Il reduction
was followed at 406 nm (the Soret maximum of resting
enzyme) after mixing with different concentrations of ¥in

in 50 mM sodium tartrate (final concentration), pH 5. In all
cases, the final concentration of enzyme wagM. All
kinetic traces exhibited single-exponential character from
which pseudo-first-order rate constants were calculated.

Crystallization, Data Collection, and Crystal Structure
Determination Initial crystallization conditions for untreated
VP* (after in vitro reconstitution), native VP* (treated with
50 mM MnSQ before crystallization), the VP* D175A

8453 spectrophotometer. The concentrations of native VP* yariant (from site-directed mutagenesis), and wild-type VP
and site-directed variants were calculated from the absorptionfrom P. eryngij corresponding to allelic variant VPL2 in

at 407 nm using an extinction coefficient of 150 mMtm?

all cases10), were found by employing a commercial screen

(10). For spectroscopic characterization of the transient statestHampton Research) using the hanging drop vapor diffusion

in the VP catalytic cycle, 1 equiv of #, was added to the
resting enzyme in 10 mM sodium tartrate (pH 5), yielding
compound |. Addition of 1 equiv of ferrocyanide to
compound | yielded compound I2%).

Steady-State Enzyme Kineti@irect oxidation of MA*"
was estimated by the formation of the Mrtartrate complex
(€238 6500 Mt cm™) using 0.1 M sodium tartrate (pH 5).
Mn-independent activity on veratryl (3,4-dimethoxybenzyl)
alcohol (veratraldehydes;o 9300 Mt cm™) was estimated
at pH 3.0, and those on 2;8zinobis(3-ethylbenzothiazoline-
6-sulfonate) (ABTS; cation radical;zs 29300 Mt cm™2)
and Reactive Black 5§55 30000 M cm™?) were estimated
at pH 3.5. All enzymatic activities were measured as initial

method and subsequently improved. Different crystallization
conditions were finally selected to obtain single crystals of
the different VP/VP* preparations, using a protein concentra-
tion of 8—=9 mg/mL in 10 mM sodium citrate in all cases.
For wild-type VP the protein solution was at pH 4, and 1.9
M ammonium sulfate and 6% PEG-400 in 0.1 M HEPES
buffer (pH 7) were used. For the different VP* samples, the
protein solution was at pH 5.5, with 16% PEG-8000 as
precipitant, and 0.1 M zinc acetate in 0.1 mM sodium
cacodylate (pH 6.5) was used. Some untreated VP* crystals
were soaked fo3 h with 50 mM MnSQ before data
collection.

Diffraction data were collected at the X06SA beamline

velocities, taking linear increments (decreases in the case of ¢ ha Swiss Light Source (SLS) synchrotron at 100 K.

Reactive Black 5) at 25C in the presence of 0.1 mM ..

Diffraction data were processed and scaled with the program

Steady-state constants were calculated from oxidation of package XDS/XSCALE4L). The two isomorphous crystal

increasing substrate concentrations at°’€5 Mean values

and standard errors for the apparent affinity constant

(Michaelis constantK,) and maximal enzyme turnover
(catalytic constant.) were obtained by fitting the experi-
mental measurements to the Michaelldenten model by

structures were solved by molecular replacement, applying
the program AMOREA4?2). In all cases the crystal structure
of LiP isoenzyme H2 (PDB entry 1QPA) was used as the
search model. Refinement of the initial structures was
performed with the program REFMAC from the CCP4 suite

double-reciprocal plots. Fitting of these constants to the (43), and subsequent rounds of rebuilding using various omit

normalized equation = (kea/Km)[S]/(1 + [S)/Kr) yielded
efficiency valuesK../Km) with their corresponding standard
errors.

Transient-State Enzyme KineticBransient-state kinetic
constants were measured at’®5(and 10°C in some cases)
using Bio-Logic stopped-flow equipment including a three-
syringe module SFM300 synchronized with a J&M diode

difference maps resulted in well-defined structures. The
statistics of crystallographic data collection, processing, and
refinement are summarized in Table 1.

RESULTS
Mn Oxidation Site in VP Crystal Structure$he crystal

array detector and Bio-Kine software. Compound | formation structures of recombinant, before and after exposure to Mn,

was investigated by mixing the resting enzyme:{ final
concentration) with increasing concentrations eOglin 50

and wild-type VP (isoenzyme VPL) have been solved with
different resolutions (up to 1.3 A) and a different Mn content

mM sodium tartrate (pH 5) under pseudo-first-order condi- (Table 1). The quality of the electron density for native VP*
tions, characterized by an excess of substrate, and followedis shown in Figure 2. VPL shows the highest amino acid
at 397 nm (the isosbestic point of VP compounds | and Il) sequence identity with LiP isoenzymes H2 (60% identity)

to exclude interferences from eventual reduction of com-

pound I. To investigate compound Il formation, compound

and H8 (58% identity), followed by MnP1 (55% identity)
andCoprinus cinereuperoxidase (49% identity). After C
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Table 1: Data Collection and Processing and Refinement Statistics of Crystal Structures of Untreated VP* (Immediatelyalfter
Expression and in Vitro Reconstitution), Native VP* (Treated with?§)nD175A Variant, and Wild-Type VP (fron. eryngii Culture)

untreated VP* native VP* D175A wild-type VP

data collection and processing

beamline DESY SLS/X06SA SLS/X06SA DESY

T (K) 100 100 100 100

space group P4, P4, P4; P2,2,2;

unit cell,a (A) 63 63 63 73

unit cell,b (A) 63 63 63 93

unit cell,c (&) 98 98 98 113

resolution range (A) 1.8340 1.33-65 2.1+40 2.75-50

completeness (%) 96.1 99.6 97.6 93.7

Reym (%) 5.6 8.6 8.4 11.2

llo 11.9 10.4 9.1 11.3
refinement

resolution range (A) 1.8440 1.33-60 2.11+-40 2.8-40

Reryst (%) 18.8 15.9 16.0 18.8

bond RMSD (&) 0.015 0.016 0.017 0.028

molecules 1 1 1 2

residues 318 1-319 1-316 1A-316A+ 1B—316B

heteroatoms 2Ca 2 Ca*, 527t 1 Mn?t 2 Cat, 3Zrt 4 C&, 2 Mn?t

cofactor 1 heme 1 heme 1 heme 2 hemes

fitting the VP* crystal structure (PDB entry 2BOQ) showed at the positions occupied by the Mn ligands Aspl75 and
the lowest root-mean-square deviations (RMSD) gafms Glu36 in the VP metal binding site described below.
with the LiP-H2 crystal structure (only 0.82 A from Although the VP crystal structures solved at high resolution
superimposition of 233 of the 319 VP amino acid residues) corresponded to nonglycosylated protein expresséd @oli,
followed by the crystal structures of MnP (2.20 A from differences in glycosylation are to be expected in comparison
only 170 residues superimposed), cinereusperoxidase to LiP. Among the two residues being O-glycosylated in
(2.67 A from 276 residues superimposed), and LiP H8 LiP-H2, that homologous to LiP-H2 Ser334 is absent from
(2.91-2.95 A from 252 residues superimposed) (PDB entries VP (because of its shorter C-terminal tail) and the second
1QPA, IMNP, 1ARX, and 1LGA/1LLP, respectively). The one (VP Ser331 homologous to LiP-H2 S332) is in fact the
meanB value of the native VP* was 19.9%Athe manganese last C-terminal amino acid. On the other hand, the only
B value was 31.7 A and the occupancy was estimated to N-glycosylated residue in LiP-H2 (Asn257) is conserved in
be 1.0. For wild-type VP the overaB value was 27.7 A VP (as Asn250), but no attempts were made to build
The two manganese ions of the two wild-type VP molecules carbohydrate moieties in the wild-type VP structure due to
in the asymmetric unit had temperature factors of 38.1 and the low quality of the electron density in this region and the
37.8 A&, and in both cases an occupancy of 1.0 was used limited resolution.

during refinement. The main differences between LiP-H2, As other heme peroxidases, VP has a rather globular shape
used as reference in molecular replacement, and the VPwith the heme cofactor occupying the interior. The heme
structures concerned the C-terminal tail, which is four amino pocket is connected to the protein surface by a channel
acids shorter in VP, and the loop formed by LiP residues located near the heme pyrroles A and B (see Figure 3A for
58-63, which is absent from VP. Concerning the heme pyrrole nomenclature) that provides access fgbHo react
pocket and substrate binding sites, the most importantwith the heme iron yielding compound | (see Figure 1). A
difference concerns the absence of a Mn binding site in the second access channel exists in VP, providing access to the
LiP isoenzymes that have asparagine and alanine residueputative Mr#™ oxidation site as described below.

FiGure 2: Stereoview of a representative electron density malg,[(2 Fc) exp(a.)], contoured at a @ level, of native VP* (PDB entry
2BOQ). A turn of the polypeptide in the region of GIn255 to Phe258 is shown, and Phel93 is also depicted.
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Ficure 3: Axial views of the heme region including the putative Mrinding site in VP* crystal structures. (A) Untreated native VP*

after in vitro reconstitution. (B) Native VP* treated with ¥n (C) Wild-type VP from theP. eryngiiculture. (D) D175A variant treated

with Mn2*. The putative MA" binding site in wild-type VP appeared to be formed by the carboxylates of Glu36, Glu40, and Asp175 and
the heme internal propionate (at 2.17, 2.20, 2.06, and 2.22 A from the metal, respectively), whereas only the Glu36 and Asp175 carboxylates
and the internal propionate seemed to be involved ifMmordination in native VP*, and the site was occupied by a water molecule in

the untreated VP* and D175A variant. Other residues relevant for VP actB&)y iffamely, His169 acting as a heme iron ligand, exposed
Trp164 involved in aromatic substrate oxidation, and Leul65 contributing to electron transfer from Trp164 to the methyl of pyrrole C, are
also included. M#* is shown as a van der Waals sphere.

Figure 3 shows schematic axial views of the VP heme position of Mrft in 2BOQ, after superimposing both
region, including the site where Mhwould be oxidized structures.
via the heme propionate D, as found in the crystal structures Site-Directed VP* Variants: Steady-State Kineti&$x
of VP just after its in vitro reconstitution (Figure 3A), and VP* variants were obtained by incorporating single mutations
of the same enzyme after exposure to2MiFigure 3B). at the above-mentioned Glu36, Glu40, and Asp175 residues
No Mn?* was observed in VP* crystals soaked with MnSO  as well as at the Ala173 position. In addition to the six single
However, VP* treatment with Mi before crystallization ~ variants, three VP* multiple variants were constructed,
resulted in incorporation of one Mhion, which was located ~ combining mutations at Glu36, Glu40, and Asp175 as well
at 2.1 A from the carboxylate of heme propionate D (Figure as at Pro327 in the C-terminal tail. Compariso_n of the reg;ting
3B). Whereas in this crystal structure the Glu36 and Asp175 State and compound | and Il spectra for the different variants
side chains were oriented toward the Mion at distances ~ and native VP* showed that the mutations had not caused

of 1.8 and 3.1 A, respectively, a solvent molecule occupies @Y substantial electronic changes in the heme environment.
the position of MA* in the crystal structure of VP*, which Table 2 shows the steady-state kinetic constants for oxidation

had never been exposed to Mn during its production (Figure ©f Mn®", veratryl alcohol, and Reactive Black S by the
3A). The side chain of GIu36 in this Mn-depleted structure different variants, compared with native VP* (constants for

was displaced with respect to its position in Figure 3B, oxidation of ABTS are provided as Supporting Information,

- : Table S1). As expected, the single and multiple mutations
pointing toward the opening of the Mnaccess channel. mainly affected MA" oxidation, and changes in the kinetic

The Mr?* oxidation site in crystals of wild-type VP constants for the other substrates were always small and
purified from cultures oP. eryngiidiffered from that of VP*, generally bordering on significance.
the latter being a nonglycosylated protein producedtin Removal of the side-chain carboxylate from only one of
coli and reconstituted in vitro. Although the wild-type VP the three acidic residues (aspartate/glutamate to alanine
structure was solved at considerably lower resolution than mutations) resulted in a 250.250-fold decrease of catalytic
those of VP*, the corresponding electron density map showedefficiency (k../Km) for Mn2* oxidation. Although some
the presence of manganese at the putative oxidation sitereduction of ke (3—20-fold) was observed, the most
coordinated by the carboxylates of Glu36, Glu40, and important effect of these mutations was the increaskpf
Asp175 and heme propionate D (Figure 3C). The three amino(60—85-fold). This indicates that the Mhoxidation site in
acid side chains in the wild-type VP crystal structure point VP is much less efficient in binding the cation when one of
toward the position of M#, which is only 0.7 A from the  the three carboxylates is removed. Even when oxidation is
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Table 2: Steady-State Kinetic Constants of Single and Multiple VP* Variants and Native VP* (IsoenzymeR4PIopM), Kear (s73), and
KealKm (MM~1 s73), for Oxidation of Mrf*, Veratryl Alcohol (VA), and Reactive Black 5 (RB5)

VP* E36A E40A D175A E36D E40D
Mn2t Km 0.189+ 0.016 13.84+ 0.87 11.26+ 0.98 16.10 4.98 0.31 4,91+ 0.28
Keat 298+ 9 85+5 15+ 0.5 32+ 1 103+ 0 145+ 2
Keal Km 1600+ 100 6.2+ 0.2 1.3+ 0.1 1.9+ 0.1 20.7+1.3 29.6+ 1.2
VA Km 2.75+0.25 4.32+0.19 3.45+0.24 2.30+0.13 3.65+0.25 4.12+0.16
Keat 8.0+ 04 12.8+ 0.2 8.5+ 0.3 22.0+£0.3 13.8+0.4 9.5+ 0.2
KealKm 3.0+£0.1 3.0£0.1 25+£0.1 9.6+ 0.4 3.8+ 0.2 23+£0.1
RB5 K 0.003+0 0.004+ 0 0.002+ 0 0.002+0 0.001+£0 0.001£0
Keat 5.0+ 0.0 7.7£0.2 3.9+0.1 7.2£0.2 6.5+ 0.4 5.0£0.2
Keal Kim 1780+ 20 2100+ 70 1800+ 60 3170+ 170 6150+ 120 4330+ 710
A173R E36A/E40A E36A/E40A/D175A E36A/E40A/D175A/P32Fter
Mn2* Km 0.4174+0.021 46.86+ 2.46 76.40+ 3.89 69.97 13.35
Keat 467+ 24 5+0 2+0 2+0
KealKm 1100+ 10 0.1+ 0.0 0+0 0+0
VA Km 2.03+0.11 3.21+0.20 3.37+0.03 2.66+0.18
Keat 8.0+0.1 12.7+0.3 10.3£ 0.0 49+ 0.3
KealKm 4.1+0.2 3.9+ 0.2 3.1+0 1.9+0.1
RB5 Km 0.001+0 0.003+ 0 0.002+ 0 0.001+0
Keat 3.3+0.2 52+0.1 55+ 04 4.4+ 0.0
KealKm 2280+ 130 1980+ 40 3560+ 280 42704+ 210

aReactions at 25C in 0.1 M tartrate (pH 5 for M#, pH 3 for veratryl alcohol, and pH 3.5 for Reactive Black S).ower K, (0.0374 0.002
mM) when estimated as Mn-mediated oxidation of 2,6-dimethoxyphéfaliadruple variant with shortened C-terminal tail (by substituting the
Pro327 codon by a termination codon). Means and 95% confidence limits of replicate assays.

saturated by increasing S_ubstrgte Cor_]cem_rat'or_" the MaxiMUMyapje 3: Transient-State Kinetic Constants of Single and Multiple
turnover of all three variants is partially impaired. VP* Variants Compared with Native VP* (Isoenzyme VPL):

The influence of the geometry of the Khoxidation site Apparent Second-Order Rate Constants (mht?) of Compound |
was investigated with the E36D and E40D variants, where Formation Klipp) by HO, and Compound Ikapy and Il Reduction
the amino acid side chains were reduced in length by one (Keepd by M*" ©

methylene group. Substrate binding by these variants was Kiapp Kaapp Kaapp
better than found for the corresponding alanine variants, but vp=* 3460+ 70 ~36500 34904+ 80
the Kn, values still remained 25-fold higher than those of (~13000)
native VP*. The two aspartate variants showed similar ES6A 3530+ 90 194+6 3.70+0.30
tivities, which were only 23-fold lower than found for E40A 3920+ 30 451+ 11 0.3740.0%
acti » WNICh Wi Yy . DI175A 4100+ 70 113+4 0.58+ 0.05
native VP*, indicating that electron transfer to heme (at high E3eD 37804+ 30 1370+ 20 13.70+ 0.70
substrate concentration) is only slightly impaired. E40D 3530+ 30 10400+ 600 42.10+ 4.70
When the three carboxylates were simultaneously removed (3700 110)
. : . . A173R 3830+ 40 ~26500 794+ 50
in the triple variant E36A/E40A/D175A, the catalytic ef- (~9400)
ficiency was practically zero (below 0.05'sM~1). At very E36A/E40A 3730+ 50 2.944+ 0.03 0.02+0
high Mr?* concentrations (near the molar range) this variant E36A/E40A/ 3930+ 90 0.03+0 0.01+0
still showed some residual activity, although with a turnover _ D175A
of only 2 s E36A/E40A/ 3830+ 90 0.03+0 0.01+0
: D175A/P327tex

In the P. chrysosporiumMnP crystal structures (PDB
ent.rles .1MNP and ]TYYD) fd’gll77 I.S present near Asp179, VP, final concentration, conducted as described in the teXpproxi-
Wh'Ch_ 1S 'nYOIVEd_ _'n Mﬁ oxidation, whereas Ala1_73 mate values at 25C of very rapid reactions, which could be estimated
occupies this position in the VP structure. To test if an from the constants of reactions at 1G (the latter in parentheses).
arginine residue at this position could improve Moxida- ¢ Quadruple variant with shortened C-terminal tail (by substituting the
tion by VP, a variant containing the A173R mutation was Pro327 codon by a termination codon). Means and 95% confidence

- ; limits of replicate assays.
produced. However, the presence of the arginine residue
although it slightly increased the Mhoxidation turnover,
resulted in a lower (1.5-fold) catalytic efficiency due to a  Transient-State Kinetics of VP* Variants: Compound |
decrease in affinity for M#r. Formation and ReductiorThe kinetic constants for forma-

The exact position of the C-terminal tail could not be tion and reduction of the transient states (compounds | and
established in the VP* crystal structures due to its high Il) of the VP catalytic cycle (Figure 1) in the site-directed
mobility, but there is potential for it to be located near the variants were estimated and compared with those of native
Mn?* binding site. To investigate whether it could participate VP*. Compound | formation was measured at 397 nm. In
in Mn?* binding at high substrate concentrations, an ad- both native VP* and site-directed variants the observed
ditional mutation was introduced in the triple variant that pseudo-first-order rate constanks.fg, calculated from the
removed the last five residues of VP by substituting the kinetic traces, exhibited a linear dependence of th&.H
Pro327-encoding triplet by a termination codon. However, concentration passing through the origin (data not shown).
the quadruple variant (E36A/E40A/D175A/P327ter) showed Fitting of kionsVs HXO, concentration to a straight line yielded
the same kinetic constants of the triple variant. slope values corresponding to the apparent second-order rate

a2 Reactions at 28C in 50 mM sodium tartrate (pH 5) usinguM
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250 reduction could be calculated by considering the process as
A a simple binding interaction between reactants according to
200 - VP* egs 3.

150 + K, k.
ATT3R VPl + Mn?" == VPI-Mn%" = VPIl + Mn®" (1)

100

kobs (5_1)

50 4 F40D kZobs= kzl(l + KDZI[Mn2+]) (2)

w0 Koz = [VPIIIMn #" J/[VPI —Mn?'] A3)
0 10

[Mn?] (lﬁ\% The apparent second-order rate conskagy, (ko/Kp2) for
these variants was estimated by a nonlinear least-squares fit
004 g to eq 2 adapted as followskoops = (ko/Kpo)[MN2]/(1 +
[MNn2t]/Kpy).

Compounds | of native VP* and the A173R variant
200 + oxidized Mr?* so rapidly that it was necessary to estimate
150 | the koapp @t 10 °C and then extrapolate to 28C (after
measuring E40D compound | reduction at both temperatures).
The resultingkoapp, values were similar for both enzymes
(Table 3). Reduction of VP compound | by Khwas
strongly decreased by mutations at Glu36, Glu40, and
o 0 40 6 80 100 Aspl75, as shown by a decrease of 2 orders of magnitude

[Mn*] (M) in the koapp values for the three alanine variants (Table 3).
The decrease was of only 1 order of magnitude in the E36D
variant, and surprisingly, reduction of compound | was only
slightly affected when Glu40 was substituted by an aspartate
(the E40Dksqpp being of the same order of magnitude as
that of native VP* and the A173R variant).

In the case of double mutantsg,pvalues decreased by 4
orders of magnitude, and 6 orders of magnitude in the case
of a triple mutation (Table 3). Comparison of the limiting
first-order rate constants for reduction of compound | for
_ E36AIE40AID175A » the E36A/E40A k 67 + 2 st andKp, 23 + 1 mM) and
0 5 5 . s s 10 E36A/E40A/D175A k; 1.1+ 0.1 st andKp, 40 + 8 mM)

[Mn2*] (mM) variants revealed th&t was more affected (60-fold decrease)
FiGURE 4: Kinetics of comoound | reduction by Mh (A thanKp; (less than 2-fold increase) When the third Mn ligand
Reactions of native VP* (isoel?]zyme VPL®) and theyAl73R((D; was removed. Removal of the C-terminus in the E36A/E40A/
and VPL E40D W) variants at 10C (reduction of native VP*and ~ D175A/P327ter variant did not affect the compound |
the A173R variant compound | was too fast at’2). (B) Reactions reduction kinetics.
of the single E40D M), E36D (a), E40A (), E36A (»), and Transient-State Kinetics of VP* Variants: Compound II

D175A (®) variants at 25C. (C) Reactions of the multiple E36A/ - .
E40A (0) and VPL E36A/E40A/D175A ) variants at 25°C. ReductionThe one-electron reduction of VP* compound I

Note the  differentx andy scales used in the three graphs. The !0 the resting enzyme by Mh was followed at 406 nm.
reaction mixtures contained:M enzyme and 50 mM tartrate (pH  Plots of pseudo-first-order rate constanksedy vs Mr?*

5). All kinetic traces displayed single-exponential character and were concentration exhibited a hyperbolic behavior, the rates
ﬁttel‘?' to obtainkoss Va'“ﬁs- Means and 95% confidence limits of  ga1rating with increasing Mh concentration for both native
replicate assays are shown. VP* and variants (Figure 5). Compound Il reduction can be
explained by eqs 46, ks andKp3 being its first-order rate
constant and equilibrium dissociation constant, respectively.

250 - E40D

kobs (3_1 )

100 A

50 -

204 C
E36A/E40A
15 1

10 4

kobs (3-1)

constant for compound | formatioifiigpy). The similarksapp
values obtained for native VP* and all of the site-directed

variants (Table 3) confirmed that the mutations did not affect ot Kog o ks a

the formation of compound | by 4D,. VPIl + Mn“" == VPII-Mn“" — VP + Mn~" (4)
The single-electron reduction of VP compound | by#in .

was examined at 416 nm. All of the kinetic traces exhibited Kops™ Ko/ (1 + Kpa/[MN™7]) (5)

single-exponential character from which the pseudo-first-

order rate constant&pg Were calculated. Plots dbops Vs Kps = [VPII][Mn VPl —Mn?1] (6)

Mn?* concentration were linear for native VP* and all of

the single variants (Figure 4A,B), and an apparent second- The apparent second-order rate constant of compound Il
order rate constant for compound | reductidaaf) was reductionksapp (ka/Kps) was calculated by a nonlinear least-
determined as the slope of a second-order plot (Table 3).squares fit to eq 5 adapted as follovigy,s= (ks/Kps)[Mn?*]/

By contrast, the VP* multiple variants showed saturation (1 + [Mn?*]/Kpg).

kinetics (Figure 4C), and first-order rate constaig é&nd Reduction of compound Il was dramatically affected in
equilibrium dissociation constant¥q,) for compound | all of the single variantsksap,being 3-4 orders of magnitude
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[Mn*] (uM) [Mn*] (mM)
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FiIGURE 5: Kinetics of compound Il reduction by Mh. (A) VP* (isoenzyme VPL) @). (B) A173R variant ©). (C) E40D @) and E36D
(a) variants. (D) E36A £), D175A (#), E40A @), E36A/E40A ), and E36A/E40A/D175A %) variants. Note the different andy
scales used. Reactions were carried out afQ&using 1uM enzyme and 50 mM tartrate (pH 5). All kinetic traces displayed single-
exponential character and were fitted to obtajg values. Means and 95% confidence limits of replicate assays are shown.

Table 4: Comparison of Transient-State Kinetic Constants for Glu40 mutations caused very different effects. Whereas

Compound Il Reduction of Single and Multiple VP* (Isoenzyme substitution by an alanine resulted in the lowkstalue,
VPL) Variants by Mi*: First-Order Rate Constantks(s™) and substitution by an aspartate resulted in a variant (E40D) with
Equilibrium Dissociation Constant¥gs, mM)* nearly the samés as the native VP*. Finally, the A173R
ks Kps variant showed highdfps andks values than those of native
VP* 145+ 7 0.045+ 0.004 VP* for reduction of compound Il, in agreement with the
E36A 53+ 4 1442 constants obtained under steady-state conditions.
E40A 41+£02  11+£2 Regarding the multiple variantksa,,was decreased by 5
Eggg’“ ggi % 32%? 03 orders of magnitude in the E36A/E40A variant, the decrease
E40D 130+ 6 31+05 extending to 6 orders of magnitude in the triple variant (a
Al173R 536+ 14 0.68+ 0.05 result similar to that observed fdgapy). As described for
E36A/E40A 0.7£00  35+11 compound | reduction, comparison between the first-order
Eggﬁfgig%ﬁ;gﬁ/pszn@ 09441 8:8 ggi 1"27 rate constants for reduction of compound Il of the E36A/
~React . _ . E40A and E36A/E40A/D175A variants and those of the
eactions at 28C in 50 mM sodium tartrate (pH 5) usingiM native enzyme (and single variants) revealed thatkghaf

VP, final concentration, conducted as described in the ¥eQtiadruple th ltiol iants sh d t turbati th
variant with shortened C-terminal tail (by substituting the Pro327 codon € muluple variants showed a stronger perturbaton than

by a termination codon). Means and 95% confidence limits of replicate Kpz (Table 4). Finally, removal of the C-terminus did not
assays. affect compound Il reduction constants with respect to the

triple variant.

lower for the three alanine variants and 2 orders of magnitude Crystal Structure of the D175A Variariigure 3D shows
lower for the two glutamate variants (Table 3). Tkeand an axial view of the MA" oxidation site in the crystal
Kps values (Table 4) were in agreement with those estimatedstructure of the D175A variant. Removal of the D175
under steady-state conditions, indicating that compound Il carboxylate, which caused a strong decrease in the ability
reduction is the limiting step at full saturation in the VP  of VP* to bind Mr?* (85-fold higherK, and 1G-fold higher
catalytic cycle (this agreement was more evident when the Kpg), resulted in the concomitant displacement of the Glu36
Mn?* K., was estimated by the Mn-mediated oxidation of side chain which became parallel to that of Glu40 (which
2,6-dimethoxyphenol). All of the single mutations caused a was slightly rotated with respect to native VP*) and the
stronger effect on the Mn Kpz (60—800-fold increase) than  inclusion of a water molecule, at 2.8 A from the propionate
on the ks constant (+35-fold decrease). The two Glu36 D, occupying the position of the metal ion in the Mn
variants showed similaks values, although th&ps of the occupied site of the fungally produced enzyme (Figure 3B).
E36D variant was lower, as expected. However, the two Therefore, the M#&™ binding site of the D175A variant of
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VP* (Figure 3D) was basically similar to that of VP* Site-Directed Mutagenesis of Acidic Residues at the Mn

untreated with Mn (Figure 3A). Binding Site To investigate how much the residues men-
tioned above were involved in binding, as well as other
DISCUSSION aspects of MA™ oxidation, nine VP* site-directed variants

were produced. The kinetic constants of the E36A, E40A,
and D175A variants revealed that the three acidic residues
participate in both M#"™ binding and oxidation, but they are
not involved in oxidation of other high or low redox potential
VP substrates. These include ABTS that, according to
previous resultsl(3), most probably has two different binding
sites in VP characterized by different oxidation efficiencies.

- . o _ . However, none of them corresponds to the’Maoxidation
eryngii VP, a “hybrid” peroxidase that shares catalytic gjie gescribed herein. In a similar way, MnP compound |

properties of MnP, LiP, and other peroxidasg§)(We first 5 oxidize phenols and dyes at a site that, as shown for
demonstrated that oxidation of ¥fnand other VP substrates \/p is different from that involved in M oxidation Q4

takes place at different enzyme sites. The latter substrate
included veratryl alcohol, the typical LiP substrate, and
Reactive Black 5, a high redox potential dye that is not
oxidized by MnP nor by LiP in the absence of veratryl

alcohol. The existence of at least two oxidation sites in VP

Waj first shown Iby;onco.r;pgtitive inhibgion t;etwegr;]Wn substituted by an alanine) to Minoxidation under steady-
and Reactive Black 5 oxidatio(13) and confirmed here o460 conditions, as well as to compound I reduction under

by site-directed mu_ta_genesis, resulti_ng ‘T‘ severa! varia_m_ts thatansient-state conditions. The same has been shown for MnP
were unable to oxidize M but maintained their activity (50), although it had been initially suggested that Glu39

with the other substrates. In a similar way, VP mutants at \3mojogous to VP GIu40) is less important than Glu35
the exposed Trp164, which oxidize Knbut fail to act on and Aspl79 at the M binding site of this peroxidase

high redox potential aromatic substrates, have been recently(28)_ A MnP has been reported fro@anodermaspecies

described §9). (51) that has only two acidic residues at the putative
Mn?t Oxidation Site in VP Crystal StructuréSomparison Mn binding site (GenBank BAA88392, ABB77244, and
of the crystal structures of wild-type VP frof. eryngii ~ ABB77243). Its catalytic properties should be investi-
cultures, E. coli-expressed VP*, and its D175A variant gated in more detail, since sequence alignménshowed
showed differences in the position of the Glu36 and Glu40 that it contains a tryptophan residue homologous to VP
side chains. Both chains pointed toward the opening of the Trp164 (or LiP Trp171) involved in aromatic substrate
Mn2* access channel in untreated (Mn-free) VP*, and a oxidation @5, 36).
similar orientation was observed in the D175A variant that  The first site-directed mutagenesis studiesPofchryso-
was unable to bind MiT. When Mr#* was present, the side  sporiumMnP showed that reduction of compound Il by #n
chain of Glu36 rotated inward, Contributing to Kincoor- was lowered by mutations at the bmdmg 5"34,( 25)
dination together with Asp175 and heme propionate D, as Reduction of both VP compounds | (8820-fold lowerkaap)
found in wild-type VP fromP. eryngii(exposed to M#1" in and Il (1G—10*fold lower ksap) Was affected by removing
culture) and VP* treated with M. In the wild-type VP the side-chain carboxylates of Glu36, Glu40, and Asp175,
crystals, the Glu40 side chain also pointed toward thé&Mn as also shown for anzel 50) Not On|y bmdmg but also
ion, the four carboxylates being at coordination distance. Thisthe Mrét oxidation turnover was affected in these VP*
disposition agrees with that observed in wild-type and variants. However, the decrease in VP* catalytic efficiency
recombinant MnP fron. chrysosporiunerystallized inthe  for the oxidization of MA* was much lower than found in
presence of M#f, where three homologous residues par- two similar MnP site-directed variants (E40A and D175A)
ticipate in metal coordinatior2(). It is interesting that VP* (25, 28, 50). This is due to differences k., which decreased
expressed ift. coliand reconstituted in vitro yielded crystals  from around 300 & in both native enzymes to 385 s
that diffracted to a very high resolution (1.3 A for some of i the VP variants and only to-43 st in the MnP variants.
the variants) 5), while the wild-type VP crystals diffracted  |n fact, removal of the three carboxylates (in the E36A/E40A/
only to a rather low resolution (about 2.8 A). The reason p175A variant) was required to lower the VP* catalytic
might be a microheterogeneity of the protein samples causedactivity to similar levels. The above differences were also
by a variable glycosylation of the enzyme produced by the observed in transient-state measurements for reduction of VP
fungus (Piontek et al., unpublished results). compounds | and II, where the decreases were smaller than
In P. chrysosporiumMnP, no differences in the Mn those found in MnP. Estimation of first-order rate constants
oxidation site were observed between wild-type and recom- for compound Il reduction (those of compound | are too fast
binant enzyme crystal2{, 23). However, most probably  to be measured) showed that the above mutations strongly
this is because the MnP* used was obtained frem increased the dissociation constant (3Q000-fold) but only

Substrate Oxidation Sites in VBespite the fact that most
lignin-degrading organisms secrete #Mroxidizing peroxi-
dases %, 44) and significant differences in their catalytic
properties have been reportel45), only those peroxidases
from P. chrysosporiuniave been characterized in terms of
their structure-function relationshipsl). The work presented
herein describes the investigation of Mroxidation byP.

In spite of the differences between the Glu40 side-chain
position in wild-type VP and VP* crystals, which caused
some doubts about its contribution to Knbinding, this
glutamate provides the highest contribution (as revealed when

chrysosporium(homologous) expression, whereBs coli slightly affectedks (2—30-fold decrease), whereas a strong
expression followed by in vitro reconstitution was used for decrease irks (100—1200-fold) was observed in the corre-
VP*. In addition to eukaryotic expression systems§, (@7), sponding MnP variant26, 28, 50).

E. coli expression has also been used with Mn83, 49), Differences withP. chrysosporiunMnP were also evident

but no crystal structures have been reported. when the two glutamate residues at theMoxidation site
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FiGURE 6: Solvent access surfaces at the?Moxidation site. (A, B) Mn channel open-gate conformation in crystals of untreated VP*
before being in contact with M, enabling access to heme propionate D. (C, D) Closed-gate conformation in crystals of wild-type VP.
Surfaces show electrostatic charges in (A) and (C) or are partially transparent in (B) and (D) showing Glu36, Glu40, and Aspl75 side
chains, heme, and Mh. Heme atoms and M ion are shown as van der Waals spheres.

were substituted by aspartates in single variants. It has beerC-terminus that it has been suggested could be operative for
reported that shortening the side chains of these residues byMn?* oxidation under physiological conditions3). The low
one methylene resulted in a 490-fold decrease of MnP  but detectable Mit oxidation activity of the VP* triple
Keat (25, 50), whereas only a-23-fold lower k.o was found variant (E36A/E40A/D175A) could be explained by the
for the VP variants. The same tendency was observed in thepresence of this C-terminal oxidation site. This possibility
first-order rate constant for compound Il reductidg) (in was ruled out by a quadruple variant (E36A/E40A/D175A/
the single variants; these showed-420-fold lower values ~ P327ter), which showed the same steady-state and transient-
in the case of MnP but only a-#4-fold decrease in the case state kinetic constants as the triple variant with the intact
of VP. C-terminal tail. This agrees with NMR information during
Other Site-Directed Mutations near the VP Mn Binding VP* titration with Mn** (32), which showed a maximal
Site.Another difference between MnP and VP concerns the broadening of the signals corresponding to those heme
residue located two positions before the aspartate involvedprotons closer to the Mn binding site, indicating that a second
in Mn2* binding. It has been suggested that Arg177 in MnP Mn?* binding site does not exist at the vicinity of the heme.
would contribute to a proper orientation of the Glu35 side In fact, the lowkzap, values obtained for these VP variants
chain, its substitution by alanine decreasing?Mbinding are similar to those reported for the residual®oxidation
(18-fold higherKy,) (26). Surprisingly,P. eryngiiVP has an  activity found in LiP, which lacks a specific binding site for
alanine at this position (as found in LiP), and its substitution this ion ©3).
by an arginine in the A173R variant resulted in a slightly ~ Manganese Channel in VFhe side chains of Glu36 and
lower efficiency in oxidizing MA". The analysis of the  Glu40 occupied different positions in the wild-type and
transient-state kinetic constants revealed that this was therecombinant VP crystal structures obtained. We postulate
result of two opposite effects, the increase in#¥axidation that the position in untreated VP* (and its D175A variant)
by the A173R variant compound Il (3.7-fold highiej) and corresponds to an “open-gate“ conformation adopted in the
the decrease in the stability of enzyme-bound*M¢a 15- absence of M# (or when the metal does not bind the
fold higher dissociation constant). A characteristic of typical enzyme due to mutation) (Figure 6A,B). The conformation
MnP fromP. chrysosporiunand other white-rot fungi is the  in which the two glutamate side chains point toward theMn
presence of the above conserved arginine residue (MnPion (found in wild-type VP) corresponds to the “closed-gate”
Arg177) together with a longer C-terminal tail, which seems conformation (Figure 6C,D), characteristic of the naturally
to be displaced away from the entrance of the Mn channel folded enzyme fromP. eryngii cultures. Opening of the
by the arginine side chair(21). A similar residue would ~ homologous glutamate side chains was not observed in
not be required for Mf" oxidation by VP because of its  crystals of MnP grown in the presence of EDTAR3|.
shorter C-terminal end. However, a displacement of Glu35 and Glu39 side chains
Recent crystallographic studies have shown a second weakoward the opening of the Mn channel, similar to that found
metal binding site in MnPCd*"™ complexes near the in VP crystals, was shown in crystals of a MnP variant that
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does not bind M#" (23), and more recently in native MnP,
after removal with oxalate of the metal ion from MaBn¥*
crystals 62).

We were able to solve the VP* structure at high resolution
using crystals grown in the presence of?Znbut we
experienced difficulties in crystallizing VP in the presence
of Mn?* (the crystals were unstable). This contrasted with
MnP studies, where Mt was reported to contribute to the
stability of the crystals41, 23). The use of Z&" to grow
VP* crystals (after MA' treatment) resulted in an intermedi-
ate conformation of the metal binding site, where the Glu40
side chain does not occupy the position found in wild-type
VP crystals. Mobility of the Glu39 in MnP has been recently
shown in some high-resolution crystals, where its side chain
occupied two different conformation&%). However, the
mobility of MnP Glu35 (compared to VP Glu36) is limited
by the existence of a salt bridge with Arg177, which is absent
in VP, as discussed above.

The variable conformations of VP Glu36 and Glu40 side
chains and the higk.:andks values of its E36D and E40D
variants, among other results, showed that the VP'Mn
oxidation site, although having the same Mn-coordinating
residues as found in MnP, has its own structural and
functional peculiarities. This fact, together with the demon-
stration of long-range electron transfer for oxidation of high
redox potential aromatic compound®4( 35) as previously
seen only for LiP 86), contributes to the interest of VP as
a model ligninolytic peroxidase of biotechnological interest.
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One table showing the steady-state kinetic constants of
VP* variants (and native VP*) for oxidation of the low-redox
potential dye ABTS at high and low efficiency sites. This
material is available free of charge via the Internet at http://
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