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Abstract: To investigate how ligninolytic peroxidases ac-
quired the uniquely high redox potential they show today,
their ancestors were resurrected and characterized. Un-
fortunately, the transient Compounds | (Cl) and Il (Cll)
from peroxide activation of the enzyme resting state (RS)
are unstable. Therefore, the reduction potentials (E”') of
the three redox couples (CI/RS, CI/Cll and CII/RS) were es-
timated (for the first time in a ligninolytic peroxidase)
from equilibrium concentrations analyzed by stopped-
flow UV/Vis spectroscopy. Interestingly, the E°" of rate-lim-
iting Cll reduction to RS increased 70 mV from the
common peroxidase ancestor to extant lignin peroxidase
(LiP), and the same boost was observed for CI/RS and Cl/
Cll, albeit with higher E°" values. A straightforward correla-
tion was found between the E”" value and the progressive
displacement of the proximal histidine He1 chemical shift
in the NMR spectra, due to the higher paramagnetic effect
of the heme Fe’". More interestingly, the £ and NMR
data also correlated with the evolutionary time, revealing
that ancestral peroxidases increased their reduction po-
tential in the evolution to LiP thanks to molecular rear-
rangements in their heme pocket during the last 400 mil-

lion years. D

The use of paleogenetics to investigate protein properties in
evolution is a developing field that has been used to prove dif-
ferent evolutionary hypotheses." Using a robust phylogeny
and the ancestral sequence reconstruction tools, the time
travel investigation of any family of proteins is virtually possi-
ble, even to the early stages of earth.” Lignin peroxidases
(LiP), versatile peroxidases (VP) and manganese peroxidases
(MnP)® belong to the peroxidase-catalase superfamily.” These
fungal heme proteins are characterized by a high reduction
potential enabling oxidation of the recalcitrant (non-phenolic)
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lignin polymer formed by the dehydrogenative polymerization
of phenolic monolignols by low redox potential plant peroxi-
dases.” Lignin biodegradation, which was defined as an enzy-
matic combustion,” is a key step for carbon recycling in land
ecosystems and a process of biotechnological interest for the
use of plant biomass in a bio-based economy.”®

The evolutionary changes in ligninolytic peroxidases have
been recently investigated®'? by resurrection of ancestral en-
zymes from sequenced genomes of Polyporales,"” in which
most lignin-degrading fungi are included. In this way, the tran-
sition from an ancestor that oxidized lignin poorly using diffu-
sible Mn*" chelates, around 400 million years ago,"'? into more
efficient enzymes that oxidized lignin directly was demonstrat-
ed.” That powerful degradative strategy was acquired when a
solvent-exposed tryptophanyl radical appeared in an ancestral
VP, and became more efficient in ancestral and extant LiPs. The
latter include LiP-H8 from the model fungus Phanerochaete
chrysosporium,"® corresponding to LiPA (PC-LiPA) in the se-
quenced genome,"¥ the molecular structure of which is shown
in Figure 1. Direct degradation of lignin emerged independent-
ly several times in peroxidase evolution,"” showing the impor-
tance of lignin decay (by fungi) during land colonization by
vascular plants."? To elucidate if ligninolytic peroxidases 1) ac-
quired their oxidizing power with evolution or 2) they were al-
ready high redox potential enzymes in ancestral Polyporales
peroxidases and later shaped their oxidation sites, we analyzed

Figure 1. General model of P. chrysosporium LiP showing the secondary
structure of the protein, the buried heme cofactor and the catalytic trypto-
phan exposed to the solvent (A), and detail of the heme pocket with two
axial histidines and other residues (B). From PDB 1LGA.
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the evolutionary lineage leading to PC-LiPA (Figure S1, Sup-
porting Information) by ancestral sequence reconstruction
from the genomes of ten Polyporales species using the
PAML software.™ The most relevant ancestral sequences in
the PC-LiPA lineage were “resurrected”, corresponding to:
1) common ancestor of Polyporales peroxidases (CaPo);
2) common ancestor of clade D peroxidases (CaD); 3) first an-
cestral VP in clade D (AVPd); and 4) first ancestral LiP (ALiP)
(multiple alignment in Figure S2, Supporting Information). The
four ancestral peroxidases and the extant LiPA were character-
ized, including the reduction potential estimation for the differ-
ent redox pairs in the catalytic cycle.

To understand the evolution of the peroxidase redox proper-
ties, the three steps of their catalytic cycle® were analyzed
(Figure 2). The initial reaction is the oxidation of the resting
state (RS) enzyme by H,0,, extracting two electrons from the
cofactor. This generates Compound | (Cl) with two oxidizing
equivalents (as Fe*" =0 and porphyrin cation radical complex).

BE e E"iFe -‘"Fe ) > RS < ,
[Fe*] [Fe*] [Fe* Trp™]
202
EC(CI/RS) Ee :cumsz
E°(CI/CHI) cll,
[Fe“*-O P+ [Fe‘* 0]

Figure 2. Ligninolytic peroxidase catalytic cycle. Black: the common cycle ini-
tiated with oxidation of the RS enzyme by peroxide, followed by two sub-
strate (S) one-electron oxidations (by Cl and Cll). Orange: the expanded
cycle of VPs and LiPs, with formation of a tryptophanyl radical. The blue
dashed line leading to the ferrous reduced enzyme (RE-Fe?") is not part of
the cycle, but it has been studied here. The formal reduction potentials (E*’)
analyzed are indicated. Adapted from Ref. [17].

Alternatively, Cl of LiP/VP transfers one of these equivalents
forming the above mentioned solvent-exposed tryptophanyl
radical directly oxidizing the bulky lignin polymer,"”'® which is
unable to access the buried cofactor." Cl is reduced to Com-
pound Il (Cll) during oxidation of a substrate molecule. Cll has
one oxidation equivalent (Fe*" =0, in equilibrium with the
tryptophanyl radical in LiP/VP), and is further reduced to the
RS by oxidation of another molecule of substrate.

The most common redox measurement in heme proteins,
basidiomycete peroxidases included,”**' is the midpoint po-
tential of the ferric/ferrous transition (Figures S3 and S4, Sup-
porting Information), even though it is not part of the catalytic
cycle (Figure 2). To explore the mechanistic implications of re-
duction potential in the peroxidase catalytic cycle, we used
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stopped-flow spectrophotometry®’ to measure the concen-
tration of the oxidized and reduced forms of the different en-
zymes in their RS/Cl and CII/RS transitions (Figures S5 and S6,
respectively) as illustrated in Figure 3 for the most recent an-
cestor. Stopped flow was used here to assign the equilibrium
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Figure 3. Redox equilibrium analysis by stopped flow. (A) Spectral changes
upon rapid mixing of ALiP RS with H,0, to follow CI formation (from 1.6 to
800 ms after peroxide addition). (B) Spectral changes during tyrosine reduc-
tion of Cll, formed by enzyme mixing with H,0, and ferrocyanide (from 1.6
to 800 ms after tyrosine addition). The insets show time traces at 410 nm
(near Soret maximum) to attain equilibrium conditions. All reactions were at
the optimal pH 3, and at 25°C.

concentrations of the two redox states of the enzyme and the
two redox states of the substrates used, providing an equilibri-
um constant that, with the use of the Nerst equation, will
allow for the determination of the midpoint potential. In this
way, the reduction potentials of the catalytic iron couples
(those of CI/RS and CII/RS directly, and the CI/CIl E*" by differ-
ence) were calculated for the first time in ligninolytic peroxi-
dases (see Supporting Information, section Supplementary
Methods and Tables for details). Analysis of the three half-reac-
tions revealed a general boost of the reduction potentials with
evolution (Figure 4). For all the redox pairs (CI/RS, CI/Cll and
ClI/RS) we obtained differences of approximately 70 mV be-
tween the oldest ancestor (CaPo) and ALiP, which had the
highest reduction potentials (close to the values of extant PC-
LiPA).

Starting with the activation by H,0,, the E°'(CI/RS) values in-
crease progressively from CaPo (1.34 V) to ALIiP (1.41 V), being
that value stabilized in extant LiP (Figure 4, center). Although
the increasing difficulty to oxidize the enzyme through evolu-
tion seems a disadvantage, the reduction potential of this two-
electron oxidation is connected to the subsequent one-elec-
tron oxidations of substrates® [Equation (8) in the Supporting
Information, Supplementary Materials and Methods]; the free

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. E’ values for the three redox couples in the catalytic cycle
(Figure 2) versus evolutionary distance (see Ref. [10]). The £°(CI/RS) and
E“'(CII/RS) values were from stopped-flow, whereas the £”(CI/Cll) values
were from equation AG,” = —n-F-E* (see the Supporting Information).

energy of the activation reaction being the sum of the free en-
ergies of the two one-electron oxidations of substrate. There-
fore, the higher the E”(CI/RS), the higher will be the free
energy in the subsequent steps, being the oxidation of high
redox potential substrates favored in evolution.

The two one-electron oxidations showed strong differences
between the E’(CI/Cll) and E°'(CII/RS) values (Figure 4, top and
bottom, respectively). Variations of about 0,2 V were observed
in all cases, with the E°'(CI/Cll) values being the highest, as re-
ported for other peroxidases.”’?*3% As a result for this high re-
duction potential, it is expected for Cl to be rapidly reduced to
Cll in the presence of the electron-donor ferrocyanide, as ob-
served in every enzyme analyzed. Moreover, it has been esti-
mated from quantum mechanics/molecular mechanics calcula-
tions that, at low pH, the reduction potential would increase
due to protonation of negative charges that stabilize CI,®"
with an estimation of £ > 1.2V for the PC-LiPA CI/Cll couple
at pH 3.5% Here, we estimated for the first time this reduction
potential of PC-LiPA at pH 3, the ecophysiological pH of lignin
biodegradation in nature,®® with a value (1.52'V) that widely
exceeds those estimations. More importantly, the E”'(CII/RS)
also improved in evolution, and the potentials obtained for
extant and ancestral peroxidases are the lowest in the catalytic
cycle, explaining why this half-reaction is the limiting step in
the oxidation of lignin."”

The reduction potentials of the three redox couples in
extant/ancestral fungal ligninolytic peroxidases are higher than
those reported for most animal,””’ plant® or prokaryotic®”
peroxidases, usually estimated at pH 7. However, the differen-
ces with the E°’ (CI/RS) values of some animal peroxidases,””
which were estimated with a similar stopped-flow method,
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would be small after considering the variation (around 0.2 V)
existing between the pH 7 and pH 3 estimations,”>**3 due to
the presence of one or several protonable residues contribu-
ting to peroxidase catalysis.”>*” The values shown here are
also slightly higher than the E° of 1.3V estimated at pH 3,
with the stopped-flow method, for the CI/RS couple of fungal
chloroperoxidase and peroxygenase,*® two heme-thiolate pro-
teins related to cytochrome P450 monooxygenases.
Additionally, some clues on the structural changes that led
to the above boost of reduction potential in the PC-LiPA line-
age were provided by 'H NMR spectra of the cyanide adducts
of the extant and ancestral enzymes (Figure 5A), in which the
cyanide carbon occupies the position of oxygen in CI/Cll, ac-
quired at pH 6.5 to promote enzyme stability and solubility.
Analyses under similar conditions have shown that the
strength of the bond between the proximal histidine (His176)
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Figure 5. (A) "H NMR spectra of CN adducts of the ancestral and extant en-
zymes. Some signals were assigned by comparison with the literature. By
homology, in all enzymes the signal Z with the largest high field shift was
assigned to the He1 of the proximal histidine directly coordinated to the
heme Fe*", whereas the other low-field shifted labeled signals (>10 ppm),
correspond to the heme 3CHj; (A), 8CH; (B), 7a. (D) and 4a. (E), the proximal
histidine HB (C), HB' (F) and Hd2 (H’) and the distal histidine He1(G) and
H&2(H). Spectra (in 50 mm phosphate, pH 6.5, prepared with ?H,0) were ac-
quired with high scanning rate using water eliminated Fourier transform
(WEFT) pulse sequence (Ref. [47]) with a short delay to maximize fast relax-
ing signals. (B) Representation of heme-CN complex as well as proximal and
distal histidines, with numbering and labels, as in Ref. [38] by Banci et al..
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and the heme Fe’", and the geometry of the complex (Fig-
ure 5B), would influence the redox properties of heme peroxi-
dases, from ancient peroxidases of prokaryotic origin to the
more recent peroxidases of basidiomycetes,***? by controlling
the imidazolate character of the histidine and the electron defi-
ciency of the iron. The above correlates with the characteristic
hyperfine chemical shifts of imidazole protons. These strong
hyperfine shifts, induced by the iron paramagnetism, have
been extensively used to assign the 'H NMR signals on the
amino acids surrounding the heme group in the peroxidas-
es.** |nterestingly, the ring protons of proximal histidine
appear as very broad signals, being the He1 isolated and locat-
ed in the upfield area, whereas the H32 is located in the more
crowded downfield area."**¢
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Figure 6. Representation of the evolutionary distance of the ancestral and
extant enzymes (Ref. [10]) using the chemical shift (d,;) of signal Z in the
'H NMR spectra of their CN adducts, which is shown in Figure 5.

Here, we show a significant change in evolution of the He1l
chemical shift of the proximal histidine (Figure 6), and the
same trend was found at pH 3 (not shown) despite the lower
peroxidase stability than that at pH 6.5. The gradual d, dis-
placement from CaPo (—18 ppm) to ALiP/PC-LiPA (—11 ppm)
correlates with a reduction of the imidazolate character of the
proximal histidine®” (due to changes in side-chain distance
and/or orientation caused by variable heme/histidine environ-
ments) indicative of a weaker axial bond between the histidine
side chain and the heme Fe?*, which, in turns, destabilizes the
higher oxidation state of the heme iron.*® Interestingly, this
change correlates with the changes observed in the reduction
potentials: progressively higher E°” for the three steps in the
peroxidase cycle. This is uniquely interesting, considering that
it is the first time that structural data from NMR are correlated
with reduction potential measurements of the catalytic cycle
couples. Moreover, NMR and stopped-flow changes correlate
also with evolutionary time from the common ancestor of Pol-
yporales peroxidases about 400 million years ago.'” This leads
to the main conclusion that, during this period, ligninolytic
peroxidases increased their already high redox potential by
molecular rearrangement in the proximal side of the heme
pocket.

The general boost of reduction potentials sums to other
adaptations reported in ligninolytic peroxidase evolution. It
has been demonstrated that these enzymes became more
stable at acidic pH, at which they act in nature,®¥ when they

Chem. Eur. J. 2019, 25, 2708 -2712 www.chemeurj.org
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acquired the solvent-exposed tryptophan that oxidize lignin di-
rectly.”’ The environment surrounding this tryptophan was also
shaped in evolution increasing the oxidation power of the
tryptophanyl radical and stabilizing the substrate radical cation
intermediates. In particular, the more than five-fold higher effi-
ciency of PC-LiPA oxidizing the simple lignin model compound
veratryl alcohol can be connected with the above environ-
ment, which is more negative than in its ancestors."” There-
fore, it seems that, once a high enough reduction potential
had been attained (in ALiP), the peroxidase final evolutionary
step focused on increasing the acidic stability and selecting a
more acidic tryptophanyl radical environment in extant LiP. As
a whole, ancestral enzyme resurrection illustrates how LiPs
became the most efficient enzymes degrading lignin.

The present study provides new information on the uniquely
high reduction potential of enzymes of biotechnological inter-
est due to their ability to degrade lignin, a key issue in ligno-
cellulose biorefineries for the production of bio-based chemi-
cals, fuels and materials.”

Experimental Section

Methods: The 113 sequences of class-ll peroxidases™ in the ge-
nomes of Bjerkandera adusta, Ceriporiopsis subvermispora, Dichomi-
tus squalens, Fomitopsis pinicola, Ganoderma sp., Phlebia brevispora,
P. chrysosporium, Postia placenta, Trametes versicolor and Wolfiporia
cocos,"" available at the DOE JGI (https://genome.jgi.doe.gov/pro-
grams/fungi/index.jsf), were used in this study. After sequence
alignment with MUSCLE as implemented in Mega X,*® ML phylog-
eny was constructed with RAXML,*?" and PAML 4.7"* was used to
obtain the most probable ancestral sequences, which were man-
ually corrected for insertions or deletions, and synthesized for E.
coli expression. The coding DNA sequences of ancestral and extant
peroxidases were cloned and used to transform E. coli, and ex-
pressed and purified as previously described.”) £° values of the
catalytic cycle were calculated using stopped-flow spectrophotom-
etry,?* using tyrosine as reducing substrate, and the FE°
(Fe**/Fe’") was obtained through spectrophotometric titration.??.
'H NMR spectra of CN adducts of all enzymes were collected, as
previously reported for other heme peroxidases,*® to analyze the
displacement with evolution of the signals corresponding to the
proximal histidine. For more details see the Supporting Informa-
tion.
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SUPPLEMENTARY MATERIALS AND METHODS

Ancestral sequence reconstruction and enzyme production (resurrection). The
ancestral sequences were reconstructed as previously described.!) Briefly, every class-1l
peroxidase (113 sequences) annotated in the genomes of ten Polyporales (phylum
Basidiomycota)® were aligned with MUSCLE to obtain a phylogeny using RAXMLE!
(with gamma distribution of parameters under the Whelan and Goldman model of
evolution and empirical frequencies). Then, PAML 4.7 was used to obtain the most
probable sequence of the nodes of interest, and the marginal reconstruction sequences
were manually corrected for C-terminal and other insertions/deletions according to the
ancestor progeny. The genes were synthesized by ATG:biosynthetics (Merzhausen,
Germany) using the most frequent codons for high expression in Escherichia coli.

The coding DNA sequences of the selected ancestors (CaPo, CaD, AVPd and ALIP
in the simplified phylogenetic tree of Figure 1) and the extant PC-LiPA from the P.
chrysosporium genome (JGI ID# 2989894)"! were cloned into pET23b(+) (Novagen).
The resulting plasmids were transformed into BL21(DE3)pLysS cells, which were
grown at 37°C in Terrific broth till 0.6 ODggo, and four additional hours after addition of
1 mM isopropyl [B-D-1-thiogalactopyranoside. The apoenzymes accumulated in
inclusion bodies and, after solubilization in 8 M urea, an in vitro activation protocol was
optimized for the ancestral proteins. The activation conditions for the ancestral enzymes
include 0.16 M urea, 5 mM CaCl,, 15 uM hemin, 0.4 mM oxidized glutathione, 0.1 mM
dithiothreitol and 0.1 mg/mL of protein in 50 mM Tris-HCI (pH 9.5) while those

reported by Doyle and Smith® were used for PC-LiPA. The active enzymes were



purified in a Resource-Q column (GE-Healthcare) using a 0-400 mM NaCl gradient in
35 mL, 2 mL/min flow, of 10 mM sodium tartrate (pH 5.5) containing 1 mM CacCl,.

Spectro-electrochemical measurement of Fe*/Fe** reduction potential.
Electronic absorption spectra showing the characteristic Soret band were measured with
a Shimadzu UV-2401PC spectrophotometer. Redox titrations were controlled with a
BAS-CV27 potentiostat and a FLUKE 77 Series Il voltmeter. The potentials were
calculated vs the standard hydrogen electrode at pH 7 (Tris/HCI 20 mm with 0.2 M of
KCI) and 25 °C for comparison with the literature. For each measurement, 10 puL of
enzyme (0.6-1.0 mM concentration) were placed in an ad hoc cell,”™ provided by Prof.
Méntele, with a 6 um gold mesh (Buckbee-Mears) as working electrode, a platinum
plate as auxiliary electrode and a silver/silver chloride reference electrode whose
potential was checked prior and after each experiment. The potentiometric titrations
were carried out in the presence of 50 uM of the following redox mediators: methylene
blue, 2-hydroxy-1,4-naphtoquinone, anthraquinone-1,5-disulfonate, anthraquinone-2-
sulfonate, neutral red and benzyl viologen. To quantify the oxidized and reduced
enzyme, we took the absorbance at the 410 nm (Fe**) and 438 nm (Fe**) maxima, and

adjusted the values to the Nernst equation:

!
(E-E° )nF
e T
(E-E° ynF
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1
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[2]- Aszg = Amaxass

Transient state stopped flow experiments. The enzyme in RS, CI or CII states was
followed in a stopped-flow rapid spectrophotometry equipment (Bio-Logic)
synchronized with a diode array detector (J&M), and the BioKine software. All
experiments were made in 100 mM tartrate, pH 3, at 25 °C. For CI formation, a typical
experiment consisted of mixing 4 UM enzyme with different concentrations of H,O, (1-
12 molar equivalents till equilibrium) for 3 seconds. To analyze the reduction of CllI to
RS, a typical experiment started by mixing 8 UM enzyme with enough equivalents
(usually 2) of H,O, and 1 equivalent of potassium hexacyanoferrate(ll) (ferrocyanide)
during 1 second, to ensure total conversion to CIl. After that, adding different

concentrations of tyrosine, which is oxidized to tyrosinate radical (Tyr-) by the

2



peroxidases, allowed to quantify the reduction of Cll to RS, measuring up to 1 min. All

experiments were at least triplicates.

Standard reduction potentials of CI/RS, CI/CII and CII/RS couples. The formal
reduction potentials (E') of CI/RS and CII/RS were calculated using the above-
described stopped-flow spectrophotometry,®®¥ and the E* of CI/CII was inferred. In the
two former cases, the reduction potential was determined using the Nernst equation at

equilibrium:
[3] 4E® = (RT/ nF) InK’

that correlates the difference of reduction potentials between enzyme and substrate with
the equilibrium constant K. R is equal to 8.31 J K* mol™, T is set to 298 K, n represents
the number of electrons transferred in a single reaction step of the redox couple, and F
(the Faraday constant) is 96,485 J V' mol™. K’ represents the equilibrium constant, and

is calculated as follows for the couples CI/RS (equation 4) and CII/RS (equation 5):

[4] K* = (/H,0,][RS])/[CI]
[51 K” = ([Tyr][RSD/(LTyrI[CH])

The different redox species at equilibrium were quantified as follows: i) for the pair
CI/RS, the amounts of Cl and RS were estimated with their extinction coefficients at
410 nm (see below) at the equilibrium (i.e. when the spectral changes ended, during
H.0O, addition; see Figure 3A) and the reduction potential for the pair H,O,/H,0 at pH 3
(E° = 1.56 V);1*% and ii) for the CII/RS pair, the equilibrium concentrations of CII and
RS (see Figure 3B) were calculated using their extinction coefficients at 410 nm, after
incubation with different amounts of tyrosine, and the calculated E* = 1.18 V for the
pair Tyr/Tyr.** The selection of Tyr as substrate was made taking into account that: i)
all enzymes of the PC-LiPA lineage were able to oxidize it (data not shown); and ii) it
has been previously used to calculate the E® of mammalian peroxidases using a similar
approach.%%4

At a specific wavelength, the absorbance is an additive measurement of those of the
individual components of a mixture. Therefore, using the 410 nm (Soret band)
extinction coefficients for RS, CI and CIlI (given below) the quantification of the

3



different redox pairs at equilibrium is possible using the equations 6 (for equilibrium of
Cland RS) and 7 (for equilibrium of CIlI and RS):

[6] As10 = €410-rs [RS] [ + €410-c1 [CI] |
[7] As10 = e410-c1 [CI] I + e410-cn [CH] |

where | is the path length of the stopped-flow cuvette.

The RS €410 values were: 138 mM™ cm™ (RS-CaPo), 177 mM™ cm™ (RS-CaD), 149
mM™* cm™ (RS-AVPd), 171 mM™* em™ (RS-ALiP) and 168 mM™ cm™ (RS-PC- LiPA).
The CI €410 was calculated after converting all the RS enzyme into CI using 2-10 H,0,
equivalents, ensuring there is no auto-reduction to CIl. The values obtained were: 53
mM™ cm™ (CI-CaPo), 74 mM™ cm™ (CI-CaD), 68 mM™ cm™ (CI-AVPd), 87 mM™ cm
! (CI-ALiP) and 110 mM™ cm™ (CI- PC-LiPA). The Cll g0 was calculated after
converting all RS enzyme into Cl and then into CII, without further auto-reduction to
RS, using 2 equivalents of H,O; and 1 equivalent of ferrocyanide.™™ The values
obtained were: 73 mM™ cm™ (ClI-CaPo), 98 mM™ cm™ (Cll-CaD), 105 mM™ cm™
(CII-AVPd), 133 mM™ cm™ (CII-ALiP) and 105 mM™ cm™ (CII- PC-LiPA).

Concerning the E® of CI/CII, we were unable to calculate it experimentally. Despite
obtaining enzyme in CI and being able to attain certain equilibrium with CII at specific
Tyr concentrations, the CII auto-reduction to RS enzyme made impossible to calculate
equilibrium concentrations. However, it was possible to infer the E® of CI/CII from the
experimental values of the CI/RS and CII/RS couples. The standard reaction free energy
is connected to E® according to:

[8] 4G, = -n F E

with n = 2 electrons for the reduction of Cl to RS, 4G, ’?equals to -2 X F x [E®(CI/RS)]
being the sum of the reaction free energy of one electron reductions (CI to ClI, and CII
to RS). Therefore, the sum of reaction free energies 4G, (CI/CIl) + 4G, /(CII/RS) and

the experimental determination of E®(CII/RS) allows the determination of E®(CI/CII).

'H NMR Spectroscopy. The cyanide adducts of the ancestral peroxidases and extant
PC-LiPA were obtained by incubating 0.7-1.0 mM of each sample with KCN in 50 mM
potassium phosphate, pH 6.5, prepared with ?H,O (isotopic purity 99.9%). The H-

4



NMR spectra were recorded at 298K using a 600 MHz Bruker spectrometer equipped
with cryoprobe. Fast scanning WEFT pulse sequence was used.™ Delays between 13
to 120 ms were tested in order to maximize signals corresponding to fast relaxing
protons of the proximal histidine coordinated to Fe of the heme group. Spectra were
acquired with up to 40K total scans, 120 ppm spectral width and a minimum of 1K
points. The spectra were processed with TOPSPIN 3.0 (Bruker) with manual base line
adjustment and the signal of residual water proton (6y 4.701 ppm) was used as internal
reference for chemical shifts.

Precise conditions of the presented spectra are: i) CaPo, addition of 5 spectra of 1K
scans and 128 dummy scans each, 15 ms delay, 100 ppm width and 1K points; ii) CaD,
addition of 5 spectra of 4K scans and 128 dummy scans each, 13 ms delay, 120 ppm
width and 1K points; iii) AVPd, addition of 5 spectra of 1K scans and 128 dummy scans
each, 13 ms delay, 120 ppm width and 1K points; iv) AliP, addition of 5 spectra of 4K
scans and 128 dummy scans each, 23 ms delay, 100 ppm width and 2K points; and v)
PC-LIiPA, addition of 10 spectra of 4K scans and 128 dummy scans each, 13 ms delay,
120 ppm width and 1K points.

Signal corresponding to Hel of the proximal histidine was assigned to the signal with
highest upper-field shift by homology with reported data.'’?! Other signals were
assigned by comparison with reported data for PC-LiPA isolated from P. chrysosporium
cultures, although some differences are observed as the PC-LiPA used in this study was
obtained by heterologous expression in E. coli and devoid of natural glycosylation.
Heme group numbering and protons labeling are indicated in Figure 5B and correspond
to those used by Banci et al.M”



SUPPLEMENTARY TABLES

Table S1. Parameters of the redox equilibrium and calculated E® of the CI/RS redox

couple of CaPo as a function of the initial concentration of H,O, (all reactions at

optimal pH 3).

Initial H,O, Equilibrium concentrations (LM) E” (V)
(UM) Cl-CaPo RS-CaPo H,0,
2.00 1.73 0.16 0.27 1.334
3.00 1.85 0.05 1.15 1.335
4.00 1.85 0.05 2.16 1.345
8.00 1.87 0.02 6.13 1.339

Mean and 95% confidence interval: 1.338 £ 0.004

Table S2. Parameters of the redox equilibrium and calculated E® of the CI/RS redox
couple of CaD as a function of the initial concentration of H,O, (all reactions at optimal
pH 3).

Initial H,0, Equilibrium concentrations (uUM) E” (V)
(LM) Cl-CaD RS-CaD H,0,
1.00 0.77 1.15 0.23 1.369
2.00 1.09 0.83 0.91 1.378
3.00 1.55 0.3 1.45 1.367
4.00 1.83 0.09 2.17 1.353
Mean and 95% confidence interval: 1.367 £ 0.011




Table S3. Parameters of the redox equilibrium and calculated E® of the CI/RS redox
couple of AVPd as a function of the initial concentration of H,O, (all reactions at

optimal pH 3).

Initial H,O, Equilibrium concentrations (LM) E” (V)
(LM) CI-AVPd RS-AVPd H,0,
1.00 0.28 1.08 0.72 1.392
2.00 0.55 0.81 1.45 1.392
3.00 0.94 0.42 2.06 1.382
4.00 1.18 0.18 2.82 1.372

Mean and 95% confidence interval: 1.385+0.011

Table S4. Parameters of the redox equilibrium and calculated E® of the CI/RS redox

couple of ALIP as a function of the initial concentration of H,O, (all reactions at

optimal pH 3).

Initial H,O, Equilibrium concentrations (LM) E” (V)
(LM) CI-ALiP RS-ALIP H,0,
1.00 0.06 1.75 0.094 1.429
2.00 0.50 1.31 1.50 1.400
3.00 0.67 1.14 2.33 1.400
4.00 0.77 1.04 3.23 1.402
8.00 1.10 0.71 6.90 1.402

Mean and 95% confidence interval: 1.407 £0.011




Table S5. Parameters of the redox equilibrium and calculated E® of the CI/RS redox
couple of PC-LiPA as a function of the initial concentration of H,O, (all reactions at

optimal pH 3).

Initial H,O, Equilibrium concentrations (LM) E® (V)
(LM) CI-PCLIPA  RS-PCLiPA H.0,
1.50 0.27 1.97 1.23 1.411
2.00 041 1.85 1.59 1.408
3.00 0.98 1.28 2.02 1.395
4.00 1.14 1.13 2.86 1.396
8.00 1.53 0.73 6.47 1.399

Mean and 95% confidence interval: 1.402 + 0.006

Table S6. Parameters of the redox equilibrium and calculated E* of the CII/RS redox
couple of CaPo as a function of the initial concentration of Tyr (all reactions at optimal
pH 3).

Initial Tyr Equilibrium concentrations (LM) E” (V)
(UM) RS-CaPo  ClI-CaPo Tyr Tyr-
5 0.79 1.35 421 0.79 1.233
10 1.22 0.92 8.78 1.22 1.219
25 1.66 0.49 23.35 1.66 1.212
50 1.88 0.26 48.12 1.88 1.207
Mean and 95% confidence interval: 1.217 £ 0.011




Table S7. Parameters of the redox equilibrium and calculated E* of the CII/RS redox

couple of CaD as a function of the initial concentration of Tyr (all reactions at optimal

pH 3).
Initial Tyr Equilibrium concentrations (LM) E” (V)
(UM) RS-CaD  ClI-CaD Tyr Tyr-

2.5 0.35 1.47 2.15 0.35 1.258

5 0.48 1.34 4.52 0.48 1.260

10 0.60 1.22 9.4 0.6 1.264

20 0.60 1.22 19.4 0.6 1.283

Mean and 95% confidence interval: 1.266 £ 0.011

Table S8. Parameters of the redox equilibrium and calculated E* of the CII/RS redox

couple of AVPd as a function of the initial concentration of Tyr (all reactions at optimal

pH 3).

Initial Tyr Equilibrium concentrations (LM) E” (V)

(LM) RS-AVPd  CII-AVPd Tyr Tyr-
10 0.50 1.85 9.51 0.50 1.286
20 0.79 1.56 19.21 0.79 1.275
50 1.17 1.18 48.83 1.17 1.270
100 1.35 1.00 98.65 1.35 1.278

Mean and 95% confidence interval: 1.278 + 0.006




Table S9. Parameters of the redox equilibrium and calculated E* of the CII/RS redox
couple of ALIP as a function of the initial concentration of Tyr (all reactions at optimal
pH 3).

Initial Tyr Equilibrium concentrations (LM) E” (V)
(UM) RS-ALiP  CII-ALiP Tyr Tyr-
10 0.46 2.02 9.54 0.46 1.294
20 0.64 1.84 19.36 0.64 1.290
50 1.04 1.44 48.96 1.04 1.283
100 1.35 1.13 98.65 1.35 1.281
Mean and 95% confidence interval: 1.287 £ 0.006

Table S10. Parameters of the redox equilibrium and calculated E* of the CII/RS redox

couple of PC-LiPA as a function of the initial concentration of Tyr (all reactions at

optimal pH 3).

Initial Tyr Equilibrium concentrations (LM) E” (V)

(UM) RS-PCLiIPA  CII-PCLIPA  Tyr  Tyr
10 0.42 1.50 958  0.42 1.289
20 0.62 1.30 19.38  0.62 1.283
50 0.95 0.97 49.05 0.95 1.279
100 1.19 0.73 98.81 1.19 1.277

Mean and 95% confidence interval: 1.284 + 0.006
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Table S11. E*(CI/CII) inferred for each enzyme using the equation for the reaction free
energy (4G,®> = -n F E%). E”(CI/RS) and E°(CII/RS) were obtained experimentally at
optimal pH 3 (Tables S1-S5 and S6-S10, respectively). For RS/Cl n = 2, and its AG,*
equals to the sum of the AG,*'(CI/CII) and 4G*'(CII/R), both with n = 1.

AGo(RICI) 4G (CIIIR) AG2(CI/CII) E°(CI/CIN)
(KJ) (KJ) (kJ) V)
CaPo -258.6 1175 1411 1,462
CaD -262.4 -122.4 -140.1 1,452
AVPd -267.3 -123.6 -143.7 1,489
ALiP 2715 -124.2 -147.3 1,527
PCLiPA -2705 -123.9 -146.7 1,520
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Figure S1. Evolution of fungal ligninolytic peroxidases in Polyporales (bootstrap values
> 0.5 are indicated) adapted from Ayuso-Fernandez et al.”? LiPs are shown in green,
VPs in yellow, MnPs in blue and GPs in purple. The path to the extant LiPA of P.
chrysosporium (JGI ID# 2989894) is marked in light green. Also, the enzymes analyzed
in the present work (common ancestor of Polyporales peroxidases, CaPo; common
ancestor of clade D, CaD; ancestral versatile peroxidase in clade D, AVPd; and
ancestral LiP, ALiP) are marked.
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CaPo VITCSDGVSTASNAACCAWFAVLDDIQANLEFDGGQCGHE SLRLT ATIGFSPALAAQ 60

CaD VTCPDGVNTATNAACCALFAVLDDIQENLFDGGECGHEE SLRLT AIGFSPALARQ 60

AVPd VACPDGVNTATNAACCALFAVRDDIQONLEFDGGECGHEE SLRLT ATAFSPALEAQ 60

ALiP VACPDGVNTATNAACCALFAVRDDIQONLEFNGGQCGDE SLRLT ATAFSPALEAQ 60

PC-LiPA ATCSNG-KTVGDASCCAWFDVLDDIQONLFHGGQCGAE SIRLV SIAISPAMEAQ 59

sk ok Kk ckokkk Kk Kk kkkk kkk Kkk-kk k kkk.kk _kkk.k -Kkkk. ok

CaPo GKFGGGGADGSIITFADIETNFHANNGLDDIVDALKPFADKHNVSYGDFIQFAGAVGVSN 120

CaD GKFGGGGADGSIITFSDIETNFHANGGIDEIVEVQKPFVAKHNMTAGDFIQFAGAVGVSN 120

AVPd GQFGGGGADGSIAIFEDIETNFHANLGLDEIVNEQKPFIARHNMTTADFIQFAGAVGVSN 120

ALiP GQFGGGGADGSIVIFSDIETNFHANIGLDEIVAIQKPFIARHNMTVADFIQFAGAVGVSN 120

PC-LiPA GKFGGGGADGSIMIFDDIETAFHPNIGLDEIVKLQKPFVQKHGVTPGDFIAFAGAVALSN 119
kokkkkhkhkhkhkhkk Kk kkkk kk Kk Kh.k-kk kkk ok .. kkk Kkkkkk k%

CaPo CPGAPRLEFLAGRPNATAPSPDGLVPEPSDSVDKILARMADAGGFSPDEVVALLASHSVA 180

CaD CPGAPRLEFLLGRPAATAPSPDGLVPEPFDSVDKILARFADAGGFSPDEVVALLASHSVA 180

AVPd CPGAPQLDFFLGRPDATQPAPDGLVPEPFDTVDQILARMADAGGFDPIETVWLLTSHTIA 180

ALiP CPGAPQLNFFLGRPDATQPAPDGLVPEPFDTVDQILARMADAGEFDELETVWLLIAHTVA 180

PC-LiPA CPGAPQMNFFTGRAPATQPAPDGLVPEPFHTVDQIINRVNDAGEFDELELVWMLSAHSVA 179
dkhkkk oo k. kk  kk kokkkkkkkk  .kk.k. Kk kkk kK Kk .k k. ok

CaPo AQBHVDPTIPGTPFDSTPSTFDTQFFLETLLKGTAFPGTGANSGEVKSPLKGEFRLQSDA 240

CaD HVDPTIPGTPFDSTPSTFDTQFFVEVLLRGTLFPGTGGNQGEVKSALRGEIRLQSDH 240

AVPd HVDPTIPGTPFDSIPELFDTQFFIETQLRGTLFPGTGGNQGEVESPLRGEIRLQSDH 240

ALiP AANDVDPTIPGTPFDSTPELFDSQFFIETQLRGTLFPGTGGNQGEVESPLKGEMRLQSDH 240

PC-LiPA AVNDVDPTVQGLPFDSTPGIFDSQFFVETQLRGTAFPGSGGNQGEVESPLPGEIRIQSDH 239
* o kkkk. Kk kkkkkk kk.kkk:k  kokk kkk.k Kk kkk.k k Kkk.k.kkk

CaPo ATARDPRTACEWQSFVNNQELMQSSFRAAMAKLANLGHDRSDLIDCSEVIPVPKPLA--- 297

CaD EVARDPRTACEWQSFVNNQAKMOKSFRAAMAKLAILGHDRSDLIDCSEVIPVPPPLA--- 297

AVPd LLARDSRTACEWQSFVNNQPKLOKSFQAAFHDLSMLGHDVNDLIDCSEVIPIPPPPT--- 297

ALiP LLARDSRTACEWQSFVNNQPKLOKNFQFVFEALSMLGQDPNDLIDCSEVIPIPPPLTLTP 300

PC-LiPA TIARDSRTACEWQSFVNNQSKLVDDFQFIFLALTQLGQDPNAMTDCSDVIPQSKPIPGNL 299

ckkk kkkkkkkkkkkkk - k- s k. kkak | . kkk.kkk *

CaPo ASATFPAGKTRSDIEQSCRSTPFPTLPTDPGPATSIPPV-—-———-— 336

CaD ATAHFPAGLTRKDIEQSCRSTPFPTLSTDPGPATSVPPV-—-——--— 336

AVPd STAHFPAGLTNADVEQACAETPFPTLPTDPGPATSVAPV-—-——--— 336

ALiP AASHFPAGKTNKDVEQACAETPFPTLPTDPGPATSVAPVPPSPAA 345

PC-LiPA PFSFFPAGKTIKDVEQACAETPFPTLTTLPGPETSVQRIPPPPGA 344

kkkk Kk  Kkokk.k  Kkkkkkk Kk kkk Kk,

Figure S2. Alignment of the four ancestral sequences (mature proteins) predicted with
PAML 4.7 and extant LiPA. Conserved catalytic and other relevant residues'® are
indicated including: two active site histidines (dark gray); three acidic residues forming
the Mn®*-binding site (red); other active site conserved residues (light gray); one
tryptophan involved in lignin direct oxidation (cyan); nine ligands of two Ca®* ions
(green); and eight cysteines forming disulfide bonds (yellow). Symbols below indicate
full conservation of the same (asterisk) or equivalent residues (colon) and partial residue
conservation (dot). Adapted from Ayuso-Fernandez et al.™

Figure S3 (next page). Spectro-electrochemical titration of the Fe**/Fe* couple in
ancestral CaPo (A), CaD (B), AVPd (C) and ALIP (D) peroxidases. As described in
supplementary Materials and Methods, the use of different redox mediators allowed the
conversion of RS-Fe* to RE-Fe®* after applying several potential differences. All the
potentials are referred to the standard hydrogen electrode. The data obtained were fitted
to the Nernst equation for a reversible one electron transition. Continuous line: changes
in the As10-nm (Fe**); dashed line: changes in Ausgnm (Fe?).
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Figure S4. E°(Fe**/Fe?*) values vs evolutionary distance of ancestral peroxidases
(CaPo, CaD, AVPd and ALIiP) and PC-LiPA. See Figure S3 for the spectro-
electrochemical titration of the ancestral enzymes. The values for PC-LiP have been
reported several times in the bibliography, and here we take the most accepted value of -
0.137 V.4 The negative values ensure that the peroxidases have a heme with Fe3*, the
active form of iron, being in the range of those reported for other basidiomycete
peroxidases.?*?1 Although it is considered that a more positive E® would mean a
higher oxidation power,* PC-LiPA, along with AVPd and ALiP, are able to oxidize
high redox-potential substrates in spite of the more negative E®(Fe**/Fe*") than the
evolutionarily older CaPo and CaD, which only oxidize low redox-potential substrates
and Mn?* [ estimated here.
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Figure S5. Spectral changes upon mixing of CaPo (A), CaD (B), AVPd (C), ALIP (D)
and PC-LiPA (E) with H,0O; to follow CI formation (from 1.6 to 225 ms after peroxide
addition). The insets show time traces at 410 nm (near Soret maximum) to attain
equilibrium conditions. All reactions were at optimal pH 3, and 25 °C.
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Figure S6. Spectral changes during Tyr reduction of CII, formed by CaPo (A), CaD
(B), AVPd (C), ALIP (D) and PC-LIiPA (E) mixing with H,0, and ferrocyanide (from
1.6 to 650 ms after Tyr addition).The insets show time traces at 410 nm (near Soret
maximum) to attain equilibrium conditions. All reactions were at optimal pH 3, and 25
°C.
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