BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Distinct Structural and Redox Properties of the Heme Active Site in
Bacterial Dye Decolorizing Peroxidase-Type Peroxidases from Two
Subfamilies: Resonance Raman and Electrochemical Study

Murat Sezer, Ana Santos, Patrycja Kielb, Tiago Pinto, Ligia O. Martins, and Smilja Todorovic*

Instituto de Tecnologia Quimica e Bioldgica, Universidade Nova de Lisboa, Av. da Republica, 2780-157 Oeiras, Portugal

© Supporting Information

ABSTRACT: Spectroscopic data of dye decolorizing peroxidases
(DyPs) from Bacillus subtilis (BsDyP), an A subfamily member, and
Pseudomonas putida (PpDyP), a B subfamily enzyme, reveal distinct
heme coordination patterns of the respective active sites. In
solution, both enzymes show a heterogeneous spin population, with
the six-coordinated low-spin state being the most populated in the
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former and the five-coordinated quantum mechanically mixed-spin

state in the latter. We ascribe the poor catalytic activity of BsDyP to the presence of a catalytically incompetent six-coordinated
low-spin population. The spin populations of the two DyPs are sensitively dependent on the pH, temperature, and physical, i.e.,
solution versus crystal versus immobilized, state of the enzymes. We observe a redox potential for the Fe**/Fe** couple in BsDyP
(—40 mV) at pH 7.6 substantially more positive than those reported for the majority of other peroxidases, including PpDyP
(—260 mV). Furthermore, we evaluate the potential of the studied enzymes for biotechnological applications on the basis of

electrochemical and spectroelectrochemical data.

DyP-type peroxidases (DyPs) constitute a family of heme-
containing peroxidases.' > Using hydrogen peroxide as an
electron acceptor, they are capable of efficient decolorization of
numerous dyes, including anthraquinone-based and azo dyes
that have industrial and environmental relevance. A comparison
of the structural data of DyP-type peroxidases with several
representative members of secretory fungal, plant, and bacterial
enzymes (i.e., plant peroxidase superfamily) reveals a low level
of similarity.>~® Unlike classical plant and animal peroxidases,
DyPs possess a broad substrate specificity and low pH optima.
They lack the distal histidine, which is highly conserved and
acts as an acid—base catalyst in the catalytic reaction of classical
peroxidases.'”!" Instead, they house an aspartate within a
highly conserved GXXDG distal motif, which in some DyPs
plays the role of the distal His. On the proximal side, the heme
iron of DyPs is coordinated by a histidine, which is hydrogen-

bonded to an acidic residue.”””

On the basis of phylogenetic analysis and catalytic and
structural characteristics, DyPs have been classified into four
subfamilies, with bacterial enzymes constituting subfamilies A—
C and predominantly fungal enzymes belonging to subfamily

*> Although a physiological role of DyPs is not fully
established, it appears to be subfamily-dependent. In general,
the B and C enzymes are predicted to be cytoplasmic, playing
therefore a role in intracellular metabolic pathways, while the
extracellular A subfamily enzymes are involved in dye
degradation and iron uptake."”® Members of the D subfamily,
in particular a DyP from plant pathogenic fungus Thanatepho-
rus cucumeris Decl, have been well characterized in terms of
substrate specificity, and structure—function relationships.>>’
The studies of bacterial enzymes mainly account for structural
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data on wild-type and variant proteins from several sources,
obtained by X-ray crystallography and electron paramagnetic
resonance (EPR) spectroscopy ® Taken together, emerging
evidence indeed underlines the differences between the
members of distinct DyP subfamilies. For instance, A subfamily
DyPs are generally poorer peroxidases than those from the B
subfamily; upon reaction with H,0O,, compound 1II is detected
in the former and a stable compound I in the latter."*®'?
Moreover, the A and B subfamily enzymes show significantly
different substrate specificities. For instance, DyPB from
Rhodococcus jostii (and other members of the B subfamily)
oxidizes manganese and lignin, whereas DyPA (A subfamily)
from the same organism does not.* Moreover, fungal DyPs (D
subfamily) are highly efficient against anthraquinone dyes but
significantly less active toward standard peroxidase substrates
and azo dyes.” These differences are even more remarkable if
we consider analogous primary heme coordination spheres in
DyPs. Namely, the two distal residues (Asp and Arg) and the
heme-coordinating proximal His are conserved in all DyPs.>~**
The role of these residues, however, appears to be different in
distinct DyPs. While the distal Asp was proposed to act as an
acid—base catalyst in the D subfamily enzymes>® it is
apparently not crucial for the B subfamily DyPs. The distal
Arg244 rather than the Asp153 was found to be essential for
the catalytic activity of DyPB,” while the latter, together with
the distal Asn246, was proposed to modulate the stability (i.e.,
lifetime) of compound I in this enzyme.*> A substitution of the
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conserved distal Asp residue in the A subfamily enzymes, on the
other hand, gave contradictory results with respect to their
peroxidase activity."® Clearly, very subtle structural differences
govern significant catalytic divergences of DyPs.

To provide a position for hydrogen peroxide binding, the
active site of resting classical peroxidases either has a vacant
sixth axial coordination, giving origin to five-coordinated ferric
heme iron, or carries a loosely bound water molecule, resultin
in a six-coordinated high-spin (HS) conﬁguration.10’11’14_2
Except for our previous work on PprP,13 the configuration
that the heme iron in DyP-type peroxidases adopts in solution
(i, physiological conditions) has been addressed by only
UV—vis absorption spectroscopy, which is insufficiently
sensitive for the full characterization of various heme
populations that are typically present in heme peroxidases.”””
The coordination and spin pattern of DyPs has been frequently
discussed on the basis of crystallographic data. However, it is
well established that structural features of peroxidase crystals
often differ from those in solution, because of the high
sensitivity of the active site to physical and chemical
conditions.'”"""* The recently determined X-ray structure of
EfeB/YcdB, an A subfamily DyP from Escherichia coli, indicates
the presence of a six-coordinated heme iron with a diatomic
molecule occupying the sixth axial position." This finding is in
contrast to UV—vis absorption data and was attributed to an
oxygen-carrying photoreduced ferrous heme iron, produced by
a long exposure of the crystals to an X-ray beam.”® Available
structural data for the heme active site of D subfamily enzymes
(DyP from fungus Bjerkandera adusta Decl) show the presence
of water molecule(s) in the hydrogen peroxide binding pocket.”
Also, X-ray structural data of DyPB reveal that its heme group
carries a solvent molecule in crystal, which is again likely to be a
consequence of photoreduction during data collection.*
Moreover, nonphysiological crystallization conditions, such as
a high salt concentration in a buffer solution, may further
conceal the true coordination pattern, leading to findings that
jons, such as chloride, coordinate the heme iron.> The EPR
spectroscopic evidence, furthermore, suggests a HS ferric heme
in the resting state of DyPB and an additional LS population in
DyPA.* Nevertheless, a modulation of the active site
conformation by packing forces at low temperatures (LT)
cannot be excluded in these experiments. Clearly, structural
data in solution and physiological-like conditions are required
to complement and validate the insights obtained from
crystallographic and LT spectroscopic studies. Resonance
Raman (RR) spectroscopy has proven to be an especially
valuable tool for revealing detailed information about heme
coordination and spin state equilibria, cofactor—protein
interactions, and catalytic reaction intermediates in classical
heme peroxidases.'® Systematic work on wild-type and mutant
peroxidases from different sources led to the establishment of
RR spectroscopic markers for specific structural features of
resting enzymes and peroxidase intermediates. Detailed
structural characterization of a peroxidase in solution state is
essential for the rationalization of its catalytic and thermody-
namic properties. For instance, the coordination and spin
pattern stronégly influence the redox potential (E°’) of heme
proteins,**~>° which in peroxidases defines the range of
oxidizable substrates.”” The redox potential of the actual
catalytic heme species (compound I/compound II) is difficult
to assess experimentally because of the transient nature of the
intermediate species. Instead, it can be estimated from the
redox potential of the Fe®/Fe>* couple.”” Except for the
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E°’g g of PpDyP and DyP2 from Amycolatopsis sp. 75iv2,
there are no available data for the redox properties of DyPs in
the literature.'>*® Surface-enhanced resonance Raman (SERR)
spectroelectrochemistry allows for simultaneous character-
ization of redox, electrocatalytic, and structural properties of
immobilized enzymes under workin% conditions of enzyme-
based bioelectronic devices."»***>*°7>>

Here we provide physiologically relevant spectroscopic
insights into structural details of active sites of two DyPs
from different subfamilies. We present a comparative study of
DyPs from Bacillus subtilis (BsDyP) and Pseudomonas putida
(PpDyP), employing RR and SERR spectroscopies that allowed
us to correlate the heme coordination patterns of these
enzymes in solution, crystal, and immobilized states. We
provide the first insights into redox properties of BsDyP and
discuss the structural basis for significantly different catalytic
and thermodynamic properties of the two enzymes. Taken
together, our results contribute to our general understanding of
differences that characterize the A and B subfamily DyPs.

B MATERIALS AND METHODS

Reagents and Chemicals. 6-Mercaptohexanoic acid, 6-
aminohexanethiol hydrochloride, and 8-aminooctanethiol
hydrochloride (AOT) were purchased from Dojindo; 6-
mercaptohexanol, 11-mercaptoundecanol, 11-mercaptoundeca-
noic acid, and all other chemicals were purchased from Sigma-
Aldrich. For solution measurements, the following buffers were
used: Britton-Robinson buffer (pH $.0), 20 mM Tris-HCI (pH
7.6) containing 0.2 M NaCl, and Britton-Robinson buffer (pH
10.0). For protein immobilization, surface-enhanced resonance
Raman (SERR) and chronoamperometry experiments either
12.5 mM potassium phosphate buffer (pH 7.0) containing 12.5
mM K,SO, or acetate buffer (pH 4.5) (20 mM for
immobilization; S0 mM with 0.1 M NaCl for experiments)
were used. All chemicals were of the highest purity available.

Protein Expression and Purification. Cloning and
overexpression of bsDyP and ppDyP genes in E. coli and
purification of the expression products followed established
procedure.®® In brief, recombinant strains were grown to an
ODgq of 0.6 in LB medium containing ampicillin (100 mg/
mL). Protein overexpression was induced by addition of 100
UM isopropyl f-p-thiogalactopyranoside (IPTG) to the cell
culture in the presence of 15 M hemin. Once harvested, cells
were disrupted with a French press, and cell debris was
removed by centrifugation. The resulting supernatants were
purified at room temperature, using an AKTA system (GE
Healthcare Life Sciences). Purification of PpDyP followed a
two-step procedure, employing Q-Sepharose and Sugerdex 200
HR 10/30 columns (GE Healthcare Life Sciences).”*

Purification of BsDyP followed a three-step procedure, using
SP-Sepharose, Mono-S, and Su}perdex 75 HR 10/30 columns
(GE Healthcare Life Sciences).”

The protein concentration was determined using a Bradford
assay with BSA as a standard along the purification, and the
Lambert—Beer law (based on Soret band absorption and an
€404 ppDyp Of 30 mM™' cm™ and an €405 BsDyp Of 66 mM~! em™)
for the pure proteins. The protoheme content was determined
by the pyridine ferro-hemochrome method, and the heme
content was calculated on the basis of the extinction coefficient
of pyridine hemochrome b.*> Protein samples with Rz values
(A406/Asgo) of 1.8 for PpDyP and 1.9 for BsDyP were used for
subsequent spectroscopic and electrochemical characteriza-
tions.
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Figure 1. RR spectra of ferric PpDyP and BsDyP measured with 413 nm excitation, at 23 °C. The left panel shows room-temperature RR spectra of
the PpDyP—imidazole complex (A) and PpDyP measured at pH 10.0 (B), 7.6 (C), and 5.0 (D) and in the crystal state (E). The right panel shows
RR spectra of the BsDyP—imidazole complex (A) and BsDyP measured at pH 10.0 (B), 7.6 (C), and 5.0 (D) and in the crystal state (E). PpDyP and
BsDyP crystals were grown at pH 7.3 and 6.5, respectively; a shoulder at 1358 cm™ in the spectrum of the PpDyP crystal (trace E, left) is due to

photoreduction.

Sample Preparation. In UV—vis absorption and RR
solution experiments, 5S—S0 uM enzyme was used at desired
pH values. SERR and electrochemical measurements of
immobilized enzymes were performed using Ag ring electrodes
with a geometrical area of 0.75 + 0.05 cm”. The electrodes were
electrochemically roughened and coated with self-assembled
monolayers (SAMs) as described previously.'> PpDyP was
immobilized on a mixed 6-mercaptohexanol/8-aminooctane-
thiol (3:1, M/M) SAM. The following SAMs were tested for
immobilization of BsDyP: pure 6-mercaptohexanol, 6-mercap-
tohexanoic acid, 11-mercatoundecanoic acid, and 6-mercapto-
hexanoic acid/6-mercaptohexanol (1:1, M/M), 11-mercaptoun-
decanoic acid/11-mercaptoundecanol (3:1, M/M), and 6-
mercaptohexanol/8-aminooctanethiol (3:1, M/M) mixtures.
Immobilization of the DyPs was achieved by immersion of
SAM-coated Ag electrodes in a buffer solution containing ~0.4
mM enzyme for 10—60 min.

BsDyP and PpDyP crystals were grown at room temperature
using a 4 uL (2 uL of a 15 mg/mL protein solution with 2 yL
of a crystallization solution) hanging drop. The crystallization
solution for BsDyP contained 0.25 M magnesium acetate, 0.1
M HEPES (pH 6.5), and 14% (w/v) polyethylene glycol 8000.
The crystallization solution for PpDyP contained 0.2 M calcium
acetate and 14% (w/v) polyethylene glycol 8000 (pH 7.3).

RR and SERR Spectroscopic Measurements. For low-
temperature (—30 to —190 °C) RR experiments, a droplet (2—
4 uL) containing either enzyme in solution or enzyme crystals
was placed inside a Linkam THMS 600 microscope stage and
cooled with liquid N,. For the room-temperature RR
measurements of enzyme crystals, the same sample config-
uration was used without cooling. Room-temperature RR
experiments in solution were taken in a rotating cuvette (from
Hellma) filled with ~80 uL of an ~50 M sample, to prevent
prolonged exposure of individual enzyme molecules to laser
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irradiation. Similarly, enzyme-loaded Ag ring working electro-
des were rotating at 480 rpm in potential controlled SERR and
electrochemical experiments, which were performed using a
spectroelectrochemical cell created in house (10 mL volume)
equipped with an Ag/AgCl (3 M, KCI) reference electrode
(0.21 V vs the standard hydrogen electrode) and a platinum
wire counter electrode. Electrode potentials were controlled
using a Princeton Applied Research 263A potentiostat; they are
referred to the standard hydrogen electrode.

A confocal microscope, equipped with an Olympus 20X
objective (working distance of 21 mm, numeric aperture of
0.35), was used for laser focusing onto the sample and light
collection in the backscattering geometry. The microscope is
coupled to a Raman spectrometer (Jobin Yvon U1000),
equipped with a 1200 lines/mm grating and a liquid
nitrogen-cooled CCD detector. The 413 nm line from a Kr*
laser (Coherent Innova 302) was used as the excitation source.
The laser power and accumulation time for RR experiments of
crystal samples were ~0.2 mW and 10 s, respectively, and 100
— 200 spectra were co-added to improve the signal:noise ratio.
For all other RR and SERR experiments, a 2—3.5 mW laser
power was used. In RR experiments, 20—40 spectra, measured
with accumulation times of 10—30 s, were co-added in each
measurement; in SERR experiments, 3—10 spectra, accumu-
lated for 5—10 s, were co-added. All spectra were subjected to
polynomial baseline subtraction and component analysis as
described previously™* using software created in house.

Potentiometric Titration and UV-Vis Absorption
Measurements. Potentiometric titrations of BsDyP in
solution were performed in an N, atmosphere inside a
glovebox. Reduction of the ferric enzyme was achieved by
stepwise addition of sodium dithionite and monitored by UV—
vis spectroscopy. The solution potential was measured with a
Ag/AgCl reference electrode, and spectra were recorded using a
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Table 1. Putative Assignment of RR Marker Band Modes (v;) for 5cHS, 5c¢QS, 6¢HS, and 6¢LS Populations in PpDyP and
BsDyP, in the Ferric and Ferrous (*) States and upon Formation of the 6cLS—imidazole (6cLS,,) Adduct, Determined from the

Spectra Recorded at Room Temperature®

PpDyP BsDyP
v; (em™) 5cQS ScHS 6¢cHS 6¢LS/6¢LS ScHS 6cHS 6¢LS/6cLSy,
vy (L ,,) 1376 (0.63) 1372 (0.29) 1365 (0.06) 1378 (0.02) 1373 (0.22) 1370 (0.35) 1377 (0.43)
1355% 1355%
v, 1502 1493 1483 1509 1488 1481 1506
1473* 1471*
Usg 1518 1517
v, 1572 1565 1559 1585 1565 1563 1582
. 1592 1583 1602 1578 1582
Vec 1625 1622 1622 1622 1624 1623
1624* 1619*
Vo 1636 1631 1635
Uiy 1568 1564 1563
vy 1554

“Le1 ,, designates the relative intensities of the v, bands observed in RR spectra of the respective ferric DyPs.

Shimadzu UV 1203 spectrophotometer only after stabilization
of the potential. The protein concentration was S M in pH 7.6
buffer containing each of the following redox mediators at 2
uUM: N,N-dimethylphenylenediamine (340 mV), 1,2-naphtho-
quinone-4-sulfonic acid (180 mV), trimethylhydroquinone
(115 mV), phenazine methosulfonate (80 mV), phenazine
ethosulfonate (55 mV), methylene blue (11 mV), indigo
tetrasulfonate, (—30 mV), indigo trisulfonate, (=70 mV),
indigo disulfonate, (—110 mV), 2-hydroxy-1,4-naphthoquinone
(=152 mV), anthraquinone-2-sulfonic acid (—225 mV),
safranine (—280 mV), and neutral red (—325 mV). Redox
parameters were obtained by fitting the measured, potential-
dependent normalized absorption at 430 nm, which corre-
sponds to the Soret band maximum of the ferrous enzyme, to a
Nernst equation. All other UV—vis absorption spectra were
recorded using Shimadzu UV 1603 and Nicolet Evolution 300
(Thermo Industries) spectrophotometers.

Chronoamperometry. The electrocatalytic activity of
immobilized enzymes was measured by chronoamperometry
using the experimental setup for potential-controlled SERR
experiments. The poised potential was 0.21 V; the Ag ring
electrode rotation was set to 480 rpm to promote mass
transport. Currents were recorded as a function of H,O,
concentration, which was increased by stepwise injection of a
freshly prepared stock solution into the spectroelectrochemical
cell. The final H,0, concentrations were 0.2 and 0.9 mM for
Bs- and PpDyP, respectively. For each experiment, control
measurements were performed with SAM-coated Ag electrodes
without the immobilized enzyme.

B RESULTS

Influence of the pH, Temperature, and Physical State
of the Enzyme on the Spin Population Distribution of
Bs- and PpDyPs. When excited into the Soret electronic
transition band, resonance Raman (RR) spectra of peroxidases
reveal, in the high-frequency region, marker bands sensitive to
the spin, oxidation, and coordination state of the heme iron,
allowing for a detailed characterization of the active site of the
enzymes.> In the resting state, RR spectra of Pp- and BsDyPs
indicate ferric proteins, as the respective v, bands are found at
~1375 cm™" (Figure 1, PpDyP in the left panel and BsDyP in
the right panel; Table 1). From the inspection of the spin state
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sensitive 15 region of the spectra, it is clear that the heme iron
in the two DyPs adopts distinct states and that several spin
populations with different coordination patterns coexist in the
resting enzymes.

In the solution spectra of PpDyP at pH 7.6 (Figure 1C, left
panel), the broad and asymmetric v band reveals the presence
of two major populations, as also supported by component
analysis of the spectra (Figure S1 of the Supporting
Information). We attribute the 3 band at 1493 cm™ to a
five-coordinated high-spin (ScHS) population, typically found
in the resting state of heme peroxidases.'®'*~** The position of
the other v; band at 1502 cm™ is indicative of both, six-
coordinated low-spin (6cLS) and five-coordinated quantum
mechanically mixed-spin (5cQS) ferric heme*® and was
previously assigned to the latter.'* This assignment is supported
by electronic absorption spectra that reveal no features of the
LS heme group in the resting PpDyP (Figure S2 of the
Supporting Information, left panel). Moreover, the vibrational
fingerprint of the LS heme, formed upon binding immidazole, a
strong ligand, is clearly distinct, showing the v; band at 1509
cm™" (Figure 1A, left panel, and Table 1).

The RR spectra of the resting PpDyP also show broad
overlapping bands centered around 1570 cm™. A component
analysis of this region reveals that the main contributions
originate from the v, (at 1572 cm™" for QS and 1565 cm™ for
the ScHS population) and vy, (1592 and 1583 cm™ for QS and
HS states, respectively) modes. The overlapping bands at
higher frequencies are putatively assigned to vinyl stretching
(~1622 cm™) and v;, (~1630—1636 cm™') modes.
Deconvolution of the v, region shows that the signal at 1375
cm™ is also composed of two major Lorentzian bands at 1372
and 1376 cm™' (Figure S1 of the Supporting Information),
which we attribute to S5cHS and QS species. In addition, a very
minor contribution of the 6cHS population (vide infra), with v,
at 1365 cm™" and v, at 1483 cm ™', appears to be present in the
RR spectra of PpDyP at pH 7.6 (Table 1).

The v; region of RR solution spectra of BsDyP at pH 7.6
(Figure 1C, right panel) also reveals heterogeneous heme
coordination, which is different from that in PpDyP. The most
obvious differences account for (i) a significant contribution of
6¢HS species, as judged by the well-resolved v; mode at 1481
em™!, and (ii) a complete absence of a QS population. The
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most populated is the 6¢LS state, represented by the v; mode at
1506 cm™" and the v, mode at 1582 cm™". RR spectra of the
6¢LS immidazole—BsDyP complex clearly support this assign-
ment (Figure 1, right panel, trace A, and Table 1). Also, UV—
vis spectra of BsDyP show a band at 577 nm, indicative of the
LS heme iron (Figure S3 of the Supporting Information, left
panel). Moreover, the presence of a CT band at 631 nm
suggests a water molecule as the sixth ligand in the 6cHS
complex. Component analysis of the entire high-frequency
region of the RR spectrum permits identification of the marker
bands of 6cLS and 6cHS populations (Table 1 and Figure S1 of
the Supporting Information). Furthermore, deconvolution of
the BsDyP spectra also suggests minor contributions from the
ScHS heme (with v, 3, and v, modes at 1373, 1488, and 1565
cm™, respectively). The well-resolved vinyl stretching band is
positioned at 1623 cm™ and the v,, mode of the 6cLS
population at 1635 cm™" (Table 1).

Effect of pH. As also observed for other peroxidases, RR
spectra of Bs- and PpDyPs are highly sensitive to the pH of the
solution.'® A careful inspection of the v;/v, region in the
spectra of the two enzymes (Figure 1B—D, PpDyP in the left
panel and BsDyP in the right panel) indicates more
pronounced changes in the Bs enzyme. The component
analysis of the spectra measured at pH S and 10 (Figure S1 of
the Supporting Information) could be successfully performed
using the same data sets, i.e., band positions and bandwidths,
defined for deconvolution of the spectra at neutral pH. As the
pH decreases (Figure 1D) toward the optimal pH for the
catalytic activity (pH S for PpDyP and pH 4 for BsDyP,
determined using ABTS as a substrate)*” in the Bs enzyme, the
6¢HS population, with vy, v3, 15, and ve—c at 1370, 1481, 1563,
and 1624 cm™, respectively (Figure SIC of the Supporting
Information and Table 2), becomes predominant. In PpDyP,

Table 2. Relative Populations of Different Coordination and
Spin States in BsDyP and PpDyP as a Function of the pH
Value of the Solution, Calculated from the Relative
Contribution of the Respective v, Mode

PpDyP BsDyP
pH S pH 7.6 pH 10 pH S pH 7.6 pH 10
6cHS 0.30 0.06 0.07 0.68 0.35 0.20
6¢cLS 0.01 0.02 0.15 0.24 043 0.59
5¢QS 0.33 0.63 0.51 - - -
ScHS 0.36 0.29 0.26 0.08 0.22 021

we observe a partial conversion of the QS state to the 6cHS
state, as the spectral contributions from 6cHS, ScHS, and QS
populations become apparently equal (Figure SIC’' of the
Supporting Information and Table 2).

In alkaline media, spectra of both proteins reveal a relative
increase in the LS populations (as compared to those at neutral
and acidic pH), but neither shows a complete transition to the
6cLS state, as often observed in plant peroxidases.'®">*° The
RR (Figure S1A,B of the Supporting Information) and UV—vis
absorption spectra (Figure S3 of the Supporting Information,
left panel) reveal that the LS BsDyP population increases
significantly with an increase in pH, apparently at the expense
of the 6cHS population (Table 2). The pH dependence of the
LS population suggests a hydroxide as the sixth axial ligand at
elevated pH. The heme iron of PpDyP appears to bind
hydroxide less efficiently, as the QS remains the most abundant
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population and the LS clearly a minor species at pH 10 (Table
2).

DyPs in Solution versus the Crystal State. To address the
influence of the physical state of peroxidase on the spin
population distribution in BsDyP and PpDyP, we evaluated RR
spectra of single crystals of these enzymes with respect to their
solution spectra. Importantly, under the employed experimental
conditions (low laser power, short accumulation time, and
periodic displacement of the laser beam along the crystal axis),
photoreduction is largely avoided, as the RR spectra of crystals
show the fingerprint of ferric proteins, particularly in the case of
the Bs enzyme (Figure 1E). We observe that small systematic
downshifts (2—5 cm™) of the core size marker bands of the
proteins in the crystal state are relatively more pronounced in
PpDyP. These shifts are typically associated with a contraction/
expansion of the heme pocket,'”'""? reflecting, possibly, the
more flexible architecture of the PpDyP heme cavity. As
expected, the stretching modes of the vinyl substituents do not
show a frequency shift. A component analysis of RR spectra of a
BsDyP crystal grown at pH 6.5 reveals the 6¢cHS state as the
most abundant and, in addition, the presence of a 6cLS
population; the two coordination states are roughly populated
as previously observed in solution spectra at pH S. Some traces
of ferrous (photoreduced) enzyme become evident upon
deconvolution of the spectra of BsDyP crystals. In the case of
the PpDyP crystal, the QS population is completely absent
from the spectra. The component analysis of the RR spectrum
of the PpDyP crystal (Figure 1E, left panel) reveals
contributions from 6cHS and ScHS ferric species and, with
respect to BsDyP, a relatively higher relative contribution of the
photoreduced enzyme. This is particularly evident from the
broadened v, band, which has a shoulder at 1358 cm™ due to
photoreduced heme species. Interestingly, the RR spectra of the
crystals show that the 6cHS state is the most populated in both
DyPs, as revealed by the v; mode at 1480 cm™" (and v, at 1563
cm™'), which is in clear contrast to solution measurements.

Influence of Temperature. It is well established that the
coordination pattern of the heme iron in peroxidases is strongly
influenced by temperature,”’ and DyPs are no exception
(Figure 2).

Namely, both frequencies of the RR core size marker bands
and equilibria of spin and coordination states are highly
dependent on temperature.'®'® This fact actually imposes some
limitations on the insights that can be derived from EPR data.
In the low-temperature (—190 °C) RR spectra of BsDyP
(Figure 2, right panel), we observe upshifted 5 bands at 1510
and 1501 cm™, which can be attributed to 6cLS and ScHS
species, respectively. In addition, as the temperature is lowered,
the relative intensity of the v; band of the 6¢LS species
increases at the expense of that of the respective ScHS band.
Concomitantly, an even more pronounced increase in the
relative intensity of the 1585 cm™ band, which contains
contributions from the v, (6cLS) and 15, (6cLS) modes, at the
expense of the 1563 cm™ band, is observed. These spectral
changes are indicative of a conversion of the ScHS population
into the 6cLS population in BsDyP. The 6cHS population,
highly abundant at room temperature, does not appear to be
sensitive to a decrease in temperature, as the intensity of the v
band at 1481 cm™' does not change as the temperature is
decreased (Figure 2, right panel). Moreover, all spectral
changes, including small upshifts of the v; (LS) band and
downshifts of the v; (6cHS) band, are gradual in the range of
studied temperatures for BsDyP. In PpDyP spectra, a sharp
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Figure 2. Temperature dependence of spin populations in ferric DyPs. The left panel shows spectra of PpDyP measured at 23 (A), —37.5 (B), —4S
(C), and —190 °C (D). The right panel shows spectra of BsDyP measured at 23 (A), —S0 (B), and —190 °C (C). Samples were prepared at room

temperature in pH 7.6 buffer and measured with 413 nm excitation.

spin transition from the ScHS to the 6¢LS state takes place
already at —45 °C (Figure 2C, left panel). As in the case of the
Bs enzyme, the ScHS bands (v, at 1565 cm™ and v; at 1492
cm™") disappear from PpDyP spectra, while bands character-
istic of the 6¢cLS species (v, at 1585 cm™" and vy at 1509 cm™)
gain intensity (Figure 2, left panel). Until a temperature of —45
°C is reached, the QS population appears to be insensitive to
the change in temperature, as its fingerprint bands maintain
their relative intensities and frequencies. Interestingly, a further
temperature decrease leads to a population of 6¢cHS species, as
indicated by recovery of the signal intensity at 1569 cm™" and
an increase in the intensity of the v; band at 1488 cm™ (Figure
2 D, left panel). Moreover, we observe that the frequency of the
5 (QS) band upshifts for more than 10 wavenumbers at —190
°C with respect to room temperature. A similar tendency of the
QS population was previously reported for barley peroxidase."
Taken together, apart from band shifts, the most evident
changes in the spectra of Bs- and PpDyPs upon lowering of the
temperature account for an increased contribution of the 6¢cLS
species. A similar trend was also observed in the low-
temperature RR spectra of crystals of both proteins (data not
shown).

Probing Different Spin Populations in Immobilized
DyPs. In the next step, we characterized the coordination
pattern of BsDyP immobilized onto a biocompatible coated
metal support. Surface-enhanced RR (SERR) spectroscopy was
employed to probe redox, spin, and coordination states of the
immobilized enzyme,'>*****7* and coupled to electro-
chemical methods, to provide information about the redox
and catalytic properties of the adsorbed enzyme. This approach
is particularly informative for the investigation of the potential
of peroxidases for biotechnological applications, as it
simultaneously reveals structural features and monitors the
overall catalytic activity, electronic coupling, and redox
transitions of immobilized proteins under working conditions
of bioelectronic devices. We have shown previously that PpDyP
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could be adsorbed onto solid Ag electrodes coated with an
alkanethiol self-assembled monolayer (SAM),"® under preser-
vation of the solution coordination pattern(s) and redox
properties (Figure S2 of the Supporting Information, right
panel).

A similar strategy was adopted here to immobilize BsDyP in
the native and simultaneously electroactive state. Pure and
mixed methyl-, carboxyl-, hydroxyl, and amino-terminated
alkanethiols and different incubation and measuring buffers
were tested. Clearly, the two studied DyPs reveal a distinct
surface charge distribution: while PpDyP adsorbs onto
biocompatible surfaces with a “diluted” positive charge,'®
indicating the presence of negatively charged residues on its
surface, BsDyP requires negatively charged carboxyl-terminated
SAM coating for immobilization. However, immobilzation of
BsDyP was only partially successful, as revealed by the
comparison of the solution (RR) spectra and SERR spectra
of the immobilized enzyme.

At a given pH value, we observe an increased 6cLS:6cHS
ratio in the case of the immobilized BsDyP compared to that of
the solution state. This points toward a high sensitivity of the
BsDyP heme pocket to electric fields at the electrode
surface,”¥*”*” and/or the effect of an altered local pH at the
SAM—solution interface.>*>” Moreover, reduction of the
immobilized BsDyP was never fully accomplished (Figure
3C). Redox sensitive spectral changes were observed only until
a decrease of the poised potential to —100 mV. Below this
value, the relative amount of reduced enzyme remained the
same, even at the most negative potential applicable to the
alkanethiol-coated Ag electrodes (approximately —490 mV).
The best results were obtained employing pure carboxyl-
terminated SAMs for protein immobilization at pH 4.5 (Figure
3). Under these immobilization conditions, the core size
marker bands of BsDyP appear at the same frequencies, with
unchanged bandwidths, and comparable relative intensities in
RR and SERR spectra (Figure 3A and Figure 1D, right panel).
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Figure 3. SERR and RR spectra of BsDyP. (A—C) SERR spectra of
BsDyP immobilized on a 6-mercaptohexanoic acid SAM (pH 4.5)
measured (A) at open circuit (278 mV), (B) at 210 mV in the
presence of 0.1 mM H,0,, and (C) at a poised potential of —90 mV.
(D) RR spectrum of dithionite-reduced BsDyP (pH 7.6).

As in solution at pH <S5, the ferric BsDyP adopts mainly the
6cHS configuration (vide supra); however, contributions from
6¢LS species become higher upon immobilization. The portion
of immobilized BsDyP that is electrochemically reducible is,
nevertheless, in the native state, as we concluded from the
comparison of the SERR spectra with the RR spectrum of the
dithionite-reduced BsDyP in solution (Figure 3C,D). The
spectra show prominent v,, V3, and vc_ bands at 1355, 1471,
and 1619 cm™, respectively, characteristic of a single ferrous
ScHS species (Figure 3D), as previously reported for ferrous
PpDyP."* Reversible reduction of the 6cHS population of
immobilized BsDyP occurs between 0 and —100 mV, as the
protein returns to the fully oxidized state upon application of
the positive potential to the electrode. Moreover, the redox
inactive ferric population bears the fingerprint of the LS
population as revealed by component analysis of the SERR
spectra.

Addition of hydrogen peroxide to the ferric immobilized
BsDyP failed to provide any detectable SERR signal indicative
of formation of compound II, although UV—vis absorption data
suggest that this intermediate is formed in solution (Figure S3
of the Supporting Information). Namely, upon reaction with
H,0,, the Soret and Q- bands of the resting state at 406, 504,
and 538 nm red-shift to 416, 526, and 554 nm, respectively, and
the CT band at 631 nm becomes less intense and downshifts to
~620 nm. The intermediate has a halflife time (7,,,) of ~12
min at pH 7.6 and spontaneously decays back to the resting
state (Figure S3 of the Supporting Information, right panel).
We have previously observed that PpDyP forms a stable
compound Ilike species (7, ~ 60 min)."> However, we were
unable to detect any intermediate species by SERR or RR
spectroscopy in either enzyme. The SERR spectrum of ferric
BsDyP in the presence of hydrogen peroxide is, nevertheless,
remarkable as it reveals a fingerprint of a stable, “nonreacted”
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ferric 6¢cLS population that appears to be unaffected by the
presence of H,0, (Figure 3B). This finding suggests that the
6¢cLS BsDyP population represents a species that is locked in an
unfavorable coordination that is at the same time redox inactive
and catalytically incompetent, because it does not allow for
substrate binding. Furthermore, this interpretation is in line
with UV—vis data for BsDyP, which reveal the appearance of a
shoulder at 577 nm, indicative of the LS population, upon
addition of 1.1 equiv of H,0, (Figure S3 of the Supporting
Information).

Redox and Catalytic Properties of DyPs. Except for data
for PpDyP"* and C-type DyP2 from Amycolatopsis sp. 75iv2,”*
there are no reports of redox properties of any other DyP-type
peroxidase. We measured the redox potential of the Fe**/Fe**
couple of BsDyP, first in solution and then in the immobilized
state.

The potentiometric titration of BsDyP in solution at pH 7.6
reveals a redox transition at E°'p2 g ~ —40 mV and an
apparent number of transferred electrons (1,,,) of ~0.7 (Figure
4). The transition is broad, possibly reflecting close, unresolved

0,84

at 430 nm

0.4

norm

A

0,0 1

-0,2 -0.1 0.0 0.1

Potential (V) vs. SHE

Figure 4. Potentiometric redox titration of BsDyP in solution at pH
7.6 followed by UV—vis spectroscopy. A sigmoid function (—) is fit to
the potential-dependent normalized absorption (A, ) at 430 nm (@)
for two separate experiments.

redox potentials of different heme species. In the next step, we
addressed the redox properties of the electroactive portion of
immobilized BsDyP by potential-dependent SERR spectrosco-
py. Analysis of the spectra measured at different poised
potentials applied to the working electrode'>*****~3! allowed
for an estimation of the redox potential of the “functional”
6cHS population of immobilized BsDyP to a value between 0
and —0.1 V at pH 4.5. The 6cLS portion could not be
electrochemically reduced and therefore was not considered in
the analysis. It is interesting to note that the redox transitions of
both immobilized and solution BsDyP are by more than 0.2 V
higher than the respective values for PpDyP (E°' g /pe*solution =
—260 mV, n,,, =1, E° 5 5 imm = —300 mV)."
Furthermore, we previously demonstrated an efficient
electrocatalysis of the immobilized PpDyP in the presence of
H,0, by chronoamperometry.'> A similar approach was
adopted here to characterize the electrocatalytic activity of
immobilized BsDyP. As in the experiments with PpDyP, a
H,0,-dependent electrocatalytic reduction current was meas-
ured at a poised potential of 210 mV. At this potential
noncatalytic H,0O, reduction can be excluded. In fact, negative
currents measured upon addition of H,0, indicate catalytic
activity of BsDyP (Figure S); however, the magnitude of the
currents is lower for BsDyP by 2 orders of magnitude than for
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Figure S. Electrocatalytic activity of BsDyP (top traces) and PpDyP
(bottom traces) at pH 4.5 and 7. The poised electrode potential was
210 mV, and every 30 s aliquots of 10 and 50 uM H,0O, were added to
the spectroelectrochemical cell containing immobilized BsDyP and
PpDyP, respectively.

PpDyP. On the other hand, while the apparent Michaelis—
Menten constant for immobilized PpDyP (Kyy,,) was 220 +
25 uM,"? the respective value for BsDyP is lower by ~2 orders
of magnitude, as the maximal electrocatalytic current has
already been reached after the first injection of only 10 uM
H,0, (Figure 5). Moreover, the catalytic incompetence of the
6¢LS species, which is significantly abundant at neutral (and
basic) pH, is also reflected in chronoamperograms, as we
observe a higher electrocatalytic activity of the immobilized
BsDyP at pH 4.5 compared to that at pH 7.0 (Figure 5).

B DISCUSSION

DyPs are enzymes that efficiently degrade a wide range of dyes.
Understanding their structural, thermodynamic, and biochem-
ical features is of utmost interest from perspectives of both
fundamental and applied science. Herein, we present a detailed
comparative study of structural and redox properties of
members of DyP subfamilies A and B (BsDyP and PpDyP,
respectively) that helped us rationalize their different catalytic
behavior.>* In addition, our results shed some light onto the
potential for utilization of the respective immobilized DyPs in
the development of biotechnological devices.

BsDyP and PpDyP Adopt Heterogeneous and Distinct
Heme Configurations in Solution. This solution resonance
Raman study reveals several coexisting spin populations in
resting Bs- and PpDyPs. A heterogeneous spin population is
actually quite common for bacterial and plant peroxidases, as a
mixture of 6¢HS and ScHS populations was observed in resting
states of CCP, HRP, and SBP, among others.'®**?2As in other
peroxidases, the relative abundance of different spin states in
Bs- and PpDyPs is dependent on the temperature, pH value of
the solution, and physical state of the enzyme.'” A change in
any of these parameters induces a typically reversible
interconversion of the spin populations. However, we observe
very different spin states in the two studied enzymes. This is an
unexpected finding, having in mind that the structural models
of the respective active sites suggest that the first coordination
sphere of the heme iron is highly analogous in both enzymes.*®
The two conserved residues on the distal side [Asp132 (Asp240
for BsDyP) and Arg214 (Arg339 for BsDyP) for PpDyP] and
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the proximal His (His197 and His326 for Pp- and BsDyP,
respectively) residue are located and oriented in a comparable
manner with respect to the heme iron. According to the model,
the third distal residue, proposed to modulate the reactivity of
DyPs,” is also the same (Asn136 and Asn244 for Pp- and
BsDyP, respectively) in the two enzymes. The main difference
between the model structures, however, accounts for the
distance between the proximal His and Asp, which is shorter in
PpDyP than in BsDyP.** A shorter His—Asp distance would
imply a stronger hydrogen bond between these residues,
resultin§ in greater imidazolate character of the proximal
His.'%** As a consequence, the Fe—His bond length would be
shorter, and the Fe ion would be pulled out of the heme plane
to a greater extent in PpDyP than in BsDyP. In fact, this would
explain why the Fe ion in PpDyP binds distal ligands (H,O or
OH) less readily than BsDyP. Accordingly, mainly five-
coordinate species are present in PpDyP and six-coordinate
species in BsDyP. However, differences between spectroscopic
and model-derived structural data may also be related to the
highly flexible heme pockets, which indicate that structural
insights provided by static models of DyPs have to be
considered as an approximation. Under physiological con-
ditions, the dynamic nature of the heme pocket appears to be
crucial for understanding the structural and mechanistic
properties of DyPs. Accordingly, RR spectra of BsDyP and
PpDyP in the crystal state, which reflects better the static nature
of the model structures, point to comparable coordination
patterns and indicate 6cHS as the main species in both
enzymes.

Resting BsDyP Favors the Catalytically Incompetent
6cLS Configuration; Resting PpDyP Is Predominantly in
the QS State. Recent studies of two bacterial DyPs from R.
jostii RHA1, which, according to the phylogenetic analysis,
belong to different subfamilies, support subfamily-dependent
properties of DyPs.* The structural and kinetic data of DyPA
and DyPB reveal significant differences in the type of stabilized
catalytic intermediates, peroxidase activities, and specific heme
microenvironments in the two enzymes.A"5 EPR studies suggest
that in DyPA the major HS population with a rhombic
symmetry coexists with a significant amount of LS species. The
active site in DyPB is characterized by a rhombically distorted
axial symmetry, indicating the 6cHS coordination.* Here, we
provide UV—vis and RR spectroscopic evidence that the LS
population is present in BsDyP at pH 7.6 and room
temperature. Interestingly, UV—vis spectra of another member
of subfamily A, TfuDyP, are also indicative of the LS
population.® It is tempting to correlate the presence of LS
species with general structural characteristics of subfamily A
DyPs; however, solid conclusions require more data for other
members of the subfamily. This finding is nevertheless
unexpected, because the LS species does not allow for efficient
substrate binding and therefore results in a catalytically
incompetent peroxidase. We demonstrate here that the 6cLS
population indeed remains present and unaltered in SERR
spectra of BsDyP in the presence of H,0,. Moreover, the
decrease in the amount of the 6¢cLS species upon lowering the
pH is directly correlated with an increased catalytic current in
chronoamperometric experiments. At this point, neither the
molecular origin of the 6¢LS species nor the nature of the sixth
ligand coordinating the heme iron in BsDyP is clear.
Nevertheless, the highly flexible heme cavity in peroxidases,
in general, facilitates formation of the LS state in a pH-
dependent manner. Recombinant HRP in which the distal His
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was substituted with an Arg undergoes a partial spin conversion
into a 6¢cLS species.”® In manganese peroxidase and ferrous
HRP, LS states can be generated in variants carrying point
mutations in the second coordination sphere at the proximal
side."® The conformational perturbation in these proteins
therefore propagates to the distal side of the heme and induces
the formation of LS species. Also, mutation of the distal Arg244
to Leu in DyPB caused a pH-dependent transition from a HS
to a LS state and abolishment of peroxidase activity in this
enzyme.® Similarly, a poor catalytic activity of DyPB was
observed when Aspl53 was replaced with histidine, in an
attempt to engineer a plant peroxidase-like distal heme cavity.
The X-ray structure of this variant reveals the (excessive)
proximity of the Ne2 atom to the heme iron (1.8 A shorter
than the Fe—His42 bond in HRP), likely favoring the LS
configuration.”

Surprisingly, the major population of PpDyP, at room
temperature and pH 7.6, is in the QS state. This is a curious
result, bearing in mind that this spin state mixture of
intermediate-spin (S */,) and HS iron was originally
described only in class IIT plant peroxidases® and cytochromes
¢’.3% Nevertheless, it was recently also observed in Kat G
catalase-peroxidase,® indicating that it might be more wide-
spread in heme proteins than previously believed.

The Redox Potential of BsDyP Is Relatively High.
Heme peroxidases typically reveal negative redox potentials of
the Fe*"/Fe** couple.** This experimentally easily measurable
parameter is considered to be a good estimation of redox
properties of the catalytically relevant redox couples, because
the molecular factors influence both in the same manner.”’
Therefore, a higher E°'g* /g most likely implies a higher redox
potential of compound I/compound II and compound II/Fe**
couples. The Pp- and BsDyPs show clearly distinct redox
potentials. A significantly higher redox potential of BsDyP
(E°' e /pe = —40 mV) would suggest that it is a more efficient
peroxidase with a broader range of oxidizable substrates than
PpDyP (E®'g g = —260 mV). The Ky, value for BsDyP for
hydrogen peroxide (7 = 1 pM) is much lower than the
respective value for PpDyP (79 + S uM), using ABTS as the
substrate.’® The significantly lower Ky value may reflect a
higher affinity of BsDyP for hydrogen peroxide compared to
that of PpDyP. For these substrates, BsDyP is in fact more
efficient than PpDyP despite a significantly lower turnover
[Vonax(BsDyP)/V, . (PpDyP) ~ 0.6]. However, for more than
20 other dyes and phenolic and nonphenolic compounds
tested, the turnover and efficiency of PpDyP are up to 2 orders
of magnitude higher than those of BsDyP.*> One possible
reason for the poorer catalytic performance of BsDyP lies in its
overall structural features. Namely, structural data of DyPB
reveal the presence of two access routes of solvent/substrate
molecules to the active site: through the distal channel and via
the propionate pocket.*> Moreover, a comparison of the
available structures suggests that the residues that line the distal
channel are conserved in B and D subfamily enzymes.
However, this channel, which might be a determinant for
substrate specificity, is blocked in the A subfamily DyPs.* Our
data point to structural features of the heme iron as an
additional factor for the poor catalytic activity of BsDyP, as they
reveal the presence of a significant amount of the catalytically
incompetent six-coordinated LS population in this enzyme
(vide supra).

Immobilized BsDyP Shows Poor Electrocatalytic
Activity. The immobilized PpDyP shows significantly better
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catalytic performance than the immobilized BsDyP, as judged
by the measured catalytic currents in the presence of H,0O,,
employing chronoamperometry, that are 2 orders of magnitude
higher for the former. On one hand, this finding reflects an
intrinsically higher rate of turnover of PpDyP compared to that
of BsDyP, as also observed for the enzymes in solution. On the
other hand, the catalytically incompetent 6cLS portion of
BsDyP increases upon immobilization. We have shown that
PpDyP represents a promising candidate for construction of a
bioelectronic device(s) with the unique DyP-type peroxidase
substrate specificity,"” as it retains the solution native structure
and promotes efficient electronic coupling to the electrode with
no significant modulation of the redox potential with respect to
the solution value. The immobilized BsDyP does not share
these properties and most likely does not have noteworthy
potential in the field of applied science. This finding may in fact
reﬂect42. general characteristic of the A subfamily members of
DyPs.”

B CONCLUSIONS

In conclusion, herein we demonstrate that the two studied DyP
peroxidases possess some characteristics that are common to
classical peroxidases, but they also reveal a number of
particularities. In the absence of detailed spectroscopic and
thermodynamic data for other DyPs, it is difficult to say at this
point if these differences reflect general, subfamily-related
features. In the reaction with hydrogen peroxide, BsDyP and
PpDyP behave as typical members of subfamilies A and B,"*>'>
stabilizing the compound II and compound I intermediates,
respectively. Both PpDyP and BsDyP possess a highly flexible
heme cavity, revealing heterogeneous but distinct spin
populations, sensitive (in different manners) to the temper-
ature, pH, and physical state of the protein. Nevertheless, the
ScHS and 6cHS states, which are in classical peroxidases
predominant, are minor species in the studied DyPs at neutral
pH. Instead, the 6¢LS and S5cQS states are in solution at pH 7.6
the most populated in BsDyP and PpDyP, respectively. The
axial coordination and the polarity of the immediate heme
environment further influence the redox properties of heme
proteins. Actually, we observe substantially more positive redox
potential of the Fe?*/Fe** couple in BsDyP (—40 mV) at pH
7.6 compared to those reported for a majority of other
peroxidases, %7 which is, nevertheless, comparable with the
value for the recently characterized DyP2 from Amycolatopsis
sp. 75iv2 (—85 mV).”® The redox potential of PpDyP (—260
mV), on the other hand, falls into the range of values typically
observed in classical peroxidases. Furthermore, our previous
work on immobilized PpDyP revealed that it has a high
potential for construction of enzyme-based biosensors and
biocatalysts, as it shows structural integrity and electrocatalytic
activity in the immobilized state.'> Here we show that BsDyP
could not be immobilized on biocompatible metal supports
with preservation of the native structure and catalytic activity.
Being, at the same time, a less efficient peroxidase, BsDyP
represents a poor choice for biotechnological applications.
Taken together, our results contribute to a better under-
standing of DyP-type peroxidases in general and highlight the
differences in the active site structure in members of DyP
subfamilies A and B that may underlie their distinct catalytic
properties.

dx.doi.org/10.1021/bi301630a | Biochemistry 2013, 52, 3074—3084



Biochemistry

B ASSOCIATED CONTENT

© Supporting Information

Component analysis of RR spectra of PpDyP and BsDyP
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