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Abstract

An investigation of the photoexcited triplet state of chlorophyll (Chl) a in the water-
soluble chlorophyll protein (WSCP) of Brassica oleracea has been carried out by
means of electron-nuclear double resonance (ENDOR), achieving a complete
assignment of the observed hyperfine couplings corresponding to methine protons
and methyl groups of Chl a triplet state. The triplet-state properties, and in particular
the hyperfine couplings, were found to be similar to those previously reported for
Chl a in the WSCP of Lepidium virginicum. Therefore, the porphyrin ring deforma-
tion observed in Brassica oleracea WSCP seems to only slightly affect the spin den-
sity of 3Chl a. This may be relevant when considering the robustness of triplet—tri-
plet energy transfer mechanisms, relying on wavefunction overlap, in systems, such
as the photosynthetic light-harvesting complexes, in which Chl triplet states with
distorted geometries are involved.

1 Introduction

The water-soluble chlorophyll protein (WSCP) [1] has emerged in recent years as
a promising model system for the investigation of tetrapyrroles in a protein envi-
ronment [2], by virtue of its structural simplicity [3-5], high stability [6-8], and
capability to be reconstituted in vitro with different tetrapyrroles [9-11]. Upon
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tetramerization of four identical protein monomers, each binding one tetrapyrrole,
a homotetrameric complex in which the tetrapyrroles are organized into a “dimer of
dimers” configuration is obtained (Fig. 1A) [3—6]. The four symmetry-related chlo-
rophyll (Chl) binding sites are identical, and therefore, the four bound chromophores
experience identical protein surroundings and are spectroscopically equivalent, con-
trarily to chlorophyll (Chl)-binding complexes involved in photosynthesis, in which
tens to hundreds of chromophores are bound in finely tuned individual binding sites
[12], resulting in highly complex spectra. It follows that WSCP is an ideal model
system for detailed spectroscopic investigation focused on understanding Chl—pro-
tein and Chl-Chl interactions [5, 13-20].

Brassicaceae WSCPs are categorized into two subclasses, I1a and IIb, accord-
ing to their different Chl a/b ratio [21, 22]. Key amino acids in the protein
sequence of class Ila and IIb WSPCs have been linked to their different Chl a/b
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Fig.1 (A) Structure of the tetrameric WSCP complex from Brassica oleracea (PDB ID: SHPZ [4]).
Comparison of the conformations of Chl a in Bo WSCP (B) [4] and Lv WSCP (C) [3]. Phytyl chains
have been omitted for clarity. (D) Scheme of Chl a structure with the orientation of the ZFS axes (the
Z axis is perpendicular to the molecular plane). The IUPAC numbering scheme has been adopted in the
labeling of the Chl a structure (R =phytyl chain). (E) Plot of the displacement of each tetrapyrrole atom
from the plane defined averaging the position of the 24 atoms composing the tetrapyrrolic system for the
Chls a in Bo WSCP [4] and Lv WSCP [3] (in black and gray, respectively). The x-axis is not in scale
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selectivity [10, 19] and to the observed differences in the optical properties of the
bound Chls [4, 18, 19, 23]. In particular, the absorption of the Qy (So—S,) band
of Chl a in class IlTa WSCP from Brassica oleracea var. botrytis (from here on
referred to as Bo) is 10 nm red-shifted when compared to class IIb WSCP from
Lepidium virginicum (Lv). This shift has been attributed to a combination of elec-
trostatic interactions between the Chl and its protein surrounding and the out-of-
plan distortion of the chlorin macrocycle, induced by the steric hindrance exerted
by the protein surrounding, in Bo WSCP (compare rings A in the Chl a structures
in Fig. 1b, c, e) [4, 23].

The alterations of the optical properties, originated from the effects of the bind-
ing site, may affect the triplet-state properties as well. The role of the Chl triplet
state (*Chl) in oxygen photosensitization, and the importance of the triplet-state
wavefunction overlap in photoprotective mechanisms based on triplet—triplet energy
transfer [24-27], call for a determination of the effects of the binding sites to the
electronic structure of the triplet state in a model system such as WSCP.

Optically detected magnetic resonance (ODMR) and time-resolved electron para-
magnetic resonance (TR-EPR) are powerful techniques for the investigation of pho-
toexcited triplet states, and extensive studies employing both these spectroscopies
have been performed on Chl-binding proteins [28-30]. Key data are the zero-field
splitting (ZFS) parameters D and E, which are sensitive indicators of the spatial
extension and symmetry of the two singly occupied molecular orbitals of the triplet
state, and the electron spin polarization that derives from the selective population of
the triplet spin sublevels and for this reason is a fingerprint of the mechanism of for-
mation of the triplet state. The ZFS parameters are integral properties of the triplet
wavefunction and depend on its overall spatial distribution.

More specific information about the electron distribution in the frontier orbitals is
obtained from the electron-nuclear hyperfine coupling (hfc) tensors, from which the
distribution of the unpaired electrons of the triplet state is derived. To verify if the
3Chl a in Bo WSCP is affected by the tuning properties of the protein-binding sites,
a mapping of the spin density over the molecular structure, with a particular focus
onto the portions of the molecules more affected by the Chl deformations, has been
carried out in this study. To this purpose, pulse electron-nuclear double resonance
(ENDOR), combined with laser excitation, is the best-suited technique [31]. In the
case of photo-induced triplet states, due to the large anisotropy of the triplet-state
ZFS tensor, this is achieved by performing orientation-selective ENDOR, providing
the hfc tensor components of the a and  protons interacting with the triplet electron
spins. The technique has been extensively employed to characterize the triplet states
of chlorophylls [11, 32-34].

We recently showed that WSCP is suitable for obtaining intense and particularly
narrow ENDOR lines of *Chl a [11, 32], compared to those obtained in frozen sol-
vents or in other Chl-binding proteins [34], probably by virtue of a high rigidity
of the Chl-binding sites in WSCP [11]. Moreover, WSCPs are characterized by a
unique photoprotection mechanism that grants a remarkable photostability to the
bound Chls [7, 11] even though the *Chl state is populated with high yield [11] and
it is accessible to oxygen [11, 35], making this complex suitable for extended data
collection sessions.
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In this work, the first full experimental characterization of Bo WSCP 3Chl a by
means of Davies and Mims ENDOR, time-resolved EPR (TR-EPR), and Absorp-
tion Detected Magnetic Resonance (ADMR) was carried out. This full characteri-
zation is aimed to provide a complete picture of the triplet state, in terms of ZFS
parameters, spin polarization properties, and proton hfcs, including small (<5 MHz)
contributions from the Mims spectra. Thus, a direct comparison between all the
magnetic observables of 3Chl a in two species, i.e., Brassica oleracea and Lepidium
virginicum, having different ring geometries and local protein environment, has been
possible.

2 Experimental
2.1 Sample Preparation

Protein overexpression in E. coli and subsequent purification have been performed
as previously reported [11]. The purified Brassica oleracea WSCP apoprotein was
reconstituted with Chl a as previously described [19].

The samples for the ADMR measurements were diluted with degassed glycerol
added to a final concentration of 60% (v/v) to obtain homogeneous and transparent
matrices upon freezing. After the glycerol addition, performed immediately before
the insertion into the cryostat to avoid sample degradation [36], the final Chl con-
centration of the samples was 100 pg/mL. In all measurements, the temperature was
1.8 K.

WSCP was concentrated up to a Chl a concentration of 700 pg/mL for TR-EPR
and ENDOR measurements. Oxygen was removed by flushing nitrogen in the sam-
ple tube before freezing. Residual oxygen was removed adding the glucose/glucose
oxidase/catalase system [37]. Glycerol, previously degassed by several cycles of
freezing and pumping, was added (60% v/v) just before freezing to obtain a transpar-
ent matrix.

2.2 ADMR Experiments

ADMR spectra were acquired in a home-built set-up which has been previously
described in detail [20]. Namely, a 250 W halogen lamp (Philips) was employed as
a light source, filtered through a 10 cm water filter, and focused on the sample cell
immersed in a helium bath cryostat. The sample absorbance was detected with a
standard straight geometry through a monochromator (Jobin Yvon, mod.HR250) by
a Si-photodiode (OSI-Centronix). The microwave resonator, where the sample cell
is inserted, consists of a slow pitch helix. The microwaves produced by an HP8559b
sweep oscillator equipped with an HP83522s plug-in and amplified by a TWT Sco-
Nucletudes mod 10-46-30 amplifier were on/off amplitude modulated for selective
amplification, and the signal from the detector was demodulated and amplified using
a Lock-In amplifier (EG&G, mod 5210). The analog output is connected to a com-
puter-controlled analog-to-digital converter.
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2.3 TR-EPR Experiments

X-band TR-EPR experiments were performed on a modified Bruker ER200D spec-
trometer with an extended detection bandwidth (6 MHz), allowing a response time
of about 700 ns. Laser excitation at 532 nm (5 mJ per pulse and repetition rate of
50 Hz) was provided by the second harmonic of an Nd:YAG laser (Quantel Bril-
liant) in a high-Q cylindrical TE,,; resonant cavity, microwave frequency: 9.39
GHz. The experiments were carried out with a microwave power in the cavity of
2 mW. The temperature was controlled with a nitrogen flow cryostat. The signal
was recorded with a LeCroy LT344 digital oscilloscope, triggered by the laser pulse.
The spectra were recorded averaging 800 transient signals at each field position. To
eliminate the laser background signal, transients accumulated at off-resonance field
positions were subtracted from those on resonance.

Simulations of the powder spin-polarized triplet spectra were performed using a
program written in Matlab®, with the aid of the EasySpin routine (ver. 5.2.25) [38],
based on the full diagonalization of the triplet-state spin Hamiltonian, including the
Zeeman and electron—electron magnetic dipole interactions, considering a powder
distribution of molecular orientations with respect to the magnetic field direction
[39]. Input parameters are the triplet-state sublevel populations, the ZFS parameters,
the linewidth, and the isotropic g value.

2.4 ENDOR Experiments

X-band pulse ENDOR experiments were performed on a Bruker Elexsys ES580
spectrometer. The radiofrequency (RF) amplifier was either AR751-150 W or ENI
A-500 W. Pulsed Laser excitation at 532 nm (5 mJ per pulse and repetition rate of
10 Hz) was provided by the second harmonic of an Nd:YAG laser (Quantel Brilliant)
in a dielectric ENDOR cavity (EN4118X-MD4), microwave frequency: 9.75 GHz.
The temperature was controlled with a Helium cryostat with optical access (Oxford
CF935) driven by a temperature controller (Oxford ITC503).

Preliminary Field-swept Electron spin echo (ESE) spectra were recorded using
a two-pulse ESE sequence according to the scheme: flash-DAF-n/2-t-n-t-echo.
ESE-detected kinetics at the triplet canonical orientations were recorded using a
two-pulse (flash-n/2-t-n-t-echo) ESE sequence. The n/2-pulse was of 16 ns and the
delay T was set at 292 ns.

Davies ENDOR experiments were performed using the microwave pulse
sequence (flash-n-T-n/2-t-n-T-echo) with an inversion = pulse of 200 ns, 7 of 8 us
and an RF pulse of 6 ps. The detection sequence was similar to the field-swept ESE
experiment, with T of 292 ns for Z; and 536 ns for X, and Y.

Mims ENDOR experiments were recorded using the microwave pulse sequence
(flash-n/2-7-x/2-T-n/2-echo), with 16 ns pulse duration, in conjunction with an
RF pulse of 6 ps duration, starting 0.8 ps after the second microwave pulse. The
delay Tt was variable, and the time T was 8 ps to accommodate the RF pulse.
Mims ENDOR spectra were recorded at different T values (from 240 to 380 ns
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for Z, and from 456 to 576 ns for X, and Y|) and added together to eliminate
t-dependent blind spots. Pulse ENDOR spectra were accumulated for ~ 15 h.

3 Results and Discussion
3.1 ADMR Spectra

Continuous illumination at cryogenic temperatures (1.8 K) of Chl a-reconstituted
Bo WSCP leads to the formation of a steady-state population of >*Chl @, which can
be detected by ADMR, monitoring the transmittance of the sample at 680 nm,
corresponding to the Q, absorption band, while sweeping the microwave field in
a microwave-frequency range characteristic for >Chl a. The spectra detected at the
absorption maximum (680 nm) are reported in Fig. 2. The positions of the |IDI —|E|
and |IDI+|E| transitions (721 and 947 MHz, respectively; note that, as previously
reported for *Chls, the 2IE| transition was too weak to be detected) allowed a pre-
cise calculation of the values of the ZFS parameters ID| and |E| (IDI=0.028 cm™!
and |EI=0.0038 cm™"), which are close to those previously reported for Lv WSCP
(IDI=0.029 cm™' and IEI=0.0037 cm~! [20]). The similarity points towards a
similar electronic distribution on the single Chl @ on which the triplet state is
localized, as previously reported for Lv WSCP [11]. However, for more detailed
information, TR-EPR and ENDOR spectra have been collected.

sxi0°4  [PFIEI ID|+|E|

4x107°
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2x107°

1x107°

T T T T T T T T T T T T T
700 750 800 850 900 950 1000
Frequency [MHZz]

Fig. 2. >Chl ADMR spectra of Bo WSCP Chls a. 680 nm transmitted light was collected through a mon-
ochromator (1 nm slits). 7=1.8 K
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3.2 TR-EPR Spectra

Low-temperature TR-EPR spectra of *Chl a were measured on Bo WSCP (Fig. 3),
with a time evolution of the TR-EPR spectra following the common behavior
reported for *Chls [40, 41]. As expected for a photoexcited triplet state, a symmetric
spectrum characterized by both absorptive and emissive transitions has been meas-
ured [42, 43]. This spectral feature is originated from the anisotropy of the popula-
tion of the triplet sublevels, that in the case of a triplet state generated from inter-sys-
tem crossing (ISC) from the excited singlet state reflects the selective population of
the zero-field triplet sublevels starting from the excited singlet state. The population
of the high-field triplet sublevels can be obtained starting from those of the zero-
field triplet sublevels, for example, for molecules with X parallel to the magnetic
field, py=py and p,, ="2(p, +p,). Thus, the intensity of the two transitions m=0 to
my=+1 (X)) and m;=0 to m=+1 (X)) is equal and opposite, a feature shared by all
the pairs of transitions corresponding to each orientation of the molecule relative to
the magnetic field. This feature originates from the characteristic symmetry of ISC
triplet states.

The wide spectrum of a powder or frozen solution sample is the sum of transi-
tions that originate for every orientation of the molecules with respect to the mag-
netic field. In these spectra, the transitions of molecules with one of the ZFS axes
parallel to the magnetic field (namely, canonical orientations) can be easily identi-
fied as they are localized at field positions corresponding to turning points in the
EPR spectrum (see Fig. 3). The sign (e =emission, a =absorption) of the canonical
transitions is commonly used to classify the polarization of triplet states. The initial
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Fig.3 TR-EPR spectrum of Chl a in Bo WSCP (upper black line), taken 700 ns after the laser pulse. The
spectrum has been collected at 130 K. The simulated triplet spectrum (lower gray line) has been calcu-
lated using the following parameters: D=0.028 cm™!, E=—0.0036 cm™/, Pyp,): (Pp,)=1:0.267, and
isotropic linewidth lw=1.5 mT. The sign and intensity of the m;=0 to m=+1 (X,, ¥}, and Z) and m;=0
to my=—1 (X, ¥}, and Z) transitions for the canonical orientations are marked with black bars
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polarization pattern of the Bo WSCP *Chl a spectrum is eaeaea like in Lv WSCP
[11], with only minor changes of the relative population probabilities that have been
highlighted by spectral simulation (Fig. 3). Therefore, this polarization pattern, that
is more similar to those reported for >Chl @ in organic solvent (2-methyltetrahydro-
furan, MTHF) [44], rather than for >Chl @ in antenna proteins previously investi-
gated [39, 45-48], seems to be intrinsic to WSCPs and to be almost unaffected by
the ring deformation and the minor changes in the Chl-binding sites.

3.3 ENDOR Spectra

The field positions highlighted in the TR-EPR spectrum, corresponding to the
canonical triplet orientations, allow the selective excitation of molecules with the
ZFS tensor axes (X, Y, or Z) parallel to the magnetic field [49], and the measurement
of A; hfc tensor components of protons in the reference frame of the ZFS tensor.
Thus, by collecting the ENDOR spectra at these field positions, the components of
the proton hfc tensors along each ZFS direction are obtained, including their sign
relative to that of the ZFS parameter D.

As an example, we consider the triplet spin energy levels for the X orienta-
tion, including first-order hyperfine interaction with one proton Ayy, for D>0, as
expected for a Chl a molecule which is characterized by a discoid shape. For each
EPR transition, there are two ENDOR resonance frequencies at:

Venpor (0) = vy and venpor(1) = vy—Axx if Axx > 0 or vgapor(1)
v+ Axx if Axx < 0,

for the m;=0 to my=+ 1 EPR transition (X)), and

Venpor (0) = vy and venpor(—1) = vy + Axx if Axx > 0 or veypor(—1)
= vy—Axx if Axx < 0,

for the my=0 to my=—1 EPR transition (X,), where vy is the proton Larmor
frequency.

It follows that the ENDOR transitions are either at the higher or lower frequency
side with respect to the central vy transition, depending on the specific canonical
transition. For the X transition, depending on the sign of Axx, the ENDOR lines
occur on the low (if Axx>0) or high (if Axx <0) frequency side. An opposite situa-
tion is encountered for the X transition. Therefore, if the sign of the ZFS parameter
D is known, the sign of the hfcs can be directly derived from the spectral position
corresponding to the lines at higher/lower frequencies with respect to vy. Moreover,
it is sufficient to collect the ENDOR spectra at just half of the field positions cor-
responding to the EPR spectrum turning points, one for each canonical orientation.

The Davis and the Mims ENDOR spectra have been measured at the field posi-
tions X, Y}, and Z,, to have the signals corresponding to negative values of the hfcs
in the most sensitive region of the spectrum, i.e., the region at higher frequencies
with respect to the free proton transition. This is an experimental choice commonly
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adopted in the case of ENDOR [34, 50, 51], aimed to collect spectra in which the
intense signals originated from rotating methyl groups, having positive hfcs, are on
the low RF side of the spectrum, which is characterized by lower sensitivity. The use
of the Mims ENDOR technique is aimed to detect small hfcs with higher sensitivity
compared to Davies ENDOR to search for possible differences among the WSCP
complexes.

The ENDOR spectra of Bo WSCP are well resolved (Fig. 4) and the frequencies
of the resolved lines are reported in Table 1 along with the previously determined
signals for Lv WSCP [11], as well as the benchmark 3Chl a hfcs calculated by means
of a DFT approach [32]. From this comparison, the peaks in the Davies spectra were
assigned, similarly to previously determined ENDOR spectra of *Chl a [11, 34], to
the P protons of methyls 2, 7, and 12 in the negative portion of the spectrum and the
o protons of methines 5, 10, and 20 in the positive portion of the spectrum, that are
the protons expected to have the strongest hfcs [32]. The ENDOR spectrum cor-
responding to the X, transition has poor signal-to-noise ratio due to the low net ini-
tial polarization of the EPR signal at this orientation. The spectrum exhibits narrow
negative signals, attributable to signals originated from the methyl groups 7 and 12
of molecules with different orientations.

Although the direct comparison of the triplet ENDOR spectra of the Chl a in
Bo and Lv WSCPs reveals a very similar transition patterns (Table 1), the peaks

A>0§A<o
7

)(l 12 10

Venbor™VH [MHZ]

Fig.4 X-band pulse Davies (black) and Mims (gray) proton ENDOR spectra of Bo WSCP 3Chl a,
recorded along the X|, Y|, and Z, EPR field positions (366.1 mT, 355.7 mT, and 316.8 mT, respectively).
The frequency scale gives the deviation from vy. The intense central vy lines in the Davies spectra have
been cropped for a better comparison. The assignation label refers to Fig. 1D. The experimental details
are given in the “Material and methods”
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Table 1 Calculated and experimental hfcs of 3Chl a protons

Hyperfine 10 (CH) 20 (CH) 5 (CH) 7 (CHy) 12 (CHy) 2 (CHy)
coupling® [MHz]

ENDOR
Bo WSCP
Ay -5.0 n.d nd +05 +11.3 n.d
Ay -15.0 -105 -18 +16 +10.1 +42
Az —-10.9 -9.9 -57 +0.9 +9.9 +4.4
A, -103 - - +1.0 +104 -
Lv WSCP®
Ay —4.4 -23 -105 +0.6 +11.6 +53
Ay -15.6 -12.0 -1.6 +1.7 +10.4 +4.5
Az -10.7 -8.8 -5.0 +0.9 +10.1 +4.3
Aio -10.2 -7 -57 +1.1 +10.7 +4.7
DFT®
Ay —-2.33 -1.68 -5.52 +1.09 +12.16 +5.66
Ay -8.26 -8.08 —-1.09 +1.61 +10.87 +4.63
Az —6.42 —-6.12 —4.65 +0.64 +10.32 +4.20
A —-5.67 —-5.30 —-3.76 +1.11 +11.12 +4.83

iso

o and P protons are displayed (for p protons, only those with 1A, |> 1 MHz). The Bo WSCP experimental
values were extracted from the Davies and Mims ENDOR spectra, as shown in Fig. 3, whereas the Lv
WSCP experimental values and the DFT calculated values are derived from the previous investigations
[11,32]

“The X, Y, Z, subscripts of the hf components are referred to the ZFS reference frame
®Previously published in [11]

“The hfc tensors have been previously calculated in [32], level of theory: COSMO-BP86/QZ4P//BP86/
TZ2P

attributed to methines 5 and 20 are affected by the change in the Chl a-binding site,
with a 10% increase of the coupling in the case of methine 5, and a reduction of the
anisotropy of the hfc tensor in the case of methine 20. As these are the two methines
flanking the pyrrole ring that in Bo WSCP is distorted out of plane from the binding
site (ring A [4], see Fig. le), a role of this macrocycle deformation in a perturbation
of the polarization mechanism responsible for these hfcs can be proposed.

The spin density distribution on the nuclei is closely related to the electronic
wavefunction, since it probes the coefficients of the atomic orbitals contributing to
the HOMO and LUMO where the two unpaired electrons are localized. The spin
density mapping provided by this ENDOR characterization involves various posi-
tions of the tetrapyrrole macrocycle, including the pyrrole directly involved in the
molecular distortion, even though the local probe provided by the vinyl group is
missing. The hfcs of the hydrogens in close vicinity to ring A are the most affected
(namely methines 5 and 20), but still the discrepancy is of about 10%. Surprisingly,
the methyl in position 2 is largely unaffected by out of plane deformation of the pyr-
role to which is bound. In conclusion, the results point towards a small redistribution
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of the triplet-state spin density following a macrocycle deformation of the magni-
tude generated by the Bo WSCP-binding sites. Additionally, also the other spectro-
scopic observables such as ZFS parameters and spin populations, were found to be
affected only marginally. In principle, a structural rearrangement of the tetrapyrrole
ring in the triplet state cannot be excluded [26], but given the steric crowdedness of
the binding site and the interaction of specific amino acids with the out of plane pyr-
role [4, 19], we expect the deformation observed in the structure of the Chl [4] to be
retained in the triplet state, as well.

This observed low sensitivity to macrocycle deformation is an important trait of
3Chl a, as both its photosensitization of molecular oxygen to highly oxidizing singlet
state and its quenching by carotenoids via triplet—triplet energy transfer in light-har-
vesting complexes require orbital overlap of the two interacting molecules [24-27,
52]. This last point, in particular, may be relevant, since Chls are known to be bound
in photosynthetic proteins with variable degrees of ring deformation, as this is one
of the molecular strategies adopted by Chl-binding proteins to tune their energy
[53-55]. Thus, the observed weak dependence of the triplet-state wavefunction on
the different binding sites, as observed in class Ila and IIb WSCPs, is expected to
concur to the robustness of the natural photoprotective mechanisms, since different
binding sites and naturally occurring fluctuations of the Chls surroundings leading
to ring deformations are expected not to cause major modifications in the electronic
couplings determining the triplettriplet energy transfer efficiency.

4 Conclusions

In this investigation, based on ADMR, TR-EPR, and ENDOR spectroscopies, an
accurate picture of the triplet-state electronic structure was provided. The hyperfine
measurements of the *Chl a in Bo WSCP pointed out that the triplet-state wavefunc-
tion distribution onto the Chl a structure is only slightly affected by the macrocy-
cle deformation and the change in electrostatic interactions with the surrounding,
which instead were proven to significantly affect the singlet state wavefunction.
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