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1. INTRODUCTION

Spectral hole burning (SHB) is a well-established technique
that since the end of the 80s1,2 has been widely and persis-
tently employed in the studies of pigment-protein photo-
synthetic (PS) complexes. SHB has been applied to explore
electronic level structure, electron-phonon coupling, and
energy and charge transfer processes in a broad variety of
complexes,3-20 as summarized in a recent review.21 In terms
of low-temperature protein dynamics, the presence of low-
energy excitations responsible for the ∼T1.3 dependence of
the homogeneous line width, which is characteristic for
amorphous solids, was demonstrated for many PS com-
plexes.3-10,12 Broadening of the spectral holes in time has
been explored for several complexes, namely, plant reaction
centers and CP47 complexes of Photosystem II (PS II) and
bacterial B820 dimers.6-9 Later, single photosynthetic com-
plex spectroscopy (SPCS) became the technique of choice
to study low-temperature protein dynamics in PS com-
plexes;22-26 see ref 27 for recent review. SPCS allows exploring
PS complexes one by one, allowing for great insight into the
details of their individual properties and behavior, whereas SHB
probes ensemble averages.

Nevertheless, waiting and aging time SHB experiments still
continued to be employed to study low-temperature dynamics
of other proteins.28-30 Both SHB and single-molecule spectro-
scopy have been applied in the research on low-temper-
ature dynamics and energy barrier distributions of glasses and
polymers.31-37 In particular, hole growth kinetics (HGK) mea-
surements have been employed in refs 13 and 34-37. (In HGK
measurements, the evolution of absorption in resonance with the
burning laser frequency is followed while the burning occurs.)
Until recently, the simulations of the hole burning in PS
complexes (e.g., ref 15) did not take into account the dispersive
character of hole burning,13,34-37 which is due to the distribution
of energy barriers in the excited state of pigment/protein system.

In the last couple of years, we initiated steps toward bridging
the gap between applications of SHB and SPCS to PS com-
plexes.38,39 Our analysis of the spectral hole shape evolution for
the B800 band of the LH II antenna complex of the bacterium
Rps. Acidophila involved combining parameters derived from
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ABSTRACT: The parameters of barrier distributions on the protein energy landscape in the excited
electronic state of the pigment/protein system have been determined by means of spectral hole
burning for the lowest-energy pigments of CP43 core antenna complex and CP29 minor antenna
complex of spinach Photosystem II (PS II) as well as of trimeric and monomeric LHCII complexes
transiently associated with the pea Photosystem I (PS I) pool. All of these complexes exhibit sixty to
several hundred times lower spectral hole burning yields as compared with molecular glassy solids
previously probed by means of the hole growth kinetics measurements. Therefore, the entities
(groups of atoms), which participate in conformational changes in protein, appear to be significantly
larger and heavier than those in molecular glasses. No evidence of a small (∼1 cm-1) spectral shift
tier of the spectral diffusion dynamics has been observed. Therefore, our data most likely reflect the true barrier distributions of the
intact protein and not those related to the interface or surrounding host. Possible applications of the barrier distributions as well as
the assignments of low-energy states of CP29 and LHCII are discussed in light of the above results.
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SPCS data23,25,26 (line shift distributions, rates, photon budgets)
and theoretical SHB models originally developed for glasses,
which share many important properties with the proteins. The
key feature of these models is the concept of two-level systems
(TLSs) originally introduced in refs 40 and 41 to explain anoma-
lous low-temperature heat capacity and heat conductivity in
amorphous solids. In the case of SHB in amorphous solids, it is
assumed that the barriers between two conformations of the TLS
are higher in the ground state than they are in the excited
electronic state of the chromophore/host system and that the
transition between the conformations, resulting in a spectral shift,
occurs because of the tunneling in the excited state.42 Optical
spectra of amorphous systems, including proteins, are subject to
nonphotochemical hole burning (NPHB),43 meaning that spectral
holes appear to be due to the rearrangement of the local environ-
ment of the pigment, not due to a photochemical reaction involving
the pigment. This is a valuable feature from the viewpoint of energy
transfer research in PS complexes because the network of interact-
ing pigment molecules remains intact.

In other words, within these models, SHB essentially is treated
as a manifestation of light-induced spectral diffusion. Earlier
SHB models developed for glasses13,34,35 took into account the
excited-state barrier distributions but not the antihole associated
with the postburn conformation. More recently, the NPHB
antihole absorption has been incorporated into the model.36

The latest versions of the model included also light- and temper-
ature-induced hole filling37 but were still limited to chromophore
interacting with just one TLS. By now, it is well established that
the standard TLS model or its further developments are not fully
capable of explaining various phenomena related to spectral
diffusion in proteins at low temperatures, both light-induced
and occurring in the dark. (See refs 27 and 28 for recent reviews.)
Both SHB experiments with hole broadening over time at
different temperatures6-9,28-30 (probing the protein dynamics
of the ground electronic state of the protein-chromophore
system) and SPCS experiments,22-26 which, we believe, at least
at liquid helium temperatures, probe the barrier distributions in
the excited state of the pigment-protein system (the latter
conclusion is still a matter of debate, though24,38), can be inter-
preted with system switching between significantly more than
two conformational states. Such situation is best described
employing the concept of the multiwell energy landscape with
several hierarchal tiers.22,44,45 The one-TLS-per-chromophore
approximation appears to be too crude for a protein exhibiting
multiwell energy landscape, at least for the smaller-barrier land-
scape tiers.22 Thus, in ref 38, we introduced a SHB model
allowing chromophore/protein environment system to assume
multiple conformations. Interestingly, our SHB data on LH II
proved to be incompatible with the lowest-barrier tier SPCS
dynamics reported in refs 22, 23, 25, and 26 while agreeing both
qualitatively and quantitatively with the higher tiers dynamics.
The FTIR spectrometer white-light-induced hole filling was not
accompanied by noticeable hole broadening (i.e., no thermally
induced spectral diffusion on the smallest-shift (∼1 cm-1) tier of
the energy landscape was observed on a time scale of∼1 h), and
it was impossible tomodel the holes utilizing narrow (several cm-1)
antihole function and the hole burning yield following from the
SPCS experiment parameters23,25,26 (i.e., the light-induced spec-
tral diffusion corresponding to that landscape tier was, if present
at all, much less pronounced than in the SPCS experiments).
Hole filling in the dark was negligible during the first couple of
hours after burning, which indicates that the spectral diffusion on

the higher-barrier tier of the energy landscape observed in SPCS
experiments is also predominantly light-induced, not thermally
induced. The number of possible conformations on the higher
tier(s) of the protein energy landscape, however, appears to be
limited. The same conclusion can be reached based on room-
temperature SPCS data.46-48 These arguments suggest that
original SHB models, extended to include multi-level systems
(MLSs), still may be satisfactory for these tiers. An important
implication of the results briefly described above and presented
in detail in ref 38 is that SHB, probing ensemble averages, could
be used to verify if light-induced spectral diffusion behavior
observed in SPCS experiments represents behavior typical for
the protein under study, and independent of (a) sample pre-
paration details (e.g., nature of the amorphous host surrounding
the protein), (b) other experimental procedures, or both. In
other words, the property widely considered to be a deficiency of
the SHB with respect to SPCS may be treated as beneficial
because it provides independent benchmarks for SPCS results.

As mentioned above, according to the results of ref 38, the
spectral diffusion observed in low-temperature SPCS experi-
ments is most likely light-induced and therefore essentially the
same phenomenon as NPHB. With that in mind, we are going to
apply the NPHB model of ref 38 to determine the parameters of
the barrier distributions, affecting the evolution of spectral holes
during burning, for several protein antenna complexes including
LHCII peripheral antenna complex, CP29 minor antenna com-
plex, and CP43 core antenna complex of Photosystem II (PS II).
First, it is natural to test if barrier parameters observed for LH II
in ref 38 are typical for PS complexes in general or are a
consequence of some specific properties of LH II. Second, to
the best of our knowledge, no low-temperature single complex
data has ever been presented for CP43 and CP29 complexes.
Whereas some low-temperature single-complex data is available
for LHCII,50-53 these papers do not focus on spectral diffusion
or barrier distribution parameters. Once respective single com-
plex data become available, it could be verified against our SHB-
based parameters. The parameters obtained in the course of this
study will also be utilized for development and refinement of
light-induced spectral diffusion models simultaneously explain-
ing both SHB and low-temperature SPCS results. Another
possible application of barrier distribution parameters in PS
research by means of SHB involves disentangling the effects of
barrier distributions from the effects related to the distributions
of the excitation energy transfer (EET) rates. When distributions
of the EET rates are determined in the SHB experiments on
higher-energy states of the complexes, they can be compared
with those theoretically predicted from the structural data, and
additional constraints for transition energies of the chlorophylls
in the absence of interpigment interactions can be obtained. The
latter energies are still not precisely determined for most of the
chlorophylls in most of the PS complexes.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. Spectral holes and HGK curves
were measured for the lowest-energy regions of CP43 and CP29
complexes of PS II from spinach and of monomeric and trimeric
LHCII complexes (transiently associated with Photosystem I, PS
I) from pea. CP43 and CP29 samples were isolated and purified
as described in refs 18 and 11, respectively. In fact, the CP43 and
CP29 samples used in this work were the same as those used in
refs 18 and 11, respectively; stored in the meantime at -80 �C.
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As will be demonstrated later, prolonged storage did not affect
the spectral properties of CP29 significantly (slight shift of the
lowest-energy state has been observed, see below). Unlike most
LHCII preparations reported previously, the one employed in
this study was obtained in the way of PS I purification (at Tel Aviv
University). Isolation of thylakoid membranes from 12-day-old
pea (Pisum sativum) was performed based on the previously
described method.49 All of the subsequent procedures were
performed in dim light at 4-6 �C. Isolated thylakoids were
adjusted to chlorophyll concentrations of 3.0 mg chl/mL and
solubilized by the detergent n-dodecyl-β-D-maltoside (DM)
(Glycon) to give a final concentration of 1.55 mg detergent
per mg chl. Following 15 min of incubation on ice, the material
was ultracentrifuged at 150 000 g for 40 min. These conditions
were found to solubilize mainly PS II, ATP synthase, and b6f
complex. The resulting pellet was suspended using a glass-Teflon
homogenizer in a buffer containing 0.3 M sucrose, 20 mM
Tricine (pH 8), 2 M Betaine, and 1mM phenylmethyl-sulphonyl
fluoride (PMSF) at a chlorophyll concentration of 3.0 mg chl/mL.
The material was then solubilized with 6.0 mg DM per mg chl.
Unsolubilized material was removed using ultracentrifugation at
110 000 g for 20min. The supernatant was applied onto 15-40%
sucrose gradient. PSI-LHCII fraction was collected and loaded
onto a diethylaminoethyl (DEAE) cellulose column (DE-52,
Wattman) (1.5 � 18 cm) that was pre-equilibrated with 20 mM
Tricine-Tris (pH 7.4) containing 0.2% (w/v) DM. The column
was washed with 25mL of the same buffer, and LHCII was eluted
with a 0-200 mM NaCl linear gradient (130 mL in each
chamber) in 20 mM Tricine-Tris (pH 7.4) containing 0.2%
(w/v) DM. First, dark-green fractions containing mainly LHCII
trimer and monomer complexes were properly separated from
PS I and other remainder PS complexes. Fractions containing
LHCII were precipitated by the addition of 10% (w/v) PEG6000
(Hampton), followed by centrifugation at 10 000 g for 5 min.
The pellet was dissolved in solution containing 20 mM Tricine-
Tris (pH 7.4), 0.05% (w/v) DM. For further separation between
trimers and monomers, the LHCII was applied onto a 10-25%
sucrose gradient containing the same buffer and centrifuged
using the SW40 rotor (Beckman) at 37 000 rpm (24 000 g) for 30
h. LHCII appeared in two dark-green bands in the middle of the
tube. The lower band contained highly purified trimer com-
plexes, whereas the upper band contained highly purified mono-
mer complexes. To avoid protein heterogeneity, only the middle
section of each band was collected. The material was precipitated
with 10% (w/v) PEG6000 and 50 mM ammonium acetate and
subsequent centrifugation at 10 000 g for 5 min. The pellet was
dissolved in solution containing 2 mM Tricine-Tris (pH 7),
0.05% (w/v) DM, and adjusted to a chlorophyll concentration of
3.0 mg/mL for further experimental procedures. Concentrated
samples were stored at -80 �C, thawed, and then diluted with
buffer (20 mM Bis-Tris, pH 6.0, 0.03% (w/v) DM for CP43,
10 mM Tricine, pH 7.8, 0.06% DM for LHCII, and 25 mM
HEPES, pH 7.6, 0.06% DM for CP29) prior to experiment.
2.2. Spectroscopic Measurements. Spectroscopic measure-

ments were performed in a model A240 helium cryostat
(Ukrainian Academy of Sciences) at 5 K. Samples were diluted
with glycerol 40:60 several minutes before the start of cooling
and placed in a Eppendorf Uvette featuring orthogonal optical
paths of 10 and 2 mm. The use of the Uvette allowed absorbance
(10 mm path; moderate OD) and fluorescence excitation (2 mm
path, reflection geometry; small OD to avoid reabsorption effects)
measurements with the same sample. Quality of the samples and

the (low) extent of aggregation in the case of LHCII was
confirmed by measuring their absorption spectra with a Varian
Cary 5000 spectrophotometer at a resolution of 0.25 nm as well
as by measuring their fluorescence spectra using a Jobin-Yvon
HR640 spectrograph with a Princeton Instruments Pixis CCD
detector. The fluorescence spectra were corrected for the system
sensitivity curve. High-resolution SHB experiments were per-
formed with a Spectra-Physics/Sirah Matisse-DS tunable dye
laser (DCM dye) pumped with a 6W 532 nm Spectra-Physics
Millennia solid-state laser. The Matisse-DS is actively stabilized
to <1 MHz bandwidth and capable of seamless ∼45 GHz scans
even with passive frequency stabilization. The counterdrift func-
tion of the laser control electronics, including HighFinesse WS-
U30 wavemeter, allows for long-term (hours) stabilization of the
laser frequency to <30 MHz for HGK measurements. (This
precision is sufficient because homogeneous line widths in PS
complexes at 5 K are on the order of a GHz.10,12)High-resolution
spectra and kinetics curves were detected in fluorescence excita-
tion mode with a Hamamatsu PMT/photon counting module
(with an AELP-730 interference long-pass filter, Omega, and
some neutral-density and conventional long-pass filters, LOMO,
Russia), positioned at 90� with respect to the excitation beam. A
Fresnel rhomb-based broadband polarization plane rotator
(ThorLabs) was used to rotate horizontally polarized light
emitted by the Matisse by 90� to achieve a situation where,
given the geometry of the experiment, fluorescence from pre-
ferentially excited molecules was most effectively detected. Con-
tributions to the measured signal of the reflected excitation light
or of cuvette material fluorescence weremeasured using a control
sample containing a buffer/glycerol mixture only (no chromo-
protein) for all filter combinations used in HGK measurements
and subtracted from the respective HGK curves before fitting. It
was also confirmed that the birefringence of the Uvette material
was negligible.38 The excitation intensity was stabilized by a
power stabilizer (BEOC) and adjusted with neutral density filters
(ThorLabs). Between the burns at different wavelengths, the
holes were erased by heating the samples to∼150 K. Therefore,
mutual interference of different holes was excluded.
2.3. Model. According to refs 13, 34, and 35, in the absence of

energy transfer (this is the case for this article focusing on the
lowest-energy states of the complexes), the time dependence of
the absorption spectrum affected by SHB can be described by the
equation

DðΩ, tÞ ¼ 1:5
Z

dω LðΩ-ωÞGðωÞ
Z

dλ f ðλÞ
Z

dR sin R cos2 R exp -PσφðλÞLðωB -ωÞt cos2 R� �

ð1Þ
Here ωB is the burn frequency, P is the photon flux, t is the burn
time, andG(ω) is the site distribution function (SDF) describing
the probabilities of encountering different zero-phonon transi-
tion frequencies. L(ωB- ω) is the single-molecule absorption
profile with zero-phonon line (ZPL) at the burn frequency, ωB.
The one-phonon profile is assumed to be half-Gaussian and half-
Lorentzian, with fwhm values reported in subsequent text and
Table 1. Multiphonon processes are taken into account during
the calculation of L(ω). λ and f(λ) are the tunneling parameter
and (Gaussian) distribution thereof, respectively, with mean λ0
and standard deviation σλ; λ = d(2mV)1/2/p, where d is the
displacement along generalized coordinate, m is the effective
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mass of entity rearranging during the conformational change,
and V is the barrier height. Thus, tunneling parameter dis-
tribution is a reflection of the distributions of the barrier para-
meters of the protein energy landscape. σ and φ are the
integrated absorption cross-section of the molecule aligned
with the transition dipole parallel to laser polarization and
the hole burning quantum yield, respectively. R is the angle
between the laser polarization and transition dipole. The
NPHB yield can be defined as

φðλÞ ¼ Ω0 expð- 2λÞ
Ω0 expð- 2λÞ þ τ-1

1
ð2Þ

where τ1 in the absence of EET is the fluorescence lifetime, and
Ω0 = 7.6 � 1012 s-1 is the constant prefactor. Changing the
value of this prefactor affects the value of λ0. For the purpose of
comparing our results to those obtained for glasses,34-37 we
utilize same prefactor value. Note that the width of the
Lorentzian homogeneous ZPL contributing to L(ω) is deter-
mined not by τ1 but by the total dephasing time τ2. 1/τ2 =
1/(2τ1) þ 1/τ2*, where τ2* is pure dephasing time. The
homogeneous line width is Γhom = 1/πcτ2, where Γhom is
in cm-1 and c is speed of light in cm/s. The HGK curve
describes the evolution of absorption in resonance with the
burning laser, that is, at ωB. It has been confirmed38 that
reasonably narrow distributions of electron-phonon coupling
strengths (similar to those observed in single complex experi-
ments on LH II in refs 25 and 26) or of oscillator strength of the
state being burned (which may occur in case the state possesses
excitonic character) do not contribute significantly to the
dispersion of the SHB kinetics, and these distributions have
been neglected for the sake of keeping calculation times within
manageable limits.
The above equations adequately describe the hole burning

process over a broad range of irradiation doses but only in the
case that the NPHB antihole is ignored. Two different ap-
proaches to including the NPHB antihole into consideration
have been proposed. In ref 36, it was assumed that the chromo-
phore interacts with one and only one TLS of the amorphous
solid; therefore, the system has perfect spectral memory. (Upon
light- or thermally induced hole filling, a chromophore always
returns to the original preburn absorption frequency.) Recent

single complex spectroscopy results23,25,26 suggest that a protein
containing chromophore can assume more than two different
conformations (different wells on the protein energy land-
scape22,44,45). The NPHB modeling procedure has been mod-
ified accordingly in ref 38, and the same procedure will be
employed here as well. Namely, it was assumed that molecules
starting at ωinit before burning are redistributed around ωinit

according to a certain distribution, called an antihole function, as
a result of burning. (This distribution should agree with the dis-
tribution of line shifts observed in SPCS experiments, as was the
case for LH II, except for the smallest-shift tier of the energy
landscape.38) The following sequence has been repeated in a
loop: After a shallow burn, the SDF of the burnt molecules (i.e.,
G(ω)(1 - exp(-Ptσφ L(ω - ωB) cos

2 R))) was convoluted
with the properly normalized antihole function and then added
to the burnt SDF (i.e., G(ω) exp(-Ptσφ L(ω - ωB) cos

2 R)).
This results in a modified shape of the SDF G(ω), without
change in its normalization; modified SDF is used at the next step
of the burn sequence. (One starts with G(ω) being Gaussian.)
Unlike in refs 36 and 37, there was no spectral memory (i.e., it
was assumed, based on SPCS results for LH II23,25,26 and
LHCII,50,51 that the single molecule line can be found at signifi-
cantly more than two frequencies), and no correlation was
implied between the shifts of the absorption of a molecule in
the consecutive steps. The probability of burning at each step of
the sequence was still determined by the standard SHB yield
formula (eq 2). (The SHB yield can be independently estimated
from photon budgets and shift rates of the SPCS experiments.38)
The software was extensively tested with various parameters, and
it has been confirmed that in the case when the antihole was
shifted far away from the blue from the burn wavelength (and
thus multiple acts of burning per single molecule were excluded),
both programs (employed in this work and that of refs 36 and 37
with perfect spectral memory) yielded identical results. Because
of large number of parameters in eqs 1 and 2, the simulations
described below involved fixing most of these parameters to
values independently available from the literature while we were
fitting our HGK curves for the best barrier distribution para-
meters. Only when it proved impossible to obtain reasonable fits
using parameters previously reported did we engage in varying
other parameters, for example, electron-phonon coupling ones,
and in discussing the reasons for the discrepancies.

Table 1. HGK Curves Simulation Parametersa

complex CP43, A-state CP29 LHCII monomer LHCII trimer

“pigment 1” SDF peak and width (cm-1) 14 641; 180 14 734, 170b 14 705; 200c 14 738, 200d

oscillator strength (Chl a equivalents) 1.0 1.0 1.2 1.2

lifetime τ1 (ns) 3.5 4.8 4.4 4.4

Γhomog (cm
-1) 0.03 0.04 0.04 0.04

burn frequency ωB (cm
-1) 14 560 14 670 14 616 14 640

14 694 14 628 14 652

14 720 14 653 14 656

SPSB 0.30 ( 0.05 0.65 ( 0.05 0.80 ( 0.05e 1.3 ( 0.1d

PSB: ωm; ΓGauss; ΓLorentz(cm
-1) 17; 15; 70 22; 20; 110 22; 20; 110e 22; 20; 110

λ0 11.0 ( 0.2 10.2 ( 0.2 11.3 ( 0.4e 11.2 ( 0.4e

σλ 1.0 ( 0.05 1.4 ( 0.2 2.0 ( 0.4 2.3 ( 0.4
a Fit parameters correspond to the lowest burn frequencies which are highlighted in bold. b Parameters from ref 17: SDF peak 14 745 cm-1, fwhm =
120 cm-1, S = 0.4 to 0.6. c Parameters from ref 19: SDF peak 14 715 cm-1, fwhm = 110 cm-1, S = 0.6. d Parameters from ref 19: SDF peak 14 705 cm-1,
fwhm = 80 cm-1; S = 0.8 to 0.9. In our model, ∼80-100 cm-1 width is attributed to the SDF of the second-lowest energy pigment. eBest fit with
electron-phonon coupling parameters exactly as in ref 19 yields λ0 = 12.2 and σλ > 2.5.
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3. RESULTS

3.1. Absorption, Fluorescence, and SHB Action Spectra. A
sufficiently precise determination of the SDF parameters of the
state being burned is important for successfully obtaining the
distribution of barriers on the protein energy landscape in the
excited electronic state. Figure 1 contains the absorption spectra of
complexes being explored as well as the low-dose (<2 mJ/cm2)
hole-burning action spectra (hole depth dependence on the
wavelength for fixed irradiation dose) for the lower energy states
of the complexes. Blue curves represent emission spectra ob-
tained with 650 nm excitation. According to conventional wisdom,
the HB action spectrum represents the SDF of the lowest-energy
state of the complex. More precisely, in the case of strong overlap
between several bands belonging to pigments connected by EET,
the action spectrum represents a weighted sum of the parts of the
SDF of the two (or more) pigments, which can be the lowest-
energy ones in respective individual complexes because of
disorder.54 The deconvolution of the CP43 spectra was pre-
sented in ref 54. The details of other complexes are presented in
the Supporting Information. In brief, the more-or-less pronoun-
ced asymmetry of the HB action spectra, which is due to EET
between pigments (or groups of pigments in the case of deloca-
lized excitonic states) with uncorrelated SDF, results in Gaussian
fits to these spectra being relatively poor. In particular, these fits
(dashed black curves in Figure 1B-D) underestimate the red
tails of both HB action and absorption spectra of the complexes.
Thus, for all complexes, the pigment 1 SDF (“pigment 1” refers
to the pigment that is on average the lowest-energy one in the
complex; in the case of trimeric LHCII, “complex” refers to a
monomer within the trimer) has been chosen in such a way as to
approximate correctly the low-energy tail of the HB action and
absorption spectra. (The high-energy side of the SDF is trun-
cated by energy transfer.) This resulted in the lowest-states of

SDF being systematically broader than those previously reported
based on Gaussian fits to HB action spectra.10,17,19 The pigment
2 and if necessary the pigment 3 SDF have then been chosen to fit
the remaining absorption. Another purpose of the analysis was
the determination of the realistic range of the oscillator strengths
of the lowest state(s). The parameters of the SDFs of the lowest-
energy pigments are summarized in Table 1.
3.1.1. CP43. The absorption spectrum of CP43 core antenna

complexes of PS II is presented in Figure 1A. It very closely
resembles those previously reported12,14 and is nearly identical to
recent data.18 The hole-burning action spectrum of CP43 (also
presented in Figure 1A, diamonds) and its interpretation were
discussed in detail in refs 18, 54, and 55 In brief, the action spec-
trum of CP43 has contributions from A- and B-state chlorophylls
(B state seems to be somewhat delocalized), with either one or
another happening to be the lowest-energy chlorophyll in a given
single complex due to static site energy disorder. The A-state,12

likely localized onChl 4455 (notation by Loll et al.56), is themajor
contributor to absorption at 686.8 nm, where the HGK mea-
surement described below was performed (arrow). Note that the
action spectrum normalized to the absorption spectrum in the
region dominated by the A state overshoots the absorption in
the region of the narrow B state at 683 nm. This indicates that the
hole burning effectiveness is a couple of times larger for the B
state than for the A state.
3.1.2. CP29. The absorption spectrum of CP29 (Figure 1B) is

very similar to that reported in refs 11 and 17. The most
prominent peak is located at 674.8 nm (674.5 in ref 11). The
Chl b bands are located at 638.5 and 650.3 nm (638.5 and
650.0 nm, respectively, in ref 11). As in refs 11 and 17, the low-
energy absorption tail tapers off by ∼690 nm. At first glance,
prolonged storage at -80Co did not affect the properties of the
sample. The hole burning action spectrum and fluorescence
spectrum, though, exhibited somewhat larger red shift with
respect to previously published results.11,17 Concerning the HB
action spectrum, we utilized approaches that are significantly
different from those of ref 11, where relatively intense burning
(0.05 J/cm2) and low read resolution (0.5 cm-1) were em-
ployed. Instead, we used the dye laser in high-resolution mode
and followed the HGK for the initial stage of burning at various
wavelengths. The irradiation dose of 0.005 J/cm2, ten times
smaller than in ref 11, still resulted in fractional hole depths being
>25% for the lower-energy edge of the absorption band. Thus,
Figure 1B reports two lower-dose action spectra for irradiation
dose of 0.0014 (green triangles) and 0.0002 J/cm2 (black
diamonds). The use of low doses guarantees that the holes were
far from the onset of saturation. Both action spectra are normal-
ized to fit the low-energy region of the absorption spectrum. The
lower-dose HB action spectrum is peaked at 679.7 ( 0.5 nm
(significantly different from 678.4 nm reported in ref 11 and used
in ref 17) and is noticeably asymmetrical. Note, however, that the
uncertainty in the determination of the peak position is quite
high because of poor signal-to-noise ratio. The higher-dose
action spectrum is peaked at 679.4 ( 0.3 nm and is somewhat
more symmetrical (triangles). We stress here that hole burning is
effective for the red-most tail of the spectrum. (Although burning
in the red edge was observed in ref 11 and especially in ref 17, a
Gaussian was used to fit the HB action spectrum, which resulted
in red edge of the actual SDF not being included in the
simulations of various hole-burned, FLN, and Δ-FLN spectra.)
Comparison between absorption and action spectra indicates
that the absorption of CP29 is dominated by the easily burnable

Figure 1. Five K absorption (red curves) and low-dose HB action
spectra (symbols) of (A) CP43, (B) CP29, (C) trimeric LHCII, and (D)
monomeric LHCII. Arrows indicate the wavelengths where HGK
experiments were performed. The longest-wavelength HGK curves
are reported in Figure 2. In the case of CP29 (B), two action spectra
are reported: black diamonds, for irradiation dose of 0.0002 J/cm2, and
green triangles, for 0.0014 J/cm2. Blue curves represent the 5 K fluores-
cence spectra obtained with excitation at 650 nm. Dashed black curves in
frames B-D are Gaussian fits to the HB action spectra.
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lowest state at wavelengths longer than ∼682 nm. The fluores-
cence spectrum of CP29, obtained with 650 nm excitation, is also
depicted for comparison (blue curve). It peaks at ∼679.6 nm,
only 0.4 nm to the red with respect to 679.2 reported in ref 17.
Apparently, the HB action spectrum exhibits noticeable irradia-
tion dose dependence. Extrapolating that dependence to higher
irradiation doses, such as used in ref 11, one could expect further
blue shifting of the action spectrum and better agreement between
our results and those of refs 11 and 17. In other words, we believe
that in reality the shift of the lowest-energy state(s) resulting
from prolonged storage of the sample is small and find it
appropriate to report the data obtained for this sample in a paper
devoted to energy landscape barrier distributions. Allowing for
two (or more) different contributions to the fluorescence origin
(according to the analysis presented in the Supporting Informa-
tion; similar to that employed in ref 54) easily explains the
wavelength dependence of the electron-phonon coupling re-
ported in FLN experiments.17 With that in mind, we utilize the
longer-wavelength S value of 0.6517 as an initial guess in sub-
sequent HGK simulations for the longest burn wavelength.
Comparing our results with those by Huyer et al.,57 we suggest
that fluorescence lifetimes for the on average lowest energy and
second lowest energy pigment, respectively, in CP29 are 4.8 and
2.6 ns, and we use these numbers as τ1 (see eq 2, Section 2.3) in
the simulations. The suggested lowest state parameters are
reported in Table 1.
3.1.3. LHCII. The absorption spectra of trimeric and mono-

meric LHCII are presented in Figure 1C,D. The latter peaks at
675.9 nm, and the former peaks at 675.3 nm. Other prominent
peaks are located at 649.6 and ∼671 nm for both monomer and
trimer. These values are practically identical to those reported in
ref 19 (676.0, 671.0, and 649.5 nm, respectively, for the mono-
mer, with main peak slightly blue-shifted for the trimer), despite
LHCII complexes explored here and in ref 19 belonging to
different organisms, pea and spinach, respectively. For aggre-
gated spinach LHCII, the main peak has been reported at
676.3 nm in ref 58. To confirm further the absence of significant
aggregation in our samples, the fluorescence spectra were
measured at both 5 and 80 K and compared with those from
refs 19, 58, and 59. The 5 K fluorescence spectrum of the trimeric
LHCII sample is depicted in Figure 1C (blue curve) along with
the absorption and action spectra. Obviously, our fluorescence
spectrum is similar to the spectra of well-solubilized (nonaggre-
gated) trimeric LHCII previously reported.59 No significant
emission bands have been observed at 700 nm and longer
wavelengths. The aggregation state of the LHCII is important
because it affects the SDF parameters58 and, even more impor-
tantly, the lifetimes of the lowest energy states59 that are one of
the key model parameters (τ1). The shoulder at∼671 nm is not
as well-resolved in the case of pea. Despite some differences,
qualitatively, all tendencies observed before for LHCII from
spinach are present in the case of pea: the spectrum of the
monomer is somewhat less structured, slightly red-shifted, and
with stronger lowest energy region absorption.
The SHB action spectrum for LHCII trimer (Figure 1C) is

clearly narrower than for monomer; it peaks at 678.5 nm and has
an fwhm of 90 cm-1. This could be compared with the data for
spinach LHCII trimer from ref 10, where the Gaussian peaked at
678.2 nm and a width of 85 cm-1 was used to fit the high-dose
HB action spectrum. Previous work by Reddy et al.60 on samples
that later were found partially aggregated58 reported that the
high-dose HB action spectrum (for almost saturated ZPHs) was

peaked at 679.3 nm and had the width of 110 cm-1. Interestingly,
a much larger fraction of the absorption spectrum can be fitted to
the low-dose action spectrum in the case of the LHCII trimer
than in the case of the monomer. Because of the somewhat
asymmetric shape of the trimer action spectrum (pronounced
red tailing, see Figure 1C), it is more obvious than in the case of
the monomer that the trimer HB action spectrum most likely
contains more than one component, much like that of CP43.54

The monomer’s SHB action spectrum (Figure 1D), obtained
with irradiation dose of 0.0018 J/cm2, is somewhat asymmetrical
and peaks at 680.2 nm, slightly to the red compared with 679.6 nm
recently reported for spinach monomer at a slightly higher dose
of 0.003 J/cm2.19 The fwhm of our low-dose action spectrum is
∼120 cm-1. Note that we are again reporting the true fwhm
value, not the result of a Gaussian fit. Comparing the absorption
and action spectra, one can notice that burning at wavelengths
longer than 684 nm would guarantee that only the lowest-energy
state is probed. Parameters of the lowest state SDFs of the
LHCII trimer and monomer used in subsequent modeling were
obtained using the procedure described in ref 54 and are
presented in Table 1. (Details are presented in the Supporting
Information.)
3.2. Hole Growth Kinetics. Figure 2 presents the HGK curves

for CP43 (Figure 2A) at 686.8 nm, CP29 (Figure 2B) at 681.7 nm
(also probed at 680.5 and 679.0 nm), LHCII trimer (Figure 2C)
at 683.1 nm (also probed at 682.3 nm), and LHCII monomer
(Figure 2D) at 684.2 nm (also probed at 683.7 and 682.5 nm),
respectively. Fits are according to eqs 1 and 2 with modifications
involving antihole treatment, as described in Section 2.3. The
integrated absorption cross-section of an isolated Chl amolecule
oriented with transition dipole moment parallel to the excitation
light electric field (σ in eq 1) was taken to be 4.5� 10-13 cm2 cm-1.

Figure 2. (A) HGK curve (noisy black curve) and its fit (red) for CP43
at 686.8 nm. The insert contains a high-resolution scan of the hole
burned during the HGK measurement reported in the mainframe. (B)
HGK curve (noisy black curve) and its fit (red) for CP29 at 681.7 nm.
(C) HGK curve (noisy black curve) and its fit (red) for trimeric LHCII
at 683.1 nm. (D) HGK curve (noisy black curve) and its fit (red) for
monomeric LHCII at 684.2 nm. The insert contains a high-resolution
scan of a 15% deep hole burned at ∼684 nm.
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This estimate is based on the Chl amolar extinction coefficients
in methanol and diethyl ether.62 The cm2 cm-1 units are used
here because in our software the single site absorption spectrum
is normalized on a cm-1 scale. In cm2 s-1 units, our integrated
cross-section estimate is equivalent to 1.4 � 10-2, which can be
compared with 1.75� 10-2 reported for APT in hyperquenched
glassy water37 or 8 � 10-3 in ortho-dichlorobenzene glass.36

Before proceeding to describe the HGK results and their fits for
particular complexes, additional qualitative comments are in
order. Because the model employed contains many potentially
adjustable parameters, one needs to develop a general under-
standing of how changing each of those parameters affects the
HGK curves. First of all, most of the parameters were obtained
from independent measurements described in the literature and
were fixed during the fitting procedure. The parameters most
strongly influencing the shape of the HGK curve are the mean
and the width of the tunneling parameter distribution as well as
the Huang-Rhys factor S, describing the strength of the
electron-phonon coupling. It is well known that S can be
estimated based on the maximal achievable depth of the resonant
ZPH. Therefore, a rough estimate of S can be obtained from the
HGK curve even without any fitting. Other parameters affecting
the maximal hole depth are the shapes of the phonon sideband
and of the antihole function. The mean of the tunneling para-
meter distribution affects the overall burning speed (i.e., if the
HGK curve is shifted toward higher irradiation doses), whereas
the width of that distribution determines the qualitative behavior
of the HGK curve. Larger σλ results in HGK curve (depicted on a
logarithmic scale) resembled a straight line; smaller σλ resulted in
more sigmoidal HGK curves. Thus, in our fitting procedure, we
initially fixed all parameters except λ0 and σλ, achieved the best
possible fit to the experimental data, and then attempted to fine-
tune the value of S, the shape of the phonon sideband, and that of
the antihole function (in this particular order) to improve the fit
further. The resulting values of tunneling distribution parameters
are summarized in Table 1.
3.2.1. CP43. The shape of the SDF of the A-state of CP43 is

well established.12,18,52 The 5 K homogeneous line width of
0.03 cm-1 was obtained from ref 12. This width is determined
mainly by pure dephasing because its radiative lifetime is as
long as 3.5 ns.63,64 The electron-phonon coupling parameters
(Huang-Rhys factor S and the parameters describing the PSB
shape, which affect the single-site spectrum L(ω)) were obtained
from the fits to holes from refs 12 and 16 and from our old
unpublished data. As demonstrated in refs 14 and 16, the
electron-phonon coupling for the CP43 A state is weak, S ≈
0.25, and the phonon sideband peaks at 17 cm-1. These values
are in agreement with the extremely small Stokes shift observed
for CP43.12,18 We used the phonon sideband shape from the
SHB data12,14,16 and our unpublished results, assuming that
nonresonant excitation does not contribute to the shape of the
pseudo-PSB region of the holes for λB > 684 nm. As a result, a
somewhat broader Lorentzian contribution to PSB width was
employed here compared with refs 12 and 18. (See Table 1.)
There is general agreement that the A-state of CP43 is localized
on a single Chl a molecule, and, therefore, the integrated
absorption cross-section was taken to be equal to that of one
Chl amolecule. Finally, we used ref 16 and our own unpublished
data to estimate the shape of the antihole function. It is clear that
the antihole is distributed both to the blue and to the red of the
zero-phonon hole. Because of interference between the red
fraction of the antihole and the pseudo-PSB, it is unclear if the

antihole is on average blue-shifted with respect to the ZPH or
not. We will use the Gaussian antihole function with the width of
40 cm-1, which is centered on ωinit. Introducing a slight blue
shift did not affect the final results significantly. As can be seen in
Figure 2A, by the end of the burn, the hole reaches fractional
depth of 65%, which is somewhat less than 78% corresponding to
S = 0.25. A perfect fit between the experimental HGK curve
(black) and the simulation result (red) can be obtained for S =
0.3, λ0 = 11.0, and σλ = 1.0. The remaining discrepancy between
the observed fractional depth of the hole and exp(-S) is due to
antihole influence. The insert of the Figure 2A contains a hole
spectrum measured at high resolution after the HGK measure-
ment. The 65% deep hole still has a width of 6.9 GHz only, which
indicates that it is far from saturated. No significant antihole
contributions are observed within the 45 GHz scan range, which
is in agreement with the broad (30-40 cm-1) antihole function
employed in our simulations.
3.2.2. CP29. According to ref 11, the 5 K homogeneous width

for CP29 is 0.04 cm-1. The electron-phonon coupling para-
meters were obtained from ref 17. One should note, however,
that changes in the parameters of the lowest-state SDFmay result
in some changes of the parameters of the electron-phonon
coupling to produce the same Δ-FLN spectra as reported in ref
17. A 4.8 ns lifetime of the lowest state was assumed.57 The
measured HGK curve and the results of simulations are pre-
sented in Figure 2B for a burn wavelength of 681.7 nm. At shorter
wavelengths for the same tunneling distribution parameters, the
theoretical HGK is faster than observed. According to ref 17, the
wavelength dependence of the electron-phonon coupling was
observed in CP29, with S decreasing toward the shorter wave-
lengths. Thus, one would expect that the experimental HGK
should become somewhat faster, not somewhat slower (as obser-
ved) toward shorter wavelengths, if the only state being burned at
shorter wavelengths was the same as that burned at 681.7 nm.
The opposite tendency means that burning at 680.5 and espe-
cially 679.0 nm simultaneously probes two different pigments,
with the higher-energy one exhibiting lower SHB yield than the
state dominating the absorption at >681.7 nm. Fitting the HGK
curves at shorter wavelengths requires the use two bands for the
simulations rather than one. S = 0.417 was used for the second-
lowest energy band. In this case, a reasonable (but not perfect) fit
to the higher energy HGK curves was achieved for λ0,2 ≈ 10.5.
3.2.3. LHCII. For simulations, the 5 K homogeneous line width

was assumed to be 0.04 cm-1 for both monomer and trimer
based on the results of ref 10. This value is in reasonable
agreement with the∼0.1 cm-1 width of the∼15% hole obtained
with ∼2 � 10-3 J/cm2 at 682.6 nm for LHCII monomer in our
work. (See insert in Figure 2D.) According to ref 57, the 10 K
fluorescence decay kinetics of nonaggregated, LHCII has two
components, 1.8 and 4.4 ns; the latter value, corresponding to the
more red-shifted component, was used in this work to simulate
the lowest-energyHGK curves for both themonomer and trimer.
Concerning the electron-phonon coupling parameters, we
utilized those from ref 19 as initial guesses. However, because
of changes in the SDF parameters proposed in Table 1, the actual
phonon sideband shape may differ somewhat from that sug-
gested in ref 19. Moreover, as can be seen from the HGK curves
for both monomeric and trimeric LHCII, the maximal fractional
hole depth (∼45% for the monomer and∼35% for the trimer) is
significantly smaller than that expected for S = 0.6 (monomer)
and S = 0.8 to 0.9 (trimer) reported in ref 19 and previous works.
The fits employing the initial guess values of S were relatively
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poor, and resulted in λ0 > 12 for the lowest-energy bands of both
monomer and trimer. It was also clear that to simulate the early
leveling off of the kinetics at high irradiation doses, one had to
introduce high values of σλ > 2.5, which in turn resulted in a poor
fit at the beginning of the curves. Therefore, we allowed S to
increase significantly for both monomeric and trimeric LHCII.
Simultaneously, we decreased the width of the Lorentzian part of
the PSB somewhat to arrive at approximately the same simulated
overall shape of the phonon sideband as in Δ-FLN spectra
reported in ref 19. One should also note that producing accep-
table fits for shorter burn wavelength holes (not depicted)
required that the second-lowest state (with parameter different
from those of the first state) contributes significantly to absorp-
tion at <682 (monomer) and <681 nm (trimer), respectively.
This in turn places limitations on the oscillator strength of the
lowest-energy state. The fits presented in Figures 2C,D and were
obtained assuming that the oscillator strength of the two lower
energy states of both the monomeric and trimeric LHCII does
not exceed 1.2 Chl a equivalents, in agreement with super-
radiance data,61 nonresonant SHB data from ref 19, and work
presented in this Article, including the deconvolutions reported
in the Supporting Information. Again, fit parameters are sum-
marized in Table 1.

4. DISCUSSION

As evident from the data presented in Table 1, the parameters
of the tunneling distribution observed for PS complexes are
significantly different from those reported for hyperquenched
glassy water and simple organic glasses.34-37 The LH II antenna
complex, which was previously explored in detail38 and contains
bacteriochlorophyll a, not chlorophyll a, exhibited parameters in
the same range (λ0 = 10.3 ( 0.2, σλ = 0.7 ( 0.1). Note that the
small value of σλ correlates with the small inhomogeneous width
of the B800 band,∼130 cm-1. Our results are also in agreement
with LHCII exhibiting higher energy barriers than LH II at room
temperature.65 Roughly, the hole burning yield is 60 to several
hundred times lower in protein complexes than in hyperquen-
ched water and organic glasses.34-37 This is reasonable, taking
into account that the entities experiencing light-induced fluctua-
tions (tunneling) are expected to be larger and heavier in protein
than in the case of amorphous host composed of small molecules.
It is tempting to suggest that these entities are the whole protein
side chains. Just as in LH II, we did not observe any evidence of
rapid, small-shift spectral diffusion, which is likely associated with
the TLS of the amorphous host surrounding the pigment-
protein complexes or with surface TLS.25 There was no pile-up of
antihole absorption in the immediate vicinity of the resonant
hole, which would be expected if the majority of molecules were
capable of experiencing small, <1 cm-1 shifts upon burning.23,25,26

Because the homogeneous line widths are very small in the
complexes explored in this Article compared with the B800 band
of LH II, the molecules experiencing spectral shifts as small as
several gigahertz would become virtually unavailable for burning
andwould stay in the vicinity of the original resonant hole for a long
enough time to be detected. In summary, we believe that our data
reflect the true barrier distributions of the intact protein and not
that of the interface or surrounding amorphous host.25

The differences between tunneling parameter distributions
from complex to complex obviously reflect differences in the
protein environment of the respective chlorophyll molecules. In
this respect, it is instructive that these parameters are the same,

within experimental error, for the lowest-energy states of mon-
omeric and trimeric LHCII. This indicates that the lowest-energy
state of this complex most likely is contributed to by the same
pigment(s) in both the monomer and trimer. Interestingly, the
barrier distribution of the lowest-energy state of CP29 is signi-
ficantly different from that of LHCII. This suggests that either the
lowest state is localized on completely different chlorophyll(s) in
CP29 and LHCII or that the excitonic lowest state of LHCII is
significantly contributed to by a chlorophyll molecule either
absent in CP29, or if present, in a significantly different environ-
ment. (Note that when speaking of LHCII trimers, we consider
them a sum of weakly interacting monomers; see below. Thus,
when we speak of the lowest energy state of the trimeric LHCII
“complex”, we are referring to superposition of those of each
monomer within the trimer.) In this respect, it is worthwhile to
recall the results of the recent excitonic calculations performed
based on the high-resolution structure of LHCII. (The structure
for CP29 is not available, but similarities are expected based on
protein homologies.) Several groups66-68 reported the results of
modeling, including not only that of absorption, LD, and fluores-
cence spectra, but also of various 1D and 2D time-domain data. It
has been concluded that Chl 604, proposed by Pieper et al. to be
the lowest-energy pigment in the LHCII complex,19 is required
to absorb at much higher energy, and the lowest-energy state (of
each monomer within a trimer) was attributed to Chls 610,
coupled to 611 and 612. Nonresonant SHB experiments (ref 19
and this work; not depicted) indicate that the lowest-energy
chlorophyll in LHCII is not in appreciable excitonic interaction
with other Chls a of the complex. Assignment of the lowest state
to either the Chl 604 or to the Chl 610-611-612 trimer implies
that the rate of EET between the lowest-energy states of the
adjacent monomers should be negligible because these pigments
are situated far from the interface between adjacent monomers
and far from identical Chls of these adjacent monomers; see
Figure 3. This requirement is in agreement with SPCS results
where three narrow lines per single LHCII trimer, with approxi-
mately equal intensities, have been reported in themajority of the
single trimer low-temperature emission spectra,50-53 indicating
the relative unimportance of intermonomer EET. Several-step

Figure 3. Arrangement of chlorophyll molecules in the LHCII trimer.
The view is from the stromal side. LHCII protein backbone is shown as
semitransparent, and chlorophylls are shown in sticks with Mg as a
yellow sphere. Chlorophylls 610, 611, and 612 are in red; chlorophylls
613 and 614 are in blue, chlorophylls 602 and 603 are in green, and Chl
604 is in yellow. Chl 604 is located at the luminal side of the complex.
The rest of the chlorophylls are shown in transparency. The dashed
ellipse approximately delineates the borders of one monomer.
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bleaching of single trimer fluorescence (integrated fluorescence,
all wavelengths combined), accompanied by changes in the
degree of polarization, was also observed, which is consistent
with the weakness of intermonomer EET. One line and single-
step bleaching was observed for single monomeric LHCII
complexes.51 One should note that effective intermonomer
EET should suppress the HB action spectrum, ultimately bring-
ing its integral intensity down to a value corresponding to one
Chl a per LHCII trimer, that is, per 42 chlorophylls (or slightly
more than 1/42 for lowest state being delocalized excitonic one).
Even a quick look at Figure 1C,D shows that this is not the case.

Note that the analogs of both Chl 604 and Chl 611 are absent
in CP29. (See Table 2, where they are highlighted in bold.)
Figure 3 represents the structural arrangement of chlorophylls in
LHCII trimer. Because the barrier distribution properties of the
second- (or third-) lowest state of LHCII are significantly affected
by monomerization (the HB yield is lower than for the lowest-
state in the monomer but higher than for the lowest-state in the
trimer), one could suggest that this state is localized on Chls 613
and 614, which are the closest to the interface between the
monomers in the trimer. It is much less likely that this state is
localized on Chls 602 and 603. Chls 602 and 603 of the adjacent
monomers are close to each other according to the trimer
structure (Figure 3), and energy transfer between Chls 602 and
603 belonging to adjacent monomers would suppress burning
into the second- (or third-) lowest state of the trimer with respect
to the monomer. In reality, however, that state contributes more
to the SHB action spectrum of the trimer than to the action
spectrum of the monomer.

The parameters of tunneling distribution may also be em-
ployed for disentangling the effects of this distribution and of the
distribution of the EET rates in the hole burning data obtained
for the higher-energy states. The first demonstration of fitting
spectral holes using both tunneling parameter and B800fB850
EET rate distributions for LH II complex can be found in ref 38.
Detailed discussion on retrieving EET rate distributions of
various realistic shapes (e.g., obtained in a purely F€orster model,
extended F€orster models, etc.) from the hole burning data is
beyond the scope of this manuscript; a separate manuscript

devoted to this issue is in preparation. In brief, distribution of
EET rates has a relatively small effect on the HGK curves,
providing some additional dispersion of HB yields in addition
to that originating from the tunneling parameter distribution, if
the latter has the parameters reported here, that is, for σλ≈ 1...2.
The dependence of the hole width on hole depth, on the other
hand, is fairly sensitive to the presence of the EET rate (homo-
geneous line width) distribution.

Finally, we address the LHCII electron-phonon coupling
parameters following from this work and their disagreement with
Δ-FLN data from ref 19. Use of the parameters derived from Δ-
FLN data19 results in poor fits to the HGK curves in the case of
both monomeric and trimeric LHCII, and in both cases, the
Huang-Rhys factors had to be increased considerably to explain
our HGK data. This discrepancy can probably be attributed to
the differences between the species (pea in this work versus
spinach in ref 19) because according to Liu et al.,69 the sequence
of LHCII from pea and spinach are only 89% identical, and some
conserved residues are somewhat differently oriented. The maxi-
mal achievable hole depth did not depend on the degree of aggre-
gation of the sample (partially aggregated samples were some-
times obtained by accident and explored during the course of this
work, although the results are not depicted). We also confirmed
by modeling that reducing the lifetime to 450 ps, the value
expected at 683-684 nm for aggregated samples59 without any
other modifications to model parameters, is not sufficient to
explain our HGK results. The change of the lifetime alone affects
only the burning rate but not the maximal depth achievable.
Consequently, poor burning is unlikely related to aggregation,
and increased electron-phonon coupling is the most likely
reason for smaller than expected maximal hole depths. We note
here that an important difference between the LHCII employed
in this work and earlier work is that the LHCII explored here was
from a fraction transiently associated with PS I and not obtained
by regular procedures from PS II. Thus, our sample is expected to
contain negligible amounts of Lhcb3 protein.70 The latter, usually
comprising ∼11% of LHCII samples (6:2:1 Lhcb1/Lhcb2/
Lhcb371) is known to exhibit the most red-shifted, lowest energy
state at room temperature. Samples explored in ref 19 featured a
4:4:2 ratio. Another expected consequence of our LHCII being
associated with PS I rather than PS II is a relative enrichment in
Lhcb2,72,73 which exhibits the most blue-shifted lowest-energy
state among the Lhcb1-3 proteins. It would be tempting to
suggest that it is Lhcb2 that exhibits larger electron-phonon
coupling. Attributing the effect to increased S-factor for one of
the Lhcb proteins easily explains the poor burning for both
monomer and trimer; both were isolated in the same procedure
from the same rawmaterial; that is, plant growth conditions were
identical.

5. CONCLUSIONS

Spectral HGK measurements provide, along with SHB and
SPCS spectral diffusion experiments, valuable information on the
distributions of the barriers on the protein energy landscapes.
Evolution of the spectral holes during burning depends on the
distribution of the barriers in the excited electronic state of the
pigment/protein system. (Experiments on broadening of spec-
tral holes in the dark probe the ground-state barrier distributions;
SPCS, at liquid helium temperatures, provide information chiefly
on the excited state barriers; thermally induced spectral diffusion
is probed when the temperature is increased.) The distributions

Table 2. Chlorophyll Labeling for LHCII and CP29

LHCII;

Standfuss

et al.74
LHCII; Liu

et al.69

LHCII;

K€uhlbrandt

et al.75

CP29 (modeling

usually based on

K€uhlbrandt et al.75)

Chl a

or b

1 610 A1 A1 A

2 612 A2 A2 A

3 613 A3 A3a A

4 602 A4 A4 A

5 603 A5 A5 A

6 604 A6 A

7 611 B2 A

8 614 B3 B3a A

9 601 B

10 607 A7 B

11 608 B1 B

12 609 B5 B5a B

13 606 B6 B6a B

14 605 B
aMixed sites in CP29 according to mutagenesis studies by Bassi et al.76
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of the tunneling parameter, λ, have been determined for the
lowest-energy pigments of several PS pigment-protein com-
plexes. It has been demonstrated that the hole burning yields are
systematically significantly lower in PS proteins than in simple
molecular glasses, in line with the idea that the barriers crossed by
tunneling are higher, broader, or both in proteins, that is, the
groups of atoms whose light-induced rearrangement is manifest-
ing via NPHB are larger. No evidence of fast ∼1 cm-1-shift
spectral diffusion has been observed. Whereas it has been known
before that hole burning yields tend to be lower in proteins than
in glasses, in this study, SHB processes in several pigment-
protein complexes are addressed in a systematic and quantitative
manner, similar to and easily comparable to that employed for
glasses.13,34-37 The barrier distribution parameters can be em-
ployed in spectral diffusion modeling, potentially providing joint
interpretation of light-induced spectral diffusion phenomena
observed via SHB and SPCS and as the benchmarks to which
the results of future SPCS experiments could be compared to
ensure that low-temperature SPCS light-induced spectral diffu-
sion data are in agreement with ensemble averages. The differ-
ences in protein dynamics parameters can be utilized to
distinguish between pigments with strongly overlapping bands,
along with differences in electron-phonon coupling, pressure-
induced line shifts, or permanent dipole moment changes. (See
ref 13 for review.) The parameters of tunneling distribution are
also necessary for disentangling the effects of this distribution
and of the distribution of EET rates in hole burning data obtained
for higher-energy states of PS complexes.

Additionally, we reported the improved parameters for the
lowest-energy state SDFs of CP29 and LHCII and attempted to
assign the lowest-energy states of LHCII complex to particular
chlorophylls known from structural data. The lowest-energy state
of LHCII, in both trimeric and monomeric form, can be assigned
either to Chl 604, strongly interacting only to Chls b, or to
excitonically coupled Chls 610, 611, and 612. Most likely diffe-
rent pigment(s) are responsible for the lowest state of the CP29
because barrier distribution parameters of CP29 differ signifi-
cantly from those of LHCII.
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bS Supporting Information. Procedure for the fitting of
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