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Abstract: We employed non-photochemical hole burning (NPHB) and fluorescence line 

narrowing (FLN) spectroscopies to explore protein energy landscapes and energy transfer 

processes in dimeric cytochrome b6f, containing one chlorophyll molecule per protein monomer. 

The parameters of the energy landscape barrier distributions quantitatively agree with those 

reported for other pigment-protein complexes involved in photosynthesis. Qualitatively, the 

distributions of barriers between protein sub-states involved in the light-induced conformational 

changes (i.e. - NPHB) are close to glass-like ~1/√ܸ (V is the barrier height), and not to 

Gaussian. There is a high degree of correlation between the heights of the barriers in the ground 

and excited states in individual pigment-protein systems, as well as nearly perfect spectral 

memory. Both NPHB and hole recovery are due to phonon-assisted tunneling associated with the 

increase of the energy of a scattered phonon. As the latter is unlikely for simultaneously both the 

hole burning and hole recovery, proteins must exhibit a NPHB mechanism involving diffusion of 

the free volume towards the pigment. Entities involved in the light-induced conformational 

changes are characterized by md2 value of about 1.0.10-46 kg.m2. Thus, these entities are protons 

or, alternatively, small groups of atoms experiencing sub-Å shifts. However, explaining all 

spectral hole burning and recovery data simultaneously, employing just one barrier distribution, 

requires a drastic decrease in the attempt frequency to about 100 MHz. This decrease may occur 

due to cooperative effects. Evidence is presented for excitation energy transfer between the 

chlorophyll molecules of the adjacent monomers. The magnitude of the dipole-dipole coupling 

deduced from the -FLN spectra is in good agreement with the structural data, indicating that 

explored protein was intact. 
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1. Introduction. Understanding protein energy landscapes in photosynthetic pigment-

protein complexes is important both from the general life sciences perspective (information on 

hierarchal protein energy landscapes1-3 is necessary to better understand protein conformational 

changes and folding; see the famous Levinthal’s paradox, for example) and in photosynthesis 

research per se (protein dynamics is affecting optical properties, energy and charge transfer 

processes in proteins involved in photosynthesis). In optical experiments the dynamics of 

amorphous solids, including proteins, manifests as light- and thermally-induced shifts of spectral 

lines of the pigments embedded in the solid. These shifts are directly observable in the single 

molecule / single photosynthetic complex spectroscopy (SPCS) experiments3,4. In the ensemble 

spectra these shifts manifest as spectral hole burning (SHB) and as hole recovery and 

broadening5. Collectively these phenomena are known as spectral diffusion. SHB involves 

selecting a sub-ensemble of pigment molecules with zero-phonon lines (ZPL) in resonance with 

the laser and causing either the photo-chemical transformation of the molecules themselves, or 

the rearrangement of their environment. In amorphous solids, including proteins at low 

temperatures, the light-induced rearrangement of the environment is the dominant process. On 

the ensemble level this mechanism is known as Non-photochemical Hole Burning, NPHB6. In 

the case of SPCS these are just the light-induced shifts of the spectral lines (as opposed to their 

disappearance). As the pigment molecule is not modified, the reverse conformational change 

gives rise to the recovery of a spectral hole or to spectral line returning to its original wavelength. 

Following NPHB, hole recovery and hole broadening offers one a window onto the distributions 

of barriers on the protein energy landscape.  

The key aspects of the origins of light- and thermally-induced shifts of the spectral lines, the 

basis of the observations in both SPCS and NPHB experiments, are demonstrated in Figure 1. 
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Two hierarchal tiers of the protein energy landscape3,4 are shown. For clarity, only two wells are 

shown for the higher, hierarchy-wise, tier of the energy landscape. Transitions between these two 

states correspond to NPHB and to the larger ones (several cm-1 or more) among the spectral 

shifts in the SPCS experiments3. Transitions between the wells of the lower tier of the energy 

landscape (fine structure are the bottoms of the deep wells) contribute mostly to the width of the 

spectral hole or spectral line5. Before being resonantly excited with a photon with energy E1, 

the pigment-protein system is assumed to be in state 1. As the barriers in the excited electronic 

state (red) are lower than in the ground state (blue), the system is more likely to experience a 

conformational change while the pigment is in the excited state, and end up in state 2, 

characterized by different transition energy E2. The 1→2 transition may occur by virtue of 

either tunneling or barrier-hopping. Both tunneling and barrier-hopping are possible also in the 

ground state, albeit at much lower rates due to higher barriers. Transitions from state 2 to state 1 

in the ground state contribute to the recovery of the spectral hole or to the return of the single-

molecule line to its original transition frequency. 

 

Figure 1: Energy landscapes of a pigment-protein system in ground (blue) and excited (red) 

electronic states. Two tiers of the protein energy landscape are shown. Vertical arrows indicate 
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electronic transitions of the pigment, dashed straight arrows indicate tunneling and curved dotted 

arrows indicate barrier-hopping. Also shown are barrier height V, asymmetry  and shift d 

(associated with the conformational change) along the generalized coordinate. 

 

Photosynthetic pigment-protein complexes are particularly suitable as model systems for 

research on protein energy landscapes and dynamics utilizing optical methods. Chromophores 

are present in these compelxes naturally, without extraneous manipulations, and in a wide variety 

of local environments. Recently we published several papers where NPHB was employed to 

study the energy landscapes in light-harvesting antenna complexes7-9. In particular, for the CP43 

antenna complex we demonstrated that the distributions of barriers on the protein energy 

landscape are Gaussian and not proportional to 1/√ܸ 9 (V is the barrier height). The ~1/√ܸ 

distributions were predicted and observed in glasses10-12; a superposition of 1/√ܸ	and Gaussian 

terms was observed for phycobilisomes12. We also developed the novel unified approach to joint 

analysis and modeling of both hole burning and hole recovery data, for fixed temperature and 

upon temperature variations. Importantly, the logic used in9 to arrive at the conclusion about the 

Gaussian shape of the barrier distributions in CP43 was independent of any features specific to 

proteins and distinguishing them from other amorphous solids, e.g. organic glasses. This logic 

relied on the fact that in the presence of “spectral memory” the barrier distributions encoded into 

the non-saturated spectral holes and manifesting during the hole recovery (the “partial barrier 

distributions”) differ from the full true barrier distributions (i.e., the distributions of all possible 

barriers on the relevant tier of the energy landscape, whether they are crossed in optical 

experiments or not). “Spectral memory” implies that spectral holes are recovered by the systems 

that had experienced NPHB returning to their pre-burn frequencies, and not by the systems that 
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were out of resonance with the laser in the beginning of the experiment and then evolved into 

resonance. In terms of Figure 1, the 1→2 + 2→1 process dominates over 1→2 + 2′→1′ with 

accidental E1′=E1, prime referring to another pigment-protein system. The partial barrier 

distributions are vastly different for different shapes of the true full distributions, and one can 

easily distinguish their manifestations. In the light of these CP43 results9 it was tempting to 

suggest that the earlier results on hole recovery in glasses10-12 could be misinterpreted, due to 

ignoring spectral memory as well as the spontaneous recovery at burn temperature, and ascribing 

all recovery to barrier hopping. If anything, organic glasses are more likely to have the pigment 

molecule in interaction with just one two-level system (TLS; the special low-temperature 

properties of amorphous solids are ascribed to the presence of TLS13,14) and to feature more 

perfect spectral memory than proteins with their multi-well energy landscapes. If true, this 

misinterpretation hypothesis would have far-reaching implications for the theories of amorphous 

solids at low temperatures13,14 yielding the ~1/√ܸ barrier distributions. However, such a bold 

proposal obviously needed verification for other proteins and amorphous solids. 

Additionally, even though we performed the experiments described in Ref. 9 on the red 

edge of the lowest-energy band of the CP43 complex in order to avoid any excitation energy 

transfer (EET)-related effects, CP43 is still a system of multiple relatively strongly coupled 

pigments15,16. Thus, although EET from the lowest-energy pigment or delocalized state was 

forbidden, we could not be completely confident that our results are free of the excitonic effects. 

For instance, if the lowest-energy excited state is partially delocalized over several interacting 

pigments, any of these pigments may experience a spectral shift triggered by optical excitation of 

this delocalized state. As different pigments of the CP43 complex are placed in somewhat 
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different local environments, one cannot be fully sure that observed protein energy landscape 

parameters describe one particular pigment pocket of the protein.  

Cytochrome (Cyt) b6f
17-20, a complex containing just one chlorophyll a (Chl a) molecule 

per protein monomer, see Figure 2, represents a better model for protein energy landscapes 

research. It does not possess delocalized Chl a states and offers access to as uncontaminated 

optical manifestations of protein dynamics as possible. Cytochrome b6f, existing in vivo in 

dimeric form, mediates the transfer of electrons between the two photosynthetic reaction center 

complexes, Photosystem II and Photosystem I, while also transferring protons across the 

thylakoid membrane from stroma to lumen. Most of the cofactors in Cyt b6f are involved in these 

charge transfer processes, and absorb at different wavelengths with respect to the Chl a. The 

exact purpose of that Chl a in Cyt b6f is unclear18-20. Cytochrome b6f was explored by both 

frequency- and time-domain spectroscopies18-20. It was shown that at least at room temperature 

the Chl a in Cyt b6f exhibits unusually short fluorescence lifetime (~250 ps) and reduced 

fluorescence yield, which were attributed to effective quenching of the Chl excitations by the 

aromatic groups of the protein. This quenching is considered the most likely reason why 

presence of Chl a, although apparently useless from photosynthesis perspective and potentially 

dangerous (triplets), does not introduce any evolutionary disadvantage, and why Chl a remains 

preserved. Chlorophylls in Cyt b6f are well screened by protein from the outside environment. 

The Mg-to-Mg distance between the two Chl molecules of the dimer is 6.1 nm, rendering the 

interaction between those Chls very weak (dipole-dipole coupling J12 ≤ 0.4 cm-1, depending on 

the dielectric constant). Below we are going to present the evidence of the slow excitation energy 

transfer between these two Chls. The main focus of this manuscript, however, is on the protein 

energy landscapes. We employ the unified approach of Ref. 9 and determine the shape and 
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quantitative parameters of the barrier distributions, as well as the likely nature of the entities 

involved in conformational changes. Taking this approach one step further and determining one 

single barrier distribution manifesting in SHB, the fixed-temperature hole recovery and the 

recovery upon thermocycling is possible if one invokes cooperative effects. 

 

Figure 2: Structure of the Cyt b6f dimer. PDB ID: 2E7417. Chlorophyll a molecules are 

highlighted in green. Iron atoms of hemes and iron-sulfur clusters are highlighted in gold. Cyan: 

protein. Orientation factor is 0.92 and the Mg-Mg distance is 6.1 nm.  

 

2. Materials and Methods. Chloroplastic Cyt b6f was isolated from market spinach according to 

Romanowska21. Two closely moving yellow bands were clearly observed around the middle of 

the sucrose gradient tubes but both bands showed similar absorption spectra with the same heme 

/ Chl a ratio. The stoichiometry resulted in approximately one Chl a per Cyt b6f monomer using 

an extinction coefficient of 20 mM-1.cm-1 for Cyt b as described in21 and 75 mM-1.cm-1 for Chl a 

as described in Pierre et al.22 after sample reduction with sodium dithionite. For some 

experiments, the detergent n-octyl-β-D-glucopyranoside (OG) was replaced with n-dodecyl-β-D-

maltoside (DM) in the final preparation by several dilution / concentration steps with 30 mM 
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Tris/succinate, pH 6.5, and 0.03% (w/v) DM solution by centrifugation in 30 kDa MWCO 

Amicon tubes.    

Absorption and broad spectral range hole spectra were measured with a Cary 5000 

spectrophotometer with resolution of 0.1 nm. Broadband and selectively excited emission spectra 

and -FLN (the difference of fluorescence line narrowed spectra before and after spectral hole 

burning) spectra were measured using Acton 2356 spectrograph with Princeton Instruments Pixis 

1340x100 back-illuminated CCD. High-resolution spectra were measured with Sirah Matisse-DS 

frequency-stabilized tunable dye laser (bandwidth < 1 MHz). A 6 W 532 nm Spectra Physics 

Millennia was used as a pump laser. The sample was placed inside a liquid-helium bath/flow 

cryostat (Ukrainian Academy of Sciences)23. High-resolution experiments were performed in 

fluorescence excitation mode, with vertically polarized excitation light and fluorescence 

collected at 90 degrees with respect to the excitation and detected with a Hamamatsu 

photomultiplier / photon counting module. The intensity of excitation light was stabilized by 

BEOC laser power controller and regulated with neutral density filters. The irradiance was ~17 

W/cm2 for burning; 500 times smaller irradiance was used for reading hole spectra. 

Thermocycling involves producing a spectral hole at low temperature (e.g., 5 K), temporarily 

increasing the temperature to a higher value, measuring the hole spectrum again at burn 

temperature, and then repeating the cycle with ever increasing maximal temperature. More 

details can be found in Refs 8 and 9. 

 

3. Results  

3.1. Absorption and emission spectra. Figure 3 depicts absorption (black), non-selectively 

excited emission (red) and hole burning (HB) action spectra (dark blue diamonds) of Cyt b6f at 5 
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K. Also presented is an example of the low-resolution hole spectrum (grey). The latter 

demonstrates the shapes of the NPHB anti-hole and the pseudo-phonon sidehole. Zero-phonon 

hole is clearly visible, despite relatively poor resolution, suggesting that electron-phonon 

coupling is moderate. The emission spectrum was measured using excitation with white light 

through a band-pass interference filter centered at 600 nm and with the bandwidth of 10 nm to 

ensure selective excitation of Chl a. The HB action spectrum is the dependence of the hole depth 

on wavelength for fixed illumination dose; it was measured in fluorescence excitation mode. In 

the simplest possible scenario (no heterogeneity, no EET) it represents the site distribution 

function (SDF) of all pigments. In this case absorption and emission spectra would be shifted by 

the same amount to the blue and to the red of the action spectrum, respectively, and would be of 

similar width. It is clear that for Cyt b6f this simple scenario is invalid. The sub-SDF of the most 

easily burnable pigments, represented by the action spectrum peaked at 674.6 nm and with the 

width of 16.6 nm, matches the emission spectrum peaked at 675.9 nm. The absorption spectrum, 

however, is peaked at 668.3 nm. Our emission and absorption spectra are both peaked ~2.2 nm to 

the blue with respect to those reported in Ref. 18. The widths are fairly similar, 12.5 nm vs 11.618 

for absorption spectra and 19 nm (16 nm18) for emission spectra. Note that in Ref. 18 as well the 

emission spectrum was significantly broader than the absorption spectrum. The systematic 

difference in spectral peak positions can be attributed to samples belonging to different 

organisms (spinach here and Synechocystis PCC6803 in Ref. 18), to differences in isolation 

procedures (different detergents), as well as to Cyt b6f in Ref. 18 being monomeric. (We 

confirmed that samples with dodecyl maltoside instead of the octyl glucopyranoside (see 

Materials and Methods) had both absorption and emission spectra red-shifted by about 1 nm.) 
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Figure 3: Absorption (black), emission excited at 600 nm (red) and SHB action (blue diamonds) 

spectra for Cyt b6f at 5 K. Also presented is an example of a low-resolution hole in the 

absorption spectrum (grey). Arrow indicates the burn wavelength for HGK and recovery 

experiments described below. 

 

3.2. Energy Transfer and -FLN spectra. The emission spectrum is in agreement with the HB 

action spectrum, given the parameters of the single-site spectrum and electron-phonon coupling 

derived from the data in Figure 4. The latter depicts the -FLN spectra for several excitation 

wavelengths; those obtained with excitation at the red edge of the absorption band directly 

represent the single-site spectrum, and in particular the phonon sideband, according to24. The -

FLN spectrum is the difference between fluorescence line narrowing spectra before and after 

NPHB24,25. Since the ZPL contributions to the original FLN spectra were saturated, we used 

independently measured maximal depth of the zero-phonon hole to estimate Sphonon  0.7, as in 

Ref. 18. The phonon sideband (PSB) is peaked at 24 cm-1, also in agreement with18. The detailed 

discussion on simulating -FLN spectra in the presence of EET was presented in26. Briefly, for 
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long enough excitation wavelength (and in the absence of EET), the PSB of the -FLN spectrum 

is nearly identical to the PSB of the single-site spectrum24,26. The PSB in Figure 4 are sharp near 

the peak but have long tailing at higher frequencies and are not amenable to fitting with either a 

single lognormal curve27 or a single half-Gaussian / half-Lorentzian curve as one-phonon profile 

for realistic values of Sphonon. As the focus of this work is not on the origins of this particular PSB 

shape, we used two components to produce a good enough single-site spectrum to be employed 

in subsequent modeling, one lognormal (S = 0.6), and one 24 cm-1 Lorentzian mode with S = 

0.12. The lognormal part of the one-phonon profile is given by  
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with ωc being the cutoff frequency and σ being the standard deviation27. The parameters of the 

one-phonon profile are summarized in Table 1.  

 

Table 1: SDF and electron-phonon coupling parameters for the Cyt b6f dimer (long lifetime 

fraction). 

SDF peak/ FWHM Lognormal PSB27; See Eq. 1: 

S, , c, peak 

24 cm-1 Lorentzian 

mode: S, width 

14840 / 350 cm-1 0.60, 0.8, 65 cm-1, 37 cm-1 0.12, 20 cm-1 

Local Chl a vibrations are according to Ref. 25. 

 

The single-site spectrum includes ZPL, PSB as well as contributions due to localized Chl 

vibrations. Multi-phonon processes are included according to28 with modifications proposed in29 

- in order to produce the R-phonon profile (R = 2, 3…), the one-phonon profile including 

lognormal l() (Eq.1), the 24 cm-1 Lorentzian mode, and the localized chlorophyll vibrations25 

was numerically convoluted with itself R1 times, without approximations. R-phonon profiles 
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for R = 1, 2… were added together with the weighting factors SR/R!. The zero-phonon profile is a 

Lorentzian normalized to exp(-S), where the sum is over all phonons and localized vibrations. 

 

Figure 4. Noisy curves: -FLN spectra obtained at 5 K with excitation at 670.7 (blue), 677.0 

(black) and 680.8 (red) nm. The blue curve was measured after performing -FLN experiments 

at 677.0 and 680.8 nm. The original FLN spectra were saturated at the excitation wavelength; 

their difference there was therefore zero and the spikes were artificially added to the -FLN 

spectra to indicate the excitation wavelength. A copy of the black curve was shifted by 3.8 nm to 

the red to demonstrate that at longer wavelengths the shape of the -FLN spectra is wavelength-

independent. These spectra were fitted using the parameters reported in Table 1. Magenta and 

green dashed curves, respectively, are calculated -FLN spectra for excitation wavelength of 

670.7 nm and inter-pigment couplings J12 of 0 and 0.4 cm-1.  

 

Large gap between the peaks of the absorption and emission spectra can be explained neither 

by large electron-phonon coupling (it is moderate, see above) nor by invoking excitation energy 

transfer between two identical Chls of the Cyt b6f dimer, by analogy with the trimeric FMO30. If 

the two Chls of the cytochrome dimer possessed identical true SDF, these would be peaked at 

about 669.5 nm. Following the logic of Refs 26 and 30, one can calculate that the sub-SDF of the 

lower-energy pigments in the pair, corresponding to the HB action spectrum, would be peaked at 
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about 671 nm, and have the width of about 10 nm. In other words, in a scenario involving only 

the EET between two pigments with identical SDF, the emission spectrum and the HB action 

spectrum are supposed to be narrower than the absorption spectrum, not broader, as it was indeed 

observed for the Fenna-Matthews-Olson (FMO) complex30, for example. If EET is slow and 

some noticeable emission from the donor molecules is possible, the action and emission spectra 

would broaden (but not beyond the width of the absorption spectrum) and shift to the blue, not to 

the red. Besides, it appears that absorption spectrum cannot be fitted employing one Gaussian 

SDF, as it has significant long-wavelength tailing.  The fluorescence lifetime for the fraction of 

the pigments dominating the emission spectra, including FLN, is significantly longer than 250 ps 

reported in18,19. Figure 5 presents the dependence of the homogeneous line width on temperature 

for B  677 nm. For every temperature five holes of different depths were burned, and the 

extrapolation to zero hole depth was performed. It is clear that the holes burned below 4 K are 

narrower than the 250 ps lifetime18,19 would permit (dashed horizontal line). The narrowest holes 

at 1.9 K correspond to the lifetime of about ~700 ps. There is no evidence or physical reason 

why this temperature dependence of the line width should level off right at 1.9 K, which is just 

the minimal temperature accessible in our setup; more likely the width follows the ~T1.3 

dependence typical for amorphous solids and pigment-protein complexes below 5 K31-34. 

Therefore, the fluorescence lifetime of Chls dominating emission is likely longer than 700 ps, 

quite possibly a couple of nanoseconds, typical for Chls in protein environment without 

additional quenching. Value of 2.5 ns was used for subsequent modeling. The blue curve in 

Figure 5 is a guide for the eye only. Due to somewhat limited temperature range we did not 

attempt to fit the data with a superposition of ~T1.3 and ~exp(ħvib/kBT) terms, the latter being 

due to some low-frequency vibration possibly causing additional dephasing31-34. 
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Figure 5: Black diamonds: temperature dependence of the homogenous line width at around 677 

nm. Five holes were burned at each temperature with varying illumination doses; results were 

extrapolated to zero hole depth. The horizontal dashed line corresponds to the 250 ps 

fluorescence lifetime reported in18,19. Blue curve is a guide for the eye only. Also presented is the 

dependence of the homogeneous line width on thermocycling temperature for a 30% hole burnt 

at 5.5 K (open circles). 

 

In order to explain our observations we have to suggest that our cytochrome sample is 

somewhat heterogeneous.  It is possible that in some fraction of our sample the fast quenching of 

the Chl excitations by the surrounding protein18,19 does not occur. Thus, there may be four 

categories of Chls rather than two (higher-energy donor and lower-energy acceptor): quenchable 

donors, quenchable acceptors, unquenchable donors and unquenchable acceptors; with the action 

spectrum representing mostly the latter. Quenchable pigments may still be in the majority, and 

contribute the most to the absorption spectrum; their SDF appears to be narrower than that of the 

pigments that cannot be quenched by the protein. However, quenchable pigments do not 

contribute much to the emission. Ignoring possible contributions of quenched pigments to the 

emission completely, one can demonstrate that the -FLN spectra depicted in Figure 4 are in 



15 
 

good agreement with Sphonon  0.7 and inter-pigment coupling of J12  0.4 cm-1 (dashed green 

curve). Magenta dashed curve depicts the spectrum predicted in the absence of EET. Note that 

the presence of EET is further confirmed by observing previously burned spectral holes in the 

shorter-wavelength -FLN spectrum (blue curve in Figure 4, excitation wavelength 670.7 nm). 

This experimental -FLN spectrum contains zero-phonon holes, pseudo phonon sidebands and 

NPHB anti-hole features. Such previously burned features in the -FLN spectra would be 

impossible in the absence of EET26. One can also treat these results as a proof that the approach 

of  Ref. 24 indeed predicts the -FLN spectra correctly, i.e. that due to double spectral selection 

the -FLN spectra do not contain significant pseudo-PSB contributions. 

 

3.3. Protein Energy Landscapes and NPHB Mechanism. Figure 6 presents the hole growth 

kinetics (HGK) curves obtained at several temperatures at B around 677 nm. The HGK is the 

(fluorescence) signal decreasing with time while the laser is kept at fixed frequency, B. In terms 

of the hole burning master equation for the post-burn absorption spectrum 


2cos)()(2cossin

2

3
)()()(),( tLP BedfdGLdtD   ,   (2) 

the HGK curves in Figure 6 represent D(B, Pt) normalized to D(B, 0)=1. G() is the SDF, and 

L() is the single-site spectrum shape with area normalized to unity on the frequency scale, B is 

the excitation frequency, t is the burn time, P is the photon flux,  is the integral absorption 

cross-section and  is the NPHB yield given by  
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  is the attempt frequency on the order of 1012 Hz. It determines how often the system 

approaches the barrier through which it may tunnel; the value is believed to be on the order of 
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the typical vibration frequencies (see Discussion section). For the sake of easy comparison with 

the results obtained for glasses35-37 and other pigment-protein complexes7-9 here we again use   

= 7.6.1012 Hz, admittedly somewhat exaggerated, unless specified otherwise. Lambda is the 

tunneling parameter, whose distribution is f(). It is related to the barrier heights according to

/2mVd , where V is the barrier height, d is the shift along the generalized coordinate and 

m is the effective mass of the entity rearranging during conformational change. Some of these 

quantities can be visualized with the help of Figure 1. The parameters of the excited state 

distribution can be determined by comparing experimental and simulated HGK. fl is the 

fluorescence lifetime in the absence of EET and  is the angle between laser polarization and 

transition dipole moment vector of the pigment. Isotropic pigment orientation is assumed. The 

denominator of Eq. 3, in principle, can contain also the characteristic EET time. However, on the 

red edge of the band the absorption is dominated by the acceptor molecules, which are incapable 

of further downhill EET (two longer-wavelength -FLN spectra in Figure 4 are identical).  

As can be seen, the hole burning process is gradually slowing down with temperature. 

This slowdown is expected due to the increase of the homogeneous line width with temperature 

depicted in Figure 5, accompanied by some increase of Sphonon(T) 28. Both effects lead to the 

decrease of the peak absorption cross-section of the ZPL in the exponential in Eq.2. However, 

unlike in CP43, at the higher temperatures the burning is somewhat faster than would follow 

from the above effects alone; see dashed red line in Figure 6A. These discrepancies can be 

explained if one includes into consideration the temperature dependence of the rate of phonon-

assisted tunneling involving the shift to a deeper well of the energy landscape and an increase of 

the scattered phonon energy (i.e., “downhill tunneling”; 1→2 transition in Figure 1) 

0exp(2)(n()+1) that is slightly increasing with temperature. n()=1/(exp(/kBT)1) is the 
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population number for phonons employed in phonon-assisted tunneling. Better global fit to all 

HGK curves can be achieved for TLS asymmetry   4.5 cm-1. For CP439 the average excited 

state TLS asymmetry apparently was larger, and thus the temperature dependence of the 

tunneling rate was less prominent. 

 

Figure 6. Frame A: HGK measured at 2, 5.5, 7.6, 9.6, 11.7 and 13.9 K (grey noisy curves) and 

their fits employing uniform -distribution with min =8.2 and max =12.2 and excited state TLS 

asymmetry of 4.5 cm-1 (smooth black curves). Dashed arrow indicates the region of discrepancy 

between experimental and modeling results, presumably due to the onset of hole burning via 

barrier-hopping. Dashed red line is the HGK curve calculated for T=13.9 K and no temperature 

dependence of the tunneling rate (i.e., for large TLS asymmetry). Burn wavelength was 677 nm. 

Frame B: Effects of barrier hopping on HGK for Gaussian -distribution demonstrated for the 

13.9 K HGK; md2=0.1, 1.0, 1.1 and 1.2.10-46 kg.m2. Frame C: Effects of barrier hopping on 

HGK for uniform -distribution demonstrated for the 13.9 K HGK; md2=0.1, 1.0, 1.1, 1.2, 1.3 

and 1.35.10-46 kg.m2. 
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The parameters of the -distribution obtained from the fit to the HGK curves are similar 

to those reported for CP439 and other protein-chlorophyll complexes7,8 under similar conditions 

and assumptions. Namely, if f() is Gaussian and the temperature dependence of the tunneling 

rate is properly taken into account, =10.25±0.10 and =1.3±0.1 is obtained from the fits to 

the HGK for fluorescence lifetime of 2.5 nanoseconds. This could be compared to =10-11 and 

=1.3-2.0 observed for other protein-chlorophyll complexes7-9 and to  8 and 1 observed 

for aluminum phtalocyanine tetrasulphonate or free base phthalocyanine in a number of simple 

organic glasses and hyperquenched glassy water35-37. 

In order to determine the qualitative shapes of the  or barrier height distributions 

involved in NPHB and fixed-temperature hole recovery, we followed the logic of 9 and 

performed joint analysis of the 5.5 K HGK data in Figure 5 and the 5.5 K recovery data 

presented in Figure 7A. Note that the holes that were initially shallower are recovering relatively 

faster. The difference in recovery of 20%- and 42%-deep holes is close to the maximal possible 

value predicted for the case of the perfect spectral memory (see Discussion). In other words, 

recovery at 5.5 K is strongly dominated by the burned pigment-protein systems returning to the 

pre-burn configuration characterized by the original transition frequency of the pigment. The 

recovery curves were fairly repeatable (not shown). We also note that the recovery rate was 

independent on temperature between 5 and 10 K and slowed down somewhat at 13 K (not 

shown). As any process responsible for the recovery has to accelerate with temperature, this 

indicates the increase of the NPHB rate with temperature (NPHB occurring while measuring 

with the small read intensity is slowing down the apparent recovery). 
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Figure 7: Frame A. Diamonds – measured recovery of 42%-deep (black), 31%-deep (blue) and 

20%-deep (red) holes at 5.5 K. Solid curves of matching colors – fits to the recovery curves 

obtained starting from uniform -distribution. Dashed black and blue curves – poor fits obtained 

starting from a Gaussian -distribution. See text for more details. Frame B: Partial -

distributions actually encoded into the spectral holes for 20% (red), 30% (blue) and 40% (black) 

holes and the same parameters as used for fitting HGK curves. Dashed curves – partial -

distributions obtained for Gaussian full true -distribution. Solid curves were obtained for 

uniform true full -distribution. The insert in Frame B depicts the same partial excited state -

distributions as in the main Frame B, but renormalized to the same area under the curve. The 

dashed box represents the full true -distributiuon. 

 

Presence of spectral memory justifies the use, for hole recovery modeling, of partial -

distributions actually encoded into the holes, which are drastically different in the cases of 

Gaussian and uniform (corresponding to ~  -shaped barrier distribution) full true -

distributions9. The HGK data in Figure 6A was fitted also under the assumption of the uniform 
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true full distribution of  between min =8.2 and max =12.2. Then partial distributions of  

actually contributing to the non-saturated holes for both types of full true -distributions were 

calculated as in9, and simulated recovery curves were compared with the experiment. Figure 7B 

depicts the partial -distributions encoded into the spectral holes of various fractional depths 

under the assumptions of uniform (solid lines) and Gaussian (dashed lines) true full -

distributions. The insert depicts partial distributions in the uniform (box-like) true full 

distribution case, normalized to the same area under the curve. As the relative contribution of 

smaller- systems is larger for shallower holes, these holes are expected to recover faster. Note 

that we also made an assumption that the magnitudes of the ground state barriers that are crossed 

during recovery are proportional to the magnitudes of the excited state barriers. All recovery 

curves calculated for the uniform -distribution (black, red and blue solid smooth curves in 

Figure 7) were produced utilizing the same scaling factor k =ground excited =2.35±0.01. Thus, 

barriers in the ground state are 2.352=5.5 times higher than in the excited state, and the 

magnitudes of the ground and excited state barriers within one pigment-protein system are likely 

indeed well-correlated. Dashed curves were obtained starting from a Gaussian true full -

distribution.  As can be seen from the comparison between experimental and calculated recovery 

curves, the full true ground-state -distribution is more likely uniform and not Gaussian 

(although the fit is somewhat imperfect for the uniform distribution as well). In the case of a 

Gaussian distribution faster initial recovery and slower recovery after a couple of hours are 

predicted (dashed curves).  

 Returning to Figure 6, one can also notice that even when the weak temperature 

dependence of the tunneling rate is taken into account, the hole burning above 10 K is somewhat 

too fast in the beginning, compared to the calculated HGK; see dashed arrow in Frame A. This 
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effect is consistently present in several HGK curves in Figure 6, and for both assumptions about 

the true -distribution shape. This may indicate an onset of an additional HB mechanism. Given 

the arguments presented above and justifying the use of the downhill tunneling approximation, it 

is unlikely that this additional process is uphill tunneling. Besides, any tunneling rate would 

increase with temperature uniformly for all , without any preference for the smaller ones that 

characterize individual systems that are the first to burn. The tunneling rate is a product of -

dependent and temperature-dependent terms containing n(), with asymmetry  being 

independent on . On the other hand, barrier hopping would indeed turn on selectively for 

smaller-systems first9. Evidence of both barrier-hopping and tunneling was found in single 

LH2 complexes between 5 and 18 K38. One can use the HGK curves to estimate the md2 

parameter of the entity involved in the conformational changes. Barrier hopping and tunneling 

contributions to hole burning are comparable when exp(2)  exp(V/kBT) or 2ħ2/2md2kBT.  

Contribution from barrier-hopping to the HB yield was incorporated into the hole burning 

modeling software and improved (but not perfect) agreement between HGK simulations and 

experiment was achieved. We need to mention, though, that this barrier hopping correction 

worked better when Gaussian -distribution was employed (Fig. 6B versus Fig. 6C), in 

disagreement with the analysis of the recovery data in Figure 7. Best agreement can be achieved 

for md2=1.15.10-46 kg.m2. This value is only 15% larger than the upper limit of md2=1.0.10-46 

kg.m2 reported for CP439. While in the case of a Gaussian -distribution predominantly the 

beginning of the HGK was accelerated, for uniform -distribution the acceleration was more 

present for all stages of HGK. This makes perfect sense if one looks at Figure 7B: Gaussian -

distributions have the tails protruding towards smaller  than the min of the uniform -

distribution, and small percentage of systems characterized by these small  burn more 
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exclusively in the beginning of the burning process. In contrast, for uniform -distribution the 

smallest- systems are characterized by larger  8.2, and are less prone to barrier-hopping than 

the systems with < 8 from the Gaussian scenario. 

  

Figure 8. Frame A: The recovery of a 30%-deep hole upon thermocycling (black diamonds), 

compared to recovery at 5.5 K (blue diamonds) and its fit (blue solid line), as well as recovery 

curves calculated based on real temperature change profile for several different values of md2 

(dashed lines); md2 is increasing from 1.0 to 1.15 to 1.3 to 1.9.10-46 kg.m2 in the direction of the 

arrow. Numbers above some of the datapoints indicate respective temperatures in Kelvin. Frame 

B: Black diamonds: recovery due to thermocycling corrected for recovery that would occur at 

5.5 K anyway. Red curve: the distribution of barriers V corresponding to the recovery data. 

Insert: distribution as a function of  ~

 

 Figure 8A depicts the recovery of a 30%-deep spectral hole upon thermocycling (black 

diamonds). It also contains the fixed-temperature 5.5 K recovery data and its fit (blue diamonds 
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and solid line) and the results of modeling of thermocycling-induced recovery using the same 

ground state -distribution parameters as obtained above for the fixed-temperature hole recovery, 

for several different md2 values from 1.0.10-46 to 1.9.10-46 kg.m2 (dashed curves).  The horizontal 

axis of the Figure 8A presents time rather than temperature; the temperature is introduced 

indirectly via employing the actual temperature vs time profile used in the thermocycling 

experiment. Some temperatures are indicated next to their respective datapoints. Initial recovery 

(the first two hours, at temperatures below ~11 K; the first hour was spent at 5.5 K without 

thermocycling) follows the same path as in Figure 7A. As can be seen from the comparison of 

experimental data and modeling results (dashed curves) experimental data is compatible with 

md2 ≤ 1.4.10-46 kg.m2, but, as for CP439, there appears to be an additional spectral memory-less 

recovery channel9 (see additional discussion below). Larger md2 values would not be allowed; 

crossing of the experimental and simulated curves (shown for md2 =1.9.10-46 kg.m2, black dashed 

line) would mean that the additional recovery is partially reversed with the increase of 

temperature, which is unphysical. Values of md2 smaller than 1.0.10-46 kg.m2 are, however, 

definitely possible. 

 Figure 8B shows recovery due to thermocycling alone, after taking corrections for 

recovery occurring anyway at 5.5 K. The barrier distribution involved can be obtained noticing 

that the fraction of systems remaining unrecovered after cycling to Tmax is  

  
)(

0

max

)(1
TV

dVVgf , with V(Tmax)=kBTmaxln(tmax0),   (4) 

where g(V) is distribution of barrier heights, tmax  60 sec is time spent at the peak cycle 

temperature Tmax and 0 is the attempt frequency39. It is clear that g(V) obtained from 

experimental data and sketched in Figure 8B is not Gaussian and resembles the results of10-12, 
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where g(V) ~1/√ܸ 	 barrier distribution was deduced. A small plateau in the experimental data 

(diamonds) at the lowest temperatures can be explained by the smallest-barrier systems 

recovering due to tunneling during the first hour at burn temperature, before thermocycling 

started. The insert depicts the approximate shape of the -distribution involved in thermocycling-

induced recovery. Dashed lines sketch the part of the -distribution (~20% of the spectral hole 

area) that recovered during the first hour, before thermocycling was started. The shape of this -

distribution resembles the shapes of the partial -distributions encoded into the holes in the case 

of perfect spectral memory and uniform true full -distribution (solid curves in Figure 7B). It is 

significantly different from either nearly Gaussian shapes (dashed lines in Figure 7B) or from 

box-like shape expected in the case of the uniform -distribution but no spectral memory (i.e. 

when partial barrier or -distributions are identical to the full true ones).  

 Finally, we note that the hole broadens rather slowly upon thermocycling, and the width 

after cycling to temperatures exceeding 10 K is clearly smaller than the widths of the holes 

burned at respective temperatures (open circles in Figure 5). This indicates fairly slow spectral 

diffusion with small (<< 1 cm-1) spectral shifts3,40,41 below 20 K. Overall, the dependence of the 

hole width on the maximal temperature of the cycle resembles that reported for 

phycobilisomes41, except the linear (within experimental errors) increase of the hole width 

persists at least to 45 K when the hole is nearly recovered and the ~T3/2 term41 is not observed. 

Thus, reliable determination of the md2 parameter for the entities whose conformational changes 

are responsible for the hole broadening in Cyt b6f is unfortunately impossible. We can only 

conclude that it is smaller than 4.3.10-46 kg.m2 or 26 mproton
.Å2 observed for phycobilisomes41. 
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4. Discussion: 

4.1. Evidence of EET and Intactness of the Cyt b6f Samples. Good agreement between inter-

pigment coupling values obtained from the structural data and from simulations of the -FLN 

spectra, as well as other evidence of EET (holes in the -FLN spectra in Figure 4), suggest that 

Chl molecules not exhibiting fast quenching and dominating fluorescence and fluorescence 

excitation spectra are not randomly non-specifically bound to the protein or released into the 

buffer-glycerol solution. They are likely still located within their designated protein pockets, but 

the fast quenching mechanism is turned off. Interestingly, the same arguments must be to a 

significant degree true also for the monomeric Cyt b6f sample reported in18, otherwise the 

relationship between absorption and emission spectra for that sample would be significantly 

different. In particular, the emission spectrum would have approximately the same width as the 

absorption spectrum. It is possible that quenching of Chl excitations is associated with 

conformational changes whose barriers are too high to cross at cryogenic temperatures. (The 250 

ps lifetime18,19 was reported at room temperature.) The hole burning and recovery rates are also 

typical for pigment-protein complexes and not for pigments in organic glasses. Summarizing, we 

are confident that lower-energy higher fluorescence yield Chls of the Cyt b6f dimer are suitable 

probes for protein dynamics (rather than surrounding solvent dynamics) exploration.  

 

4.2. Protein Energy Landscapes – the Details of the NPHB and Recovery Mechanism. The 

weak temperature dependence of the HB yield (or no such dependence in the case of CP439) is 

not compatible with the weighted sum of downhill and uphill tunneling processes corresponding 

to the thermal equilibrium or even to the situation with equal probabilities of uphill and downhill 

tunneling (flash-frozen higher-temperature equilibrium). In both these cases the expected 
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temperature dependence would be stronger than observed. Figure 9 shows expected temperature 

dependence of the tunneling rate in all these scenarios. Downhill tunneling (black curve, a) has 

the smallest ratio of tunneling rates at T > 0 and T = 0.  

The predominance of the downhill tunneling as the hole burning mechanism reflects an 

unnatural anti-equilibrium situation where the majority of the deepest wells of the TSL are not 

occupied. Thus, explaining the results presented here and for CP43 requires invoking, for 

proteins, of an analog of the Shu-Small NPHB mechanism42. In this mechanism, the excited state 

of the TLS involving the pigment (analog of the “extrinsic TLS” in glasses) gets poised for 

downhill tunneling due to the diffusion of free volume associated with excitation-induced 

transitions in the “intrinsic” TLS. Our ability to burn zero-phonon holes to maximal depth 

allowed by electron-phonon coupling Sphonon (~50% for Sphonon = 0.7) even below 2 K further 

confirms the presence of the Shu-Small mechanism42 of NPHB in Cyt b6f (and CP43, where up 

to 70% zero-phonon holes were possible with Sphonon=0.35).  

 

Figure 9: The temperature dependence of NPHB rate for downhill tunneling (black, a), uphill 

tunneling (blue, b), average of uphill and downhill tunneling – flash-frozen higher-temperature 
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equilibrium (green, c), and the weighted average of uphill and downhill tunneling at thermal 

equilibrium at the respective temperature (red, d). 

 

The results of the joint analysis of the HGK and fixed-temperature recovery data suggest 

the presence of nearly perfect spectral memory. In the absence of spectral memory the holes of 

different depths would recover with the same relative speed, contrary to what is shown in Figure 

7A. Note that the “lack of spectral memory” should not be understood as each system possessing 

an infinite number of available conformational sub-states. It merely means that the hole may be 

filled by absorption of the molecules which were not in resonance with the laser prior to burning. 

Let us discuss a somewhat oversimplified no-memory model where hole depth is proportional to 

the hole area and where there are N molecules absorbing at any wavelength around the burn 

wavelength before burning, and assume that all protein / pigment systems are M-sub-state 

systems, so every system can be in one of M different conformational sub-states. (M = 2 

corresponds to a classical TLS, two level system.) Thus, there are total MN molecules in the 

ensemble, which have one conformational sub-state (occupied or unoccupied) resonant with the 

laser. Suppose the rate of spontaneous switching between any two sub-states is k and that current 

number of molecules still at resonance after burning is P(t). Then the number of molecules out of 

resonance which potentially can switch to resonance would be MNP(t). Division by M1 in 

subsequent equation reflects the fact that only one out of M1 wells available for transitions 

from an out-of resonance sub-state is the resonant one. 
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Here U(t) is the number of molecules that are removed from the resonance at time t, U(0)/N is 

the fractional hole depth immediately after burning. While plotting normalized recovery data as 

in Figure 7A, we essentially are plotting U(t)/U(0). In the absence of spectral memory this 

quantity does not depend on the initial fractional hole depth regardless of the number of available 

sub-states M, at least for simple topologies of the protein energy landscape, and including M = 2.  

 Next we will address the issue of the additional thermocycling-induced recovery 

mechanism that cannot be accounted for using the same barrier distribution as manifests during 

the fixed-temperature recovery (see Figure 8). Modeling of NPHB and recovery processes 

employing multi-well energy landscapes of different shapes and in the samples in or out of 

thermodynamic equilibrium43 does not yield anything resembling the observed gradual recovery 

upon thermocycling. Since this additional recovery mechanism cannot be explained within the 

model involving even the realistic imperfect spectral memory, the respective distribution of the 

barriers has to be the true full barrier distribution for another tier of the protein energy landscape, 

as was suggested for CP439. Yet the distribution sketched in the insert of Figure 8B looks a lot 

like the partial distributions encoded into the non-saturated holes in the case spectral memory is 

present (solid curves in Figure 7B), except for the incorrect ratio of ground,min to ground,max. In 

retrospect, this might have been true for CP439 as well, except in the case when both true full and 

partial -distributions were close to Gaussian it was more difficult to notice.  

At this point one may ask if it is possible to find a set of parameters that would explain all 

HGK, fixed temperature recovery and thermocycling results without invoking any additional 

tiers of the energy landscape and/or recovery channels. From the data in the insert of Figure 8B it 

follows that ground,max  2.6ground,min. On the other hand, in order to explain both HGK and fixed-

temperature recovery, one still has to assume that ground,max= (exc,maxexc,min)
.k+ground,min   
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9.4+ground,min,  where the scaling factor k =ground/exc =2.35±0.01 (see above). From here 

ground,min  5.9, ground,max  15.3, exc,min  2.5 and exc,,max  6.5. The average exc is about 4.5. 

These unusually low values of  can still be in agreement with the fits to the HGK and fixed 

temperature recovery data if the attempt frequency is reduced accordingly by a factor of about 

(e2)10.2-4.5 9.104, to as low as 85 MHz. Then one can utilize the data in Figure 8B for 

determination of md2 using the method outlined in Love et al. 39 i.e., assuming that both fixed-

temperature and thermocycling-induced recovery reflect one and the same barrier distribution. 

With reduced attempt frequency, ln(tmax0)  22, Vmax,ground   790 cm-1and md2 0.8.10-46 kg.m2. 

This value is again very close to those presented above and for CP439. For md21.10-46 kg.m2 (or 

6 mproton
.Å2) if tunneling involved a proton, the distance d would be 2.44Å, which is a typical 

hydrogen bond length. However, in the case of tunneling within a sufficiently long hydrogen 

bond yielding double-well potentials, values of d several times smaller than the hydrogen bond 

length were suggested44,45. For a methyl or a hydroxyl group md2=1.010-46 kgm2 would lead to 

d=0.63 or 0.59Å, respectively. These numbers are comparable to deviations of the soft regions of 

protein from equilibrium positions according to X-ray scattering46,47. If the above arguments in 

favor of the reduced attempt frequency are correct, they would further support larger m and 

smaller d options for the tunneling entity. However, it is unclear how one could justify an 

attempt frequency four orders of magnitude lower than the typical vibration frequencies. It was 

estimated, based on the typical values of protein compressibility48, that the chromophore-to-TLS 

distance R ~ 1 nm, R / R ~10-3 and the net charge of the shifting entity equal to the charge of a 

proton correspond to spectral shifts of several wavenumbers40. Thus, d  R can be as low as 

0.01Å for NPHB to still be observable in the case of proton tunneling.  However, respective 
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increase of m by a factor of ~104 would result in an attempt frequency decrease by ~102 only, 

and would be incompatible with tunneling entities being protons.  

In the most general terms, reduction of the attempt frequency could result from the 

cooperative effects, involving the whole network of weak interactions holding the protein 

together. One possible way to look at the cooperative effects reducing the attempt frequency 

employs the quantum-mechanical analog of beats. Imagine multiple oscillators with similar 

microscopic structure and similar but non-identical frequencies. If initiating a conformational 

change requires all these oscillators to be in phase simultaneously, this condition will be satisfied 

much less frequently than the period of each individual oscillator and the effective attempt 

frequency will be reduced. The cooperative rearrangements could include movements of either 

protons (explaining the sensitivity of Photosystem I (PSI) dynamics to deuteration49) or other, 

more massive, entities, or both. Of course, in this scenario m and d become disconnected from 

the actual mass and displacement of some one particular entity. Cooperative effects are also in 

line with the presence of Shu-Small NPHB mechanism42 in proteins as suggested above, with 

some additional conformational changes poising the “extrinsic TLS” for downhill tunneling. The 

coupling between multiple structural features of the protein at cryogenic temperatures was 

inferred from the hole broadening experiments in protoporphyrin–IX-substituted myoglobin50. 

Another likely example of cooperative effects in spectral dynamics of pigment-protein 

complexes is the switching between different EET pathways in PSI51.  

Is there a way to reconcile the observations for Cyt b6f and CP43 in terms of the 

qualitative shapes of the barrier distributions? A superposition of Gaussian and ~1/√ܸ  terms 

was observed in a thermocycling experiment on phycobilisomes12. The results presented here 

also may be explained by assuming complex shape of the true full -distribution which is 
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roughly 85% uniform (box-like) and 15% Gaussian. (This would account for faster initial stages 

of burning and recovery.) Note that it is not clear why distinct min and max (Vmin and Vmax) 

should exist in an amorphous system. One could think of the true distribution functions with a 

flattened center and relatively narrow tails approaching zero asymptotically. If such a complex 

distribution is narrow enough, the hole behavior may be dominated by the Gaussian-like tails, 

while if such a distribution is broad, flat central part would play an increasing role. It remains to 

be seen (via performing similar experiments on other pigment-protein complexes such as 

LH23,7,33 (an antenna pigment-protein complex from purple bacteria) or CP298,25 (one of the 

antenna pigment-protein complexes of Photosystem II), for example, if there is a correlation 

between the degree of disorder (larger inhomogeneous width and / or larger overall width of the 

-distribution) and the tendency of the holes to obey uniform -distribution rather than a 

Gaussian one. Alternatively, one can speculate that Gaussian barrier distributions of CP43 are a 

direct result of a significant excitonic character of the lowest-energy state15,16 (A-state31). In this 

scenario each Chl contributing to the A-state experiences box-like or nearly box-like distribution 

of , but the weighted sum of several such distributions may look Gaussian enough. (Imagine a 

typical histogram approximated by the normal distribution from an introductory probability 

course.) Confirming any of these scenarios will have implications for determining the limits of 

applicability of the theories of amorphous solids at low temperatures to proteins. 

  

5. Concluding remarks:  

The results presented here indicate that the (full true) barrier distributions for the energy 

landscape tier involved in NPHB in Cyt b6f are proportional to	1/√ܸ. Cytochrome results are 

thus the exact opposite of what was reported in the case of CP439, and similar to the distributions 
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observed in thermocycling experiments in glasses10-12. As discussed above, it is very unlikely 

that Chls explored in this study were released by the partially denatured protein and surrounded 

by the glassy solvent. This would contradict the presence of the EET between the two Chls of the 

dimer with the rate following from the structure data17, as demonstrated in Figure 4. 

Quantitatively, the parameters of the excited and ground-state distributions are also typical for 

pigment-protein complexes and not for pigments in organic glasses35-37. Thus, the suggestion 

voiced in the Introduction, that all amorphous solids or at least all proteins may possess only 

Gaussian barrier distributions9, was not confirmed. Several different estimates for the md2 

parameter characterizing tunneling entities were presented. They are consistently grouped around 

md2=1.010-46 kgm2, indicating that entities involved in the conformational changes responsible 

for NPHB are either protons or small atom groups of the protein sidechains. A tempting 

explanation alternative to attributing the NPHB and recovery to the tunneling of some one 

particular entity involves cooperative effects resulting in a significant decrease of the attempt 

frequency. Searching for detailed understanding, on an atomic level, of factors possibly leading 

to the attempt frequencies as low as 100 MHz constitutes an additional interesting avenue of 

future research. 
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