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Abstract 

The CP43 core antenna complex of Photosystem II is known to possess two quasi-degenerate 
“red”-trap states [R. Jankowiak et al. J. Phys. Chem. B 2000, 104, 11805]. It has been 
suggested recently [V. Zazubovich and R. Jankowiak, J. Lum. 2007, 127, 245] that the site 
distribution functions (SDFs) of the red states (A and B) are uncorrelated and that narrow holes 
are burned in the subpopulations of chlorophylls (Chls) from states A and B that are the lowest-
energy Chl in their complex and previously thought not to transfer energy. This model of 
uncorrelated excitation energy transfer (EET) between the quasi-degenerate bands is expanded 
by taking into account both electron-phonon and vibrational coupling. The model is applied to 
fit simultaneously absorption, emission, zero-phonon action, and transient hole burned (HB) 
spectra obtained for the CP43 complex with minimized contribution from aggregation. It is 
demonstrated that the above listed spectra can be well fitted using the uncorrelated EET model, 
providing strong evidence for the existence of efficient energy transfer between the two lowest 
energy states A and B (either from A to B or from B to A) in CP43. Possible candidate Chls for 
the low-energy A and B states are discussed, providing a link between CP43 structure and 
spectroscopy. Finally, we propose that persistent holes originate from regular NPHB 
accompanied by the redistribution of oscillator strength due to excitonic interactions, rather 
than photoconversion involving Chl-protein hydrogen bonding as suggested before [J.L. 
Hughes et al., Biochemistry 45, 12345, 2006]. In the accompanying paper (II) it is 
demonstrated that the model discussed in this manuscript is consistent with excitonic 
calculations, which also provide very good fits to both transient and persistent HB spectra 
obtained under non-line narrowing conditions.  
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(S); inhomogeneous broadening (Γinh); laser induced fluorescence (LIF); nonphotochemical hole 
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band (PSB); Photosystem I (PSI); Photosystem II (PSII); reaction center (RC); site distribution 
functions (SDF); spectral hole-burning (SHB); temperature (T); zero-phonon line (ZPL). 
 

I. Introduction. 

The Photosystem II (PSII) core contains two antenna proteins, CP43 and CP47, and the 

D1/D2/Cyt b559 reaction center (RC), where charge separation occurs1, 2  The two core antenna 

complexes are present in all oxygenic photosynthetic organisms in a constant ratio of 1:1 with 

respect to the D1/D2/Cyt b559 RC complex.  The assembly of these three pigment-protein 

complexes along with the extrinsic 17-, 23-, and 33-kDa proteins compose the O2-evolving 

PSII core complex1, 3. CP43 seems to be more loosely bound to the D1/D2 heterodimer than 

CP47 since it is easier to remove from the PSII core complex.  The CP43 complex is 

responsible for light-harvesting and energy transfer to the RC and may be involved in 

stabilization of the oxygen evolving complex4, 5 while CP47 besides its light harvesting and 

energy transfer functions is believed to play a role in the dimerization of the PSII core 4-6. The 

crystal structure of PSII (first determined at 3.8 Å resolution in 20017; available online under 

protein databank (PDB) ID number 1FE1) was recently refined to 3.0 Å 8 (PDB ID number 

2AXT), where it was shown that CP43 contains 13 chlorophyll a (Chl a) molecules, i.e., one 

Chl less than previously suggested9 (PDB ID number 1S5L). The structure of the monomeric 

PSII RC and CP43 complex (view from the stromal side), taken from Loll et al.8 is shown in 

Figure 1. The structure on the right represents the reaction center (RC), while the Chls on the 

left correspond to the CP43 complex (see figure caption for details).  

The main function ascribed to CP43 is as a proximal antenna that funnels excitation 

energy from LHCII (the major antenna complex of PSII) and CP29, CP26 and CP24 (minor 
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PSII antenna complexes) to the reaction center (RC)10.  It is also involved in maintaining the 

structure of the PSII complex and sustaining the assembly of this supramolecular complex 

within the thylakoid membrane6,10,11. The CP43 complex is also very sensitive to conditions 

under which PSII is photoinhibited. This may correlate with the close proximity of CP43 to the 

D1 RC polypeptide, known to be the main target of the photoinhibition process12-14.    

The CP43 complex consists of a single polypeptide (the psbC gene product) of 43 kDa 

apparent molecular mass15. It was first isolated by lithium dodecyl sulfate (LiDS) 

electrophoresis16,17 and more recently by liquid chromatography15,18. Dependent on the 

purification procedure used, most absorption spectra19 have shown the presence of a main band 

near 669-671 nm and a minor one at 682-683 nm.  The relative ratio of these two bands is 

sample dependent (vide infra).  This could indicate that some denaturing occurs during 

purification and/or samples contain different amounts of CP43 aggregates20. Although typical 

fluorescence spectra have shown a major emission band near 683-684 nm19, 21-23, indicating 

efficient energy transfer between all pigments in the CP43 complex, additional fluorescence 

contributions near 675, 680, and 685-686 nm were also present20,24 depending on sample 

quality.  

I think the Refs. cited for the liquid chromatography isolation of CP43 are not the best 

but I did not change them at this point to not disturb the all Refs. number list in the text. But I 

would eliminate Ref. 18, 19, and 22. Ref. 18 is mainly on CP47 and most of the conclusions 

were wrong. Ref. 19 and 22 are from an unknown Journal. For more recent liquid 

chomatography CP43 isolation I would cite Refs. 21, 24, 23, and 20. If you do that please pay 

attention to change them in the all text accordingly.       
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It has been known for a while that CP43 possesses two quasi degenerate lowest-energy 

states (A and B in the notation of Jankowiak et al.25) one of which, namely state B, is 

characterized by an unusually narrow inhomogeneous bandwidth.  Gaussian fitting of the 

absorption spectrum indicated that the red absorption region can be fitted only if there is an 

additional broad band24, thus suggesting the presence of two different sets of red absorbing 

pigments. This two-state model is consistent with fluorescence line-narrowing experiments, 

which showed24 that emission (upon excitation below 685 nm) from two different pools of 

Chls was observed.  The presence of two different pools of Chl was also confirmed by HB 

experiments25-27.  However, the precise origin of the bands A and B is unclear. Early excitonic 

calculations28, where it was assumed that transition dipoles of all Chl molecules are oriented in 

the membrane plane29, suggested that broader band A might be due to an ensemble of strongly 

coupled chlorophylls, but these preliminary calculations (based on the 3.8 Å structure of  Zouni 

et al.7), were unable to reproduce the narrow band B near 683 nm (see the accompanying paper 

II in the same issue).  It should be emphasized that these early excitonic calculations29 were 

intended as only a preliminary modeling attempt, and are unreliable as the new higher-

resolution CP43 structure reveals that the transition dipoles of several Chl are significantly out 

of the membrane plane; additionally, the 3.8 Å structure used in previous calculations did not 

contain Chl 47 (in the notation of Loll et al.8). It has been suggested that state B owes its peak 

position and narrow bandwidth to the unusual protein environment of the respective 

chlorophyll20,25.  Since in this model we have a single Chl contributing to the B state and 

several Chls contributing to the A state, we will refer to this model as B1AM, where M stands 

for multiple pigments. Very recently, evidence has been presented, based on the results of 

time-domain room-temperature (RT) experiments, that the chlorophyll responsible for the B-
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band is weakly coupled to the rest of the pigments in the CP4326. This paper also contains 

some discussion on possible assignments of the B state.   

On the other hand, the CD spectra27 indicate that narrow band B has significant 

rotational strength, which appears to be inconsistent with the assignment of the B state to a 

monomeric chlorophyll. Hughes et al.27 suggested that band B is the lowest excitonic state of a 

relatively strongly-coupled chlorophyll ensemble, with two other states of the same ensemble 

peaked at ~ 680 and 676.5 nm. This conclusion was based on the analysis of the changes in the 

CD spectra upon non-resonant higher-energy illumination at 4 K.  They also suggested that 

band A is due to a state well-localized on a single Chl a. We will refer to this proposal as 

BMA1 model (vide infra).  

Straightforward comparison of these two models (i.e. B1AM and BMA1) is difficult as 

experimental data were obtained for samples with different ratios of absorption at 683 and 685 

nm. Different ratios render more or less support for B1AM or BMA1 models; however, one 

cannot exclude that the real origin of the differences in that ratio is just a different (sample-

dependent) contribution from aggregated or denatured CP43 complexes. (Detergent 

concentration-dependent contribution from aggregates was already suggested in Ref.20) In 

other words, a possible contribution from “non-native” samples in the spectral range of 685-

688 nm complicates a straightforward assignment (vide infra) of states B and A. 

It is also unclear how far apart the Chls responsible for the A and B bands are located 

within the CP43 complex and if they are connected by energy transfer. Originally, we 

suggested, based on the ability to burn dephasing-limited holes anywhere within the 

wavelength range corresponding to the A and B bands20, that EET between those two states is 

very slow and respective pigments could be situated on the opposite sides of the complex. 
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However, we have recently demonstrated that the CP43′ complex of PSI isolated from 

cyanobacteria grown under iron-starvation stress conditions, which is homologous to the CP43 

complex of PS II, also possesses A and B states, and that the results can better be explained if 

one allows for EET between these two states on a ~10 ps timescale30. As a result, in a brief 

communication25 we have proposed a model, involving EET between quasi-degenerate states 

with uncorrelated SDFs, which qualitatively explains the hole-burning data for both CP43 and 

CP43′.  

In this manuscript, we simultaneously fit absorption and emission spectra, the zero-

phonon action spectrum, and the main band of the transient HB spectrum (for samples with 

minimized contribution from aggregates) to demonstrate that EET between the pigments with 

uncorrelated SDFs has to be considered when interpreting optical spectra obtained for the 

CP43 complex. Our improved model takes into account both electron-phonon and vibrational 

coupling. Finally, we discuss the compatibility of our data with the B1AM and BMA1 models 

mentioned above, as well as with B1A1 (vide infra).  The impact of aggregation on absorption 

and hole-burned spectra will also be discussed. 

 

II. Materials and Methods. 

 2.1. Preparation of CP43 antenna complex. The CP43 isolation procedure was a 

modification of that reported by Alfonso et al.21 and Groot et al.24 as described in Jankowiak et 

al.20 In the present work, an additional chromatography column was used at the end of the 

earlier purification procedure. The material eluted from the Q-Sepharose column with 10-70 

mM MgSO4 linear gradient in 50 mM Tris-HCl, pH 7.8 plus 0.03% (w/v) n-Dodecyl β-D-

maltoside (DM) was dialysed against 20 mM Bis-Tris, pH 6.0 plus 0.03% (w/v) DM and 
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passed through a DEAE TSK Toyopearl 650s column equilibrated with the same dialysis 

buffer. The material that did not bind to the column was collected and constituted the CP43 

complex used in this work. The CP43 complex exhibited a room temperature absorption 

spectrum with a peak at 669.8 nm and a pronounced shoulder at 683 nm. Part of the sample 

material was mixed with an equal volume of a glycerol/ethylene glycol (55/45, v/v) mixture to 

a final optical density of about 0.6 at the maximum peak in the red, and the rest was 

concentrated with 30-kDa cutoff Amicon Centricon tubes up to an optical density (OD) of 

about 25. Samples were kept at -80°C until used. All preparation procedures were carried out 

in dim light at 4°C. The samples were diluted for low temperature absorption, fluorescence, 

and hole-burning spectroscopy experiments (see Figure captions for details) with a 

glycerol/ethylene glycol (55/45, v/v) mixture to ensure good glass formation.  To minimize or 

eliminate contribution from aggregation and photodamage to the CP43 complexes, sample 

handling was done at 10°C in the presence of very dim light. To minimize aggregation, 

sonication in the dark at 10°C was performed shortly before each experiment. Samples diluted 

shortly before the experiment (from high OD samples, OD=25), routinely provided absorption 

spectra with decreased contribution from aggregated CP43 and a higher intensity band near 

683 nm in comparison with the major band near 670 nm.   

2.2. Spectroscopic measurements. The hole-burning setup used is described 

elsewhere31-33.  Briefly, absorption and HB spectra were recorded with a Bruker HR125 

Fourier transform spectrometer at a resolution of 4 cm-1 or 0.5 cm-1, respectively.  Non-

resonant burning was performed with the green light optimized at 496.5 nm from a Coherent 

Innova 200 Ar+ ion laser.  A tunable Coherent CR699-21 ring dye laser (0.07 cm-1 linewidth, 

laser dye: DCM Special (Exciton)), pumped by a 6 W Coherent Innova 90 Ar+ ion laser, was 
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used for resonant hole burning. The intensity of the CR699-21 laser beam was stabilized 

electro-optically (Brockton Electro-Optics Corp., LPC) and was attenuated using a set of 

neutral density filters. The persistent nonphotochemical hole-burned spectra reported 

correspond to the post-burn absorption spectrum minus the pre-burn absorption spectrum.  The 

triplet bottleneck (transient) hole-burned spectra correspond to absorption spectrum with laser 

on minus the spectrum with laser off. Transient hole spectra were measured after the persistent 

hole burning process had reached saturation. Burn wavelengths, intensities, and times are given 

in the figure captions. The sample temperature was maintained at 4.2 K using a Janis 8-DT 

Super Vari-Temp liquid helium cryostat. The temperature was stabilized and measured with a 

Lakeshore Cryotronic model 330 temperature controller. Low-temperature fluorescence spectra 

were obtained with excitation wavelength of 496.5 nm from the Coherent Innova 200 Ar+ ion 

laser.  Fluorescence was dispersed by a 300 mm focal length monochromator and detected by a 

PI Acton Spec-10 (1340 x 400) CCD camera.  The full width at half maximum (FWHM) of 

spectral resolution for fluorescence spectra was ~0.1 nm. For fluorescence measurements, the 

OD of the samples was reduced to 0.1 per 1 cm sample thickness (at the absorption maximum), 

and the sample thickness reduced to ~ 1 mm to ensure that re-absorption effects were 

negligible. When bringing the spectra measured with FTIR spectrometer and with 

spectrograph/CCD to the same frequency or wavelength scale it was taken into account that 

refraction index of air is 1.0003. 

  

  2.3. Capillary electrophoresis (CE) interfaced with low temperature fluorescence 

detection. CE has been interfaced with low temperature fluorescence spectroscopy for on-line 

detection and high-resolution spectroscopic identification of various separated analytes34, 35. In 
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this methodology the use of low-temperatures alleviates the problems of possible 

photodegradation, while on-line detection allows the sequential characterization and 

identification of the separated (i.e. compositionally “pure”) analyte zones in the capillary36, 37. 

The system consists of a modular CE apparatus, the instrumentation for low temperature 

fluorescence detection, and a specially designed capillary cryostat (CC); for details see Refs.34, 

35. Briefly, the CC consists of a double-walled quartz cell with an inlet line for introducing 

liquid helium. The outer portion of the CC is evacuated. The capillary, positioned in the central 

region of the CC, is quickly cooled to 4.2 K by a continuous flow of liquid helium. The CC is 

attached to a precision translation stage. Translation of the CC and capillary in the direction of 

the capillary axis allows the separated analytes to be sequentially characterized by low 

temperature spectroscopy as the capillary is translated through the laser excitation region. In 

this work we have used this instrumentation to re-separate a typical preparation of the CP43 

complex. Separation conditions were: 20 mM BisTris, 20 mM NaCl, 0.1% (w/v) DM, 10% 

(w/v) glycerol; 25 kV (~20 mA), capillary 75 μm (inner diameter).  Low temperature (T = 4.2 

K) fluorescence spectra obtained on-line for the major separated peaks were obtained with λex 

= 351.1 nm and are discussed below. 

 

3. Results 

3.1. Low-temperature absorption and emission spectra of CP43 complexes. 4.2 K Qy-

region absorption and fluorescence spectra of three different samples of the CP43 core antenna 

protein complex are shown in Figure 2, frames A and B, respectively. All three samples were 

obtained from the same preparation, but were handled differently before spectroscopic 

measurements were taken. Sample #1 was stored in a glycerol/ethylene glycol matrix in the 
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freezer (-77 oC) for several weeks before use.  Samples #2 and #3 were stored in buffer at high 

OD before dilution (with glycerol/ethylene glycol) to OD ~ 0.6 immediately before use in 

experiment; in addition, after dilution, sample #3 was sonicated in the dark in a cold water bath 

before use. In general, both absorption and emission spectra are similar to the CP43 spectra 

published before20,24,25,27. That is, all absorption spectra show two major maxima near 683 

and 670 nm and a shoulder at ~ 678 nm. However, a close inspection reveals several important 

differences, i.e. spectrum #3 (in particular) has narrower Qy-absorption profile than spectra #1 

and #2 with a maximum at 669.1 nm, stronger shoulder near 678 nm, and somewhat weaker 

absorption near 675 nm. Most importantly, spectrum #3 has more intense narrow absorption at 

682.7 nm and weaker absorption near 685-687 nm region likely associated in part with a 

contribution from aggregated CP4320  (vide infra).  Based on many spectra obtained for the 

CP43 complex in our laboratory during the last decade, as well as the literature data on 

CP4324,27, we suggest that the more intact CP43 preparation, the more intense band near 683 

nm should be observed. The 4-th derivative (not shown for brevity) of the absorption spectrum 

#3 clearly indicated that absorption near 683 nm region contain contribution from at least two 

absorption bands in agreement with previous results20,26,27. More experimental data that support 

this view will be presented below. For convenience of description, the bands contributing to 

the 683 nm absorption band, as before20,25, are labeled below as A (broad one) and B (narrow 

one). 

The fluorescence spectra shown in Figure 2B (i.e., curves 1-3) correspond to the 

absorption spectra labeled 1, 2, and 3 in Frame A), and were obtained at 4.2 K with an 

excitation wavelength of 496.5 nm. All spectra have fluorescence maximum near 683.3 nm. 

The spectral position of absorption and emission spectra suggests a very small Stokes shift in 
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agreement with previous data20; however, the shape and width of all three spectra is very 

different. (The spectra are normalized at the peak near 683 nm). In particular, spectrum #3, in 

contrast to spectra #1 and #2, does not possess any emission band near 679 nm, and reveals 

less emission in the 685-687 nm region; note that aggregated CP43 complexes have an 

emission maximum in the 685-687 nm region20. Repeated experiments on many different CP43 

preparations showed that these complexes are very sensitive to photodamage and/or 

denaturing, showing (depending on sample) a variable contribution of the 679 nm emission 

band, as well as emission from aggregated CP43 complexes with the (0,0)-emission band near 

685-687 nm. Interestingly, the more photodamaged a preparation is, the more emission near 

679 nm is observed, suggesting the presence of partly damaged complexes.  

It should be noted that none of the three samples (curves 1-3 in Figure 2B) show 

emission in the 665-677 nm range which is associated with fluorescence of disconnected Chls 

and/or contamination by other minor complexes (e.g., CP2920; vide infra), as previously 

observed in several published CP43 fluorescence spectra20,21. For comparison, a fluorescence 

spectrum obtained from an earlier preparation (similar to the emission spectra published 

before20) is shown in frame C of Figure 2, where, as before20, additional broad fluorescence in 

the 665-677 nm region is clearly observed.  To show that this contribution does not belong to 

the CP43 complex and most likely is not due to a contribution from disconnected Chls (whose 

emission maximum is expected near 670-673 nm24, we used our capillary electrophoresis (CE) 

system interfaced with low temperature laser induced fluorescence (LIF) spectroscopy38,39.  

The findings are summarized in the insert of Figure 2C. The CP43 sample with the emission 

spectrum shown in frame 2C was separated into two components by CE (Figure 2C insert) with 

fluorescence maxima at 676 nm (curve a) and 683.3 nm (curve b), respectively (fluorescence 
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of the separated components was detected on-line by LIF). Thus the broad emission near 676 

nm (indicated by a solid arrow) could be separated from the intact CP43 complex whose 

integrated intensity accounted for about 85% of total emission. Thus, we conclude the minor 

component in the “old” CP43 preparation corresponds to a small contamination, most likely by 

the CP29 complex whose (0,0)-emission band is known to lie near 676 nm20.  Thus, it appears 

that most (if not all) published emission spectra of CP43 complexes20,21,24 could have been 

contaminated by the above discussed contribution. On the other hand, aggregation is difficult 

to control and its contribution (variable from sample to sample) is difficult to eliminate. That 

is, even our “best” CP43 preparation (spectrum #3, Figure 2B), as demonstrated below, 

contains a small contribution from aggregated CP43 complexes (see Section 4.4). 

3.2. Persistent and transient hole burned spectra. Frames A and B in Figure 3 show 

quite similar absorption spectra but very different HB spectra obtained for two different CP43 

samples (Samples #3 and #2, respectively from Figure 2A). The absorption spectrum shown in 

frame B is very similar to the published absorption spectra in Refs20,27, and has a much weaker 

absorption band near 683 nm and more intensity in the 687 nm region(see double arrow), 

which is associated with aggregates of CP43 complexes. As a result, the main hole is red-

shifted by about 0.3 nm, and no clear anti-hole near 685 nm (originating mostly from the B-

state; vide infra) is observed in frame B. This is due to the lower peak intensity at ~683 nm. 

Since the peak at 683 nm is lower in the absorption shown in frame B, most likely there is less 

B state available for HB.  Assuming that B burns more efficiently than A, this would also 

explain why the burning efficiency is lower in this particular sample.   

 Frame A shows the CP43 absorption spectrum with the most intense 683 nm band 

(sample #3) observed so far, and quite different HB spectra when compared with data shown in 
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frame B. In this case, at least at the early stage of hole burning, the 685 nm anti-hole is more 

clearly observed due to a minimized hole burning into the origin-band of aggregates (i.e., less 

aggregated sample). In addition, samples with a relatively larger contribution from aggregated 

CP43 complexes (see frame B) show significantly decreased hole depth at 683 nm (by a factor of 

~2 at about 300 J/cm2) obtained for the same fluence, as illustrated in the inserts of frames A and 

B. This behavior, at least in part, is likely due to the fact that a more intact CP43 sample (whose 

spectra are shown in frame A of Figure 3) has more contribution from the A and B bands (in 

particular the B band) than any previously published absorption spectrum20,24,25,27. This is 

consistent with a much narrower emission spectrum originating from both the A and B bands (see 

Figure 2B), as further discussed below. These data clearly demonstrate that the shape and depth 

of persistent HB spectra strongly depends on sample quality.  

In agreement with earlier studies20, at very low irradiation doses the hole spectrum, 

peaking at ~683 nm, is dominated by band B, and provides information on the photoproduct 

distribution of band B. Interestingly, the narrow anti-hole due to the non-photochemical hole 

burning (NPHB) can be observed mostly at lower energy with respect to the hole. One cannot 

rule out some contribution to this band from photoproduct due to burning of the low-energy 

fraction of band A or to aggregates, but this contribution is negligibly small at very low 

fluences. This is depicted more clearly in Figure 4 where curves a and b were obtained non-

resonantly for two different fluences, 4.7 and 311.3 J/cm2, respectively. To demonstrate that 

the hole feature near 688 nm develops only at higher fluences, an additional HB spectrum is 

shown in the inset of Figure 4 that was obtained with a fluence of 1.25 J/cm2. All HB spectra 

shown in Figures 3 and 4 were obtained at 4.2 K using burning wavelength of 496.5 nm. The 

maximum of the major non-resonant hole shown in the insert of Figure 4 (ΔOD ~ 0.05; i.e., 
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13% hole) is located at 683.1 nm (14,639 cm-1) in good agreement with the intense ~683 nm 

absorption band shown as curve 3 in Figure 2.  A Gaussian fit of the 683.1 nm hole (obtained 

for the fluence of 1.25 J/cm2) yielded a width of 33 cm-1, slightly narrower than in our earlier 

reported data (i.e. 45 cm-1 20).  As before, we refer to this hole as the B state.  However, the 

hole shown in the insert of Figure 4 reaches a width of 45 cm-1 at saturation conditions in 

perfect agreement with our earlier data20. That is, at higher irradiation doses the holes become 

broader due to contribution from band A.  

However, it is obvious (in particular for saturated holes) that the delta-absorbance 

increase is distributed at various wavelengths well beyond the inhomogeneous widths of bands 

A and B, most notably in the region to the blue of 670 nm. It has been recently suggested27 that 

a novel process referred to as photoconversion, as opposed to regular non-photochemical hole 

burning, could account for this behavior. Although this positive absorbance increase could 

originate from a photoconversion process that involves Chl-protein hydrogen bonding, as 

suggested recently in Ref.27, it also could be caused by a redistribution of oscillator strength 

due to modified site excitation energies and excitonic interactions during the burning process. 

This latter interpretation is in good agreement with the appearance of an excitonically coupled 

hole in the same spectral region (i.e. 660-675 nm) in triplet bottleneck hole burning spectra 

[our first CP43 paper] shown in Figure 5 (vide infra). Interestingly, a hole previously observed 

at ~680 nm20 and correlated with a feature near 683 nm in the CD spectrum is hardly 

discernible in our HB spectra shown in Figures 3 and 4. Theoretical fits (based on excitonic 

calculations) of the shape of the persistent holes shown in Figure 4, which take into account the 

contribution from anti-holes (originating from the non-photochemical hole burning (NPHB) 

processes into the A and B bands are beyond the scope of this paper, but they are presented in 
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the accompanying paper II and are in good agreement with the data presented in this 

manuscript. 

Below, we will focus on a fit of a non-resonantly burned transient hole which, by the 

nature of the transient hole-burning process, is free from photoproduct contribution. An example 

of the 4.2 K triplet-bottleneck-hole spectra of CP43 obtained with burning wavelength of 496.5 

nm for sample 3 (solid line; curve a) and sample 1 (dotted line; curve b) are shown in Figure 5. 

As before20, a broad hole near 683 nm is clearly observed. In contrast to the results shown in 

Refs20, where burning wavelengths of 665 or 670 nm were used, the illumination was at 496.5 

nm, and, as a result, no resonant transient features are present within the Qy absorption band. The 

hole in curve a (our best sample #3) is highly asymmetric, and has a FWHM of ~82 cm-1 (once 

again narrower than the 120 cm-1 reported earlier20, clearly indicating relatively more 

contribution from the B band in comparison with sample #1 (curve b) and our earlier transient 

spectra obtained for CP43 samples20. Spectra a and b cannot be easily normalized as they clearly 

have different contributions from the B band (see Figure 3) and from band A. As a result the hole 

near 683 nm in spectrum a has more contribution from sub-band Bs (see Section 4.1-4.3 for 

details) and slightly different shape of the band near 669 nm. Since the two spectra shown in 

Figure 5 are very similar in the low-energy region, it appears that aggregates do not contribute 

significantly to the transient spectra.  

The transient hole peaked at ~683 nm was previously assigned to the A band alone.20. 

However, current results support the conclusion of Ref.25 that both bands (A and B) contribute to 

the 683 nm transient hole in agreement with the sample dependent width of the triplet-bottleneck 

hole. The difference between our current interpretation and Ref.20 is that in our current model 

only the sub-ensembles As or Bs of A and B pigments, which are the lowest energy pigment in 
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their complex (and therefore incapable of further downhill energy transfer) contribute to transient 

hole burned spectra. The same is true for the saturated (non-resonantly burned) persistent holes 

shown in Figures 3 and 4.  The holes near 683 and 669 nm seem to be correlated since a 

bleaching at ~669 nm was also observed for burning near 675 nm (data not shown); see also 

Ref.20. Thus, we believe that the transient satellite hole near 669 nm in Figure 5 (see solid arrow) 

originates from burning in the A and B bands and is most likely is due to the chlorophylls 

excitonically coupled to pigments A and/or B (see paper II). Thus, it is not surprising that the 

shape of the 669 nm hole is different for samples with relatively different contribution from the 

As or Bs sub-states (vide infra). Again, no features at 680 nm could be observed in our transient 

holes in agreement with our previous results20.  

Transient HB spectrum (which, as mentioned above, does not reveal any NPHB anti-holes 

and/or photoproducts) can be used to test various models. Namely, we will show below that to 

properly fit absorption and transient HB spectra simultaneously with the zero-phonon action 

spectrum and fluorescence spectra, one has to take into account the energy transfer between 

quasi-degenerate A and B states that have uncorrelated SDFs as originally suggested in Ref.20,25; 

see Section 4.1-4.4. 

3.3. Zero-phonon action spectra. ZPH-action spectroscopy is another mode for 

investigating the lowest energy states of the CP43 antenna complex.  In this spectroscopy, one 

determines the dependence of the shallow ZPH depth on λB under constant burn fluence 

conditions20,25.  The insert of Figure 6 shows constant fluence hole-burned spectra obtained for 

different burn wavelengths in the low-energy region of the CP43 absorption spectrum of sample 

#3. These data are used to generate the ZPH-action spectrum shown as diamonds which indicate 

the hole-depth at particular burn wavelength). The thick solid line corresponds to the low-energy 
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region of the CP43 absorption spectrum at 4.2 K. The widths of the ZPHs of the ZPH-action 

spectrum were limited by a read resolution of 0.5 cm-1.  The height of the ZPH-action spectrum 

was normalized to fit the absorption spectrum in the long-wavelength region (λ > 683 nm).  

(Curves e and f will be discussed in the next section.)  From these data one observes that the 

action spectrum has a maximum near 683 nm as illustrated by diamonds (corresponding to hole-

depths) in Figure 6. We note that the tailing of the ZPH-action spectrum is in good agreement 

with the low-energy absorption spectrum and consistent with our earlier data. On the other hand 

our earlier data revealed slightly broader ZPH action spectrum, thus again, indicating a relatively 

smaller contribution from the Bs sub-bands in our “old” CP43 preparations20. The amount of 

tailing of this spectrum at high burn frequencies (dashed arrow) was stronger in partly 

contaminated and/or denatured preparations (data not shown). The ZPH action spectrum 

obtained for sample #2 (data not shown) was slightly broader with more contribution near 685 

nm, suggesting that HB is also possible for aggregates of CP43 complexes, though with much 

smaller quantum yield than that observed for monomeric complexes.  

 

IV. Discussion 

4.1. Model for excitation energy transfer (EET) between two quasi-degenerate 

lowest-energy states. As mentioned in the Introduction, excitonic simulations based on the 

recent high-resolution structure of PSII, as well as CD data from Ref.27 argue against the 

existence of a broad low-energy excitonic band with an oscillator strength equal to that of 3-4 

Chl molecules, first proposed in29 and utilized in our earlier analysis of the model for EET in 

CP4325. As an alternative, in this manuscript we explore the compatibility of our new results 

with the BMA1 model of Ref.27, with the lowest excitonic state of the B-multimer (BM) having 



 18

an oscillator strength of about one Chl equivalent by coincidence, or with a B1A1 model20. 

To describe theoretically the optical spectra (vide supra) discussed in this manuscript, 

we use the excitation energy transfer (EET) model as originally described in Ref.29 That is, we 

take into account EET between quasi-degenerate A and B states of CP43 that have uncorrelated 

SDFs. In this model25 we assume that emission, zero-phonon action and transient HB spectra 

can be represented as a sum of the respective spectra of sub-ensembles of the protein 

complexes where either pigment (A or B, curves a and b, respectively) may be the lowest-

energy one (and therefore incapable of further downhill EET). (Note, that we are using italic 

letters for the “true” A and B bands to distinguish them from the corresponding sub-bands, 

labeled as As and Bs, observed in various types of experiments described in this manuscript). 

That is, in the case of the CP43 complex, As and Bs sub-bands (represented in Figure 7 by 

curves f and e, respectively) are the lowest-energy bands of these sub-ensembles. With this 

restriction, the model should account for EET between the two lowest-energy (quasi-

degenerate) bands in the CP43 complex; for more details see Ref.25 

Briefly, in Figure 7 we consider the EET within a hypothetical system that contains just 

two chromophores. For simplicity we assume that the interaction between these two 

chromophores is sufficiently weak to prevent delocalization of the excited states, but 

sufficiently strong to allow for EET on a timescale of ~10 ps (i.e., two orders of magnitude 

faster than the typical fluorescence lifetime of chlorophylls in photosynthetic complexes). To 

model the CP43 complex, we assumed that the site excitation energies for the two 

chromophores (contributing to bands A and B), labeled as curve a and curve b in Figure 7 have 

different SDFs (with different widths) which are completely uncorrelated, in accordance with 

experimental data20. Thus, curves a and b in Figure 7 describe two different chromophores that 
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represent the “true” SDFs of the A and B pigments of CP43. In a given complex either 

chromophore could be lower in energy, and their energies are independent. Curve c (or d) is 

the probability that a chromophore a (or b) has its ZPL at some energy lower than the 

corresponding energy of the x-axis.  For high energy values, the probability that the 

chromophore will be lower in energy approaches one; at low energies the probability that the 

chromophore will be lower in energy approaches zero. The probability (as a function of 

frequency) that a given B-type pigment will be capable of downhill excitation energy transfer 

is equal to the probability of finding a B-type pigment at a given frequency (curve b) multiplied 

by the probability of finding an A-type pigment at some lower frequency (curve c); the 

probability that a given B-type pigment will be incapable of energy transfer is simply one 

minus this probability, and is shown as curve e in Figure 7.  Similarly, the probability that a 

given A-type pigment will be incapable of energy transfer is equal to one minus the product of 

curves a and d, and is shown as curve f in Figure 7.  In short, curve e, is the sub-ensemble Bs of 

B, which includes only those B-type pigments which are the lowest energy pigment in their 

complex. Curve f is the sub-ensemble As of A, which includes only those A-type pigments 

which are the lowest energy pigment in their complex. We will demonstrate below that 

consideration of this effect will allow simultaneous fitting of absorption, emission, zero-

phonon action, and transient HB spectra, thus providing more insight into the electronic 

structure and dynamics of CP43 complexes. 

4.2. HB Action Spectra.  Since HB action spectra yield information directly about the 

site distribution functions of various pigments, as long as the electron-phonon coupling is 

weak, their analysis does not require detailed knowledge of electron-phonon coupling, and will 

be performed first. In Figure 6, the long-dashed and short-dashed curves, (e) and (f), 
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respectively, are the fractions of bands B and A, which include only the lowest-energy 

chromophores, i.e., the Bs and As sub-bands, respectively. The relative intensities of the curves 

e and f have been adjusted in order to achieve better fit.  This is justified, since various data 

(see Figures 3 and 4) indicate that HB yield of sub-band Bs is somewhat larger than that of the 

sub-band As.  Thus, a very good fit of the ZPH action spectrum with curves e and f clearly 

indicates that the ability to burn holes of dephasing-limited width (~2 GHz at 4.2 K) into the 

sub-states (As and Bs) within the A and B absorption region does not prove that EET between A 

and B is slow, but is merely the consequence of the SDF of bands A and B being uncorrelated. 

Every CP43 complex contains both A and B chromophores, which are connected by fast EET, 

but contribute to either the As or Bs sub-band, not both; as a result, the holes burnt in this 

region correspond almost entirely to pigments which are incapable of energy transfer, so that 

the hole width is dephasing-limited. EET between Bs and As sub-bands is impossible within 

our model in perfect agreement with our experimental data.  The parameters of the two original 

A and B SDF are presented in Table 1. 

4.3. Calculated absorption and transient HB spectrum.  As mentioned in the previous 

section, the shape of the triplet bottleneck holes is not affected by photoproduct absorption, and 

therefore, these spectra are more easily fitted than saturated persistent holes. We will 

demonstrate that the same set of parameters for A and B site distribution functions, first 

employed to fit HB action spectra, can also be employed to simultaneously fit the triplet 

bottleneck hole spectrum and the low-energy part of the absorption spectrum of CP43.  Unlike in 

Ref.25, our model now also includes the effects of electron-phonon coupling. In general, both 

delocalized protein phonons and localized chlorophyll vibration modes affect the shape of the 

absorption spectrum. From the viewpoint of the current discussion, coupling to the delocalized 
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phonons is the most important element for the shifting of absorption (or hole) spectra bands 

relative to their respective SDF. Localized chlorophyll modes have to be taken into account in 

order to correctly determine the intensities (in Chl equivalents) of various bands. They also play 

a role in EET, as they affect spectral overlap integrals in the Förster energy transfer equation.  

We used the frequencies and Huang-Rhys factors of the local modes of Chl a as determined for 

plant PSI particles by Gillie et al.40-43 using SHB.  As demonstrated by Zucchelli et al44, the S 

factors obtained via SHB allow for much better fit for the absorption spectra of Chl a in various 

solvents, than factors determined via fluorescence line-narrowing (FLN) spectroscopy. 

Concerning low-frequency phonon sidebands, it has been reported by Hughes et al.45 

that the phonon sidebands associated with bands A and B peak at 15 and 24 cm-1, respectively, 

and that for both bands the Huang-Rhys factor is ~ 0.25 (weak electron-phonon coupling). 

More details about the shape of the phonon sidebands of A and B bands could be determined by 

fitting the hole spectra resulting from resonant laser irradiation. However, this is not an easy 

task. At ~683 nm, both A and B bands are accessed simultaneously; the broad feature to the red 

from the burn wavelength is contributed to by both pseudo-PSB of the resonantly-burned Bs 

sub-bands and by As sub-bands burned via energy transfer from B; additionally, photoproduct 

is obviously present both to the blue and to the red of the resonant hole, affecting the pseudo-

phonon side band (PSB) shape. The latter problem persists at all wavelengths, including those 

longer than 686 nm where contribution of the B band to the spectra is negligible.27 Note that 

within the framework of our model for EET between two quasi-degenerate states, the small 

contribution of the B band, which might still be present at 686 nm, belongs almost completely 

to Bs-type pigments, being the lowest-energy pigments in the complex and therefore incapable 

of downhill energy transfer. Consequently, contrary to the suggestion of Ref. 27, downhill 
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energy transfer followed by photoconversion does not contribute to the low-energy sideband in 

the respective HB spectrum, and the whole lower-energy sideband is in fact the PSB hole. The 

absence of EET processes at these long wavelengths is in fact supported by the data in27, 

indicating that the gap between the burn wavelength and the wavelength where the pseudo-

PSB feature peaks tapers off and stays constant at burn wavelengths longer than 684 nm. Thus, 

fitting of the spectral holes according to the theory by Hayes et al.46 will give the phonon 

sideband parameters unaffected by EET, at least for λB = 686 nm (A band). The parameters for 

the B band are subject to more error as they result from disentangling A and B contributions for 

λB = 683 nm. The parameters of the phonon sidebands for A and B bands are presented in Table 

2. 

Taking the above into account, one can dress the SDF of the original A and B bands (for 

the absorption spectrum; curves a and b in Figure 8, respectively) and of sub-bands As and Bs 

(triplet bottleneck hole spectra; curves f and e in Figure 8) with phonons and vibrations and fit 

the respective spectra. An additional challenge to perfectly fit data presented in Figure 8 

included the requirement that the integral intensities of both low-energy bands should be close 

to one chlorophyll equivalent. As stated in Section 4.1, we are exploring the compatibility of 

our results with the BMA1 model of Ref.27, with lowest excitonic state of the B-multimer 

having oscillator strength of about one Chl equivalent, or alternatively, with a B1A1 model (see 

also our discussion on the results of Ref.27 below). Additionally, we required that the difference 

between the CP43 absorption spectrum and the sum of the absorption spectra of the two 

lowest-energy states should not exhibit any unphysical kinks (see the dotted curve for the 

remaining absorption of CP43).  The dotted curve exhibits an obvious shoulder due to the band 

peaked at ~678 nm, matching the weak shoulder in the absorption spectrum.  The parameters 
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of the SDF of the two lowest-energy bands are the same as presented in the Table 1. Thus, here 

we demonstrate that our spectroscopy results are also fully consistent with the BMA1 model.  

Unfortunately, this means that one cannot draw a definite conclusion on whether B1AM or 

BMA1 or B1A1 model is more correct based on the data presented in this manuscript. This 

issue, however, will be re-visited in the accompanying paper II, where detailed excitonic 

calculations are presented and discussed. Note that in Ref.27 within the frame of the BMA1 

model, the lowest state of the B near 683 nm is contributed to by several Chls and has the 

oscillator strength of about one chlorophyll equivalent just by a coincidence.  Curves a and b in 

Figure 8 correspond to the true absorption spectra of the two lowest-energy states of CP43, A 

and B. Curve a+b fits very well the low-energy part of the absorption spectrum. As in Figure 7, 

curve e is the absorption spectrum of a sub-ensemble of B-type pigments (i.e., sub-band Bs), 

which are the lowest-energy pigments in their complexes, and curve f represents the absorption 

spectrum of a sub-ensemble of A-type pigments (i.e., sub-band As), which are the lowest-

energy pigments in their complexes.  As in the case of the HB action spectrum, the intersystem 

crossing yields might be different for different chromophores, which justifies slight 

adjustments of the relative intensities of curves e and f in Figure 8. Thus, as expected, the sum 

of spectra e and f fits very well the transient HB spectrum (solid line; noisy curve) obtained 

with burning wavelength of 496.5 nm.  

4.4. Comparison of calculated emission spectra with experiment. The 4.2 K 

fluorescence spectra of CP43 obtained with burning wavelength of 496.5 nm is shown in 

Figure 9 (thick solid line).  Spectrum a is the sum of the curves e and f from Figure 7, but 

dressed with phonons and localized vibrations, and represents the theoretically predicted 

fluorescence spectrum based on the model of uncorrelated EET between states A and B.  The 
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relative intensities of curves e and f have been slightly adjusted for better fit. A discrepancy is 

clearly observed on the lower-energy side when compared with the measured emission 

spectrum. Spectrum a, however, does not account for the emission from the aggregated CP43 

complexes. We have already suggested above that a small contribution from aggregated CP43 

complexes could not be excluded (see Figure 2, frame B). This is confirmed by curve b of 

Figure 9 (thick dotted line) which corresponds to the measured emission spectrum of 

deliberately aggregated CP43 sample.  Similar fluorescence spectra were already reported by 

taking a difference between the fluorescence spectra of CP43 samples with different degrees of 

aggregation (i.e., with different concentrations of detergent)20.  Somewhat larger contribution 

from aggregates to the emission spectrum shown in Figure 9, as compared with absorption and 

persistent hole-burned spectra, suggests that fluorescence quantum yield increases upon 

aggregation, in agreement with fluorescence excitation spectra (data not shown).  As expected, 

the sum of curves a and b (labeled as  a + b spectrum)  describes the experimentally measured 

fluorescence spectrum (solid line) very well.   Note that the half-width of the fluorescence 

spectrum estimated on the high-energy side is only 36 cm-1.  When contribution at 676 nm has 

been eliminated from the previously measured fluorescence spectrum20, nearly an identical 

half-width of the high-energy side has been obtained.  As previously mentioned, spectrum a 

contains contribution from both As and Bs sub-bands and is consistent with our EET model 

discussed above. The frequency difference (of ~13 cm-1) between the maxima of absorbance 

and fluorescence spectra is a result of interplay between two effects.  First, it is obviously an 

indication of weak coupling to the low-energy phonons for narrow B band, S~0.2520. Second, 

we recall that the absorption spectrum is contributed to by the “true” bands A and B, while the 

emission originates from sub-ensembles As and Bs. Finally, we comment on the minor 
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differences between fluorescence spectra shown in Figure 2B and 2C, i.e., curves #3 and b, 

respectively. The FWHM of spectrum (b), obtained in CE buffer at 4.2 K, is broader by a 

factor of ~1.2 than the fluorescence spectrum obtained off-line in a glycerol/buffer glass; the 

latter is due to a solvent effect (i.e. different matrix composition). However, its more 

symmetric shape suggests that the on-line measured fluorescence spectrum does not contain 

contribution from aggregated CP43 complexes. The higher-energy discrepancy between the 

calculated and experimental spectra (see dashed arrow) may be attributed to very minor 

contaminant (compare with spectra 1 and 2 in Figure 2B), or, at least to some extend, to 

pigments other than A and B which still can become the lowest-energy pigments in the CP43 

complex for some realizations of energy disorder, even if with low probability (see paper II).  

These pigments were not included in our simple model treating EET between two pigments 

with uncorrelated site distribution functions. 

4.5. Assignment of the A and B states to particular chlorophylls in the complex.   

Several chlorophylls have been suggested as possible candidates that mostly contribute to the 

lowest-energy states in CP4326,27.  Recent femtosecond visible/visible and visible/mid-infrared 

pump probe spectroscopy experiments suggested that at least some of the red absorbing 

pigments are located in a polar environment, possibly forming H-bonds with the surrounding 

protein26. Earlier findings also suggested that narrow band B is due to a pigment which is in H-

bond contact with its environment27, based primarily on analysis of FLN data and the 

assumption that a strong hydrogen bond is required to explain a large non-excitonic shift of the 

B band.  According to Di Donato et al.26 the most likely candidates for the lowest-energy 

chlorophylls include Chl34 (with a possible H interactions with a tyrosine and a histidine), 

Chl47 (with a 9-keto carbonyl at H-bond distance from an aspartic residue and very close to an 
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arginine residue), and Chl49 (close to a tyrosine residue) in the notation of Loll et al.8.  

However, at the current structural resolution (3Å), the assignment of specific H-bonds is 

somewhat speculative, particularly since neither hydrogen atoms nor water molecules are 

resolved. Furthermore, one should consider the possibility that just the polar environment by 

itself (for example for Chl37 and Chl44) or Chl ring deformation47 could lead to a significant 

red shift of the Chl origin bands. In addition, ensembles of strongly-coupled Chls (like Chl44, 

Chl45, and Chl46) could yield lowest-energy states which can be also red-shifted as originally 

suggested for the A-state in29.  Note, that the above list unfortunately contains eight out of 13 

Chls constituting the CP43 complex, and thus additional criteria have to be employed to 

decrease the number of possible candidates for the low-energy state(s).   

It should be noted also that the assignment of a very strong hydrogen bond to the 13’ 

carbonyl group of the Chl corresponding to the B band led to the suggestion of a possible 

photoconversion process, involving disruption of Chl-protein hydrogen bonding. This 

photoconversion process is used to explain the appearance of a strong absorption increase near 

670 nm in the persistent hole burning spectra; this suggestion, however, is challenged in this 

work as well as in the accompanying paper II. 

Additional information on the possible composition of the A and B states can be 

obtained from the Stark hole-burning data presented in20. It was shown that band B is 

characterized by unusually low response to the electric field (fΔμ < 0.25 20or even fΔμ ~ 0 20), 

which may indicate that the respective pigment is in excitonic interaction predominantly with 

other pigments having anti-parallel transition dipole moments. With this in mind, we find that 

the most anti-parallel transition dipoles are found for the Chl34/Chl37 and Chl34/Chl46 pairs 

of chlorophylls that are strongly coupled. These pairs are characterized by μ1⋅μ2 = −0.85 and 
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−0.99, respectively.  Note that based on the X-ray structure, Chl34 is also likely to form a 

hydrogen bond with tyrosine and histidine residues8.  However, the above two pairs of 

chlorophylls exhibit strong interaction energies of 75 cm-1 and 66 cm-1, respectively.  This, 

combined with an anti-parallel dipole orientation, would result in the lowest state of the dimer 

(or multimer, since both pairs contain Chl34) borrowing oscillator strength from the higher-

energy state(s); this effect is more pronounced if transition energies of individual molecules are 

closer to each other in the absence of excitonic interaction.  Such borrowing, however, is 

inconsistent with the experimental results indicating that the oscillator strength of the B-band is 

approximately equivalent to that of one chlorophyll molecule.  However, if the site energies of 

the two pigments are energetically separated, the borrowing of oscillator strength should be 

relatively small. As a result, any one of these chlorophylls (i.e. 37, 34, and 46) could contribute 

strongly to the B band, although the remaining two pigments should probably be blue-shifted 

(see the accompanying paper II).  It is also important to mention that such strong pair-wise 

couplings would be incompatible with the assignment of Hughes et al.27, who placed the three 

excitonic components of the B-multimer at 683, 680 and 676 nm. Therefore, before we move 

forward with our discussion, it seems appropriate to comment on the data by Hughes et al.27 in 

a more detailed fashion.  The key issue discussed there was the analysis of the shape of the 

difference in the CD spectra resulting from illumination with 488 nm light; these low-

temperature (1.7 K) ΔCD spectra could be successfully fitted with three components associated 

with the chlorophyll multimer, the lowest-energy state being the B state.27 A fourth component, 

corresponding to the monomeric A-state at 683 nm, was required to simultaneously fit the 

absorption spectrum. This led to the idea of BMA1 model. Unfortunately, we find the above 

approach quite problematic.  First, in the view of the results presented above, it appears to us 
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that Hughes et al.27 did not account for NPHB photoproduct contributions in the ΔCD spectra.  

That is, a significant amount of the NPHB photoproduct is distributed in the immediate vicinity 

of the original hole as shown in Figures 3, 4, and 6. It is reasonable to expect that the 

magnitude of the CD is the same for photoproduct as for educt in case of NPHB, and therefore, 

some contributions to ΔCD spectra should be ascribed to photoproduct. Second, the 

measurement of the differences in CD spectra resulting from non-resonant illumination is 

similar to regular hole-burning measurements in that the pigments with the highest hole-

burning (or photoconversion) yield are probed preferentially as they burn first20,27. In other 

words, the underlying physical principle responsible for observed changes in the above 

discussed ΔCD spectra is the same in both cases (i.e. NPHB and ΔCD experiments). Only the 

means to detect these changes differ. Therefore, we believe that the CD experiments described 

by Hughes et al.27 are subject to the same kind of misinterpretation as was made in our own 

earlier work involving conventional HB experiments20, where the sub-ensembles (sub-bands) 

As and Bs were mistaken for the true bands A and B.  While we do not reject the hypothesis that 

the B state has some excitonic character (see the accompanying paper II), which is supported 

by the CD results27, the parameters of the higher-energy excitonic components of state B (our 

notation) as presented in27 are, in our opinion, subject to large errors.  For example, the 680 nm 

hole observed in27 most likely does not belong to excitonically coupled pigments of the 

monomeric CP43 complexes as its relative intensity with respect to the 683 nm hole appears to 

be highly sample-dependent in our HB experiments, and, as mentioned above, it is hardly 

visible in spectra shown in Figures 3 and 4.  

On the other hand, anti-parallel orientation of the dipole moments is not the only 

possible explanation for the unusual properties of the B-band. Namely, it can be deduced from 
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the Stark hole-burning experiments that fΔμ of the pigments in photosynthetic complexes has 

significant matrix-induced contribution 20.  That is, almost without exception, spectral holes in 

photosynthetic complexes broaden but do not split in the electric field.48 (Very strong matrix-

induced contribution to fΔμ leads to strong hole broadening). The unusually low response of 

the B band to electric field could also be a result of a relatively weak matrix-induced 

contribution to fΔμ. This interpretation would be in agreement with the small inhomogeneous 

width of band B (see Table 1) caused by a smaller degree of disorder. However, excitonic 

calculations and modeling of various types of experimental spectra are needed to narrow the 

pool of Chl contributing to the B band as discussed in the accompanying paper II.  

Our previous studies of the CP43′- PSI supercomplexes30 indicated that B pigment(s) 

(i.e. Chl(s) contributing to band B) are more likely to transfer energy to A pigment(s) (i.e. 

Chl(s) contributing to band A) than to the PSI core, and this transfer occurs on a time scale on 

the order of 10 ps.  In order to achieve the latter result, the coupling matrix element between 

chlorophylls contributing to bands A and B should be about ~10 cm-1. It is also preferable for 

the pigment contributing to band A to be situated closer to the PSI core in the PSI-CP43′ 

supercomplex than the pigment contributing to the B band. We note that the cryo-microscopy 

results indicate that the CP43′ units are oriented in relation to the PSI core in the same way the 

CP43 units are oriented in relation to the reaction center in PSII.49  

The chlorophylls closest to the PSII RC (or PSI core) are Chl 41 and Chl 44.  The 

couplings between the chlorophylls of CP43 and those of the PSII RC are presented in Table 3 

(Chlz2 on the other side of the RC is ignored).  These coupling constants are calculated in the 

dipole-dipole approximation, since the distances between the pigments are >20 Å. One can see 

that although Chl 41 exhibits the strongest coupling to the RC Chl pigments, Chl 44 is also 
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strongly coupled to Pheo D1.  As a result, although Chls 37, 43, and 46 (proposed band B Chls) 

also show weak coupling to various RC pigments, it appears that Chls 41 and/or Chl 44 are 

better candidates for the A state.  Note that the highest couplings in the Table 3 are ~10 cm-1, in 

agreement with the relatively low (on the order of tens of ps) CP43→RC EET rates observed 

for intact oxygen-evolving PSII core complexes at low temperature50.  

Finally, we note that the triplet bottleneck HB spectrum shown in Figure 5 contains, in 

addition to the asymmetric low-energy hole, a broad and structureless band near 670 nm 

(arrow).  Such a broad bleach with a maximum near 670 nm is, in fact, of great importance 

since it should also allow us to narrow the choice of possible candidates for states A and B. 

This, however, is beyond the scope of this manuscript and is discussed in the accompanying 

paper II.  Here we only mention, that the fact that both the main hole peaked at 683 nm and its 

weak companion hole near 670 nm have the same sign, indicates that the oscillator strength 

associated with the Chl molecule(s) on which the triplet is localized is distributed between 

short and long wavelengths. (From Figure 8 it is obvious that the higher-energy vibronic 

replicas of the main triplet-bottleneck hole are too weak to account for the 670 nm feature; the 

match between the experimental and calculated triplet bottleneck holes is perfect at <660 nm. 

This is also an additional proof that higher excitonic components of the lowest-energy states 

lay near 670 nm, and not at 676-680 nm.)  In other words, higher-energy chlorophylls in intact 

CP43 are stealing some oscillator strength from the lowest-energy ones. In the opposite 

situation, removal of the lowest-energy chlorophyll from the ensemble (by triplet bottleneck 

HB) would result in migration of formerly stolen oscillator strength to higher energies, and a 

positive feature, rather than bleach, would appear near 670 nm, as observed for several Chl 

combinations in excitonic calculations (see paper II).  This also provides a feasible explanation 
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for the increased absorption at 670 nm in persistent hole burned spectra: as lowest-state 

pigments are shifted slightly to the blue (via regular non-photochemical hole burning), the 

interaction between the low-energy Chl and its higher-energy excitonic partners is increased 

(due to closer site energies), resulting in the “stealing” of more intensity by the higher-energy 

states.  This possibility is discussed in more detail in paper II. Another consequence of this 

stealing of oscillator strength by higher-energy Chls is that one would expect the lowest energy 

state of CP43 (which may be localized on different Chls in different individual complexes; 

represented by the sum of curves e and f in Figure 8) to have average oscillator strength 

somewhat lower than the equivalent of one chlorophyll. Comparing the integrated area of the 

transient hole shown in Figure 5 (curve a) and obtained from our best CP43 sample, one may 

estimate the oscillator strength of the lowest-energy band as 0.7±0.2.  The error margin is quite 

high, since two different chlorophylls contributing to the lower-energy triplet bottleneck hole 

may have different intersystem crossing rates (see paper II for more details).    

4.6. Implications for EET in the CP43′-PSI supercomplex.  Structural data on the 

CP43′-PSI supercomplex 49 suggests that the distances between the identical chlorophylls of 

adjacent CP43' monomers are ~40 Å, i.e. only slightly larger than the distances between CP43' 

chlorophylls closest to the PSI core and the core chlorophylls.  Due to the 18-fold symmetry of 

the CP43' ring, the angles between the transition dipole moment vectors of structurally 

identical chlorophylls are only 360/18=20 degrees. As a result, the orientation factors, which 

affect the interaction energies, should be large. The spectral overlap between absorption and 

emission spectra of identical chlorophylls is also most likely quite large, especially for pigment 

B, while the spectral overlap with core pigments close to CP43' is expected to be small.  In 

fact, we have already assigned a minor derivative-like feature in the supercomplex-minus-core 
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spectrum at 695 nm to some core chlorophyll shifted as a result of interaction with CP43' 30.  In 

light of the above it becomes possible that A→ A' and especially B→ B' EET rates within 

CP43' manifold are larger than the CP43'→ PSI core EET rate even at low temperature. Thus, 

every A or B chlorophyll of a given CP43' monomer may have several options for transfer. In 

addition to transferring energy to the core and to its own B/A partner (if the latter is lower in 

energy), each A or B pigment can (though with somewhat smaller probability) transfer energy 

also to A or B of the adjacent CP43' unit.  Of course, inter-CP43' excitation hopping would be 

further facilitated if A→ B' and B→ A' EET between adjacent CP43' units is also possible. 

Qualitatively, these processes will result in excitation traveling through several units in the 

CP43'-s ring before it reaches one of the local lowest energy state(s) of the CP43' manifold. 

(Note that there are 18 CP43' units per supercomplex and that the PSI core is trimeric. Thus, 

there are six non-equivalent positions of the CP43' unit with respect to the PSI core.)  The 

emission (and low-fluence action) spectra in Ref.30 are then due to those pigments which 

simultaneously are a) the lowest-energy pigments not only in their own CP43', but also among 

its closest neighbours, and b) in an unfortunate position (with regard to EET) in relation to the 

core. This would explain the shift of emission beyond 685 nm despite the higher-fluence action 

spectrum being peaked at 682 nm30 and electron-phonon coupling being weak.  

 

V. Conclusions 

 Absorption, emission, zero-phonon action, and transient HB spectra can be well fitted 

by allowing for energy transfer between the two lowest energy bands A and B in CP43.  In this 

model (B1A1), fluorescence, zero-phonon action, and transient HB spectra can be represented 

by a sum of the sub-ensembles of the CP43 complexes where either of the two low-energy 
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bands may be the lowest-energy state incapable of downhill energy transfer.  Our results are 

consistent with ~10 ps EET from state B to state A in CP43. EET in a particular complex is 

possible either from A to B or from B to A.  The shape of the transient spectrum is an inverted 

image of the absorption spectrum of a sub-ensemble of Bs-type and As-type pigments, 

respectively, which are the lowest-energy pigments in their complexes.  We have demonstrated 

that the major emission band originates from sub-bands As and Bs, while the absorption 

spectrum is contributed to by the “true” A and B bands.  We have also proposed that the high-

energy photoproduct in persistent HB spectra originate from regular NPHB accompanied by 

the redistribution of oscillator strength due to modified post-burn excitonic interactions. We 

have argued that the photoconversion process (suggested to occur via tunneling between 

alternate configurations of the C=O---H−protein hydrogen bond when the molecule is in the 

excited state27, while feasible, is not required to account for the strong positive absorption 

increase in the saturated HB spectra (further evidence is provided in paper II).  Finally, based 

on the above discussion, it appears that the best candidates from the 13 Chls of the CP43 

complex that mostly contribute to the B band are Chls 34, 37, and 46, while Chls 41 and 44 are 

likely to contribute to the A band. However, definite assignments cannot be made based on this 

data alone. The choice of Chls contributing to the low energy states can be further narrowed by 

simultaneous fitting of the absorption and emission spectra and transient/persistent HB spectra 

using excitonic calculation as demonstrated and discussed in detail in the accompanying paper 

II.  
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Figure captions   

Figure 1.   Structure of CP43 and the Photosystem II reaction center. 
 
Figure 2.  Absorption (frame A) and emission spectra (frames B) obtained for three different 

CP43 samples (solid curve for the sample1, dotted for sample 2, and dot-dashed for 
sample 3). Frame C shows fluorescence spectrum (λex = 351.1 nm) of an old CP43 
sample with significant contribution near 676 nm. The insert of Frame C shows that 
this contribution (curve a) can be separated from the main fluorescence spectrum 
(curve b) by capillary electrophoresis (see text for details). All fluorescence spectra 
were obtained at T = 4.2 K.  

 
Figure 3. Comparison of hole burning in two samples with different degrees of aggregation.  

Frame A shows fluence dependence of spectral holes burned at 496.5 nm for a 
sample with a lesser degree of aggregation. The inset in frame A shows the 
development of hole depth as a function of fluence.  Frame B shows hole-burning in 
a sample with a greater degree of aggregation. The hole-burning conditions are 
similar to that of frame A. The asterisk indicates contribution from the A band (see 
text for details).  The two-sided arrow indicates absorption maximum of aggregated 
CP43 complexes. 

 
Figure 4.  Hole-burning phenomena in CP43 during interaction with green light (496.5 nm). 

Inset shows a hole spectrum in an very early hole burning stage (fluence = 1.25 
J/cm2) whereas spectra (a) and (b) were burnt with fluence of 4.7 J/cm2 and 311.3 
J/cm2, respectively. Note, solid arrow shows photoproduct forming on the lower 
energy side of the hole (see text for more details). 

 
Figure 5.  Transient (triplet-bottleneck) spectral holes burned at 496.5 nm for samples with a 

low (solid curve a, sample 3) and high (dotted curve b; sample 1) degree of 
aggregation. Corresponding absorption spectra for samples 1 and 3 are shown in 
Figure 2 (frame A).   

  
Figure 6.   Hole-burning action spectrum (diamonds) for sample 3. Normalized absorption 

spectrum is presented for comparison. Long-dashed spectrum (curve e) and short-
dashed spectrum (curve f) correspond to the contributions of B and A chlorophylls 
to the action spectrum, respectively.  Solid line spectrum labeled as (e+f) represents 
the fit to the action spectrum. Dashed arrow indicates higher energy contribution to 
the action spectrum. 

 
Figure 7.  Curves (a) and (b) represent the “true” SDF of the two lowest-energy states in 

CP43.  Curve (c) is the probability that an A-type chromophore has its ZPL at 
energy lower than the corresponding energy of the x-axis.  Curve (d) is the 
probability that a B-type chromophore has its ZPL at energy lower than the 
corresponding energy of the x-axis.  Curve (e) is the SDF of the ensemble of the B-
type chromophores which are the lowest-energy chromophores in their complexes.  
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Curve (f) is the SDF of the ensemble of A-type chromophores which are the lowest-
energy chromophores in their complexes. 

 
Figure 8:  Absorption (dashed curve) and triplet bottleneck hole (noisy solid curve) spectra of 

Sample 3. Curves (a) and (b) are absorption spectra (i.e., dressed with phonons and 
vibrations) of states A and B, respectively. The dash-dotted curve (a+b) is the sum 
of the curves (a) and (b), with relative intensities slightly adjusted for better fit. The 
dotted curve is the difference between the absorption spectrum and the (a+b) curve. 
Curves (f) and (e) are contributions to the triplet bottleneck hole, also dressed with 
phonons, of A and B chromophores, respectively. The relative intensities of these 
two bands have been normalized to allow for best fit to the triplet bottleneck hole. 
See text for details. 

 
Figure 9:  Emission spectrum of Sample 3 (solid curve). Curve (a) is the sum of curves (e) and 

(f) from Figure 7, dressed with phonons. Curve (b) represents the emission 
spectrum of deliberately aggregated CP43 sample. The sum of curves (a) and (b), 
with properly adjusted intensities, yields a good fit to the observed emission 
spectrum of the higher-quality CP43 sample. 
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Table 1.  Parameters of the SDF of various bands and sub-bands. 

Band A (curve a) B (curve b) AS (curve f) BS (curve e) Curve (e+f)1 

Peak  

(cm-1/nm) 

14643/ 

682.9 

14644/ 

682.9 

14607/ 

684.6 

14637/ 

683.2 

14632/ 

683.4 

Width (cm-1) 180 62 1072 60 722 

 

1 With intensity ratio observed for triplet bottleneck hole-burned spectrum, see Figure 8. Somewhat 
different intensity ratio results in slightly different parameters. 
2 FWHM for asymmetric non-Gaussian band. 
 

 

 

Table 2. Parameters of single-site spectra for pigments contributing to the A- and B-type 
bands. Vibronic modes were obtained from Refs 40-43. 
 
   Band  ZPL 

width 

(cm-1) 

Huang-Rhys 

factor (S) 

PSB peak 

frequency 

(cm-1) 

Gaussian 

PSB width1 

(cm-1) 

Lorentzian 

PSB width1 

(cm-1) 

A 0.05 0.30 16 10 30 

B 0.05 0.25 24 15 25 
 

1 The phonon sideband is assumed to be Gaussian on the low-energy side, and Lorentzian on the high-
energy side of the PSB peak. 
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Table 3. Coupling constants (Vnm; in cm-1)a between chlorophylls in the PSII reaction center and 

CP43 complex. 

Pigment Chl33 Chl34 Chl35 Chl37 Chl41 Chl42 Chl43 Chl44 Chl45 Chl46 Chl47 Chl48 Chl49 

P1 -0.934 1.88 1.319 -4.055 -3.021 -0.757 -1.394 -1.919 1.015 -2.62 -1.414 0.198 -0.683 

P2 0.913 -0.381 -0.82 2.338 3.542 0.68 1.253 -1.914 -0.329 0.993 0.1 -0.655 0.593 

Chl1 1.734 -1.967 -0.289 1.8 6.999 0.523 2.305 -0.581 -1.418 1.927 0.262 -0.354 0.669 

Chl2 -0.361 -0.297 1.33 -2.319 -2.185 -0.674 -0.895 0.288 0.216 -1.068 -1.224 0.467 -0.637 

Pheo1 -0.473 -0.419 0.149 -0.33 -6.685 -0.783 -1.28 6.276 0.452 -0.345 0.992 0.963 -0.466 

Pheo2 -0.176 0.825 -0.796 0.013 0.532 0.371 0.089 0.38 0.443 -0.4 0.991 -0.261 0.164 

Chlz1 b 
2.095 -1.008 -0.332 0.854 7.683 0.222 4.674 -0.265 -1.968 1.391 0.025 -0.663 0.807 

 

a Calculated using a dipole strength of 18.5 D2 (Chl a) and 11.1 D2  (Pheo a). 
b Chlz2 on the opposite side of the complex (i.e. D2) is not included, since interactions involving this Chl 
are even weaker than those for Pheo2. 
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Figure 3 
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Figure 4 
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Figure 8 
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Figure 9 

 

14250 14500 14750
0.0

0.5

1.0

Wavenumber (cm-1)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

e

f

a

b

a+b

36 cm-1

680690700

14250 14500 14750
0.0

0.5

1.0

Wavenumber (cm-1)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (a
. u

.)

Wavelength (nm)

e

f

a

b

a+b

36 cm-1

680690700


