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Abstract 

The identification of lowest-energy chlorophyll pigments in photosystem II (PSII) is critical to our 

understanding of the kinetics and mechanism of this important enzyme. We report parallel circular 

dichroism (CD) and circularly polarized luminescence (CPL) measurements at liquid helium 

temperatures of the proximal antenna protein CP47. This assembly hosts the lowest-energy 

chlorophylls in PSII, responsible for the well-known "F695" fluorescence band of thylakoids and 

PSII core complexes. Our new spectra enable a clear identification of the lowest-energy exciton 

state of CP47. This state exhibits a small but measurable excitonic delocalization, as predicated by 

its CD and CPL. Using structure-based simulations incorporating the new spectra, we propose a 

revised set of site energies for the 16 chlorophylls of CP47. The significant difference from 

previous analyses is that the lowest-energy pigment is assigned as Chl 612 (alternately numbered 

Chl 11). The new assignment is readily reconciled with the large number of experimental 

observations in the literature, while the most common previous assignment for the lowest energy 

pigment, Chl 627(29), is shown to be inconsistent with CD and CPL results. Chl 612 is significantly 

closer to the reaction center than Chl 627 and is also in contact with the peripheral light-harvesting 

system in higher plants, in a lumen-exposed region of the thylakoid membrane. This result 

consequently has significant implications for our understanding of the kinetics and regulation of 

energy transfer in PSII. 
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1. Introduction 

 

The chlorophyll-binding protein CP47 is an integral part of photosystem II (PSII), the enzyme that 

performs the water oxidation reaction in oxygenic photosynthesis. The smallest protein assembly 

capable of performing this demanding reaction is the PSII core complex, which encorporates the 

reaction center (RC) proteins D1 and D2 that are responsible for photochemistry, the cytochrome 

b559, the proximal antenna proteins CP47 and CP43, as well as multiple smaller protein subunits [1-

3]. The proximal antenna proteins play a dual role in the PSII core complex: they absorb light 

energy (via chlorophyll a and -carotene cofactors), which is subsequently transferred to the RC 

where it is used to perform photochemistry, and they help to stabilize the RC and other proteins. In 

some organisms including higher plants, a peripheral system of light-harvesting complexes (LHC’s) 

is present along with PSII in the thylakoid membrane. In these organisms the proximal antennas 

play an additional role in light-harvesting, of transferring excitation energy from the external LHC’s 

to the RC [4]. 

 

To understand the mechanism of light-energy capture in photosynthesis, an accurate description of 

the kinetics of energy transfer in the light harvesting system is vital, because several important 

processes take place in the thylakoid membrane on similar timescales to energy transfer [5, 6]. 

These processes include the primary charge separation in the PSII RC, whose kinetics and 

mechanism remain a matter of intense research [7-9]. There are also the array of protective, 

dissipative processes triggered in various organisms under light stress, referred to as non-

photochemical quenching (NPQ) [10-12]. The location of the chlorophyll excited states that are 

lowest in energy is a key factor in our understanding of the energy transfer kinetics, because these 

states play a prominent role in determining the flow of excitation energy [13-16]. Each chlorophyll 

molecule is located in a unique binding site in its protein, and the pigment-protein interactions at 

these binding sites dictate the transition energy, or site energy, of each pigment. The properties of 

the electronic excited states of a pigment-protein complex depend also on pigment-pigment 

interactions (excitonic coupling). An excited state is strongly delocalized if the pigment-pigment 

coupling is larger than the pigment site-energy differences. The lowest-energy excited states are 

located primarily on the pigments with the lowest site energies, making the identification of these 

low-energy pigments an important aspect of photosynthesis research. 
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Figure 1. Chlorophyll a (Chl) molecules of CP47 from the X-ray structure at 1.9 Å resolution [17].  Left: "Side-on" 

view, from in the membrane plane with stroma above and lumen below. Right: "Top-down" view from the stromal side. 

Chlorophylls are labeled with the numbering system of Umena et al. [17] (earlier numbering of Loll et al. [18] in 

brackets). Strongly-coupled domains as determined by Shibata et al. [19] are shown by color: red, green, and cyan (R, G 

and C) with isolated (weakly-coupled) chlorophylls in black. The protein backbone is shown in pale green and β-

carotene molecules in orange. In both views, the reaction center is located to the right. Figure was rendered from the 1.9 

Å crystal structure [17] (PDB ID: 3ARC) using Pymol software. 

 

As shown in Figure 1, the CP47 protein binds a total of 16 chlorophyll a molecules (Chls), 

according to crystal structures of the PSII core complex obtained from cyanobacteria [17, 18]. 

Under the pseudo-C2 symmetry of the PSII core complex, 13 of the 16 Chls of CP47 have a 

symmetry partner in CP43. The three additional pigments with no analog in CP43 are Chls 612(11), 

613(12) and 617(16), all in the main lumenal domain (red in Figure 1) [17].  

 

The site energy of individual Chls cannot be directly measured, but indirect approaches have been 

used to attempt to identify the low-energy pigments. One technique useful in identifying low-

energy states is to use the orientation of chlorophylls in X-ray data to calculate the pigment-pigment 

interactions [20] and then systematically vary site energies so as to reproduce the experimentally-

measured spectra such as absorption, linear dichroism (LD), circular dichroism (CD) and 

fluorescence [13]. A more theoretically challenging method is to directly calculate site energies 

from structural data [21]. Any conclusions made need to be consistent with other results available, 

such as the spectral effects associated with site-directed mutagenesis, which can modify the binding 

site associated with specific chlorophylls [22]. Recently, the two approaches of spectral modeling 

[23] and direct calculations [24] have been applied successfully to the CP43 protein. The former 
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study [23] incorporated, for the first time, parallel measurements of low-temperature CD and 

circularly polarized luminescence (CPL). For CP43, the analysis was largely in agreement with 

earlier assignments [13, 19] for the low-energy states. Here, we report a corresponding analysis of 

the 16-chlorophyll CP47 protein, incorporating both direct site energy calculations as well as 

modeling of optical spectra. 

 

High-resolution structural data, as depicted in Figure 1 [17], are only available for thermophilic 

cyanobacteria, whilst isolated CP47 preparations are more commonly prepared from higher plants. 

The approach used in this work, of modeling spectral results from plant preparations using 

structural data from cyanobacteria, is considered valid because the spectroscopy of PSII is very 

similar across different organisms [25] and structures are expected to be likewise similar. An 

interesting development, reported just before publication of the current work, is the structure of 

PSII supercomplexes from spinach at 3.2 Å resolution [26]. As expected, the new structure shows 

no significant differences in the location and orientation of chlorophylls of CP47 in spinach 

compared to cyanobacteria. Thus our analysis is not significantly affected by the new structure. 

Figure 1 is compared to an equivalent Figure, rendered from the new spinach structure, in the 

Supplementary Information (Figure S1). Given the much lower resolution but very similar 

structures for the spinach supercomplex, there is little to gain from this structure in the area of 

spectral modeling or site energy calculations. The structure does, however, reveal new details of the 

interaction between CP47 and the peripheral antenna CP29 (Figure S2). This is relevant when 

considering implications of our results, and is mentioned again in the Discussion (section 5). 

 

The lowest-energy excited state of CP47 absorbs at wavelengths near 690 nm and is generally 

thought to be strongly localized on a single pigment, which we refer to as the low-energy Chl. The 

low-energy Chl has been usually assigned as Chl 627(29) (see Figure 1; we use the numbering 

system of the recent X-ray structure at 1.9 Å resolution [17] with the different numbering from 

earlier structural [18] and theoretical [13, 19] analyses in brackets). Two results have been central to 

this assignment. Firstly, LD [27-30] and linear polarization of emission (LPE) [27, 29] of oriented 

samples indicate that the transition dipole moment of the low-energy state makes an angle >350 

with the plane of the thylakoid membrane. This result is observed in isolated CP47 [29, 30], in the 

CP47-RC complex [28], and in PSII cores [27, 28]. Only three pigments in CP47 have a >350 

orientation, Chls 627(29), 612(11), and 620(22). 
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The low-energy state of CP47 is responsible for the well-known fluorescence band observed near 

695 nm in PSII at 77 K (F695). Site-directed mutagenesis experiments on PSII from Synechocystis 

sp. PCC 6803 (Syn. 6803) [31] showed that mutation of the histidine (His) residue H114 to a 

tyrosine (Tyr), which does not ligate chlorophyll, resulted in loss of the F695 emission in the 

genetically modified PS II cores. X-ray structure data later confirmed that H114 provides the axial 

ligand to Chl 627(29), and the mutagenesis results have been subsequently cited as corroborating 

evidence for the assignment of Chl 627(29) as the low-energy Chl [30, 32, 33]. However, the 

reduction of F695 in these experiments is strongly correlated with overall reduction in the 

functional assembly of PSII [31], so the H114 site, although clearly important, is not necessarily the 

location of the low-energy pigment on this evidence (see also discussion in ref [34]). Upon 

replacement of the His ligand of Chl 620(22) (H216), a large part of the F695 band remained [31], 

making Chl 620(22) an unlikely candidate for the low-energy state.  

 

It was suggested by de Weerd et al. that the low-energy state was strongly localized, and that the 

chlorophyll on which it is localized forms a strong hydrogen bond from the protein to its 131-keto 

group [30]. Chl 627(29) is very weakly coupled to all other pigments [13] and receives a hydrogen 

bond from the small PsbH protein [3, 33], so these suggestions are consistent with its assignment as 

the low-energy chlorophyll. This assignment has been widely accepted in the subsequent literature 

(e.g. refs [13, 14, 19, 33]). Comparison of amino acid sequences and spectroscopic data 

(particularly low-temperature fluorescence and LD) show such strong similarities that the binding 

sites of the low-energy pigments are almost certainly very similar in all organisms [25, 27-29, 35]. 

It may thus be said that Chl 627(29) is commonly considered the lowest-energy pigment of PSII. A 

notable exception is the work by one group [34, 36] suggesting Chl 624(26) as the lowest pigment, 

which is discussed further below. Also, long-wavelength ultra low-temperature illumination and 

hole-burning experiments, leading to charge separation in PSII [37, 38] were taken as evidence that 

a low-energy state in the CP47 in PSII was close to the RC and thus could not be dominated by Chl 

627(29). 

 

In isolated CP47, energy transfer is rapid and equilibration of the excited states occurs at all 

temperatures within tens of picoseconds, well within the fluorescence lifetime of a few nanoseconds 

[39]. This means that at the lowest temperatures, the steady-state fluorescence originates almost 

entirely from the lowest excited state of the complex. There is, however, substantial literature 

indicating that fluorescence from CP47 samples contains contributions from at least two distinct 

excited states, even at liquid helium temperatures [30, 36, 39-41]. It is well known that energetic 
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disorder (non-correlated site energies) can give rise to a fraction of the complexes in a sample 

having lowest energy states of a different character to others [42, 43]. This is evident for the A and 

B states of CP43 [23, 24]. Steady-state fluorescence spectra at low temperature were reported for 

CP47 with maxima at slightly varying wavelengths between 690–693 nm [29, 35, 41, 44]. These 

spectral variations likely arise due to varying contributions from the different emitting states. This 

suggests that the lowest-energy state is quite fragile in at least one of two ways: it may be 

susceptible to disruption of critical pigment-protein interactions that lower the site energy, and/or to 

loss of the pigment(s) themselves during the sample preparation. 

 

These issues were noted by Neupane et al. [36] who reported that different treatments of their 

isolated CP47 preparation prior to freezing for spectroscopy resulted in significantly different 

fluorescence spectra, and that CP47 samples could be prepared with emission peaking at 695 nm, 

not at 690–693 nm as previously reported, at all temperatures from 5–150 K. It was suggested that 

the 695 nm fluorescence was a property of a more intact form of CP47, since an emission peak in 

PSII core complexes at 77 K is seen at 695 nm. Emission at shorter wavelengths was suggested to 

indicate destabilized complexes, where the pigment-protein interactions giving rise to the lowest 

site energy are significantly disrupted. The low-temperature absorption, fluorescence and hole-

burning measurements on these samples [36] were taken as evidence that the lowest state had total 

dipole strength of less than one Chl, and consequently was necessarily strongly delocalized. If so, 

this would exclude the isolated Chl 627(29) pigment as the lowest state, and in the subsequent 

analysis by Reppert et al. [34] Chl 624(26) was considered the most likely candidate for the lowest 

site energy. However this assignment is not consistent with the observed LD or CD spectra [19]. 

The 695 nm fluorescence also exhibited a strong temperature dependence in the 5–100 K range 

[45], a phenomenon which is not usually associated with antenna complexes. 

 

Recently, the presence of the PsbH protein subunit was shown to be important for the low-energy 

state of CP47 in Syn. 6803 [33]. This dependence was also interpreted as supporting a Chl 627(29) 

assignment, because the PsbH protein provides a hydrogen bond to the keto group of this pigment; 

such hydrogen bonding is expected to reduce the Qy transition energy [30, 46]. The ΔPsbH 

experiments were performed on CP47 complexes isolated during an early stage of PSII assembly 

[47] and in these preparations the lowest-energy state, detected via its 77 K fluorescence band at 

~693 nm, was only present in a relatively small fraction of complexes. The remainder emitted at 

~683 nm, even when PsbH was present [33]. Most of the spectroscopic results discussed above 

were carried out on CP47 isolated from higher plants. Routine biochemical characterizations (e.g. 
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SDS-PAGE gel) have not looked specifically for PsbH in spinach-based preparations, and the 

presence of this subunit cannot be ruled out. It remains to be determined as to whether the observed 

spectral variations in different CP47 preparations are linked to the presence or absence of PsbH. 

 

It is clear from the discussion above that a definitive assignment for the lowest-energy exciton of 

PSII remains elusive. An important means of ascertaining chlorophyll site energies is via structure-

based calculations of excitonic couplings and inferring site energies from a fit of multiple different 

spectroscopic measurements. The most comprehensive of these to date [13, 19] also assigned Chl 

627(29) as the red-most chlorophyll. However these calculations, while generally yielding good fits 

to the overall CP47 spectra, left some questions open regarding the lowest excited state. In 

particular, the LD reported experimentally is considerably weaker at ~690 nm than predicted by 

these calculations as pointed out in ref [19]. 

 

The original determination of site energies in ref [13] was based on a simultaneous fit of the 

absorption, fluorescence and LD spectra, all taken at 77 K, along with the room temperature CD, 

and utilized a genetic algorithm. It is a non-trivial task to find the global minimum in a high-

dimensional parameter space. Therefore, additional experimental data are required to constrain the 

fitting procedure. In ref [13] non-linear optical spectra were used for this purpose and good 

agreement with experimental data was obtained. In ref [19], temperature- and time-dependent 

fluorescence measurements of photosystem II core complexes were explained using a very similar 

Hamiltonian to the one proposed in ref [48]. Our recent work on the CP43 antenna [23] has 

introduced CPL as an additional experimental quantity to check the predictive power of exciton 

Hamiltonians in the literature. Here, we will show that the CPL technique, along with low-

temperature CD, allows us to exclude Chl 627(29) from the three possible candidates, identified by 

their negative linear dichroism (discussed above), for the lowest energy state of CP47. 

 

Excitonic CD is particularly sensitive to the relative orientations and inter-pigment distances of 

chlorophylls that contribute to a delocalized excited state. The earlier calculations exhibited good 

agreement with room temperature CD data [13, 19]; however, to observe the lowest state without 

interference from thermally activated “hot bands”, low-temperature CD spectra are required. The 

only low temperature (77 K) CD spectrum in the literature is that reported by Kwa et al. [49]. That 

work showed the CD of the lowest state to be relatively weak and perhaps slightly positive. 

However the CD in the weakly absorbing ~690 nm region was not clear in the 77 K spectrum. The 

published spectrum was significantly non-conservative (meaning its integral deviates from zero), an 
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attribute that cannot be modeled within exciton theory using only Qy transitions. For these reasons, 

available data for the CD of the lowest excited state of CP47 has not been of sufficient quality to 

justify a high weighting in previous modeling studies. In the present work we have avoided 

spurious strain in the low-temperature samples, using the methods described previously [23], and 

present CD spectra that are sufficiently conservative to justify inclusion in the analysis, using 

exciton theory of coupled Qy transitions. 

 

Along with CD, a second and related method of targeting excitonic interactions is circularly 

polarized luminescence (CPL; the generic term luminescence includes fluorescence as observed 

from these pigment-protein complexes). The CPL measurement is the emission analogue of CD [23, 

50]; if an absorption transition is delocalized over multiple pigments due to excitonic interactions, it 

is expected that the corresponding emission transition will be delocalized in a similar way, since 

pigments are nearly fixed in space and excitonic couplings are close to constant. Thus CD and CPL 

are constrained to have the same sign and anisotropy ratio, ΔA/A = ΔI/I (or 2ΔI/I depending on the 

definition of the parameters [23]). In our recent work on the CP43 core antenna complex [23], it 

was demonstrated that the CD and CPL of the low-energy states are indeed very similar, indicating 

that the emitting states are delocalized in a similar way to the absorbing states. The CPL spectrum 

has the advantage in that it is selective for the lowest-energy states, and thus highlights states that 

may not be strongly featured in the CD spectrum. This selectivity can make the technique very 

useful in situations where multiple states are absorbing and emitting in the same wavelength region 

[23]. 

 

In the current work, we report CD at 2 K of CP47 isolated from spinach, and show that the CD 

spectrum is closer to conservative than spectra previously published. We also show that the lowest 

state has weak but significant (relative to absorption) CD amplitude, that is positively signed. We 

then report the CPL of this complex between 2–120 K, which demonstrates that the circular 

polarization of the lowest emitting state is again similar to that of the lowest-absorbing state. 

Finally, we present updated simulations taking into account directly calculated site energies and 

incorporating other literature spectra. A new set of site energies is presented which is consistent 

with all available data, and includes a new and robust assignment for the lowest-energy pigment of 

CP47.  
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2. Materials and Methods 

 

Sample preparation: Isolated CP47 was prepared from spinach using published methods [51]. The 

sample buffer contained 20 mM Bis-Tris (pH 6.0), 0.05% n-dodecyl β-D maltoside (DDM), and 75 

mM LiClO4 and the Chl concentration was ~0.1 mg/mL, corresponding to optical density (OD) of 

9/cm in the Qy maximum. The sample was stored at 77 K without cryoprotectant until use.  

 

Spectroscopic measurements: The method for low-temperature CD and CPL measurements has 

been described previously [23]. Briefly, 20 or 60 μL of the sample was thawed on ice then mixed 

with an equal volume of a 50:50 glycerol/ethylene glycol mixture as glassing agent, then injected 

into a quartz cell with path length ~0.2 mm (for CD/CPL) or 1 mm (for CD only). The cell was 

affixed to a sample rod and inserted into a laboratory-built spectrometer fitted with liquid helium 

cryostat. All sample preparation was carried out in the dark or under dim green light. Absorption 

and CD spectra were measured simultaneously [52]. 

 

Fluorescence and CPL spectra were also measured simultaneously, on the same sample as 

absorbance and CD, by changing the position of the detector and introducing an excitation beam 

without removing the sample from its cryogenic environment [23, 52]. Excitation for the emission 

spectra was at 514 nm via an argon ion laser. Excitation power at the sample was ~20 mW/cm2 for 

the simultaneous fluorescence/CPL measurements and ~0.1 mW/cm2 for fluorescence-only 

measurements. These correspond to ~30 and ~0.2 excitations per complex per second. In this range 

the excitation rate does not affect the emission spectrum (Figure S3). 

 

Polarization-selective excitation was avoided by use of a spatial polarization scrambler in the 

excitation beam. Linear polarization (LP) in the emission beam was monitored and kept below 

~0.1%; precise control of the LP was obtained by small rotations of the scrambler. This method 

ensures that artifactual circular polarization in the emission beam was below 10−4 (ΔI/I ratio); such 

artifacts can arise in the presence of linear polarization [53, 54] and are exacerbated by the presence 

of strain, either in the frozen sample or in the vacuum windows of the liquid helium cryostat [23]. 

Some additional, unpolarized fluorescence emission is collected during the CPL measurement due 

to scattering in the frozen sample. This does not significantly affect the fluorescence or CPL 
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lineshapes in the wavelength region studied, but slightly reduces the magnitude of the CPL spectra 

relative to that of the fluorescence. The magnitude was adjusted to partially account for this as 

described previously [23]. 

 

To obtain reasonable signal-to-noise ratios in the CPL spectra, significant illumination time was 

required. Below ~30 K, such illumination causes non-negligible changes (blue-shifts) to the 

emission lineshape of CP47 due to photophysical, hole-burning type processes [36]. To mitigate 

artifacts that could arise due to the emission changing during collection of spectra, the fluorescence 

and CPL spectra were obtained by averaging 10 scans of 10 minutes each (total illumination of (12 

J/cm2 per scan). Additionally, for the 2 K spectra the sample was annealed after the 5th scan (at 80 

K for 5 minutes), which reversed the photophysical changes, and pre-illuminated with 30 J/cm2 

prior to collection of the first and sixth spectrum. As such, the simultaneously-detected 2 K CPL 

and fluorescence spectra represent CP47 illuminated with between 30–90 J/cm2 at 514 nm. Changes 

to emission spectra during this period of illumination are relatively small (Figure S3) and CPL 

changes were negligible (within the noise level). At temperatures of 45 K and above, the 

photophysical effects reverse rapidly and thus do not have a significant effect on the spectra. 

 

Theory and calculations: The theoretical background for calculation of linear absorption, CD, LD 

and fluorescence has been described in detail previously [13]. Recently, this description was 

updated to include temperature-dependent CPL, in an analysis of the CP43 antenna protein [23]. 

Briefly, exciton states | 〉 ∑ | 〉 are obtained as linear combinations of localized excited 

states | 〉 where the ith pigment is excited and all other pigments are in their electronic ground state, 

by diagonalizing an exciton matrix which contains pigment site energies on the diagonal and 

pigment-pigment couplings (calculated in ref [19] using the Poisson-TrEsp method [55, 56]) on the 

off-diagonal. The square of the expansion coefficient  represents the probability to find pigment 

i excited in the Mth exciton state of the complex. The temperature-dependent absorption, CD, LD, 

fluorescence and CPL spectra are calculated using the corresponding matrix element of the system-

field interaction, and appropriate Boltzmann factors and lineshape functions [13, 23, 57]. In 

calculating the CD and CPL of the Mth exciton state, the critical value is its rotational strength rM, 

which is given by 

 

∝ ∙ 																											 1  
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where the vectors  and  are the local transition dipole moments of pigments i and j which are 

centered at positions  and  respectively. Uncorrelated static disorder in the site energies (that is, 

the independent inhomogeneous transition energy distribution of each pigment) is accounted for by 

appropriate averaging over a Gaussian distribution for each site energy. Dynamic localization 

effects are taken into account, implicitly, by dividing the complex into strongly-coupled exciton 

domains, where exciton delocalization is allowed only within domains [13]. A cutoff energy of 30 

cm–1 was used to define the exciton domains, as used previously [19, 23]. This definition results in 

three delocalized exciton domains (red, blue and cyan in Figure 1), and two “isolated” pigments 

(black in Figure 1) whose coupling to all other pigments is weaker than 30 cm–1. 

 

Structure-based quantum chemical/electrostatic calculations of site energies for CP47 were 

performed as described previously (for CP43) [24], using the PsbB subunit from the crystal 

structures at 1.9 Å [17] and 2.1 Å [58]. A detailed account of these calculations will be given 

elsewhere. From the site energy calculations, pigments with red- and blue-shifted transition 

energies were identified. Irrespective of which crystal structure and quantum chemical method was 

used, Chl 627(29) was calculated to be a low energy pigment and the site energy of Chl 613(12) 

was always found blue-shifted, in agreement with earlier assignments based on fits of optical 

spectra [12,18]. In addition to Chl 627(29), some of the quantum chemical methods identified Chls 

612(11), 621(23) and 624(26) as possible low-energy sites. These results have been taken into 

account in the refinement fit of site energies. The site energies of Chls 627(29) and 613(12) were 

restricted to low and high energies, respectively, and the additional low energy candidates were 

tested against experimental spectra. In the course of the refinement process, some of the remaining 

site energies used in the earlier assignment [13, 19] had to be adjusted in response to the change in 

lowest excited state pigment.  

 

3. Experimental results 

 

3.1 Low-temperature absorption, CD and fluorescence 

 

Spectroscopic measurements were performed on two samples of the same concentration. The first 

sample was prepared in a cell of 0.2 mm path length, primarily for fluorescence and CPL 

measurements. The second was prepared in a 1 mm cell, resulting in 5x higher OD, allowing 
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improved signal-to-noise in absorbance and CD measurements. The absorption, CD and 

fluorescence spectra of the 0.2 mm sample at 2 K are shown in Figure 2A. The absorption and CD 

in the low-energy region are compared with the corresponding spectra from the 1 mm sample in 

Figure 2B. 

 
Figure 2. A: Absorption, circular dichroism (CD) and arbitrarily-scaled fluorescence of CP47 at 2 K. Panel A spectra 

are all from the same 0.2 mm sample, which was also used for CPL. Total illumination dose for the fluorescence 

spectrum was 0.05 J/cm2 (514 nm). B: Absorption and CD from panel A in the long-wavelength region, compared to 

the corresponding spectra from a second sample in a cell with 1 mm path length (light blue). 

 

To our knowledge, Figure 2 shows the first helium temperature CD spectra published for CP47. The 

spectra clearly establish that the lowest energy transition has positive rotational strength. Although 

relatively weak compared to the other CD bands, its magnitude is quite significant when compared 

to the absorbance at the same wavelength: ΔA/A at 693 nm is +1.1×10-3, c.f. −1.5×10−4 for 

chlorophyll a in solution [59]. The positive CD band is broad, has maximum at 691–693 nm, and 

overlaps with the stronger negative CD of the higher energy states. In other aspects, the CD 

spectrum is consistent with earlier measurements at higher temperatures [35, 49]. Compared to the 

77 K spectra reported by Kwa et al. [49], the CD and absorption in Figure 2 both have an additional 

peak resolved at ~683 nm, which is partly due to the lower temperature in Figure 2, but may also 

reflect a difference in the samples. The fluorescence spectrum peaks at 691 nm with width of 13 nm 
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(FWHM) and has a small shoulder at ~680 nm. This spectrum is similar to some in the literature for 

CP47 isolated from higher plants [41, 44], but blue-shifted compared to others [35, 36]. The 

presence of a weak emission shoulder at ~680 nm most likely indicates a minor contamination of 

LHCII and/or CP29 complexes, which emit strongly in this wavelength range. This is consistent 

with our observation (not shown) that the 680 nm fluorescence increased slightly when the 

excitation wavelength was moved from 514 to 488 nm (the latter wavelength selects for LHCs more 

strongly). The contamination was at a level not easily detectable via SDS-PAGE or absorption 

methods, and does not significantly affect the absorption and emission at longer wavelengths, which 

are of most interest here. 

 

3.2 Circularly polarized luminescence (CPL) 

 

The low-temperature (2 K) fluorescence and CPL spectra of CP47 are shown in Figure 3. The CPL 

spectrum clearly demonstrates that the main emission envelope (the 683–700 nm range) contains 

contributions from at least two different states. The CPL maxima of the two emitting states 

(negative at 685 nm and positive at 691–693 nm) have the same sign as the CD spectrum at similar 

wavelengths. 

 

 
Figure 3. Simultaneously-measured fluorescence (solid red line) and CPL (black) spectra of the 0.2 mm CP47 sample 

at 2 K,. Fluorescence and CPL spectra represent CP47 that has been illuminated with 30–90 J/cm2 at 2 K (514 nm, see 

section 2). Dashed red line is the 2 K fluorescence spectrum from Figure 2 (same sample, total illumination 0.05 J/cm2 

scaled to peak height). The CD of the 1 mm sample from Figure 2 is shown (light blue) offset and scaled for 

comparison. The pink line shows the CD of the same 1 mm sample after illumination of ~60 J/cm2. 
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The fluorescence spectrum in Figure 3 (solid red line) was measured simultaneously with the CPL 

spectrum (black line). As described in section 2, significant illumination is needed to achieve useful 

signal to noise in the CPL spectrum, and at 2 K this causes a shift of the emitting states to higher 

energies. The fluorescence spectrum from Figure 2 is shown in Figure 3 (dotted line) for 

comparison. Even at the first stages of illumination, the CPL at ~685 nm was negative, so the main 

emission envelope at low temperature is composite even before illumination. Figure 3 also shows 

the 2 K CD of the 1 mm sample from Figure 2 which had no significant illumination (blue line) and 

the CD after a similar illumination to that used in the CPL measurement (pink line). The blue shifts 

in emission and positive CD are accompanied by a similar shift in absorption [36]. 

 

The temperature dependence of fluorescence and CPL between 2 and 120 K is shown in Figure 4. 

The fluorescence varies with temperature in the same way as has been observed previously [41], 

except that the peak wavelength of the 2 K spectrum is at slightly shorter wavelength than the 45 K 

spectrum. This is because the 2 K spectrum is artificially blue-shifted by illumination-induced 

photophysical processes as discussed above; these processes reverse rapidly at temperatures above 

~30 K and so have negligible effects on the steady-state spectra at higher temperatures. The overall 

emission yield (as estimated from the area of the fluorescence spectrum) decreases by ~20% upon 

increasing the temperature from 2 K to 120 K. 

 

 
Figure 4. Temperature dependence of fluorescence and CPL. Illumination conditions were as described for Figure 3. 

The 80 K CPL spectrum is intermediate between 45 and 120 K spectra, but is removed for clarity. (The 80 K spectrum 

is shown in section 4). 

 

When the temperature is increased from 2 K, the fluorescence spectrum broadens on the blue side 

due to emission from thermally populated, higher-energy states, as is usual for antenna complexes. 
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This additional fluorescence is accompanied by an increase in the negative CPL signal at these 

wavelengths, indicating a negative CPL sign associated with these thermally populated states, 

which matches their sign in CD (Figure 2). 

 

3.3 Discussion of experimental results 

 

In section 4, the CD and CPL signals are analyzed in the context of exciton theory using structural 

data for chlorophyll environments and orientations. To validate such an approach, it is important to 

establish that the CD and CPL signals for low energy states arise primarily from excitonic 

interactions, and to consider possible effects on the spectra from illumination and sample integrity. 

A discussion of the experimental results is given here to this purpose. Our purpose is to demonstrate 

that although various experimental factors make it difficult to ascertain the precise energy 

distribution of the lowest-energy states, these factors do not hamper our aim of determining the 

molecular identity of the low-energy pigment via modeling of excitonic properties including the CD 

and CPL. 

 

Low-temperature CD and CPL: A defining feature of excitonic CD is that the spectrum is 

conservative (total integral is zero) over all states involved in exciton delocalization. Earlier low-

temperature CD measurements have been significantly non-conservative in the Qy region for CP47 

[49] and also for CP43 [60]. Compared to the 77 K CD spectrum in [49], the CP47 CD spectrum in 

Figure 2 is substantially more (although still not fully) conservative. The 77 K CD spectrum from 

the current sample is very similar to the 2 K spectrum, and is shown in section 4. A comparison 

between more recent [23, 61] and earlier [60] CD measurements on CP43 yields a similar 

phenomenon, i.e. that the earlier spectrum is less conservative. In the earlier measurements, an 

optical path length of 2 mm was reportedly used, while the path length of the current sample cells is 

0.2 mm or 1 mm. The low optical path length (along with other aspects of the sample cell [52]) is 

important for optical characteristics of the sample and is likely a key factor in obtaining accurate, 

comparatively artifact-free low-temperature CD spectra. 

 

The emission anisotropy ratio [50] (CPL/emission) of the lowest-energy state (Figures 3 and 4) is 

~+1×10–3, and is the same, within experimental uncertainty, as its absorption anisotropy ratio 

(CD/absorbance, Figure 2). This value is in turn several times larger than, and opposite in sign to, 

the ratio observed for intrinsic Qy CD of isolated chlorophyll in solution [59]. In conjunction with 

the (close to) conservative nature of the overall CD in the Qy region, this provides us with high 
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degree of confidence that the circular polarization of the lowest energy transition arises 

predominantly from excitonic interactions, and therefore may be analyzed in terms of structural 

data as described in section 2 and elsewhere [13, 23]. 

 

Spectral changes arising from low-temperature illumination: The changes to the low-

temperature emission caused by the illumination used in the CPL measurement (Figures 3 and S3) 

are due to the photophysical effects referred to as non-resonant holeburning [62-64]. The changes 

reverse rapidly upon warming the sample above ~30 K, so the spectra at higher temperatures are 

unaffected by the process (Figure S3). 

 

The blue-shift of low-energy states to ~685 nm in the 2 K emission spectra does add difficulty to 

the task of modeling, with certainty, the inhomogeneous energy distribution of the lowest excited 

state. Further challenges are posed by the overlap of this state with higher energy states at <690 nm 

and by the possibility that some low-energy states might be lost or destabilized (see below). Our 

priority, however, is to determine the molecular identity of the lowest-energy pigment, via analysis 

of the CD and CPL at wavelengths >690 nm, where the low-energy state dominates the spectra. As 

shown in Figure 3, the CD in this wavelength region did not change substantially upon the strong 

illumination used in the CPL measurement. This establishes that the pigment contributions to the 

low-energy states whose absorption (and emission) remains >690 nm have not been significantly 

altered by the 2 K illumination.  

 

Integrity of the CP47 sample: The observation of two distinct components in the main emission 

band of this sample is consistent with previous observations [30, 39]. One explanation for the 

presence of different emission components is energetic disorder, as observed in CP43 (see section 

1). The corresponding case in CP47 would be that in most complexes the lowest state is the “red 

state”, which has positive CD/CPL, but in some complexes the ~685 nm state with negative 

CD/CPL is the lowest state. 

 

Another route that could lead to a composite emission is that the chlorophyll responsible for the 

“red state” may not be present in some fraction of complexes. This may be due to the chlorophyll 

being detached during the CP47 isolation process, or being blue-shifted relative to its “native” site 

energy distribution, due to disruption of pigment-protein interactions (destabilized complexes). The 

different scenarios above are difficult to distinguish by the spectroscopic methods used here, since 
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they will all lead to absorption and emission being relatively weaker at long wavelengths and 

stronger at shorter wavelengths.  

 

As pointed out in the Introduction, fluorescence spectra of CP47 reported in the literature suggest 

that the relative contributions of the two main components vary from sample to sample. With the 

current CP47 preparation, the result of Neupane et al. [36], who reported a narrow fluorescence 

band with maximum at 695 nm, could not be reproduced. Different treatments of the sample as 

suggested in [36] (e.g. sonication, dilution to very low concentration) prior to freezing for 

spectroscopy resulted in small spectral variations, with fluorescence maxima between ~689–692 

nm, as observed in other CP47 literature [30, 41] and all similar to sample 1A of Neupane et al., 

which the authors considered to have a significant fraction of destabilized complexes.  

 

Given the variations of isolated CP47 fluorescence in various studies [30, 33, 36] and in this work, 

we feel that the lowest-energy chlorophyll of CP47 is most likely easily lost or blue-shifted, and 

that the precise low-temperature fluorescence spectrum of “native” CP47 (as present in the PSII 

core) still remains an open question. The presence or absence of the PsbH subunit in different CP47 

preparations is an important variable in this regard, because this protein may play a role in 

stabilizing the low-energy state [33]. Preliminary biochemical analysis (SDS-PAGE, not shown) of 

spinach CP47 preparations does indeed show some evidence for a small protein that is likely PsbH, 

but additional work is needed to determine the fraction of PsbH that is present, and whether this 

protein is critical for stabilizing the low-energy state in these preparations. 

 

The issues described in this section make precise calculation of the spectra more difficult, especially  

regarding the nature of emission from higher energy states (<690 nm). However, the absorption and 

emission at the longest wavelengths almost certainly corresponds to complexes where the lowest 

energy state remains intact. The clear positive CD and CPL at >690 nm is therefore a characteristic 

of the intact lowest energy state of CP47. Similar CD has also been reported for PSII cores from 

spinach at these wavelengths [65]. These data were presented in a quite different context, which 

contributed to this result not being included in previous analyses. The long-wavelength CD data for 

spinach PSII and CP47 are compared, with a brief discussion, in the Supplementary Information 

(Figure S4). 
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The clear identification of positive (i.e. left) circular polarization in the lowest-energy state enables 

our primary aim, i.e. determining the identity of the lowest energy pigment via analysis of the long-

wavelength CD and CPL. This analysis is performed in the following section. 

 

4. Calculations of optical spectra and determination of site energies 

 

We now turn to assigning chlorophyll site energies, and thus the molecular identities of the lowest-

energy excited state of CP47. This state was shown above to have positive CD and CPL, and to 

dominate both the absorption and emission spectra at wavelengths above ~690 nm. As discussed 

above, the CD and CPL arises due to excitonic delocalization of the transition, and hence these 

results should be accounted for by structure-based calculations using exciton theory (section 2 and 

ref [23]). As outlined in the Introduction, the lowest-energy pigment has been assigned to Chl 

627(29) in many studies, including the most recent calculations by Shibata et al. [19].  

 

The excitonic couplings used previously [19] were also used here and are given again in the 

Supplementary Information (Table S1). Chl 627(29) is the most isolated pigment in CP47, with 

couplings of <9 cm–1 to all other chlorophylls. Due to this weak coupling, the significant excitonic 

CD and CPL observed for the lowest excited state is immediately difficult to reconcile with its 

assignment to Chl 627(29). 

 

Firstly, if Chl 627(29) is the low-energy chlorophyll then the lowest energy excited state will be 

strongly localized by the site energy difference with neighboring pigments, which would be 

inevitably well over 9 cm–1; the site energy of the next-lowest pigment must be higher by at least ~5 

nm (~100 cm–1) as dictated by the absorption spectrum. This energy difference does not preclude 

some CD in the lowest state, since excitonic CD is sensitive to even slight delocalization because of 

the comparatively large intermolecular distances involved. However, the excitonic couplings of Chl 

627(29) are most likely weaker than the local reorganization energy of the exciton-vibrational 

coupling (that is, the energy released when nuclei relax after optical excitation). This energy 

modulates the transition energy of the pigments in a time-dependent way, causing additional 

dynamic localization of the transition. 

 

At the present level of theory this is accounted for implicitly, by allowing delocalization only within 

domains of strongly coupled pigments, i.e. those whose coupling is larger than a cutoff value which 



BBA/CPL	CP47	 Page	21	

is similar to the reorganization energy [13, 66]. Different definitions have been used for the cutoff 

energy, but there is agreement that Chl 627(29) is isolated in its own domain [14, 19]. The excited 

state centered on Chl 627(29) is therefore unlikely to exhibit excitonic CD or CPL. Furthermore, 

even if all pigments were considered to be in the same domain (thus ignoring dynamic localization), 

the two pigments that interact most strongly with Chl 627(29), which are Chls 616(15) and 625(27) 

(both interactions ~8 cm–1), are oriented such that contributions from these pigments lead to a low-

energy state localized mainly on Chl 627(29) having a negative, rather than positive CD. This 

means that even in the unlikely event that dynamic localization can be neglected for the purposes of 

CD and CPL, it is very difficult to choose site energies that agree with the CD and CPL results if 

the lowest state is on Chl 627(29). Thus a significant refinement is needed. 

 

As discussed in the Introduction, the linear dichroism [27-30] and site-directed mutagenesis [31] 

results suggest the most likely alternative for the lowest energy pigment to Chl 627(29) is 612(11). 

This pigment resides in a domain of 5 Chls on the lumenal side of CP47 (red in Figure 1). When 

Chl 612(11) is placed at the lowest energy, the positive CD and CPL of the lowest energy state is 

easily reproduced in the calculations. 

 

The site energies arrived at via the hybrid approach of spectral fitting and direct calculation are 

shown in Table 1, in units of wavelength, along with the previous site energies [19]. The two lowest 

site energies in each set are shown in bold. As well as the change of Chl 612(11) to the lowest 

energy, Chls 617(16) and 618(17) are also identified as being at quite low energy. The second-

lowest site energy remains assigned to Chl 622(24). 
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Table 1. Site energies (units of nm) of chlorophylls in the current work by comparison to 

Shibata et al. [19] 

Chl  Dom
-ain+ 

Site energy 

(this work)* 

Site energy 

(ref 19)* 
Chl  Dom

-ain+ 

Site energy 

(this work)* 

Site energy 

(ref 19)* 

612(11) R 687.5 681 620(22) C 669 670.5 

613(12) R 665 664.5 621(23) C 666.5 656 

614(13) R 672 675.5 622(24) C 683 683.5 

615(14) G 672 667 623(25) C 663 663.5 

616(15) R 662 677.5 624(26) C 669 669.5 

617(16) R 676 669.5 625(27) C 679 675 

618(17) G 676 659 626(28) I 670 670.5 

619(21) C 668 671 627(29) I 677 689.5 

*All site energy distributions have width (FWHM) of 150 cm–1 except Chl 612(11), which has FWHM 255 cm–1 in the 

refinement fits of this work. + R, G and C refer to the red, green and cyan exciton domains shown in Figure 1, while I 

refers to isolated pigments. Chlorophyll numbering is according to ref [17], with that of ref [18] in brackets. 

 

In ref [19], the inhomogeneous width (FWHM) of each site energy distribution was taken as 150 

cm–1. Although the widths are not necessarily identical, the spectral features can all be quite well 

accounted for without invoking different widths, with one exception: it was necessary to give the 

site energy of Chl 612(11) a larger inhomogeneous width of 255 cm–1 in order to reproduce the 

result of two different emitting states evident in the 2 K CPL spectrum, while also obtaining 

satisfactory absorption and fluorescence spectra. A higher disorder at this site is in accordance with 

higher temperature factors (B-factors) obtained for Chl 612(11) during X-ray diffraction analyses, 

and with related difficulties in assigning the orientation of Chl 612(11) correctly in earlier crystal 

structures [17, 18, 67]. Alternatively a broad distribution and low energy may be characteristic of a 

charge transfer state mixed with the exciton states [68]. However we are not aware of any direct 

evidence for this phenomenon in CP47 at present; in particular there are no reports of strong 

homogeneous broadening of the lowest state. Therefore we consider such mixing rather unlikely in 

these preparations, and do not include any charge transfer state in the calculations. 

 

In Figure 5 the experimental CPL and fluorescence are compared with the calculated CPL (for both 

sets of site energies in Table 1), and fluorescence (for the new site energies only). The new site 

energies are in good qualitative agreement with the CPL data, while the older energies are clearly 

not. Due to the inhomogeneous width attributed to Chl 612(11), the energies of this pigment and 
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Chl 622(24) significantly overlap in the 680–690 nm region. As a result the exciton realizations 

dominated by these pigments both contribute to the low-temperature emission and CPL. 

 

 
Figure 5. A: Experimental fluorescence (top, dashed lines) and CPL (bottom, dotted lines) compared with calculated 

spectra using the new site energies in Table 1 (solid colored lines). Calculated CPL spectra are also shown using the site 

energies of Shibata et al. [19] (thin black lines). The discrepancies between experimental and calculated spectra in the 

~685 nm region are discussed in the text.  

Figure 5 demonstrates that the CPL of the lowest state is qualitatively reproduced in the calculation 

when Chl 612(11) is lowest in energy (new site energies), while this is not the case when Chl 

627(29) is lowest (ref 19 site energies). When considered in combination with other calculations 

(below) and literature results (section 5), this leads to the main conclusion of the current work: that 

Chl 612(11) and not Chl 627(29) is most likely the lowest-energy Chl.  

 

Figure 5 also shows the main limitation of our analysis: the experimental emission and CPL at 

higher energies, including states that become populated at higher temperatures, could not be 

precisely reproduced in the calculations. The relative intensities of the higher-energy components 

are strongly influenced by at least three factors: i) the precise inhomogeneous width of the lowest 

energy state; ii) the fraction of complexes (if any) where the lowest state is destabilized and the 

emission properties of such destabilized complexes; and iii) the relative emission efficiencies of the 

short- and long-wavelength states [39]. Additionally the 2 K spectra are influenced by non-resonant 

hole burning, as discussed in section 3.  

 

The above three factors are not fully understood, and only the inhomogeneous width was included 

as a fitting parameter. To precisely model shorter-wavelength emission and its temperature 

dependence, an improved understanding of the above-mentioned factors is needed and this may in 
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turn enable further refinement of the site energies. However, this would not affect the assignment of 

the lowest-energy pigment, which dominates the spectra at long wavelengths. 

 

The calculated fluorescence spectra in the top panels of Figure 5 also lack intensity at the longest 

wavelengths at all temperatures. We attribute this to the neglect of high-frequency intramolecular 

vibronic transitions [24] in the calculations; such transitions were recently shown to appear in the 

fluorescence but not the CPL spectrum [23]. 

 

In Figure 6, experimental data for the linear absorbance, CD, LD and fluorescence spectra at 77 K 

are compared with calculations using the two different sets of site energies from Table 1. Again, the 

new site energies provide a significantly improved fit to the data, most notably in the case of LD at 

longer wavelengths, fluorescence at shorter wavelengths, and CD. 

 
Figure 6. Experimental linear optical spectra (red, dotted lines or circles) of CP47 at 77 K, compared to calculated 

spectra for the two sets of site energies in Table 1 (black solid lines: this work, purple: ref 19). Absorbance (Abs.), 

circular dichroism (CD) and fluorescence (Fluor.) spectra were measured during this work, while linear dichroism (LD) 

is from ref 30. We note that a different set of experimental data was used in the fitting for ref 19. 

 

The improved fit with the new site energies to the fluorescence and absorption spectra in the 690 

nm region is mainly due to the larger inhomogeneous width used for the lowest-energy pigment. 

This increased width also accounts for about half of the improvement in the fit to the LD spectrum 

at long wavelengths, which was much too strongly negative in the earlier calculation (bottom right 

of Figure 6). The remainder of the improvement in the LD is due to the change in identity of the 
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lowest-energy pigment, from Chl 627(29) to Chl 612(11), because the angle between the y-axis of 

the pigment and the membrane plane is about 70° for the former and 50° for the latter. 

 

It may be possible to further refine the site energy distributions to improve the fit seen in Figure 6. 

However, as with the CPL fitting an improved understanding of the short-wavelength emission is 

needed in order for more precise fitting to be meaningful (see above). Intramolecular vibronic 

transitions, which cause the calculated fluorescence spectra to lack intensity at long wavelengths 

[23], also result in missing intensity in the short-wavelength region of the calculated absorption and 

LD spectra in Figure 6. 

 

As demonstrated in Figure 2, the CD spectrum of CP47 at low temperature contains strong positive 

and negative lobes with significant structure, along with a weak but clear positive CD for the lowest 

state. The calculated 2 K CD spectrum and the contributions of each exciton domain are shown for 

the new site energies in Figure 7. 

 
Figure 7. Comparison of calculated (black solid line) and experimental (dotted) CD spectra at 2 K, showing the 

contributions of the individual domains (defined in Figure 1 and Table 1, and colored accordingly: R – red, C – cyan, 

and G – green) to the calculated spectrum. 

 

The experimental CD is slightly non-conservative, which is not explained by the exciton theory.  As 

a result, the calculated spectrum is slightly above the experimental spectrum at most wavelengths. 

The overall residual (negative) CD in the experimental data is consistent in both sign and magnitude 

as being associated with the intrinsic (negative) CD of chlorophyll a in the Qy region [59]. The 

main features of the CD spectrum are well-described by the new site energies using the current 

model. At lowest energies, the overall rotational strength is slightly positive, but there is significant 

overlap between the two lowest-energy bands. Since these two overlapping bands originate from 
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contributions in different domains, their energies are not correlated. Therefore both states can 

contribute to the overall emission, which was already evident from the CPL spectra (Figure 5). 

 

We note that interaction between chlorophylls and carotenoids (Car), if sufficiently strong, may 

cause CD signals in the chlorophyll Qy region due to mixing with carotenoid transitions. One 

attempt has been made [69] to take into account the Chl-Car coupling in calculating the CD 

spectrum of plant LHCII, which is somewhat non-conservative in the Qy region. In the case of 

LHCII, the authors concluded that Chl-Car coupling is unlikely to be responsible for the non-

conservative CD. However in the LH1 complex of purple bacteria, Chl-Car interactions were 

suggested as the origin of the (strongly non-conservative) Qy CD signal [70]. In CP47, the CD 

reported here the in the Qy region is much more conservative than the cases above, which suggests 

that the total carotene-induced CD in this region is close to zero, especially as the residual 

(negative) CD can be attributed to monomeric Chl CD. It remains plausible that CD signals 

associated with Chl-Car coupling of opposite sign and similar intensity could cancel to give this 

result. Both Chl 612(11) and Chl 627(29) are in proximity to -carotene molecules, although the 

interactions are likely weaker than those inferred for LH1 because the Chl-Car distances are longer. 

However the strength of Chl-Car interactions has not yet been calculated for CP47. At present, we 

conclude that interaction with -carotenes is very unlikely to affect our assignment of the low-

energy state, but further study to fully understand these interactions is warranted. 

 

Further insight into the nature of the low-energy states can be gained by studying the exciton state 

pigment distribution functions [71] . These functions describe the contribution of each pigment 

m to all exciton states M at each energy : 

																																																															 2  

If  for	one	pigment	contains	multiple	peaks,	then	that	pigment	contributes	significantly	

to	multiple	excited	states.	Due	 to	averaging	over	all	 realizations	of	 the	site	energy	disorder,	

peaks	characteristically	broadened	but	for	delocalized	states	exchange	narrowing	can	occur.	

Figure	8	shows	 	for	the	domains	containing	Chl	612(11)	and	Chl	622(24).	The	lowest	state	

is	 largely	 localized	on	Chl	 612(11)	 and	 shows	 significant	 broadening,	 due	 to	 the	 larger	 site	

energy	distribution.	
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Figure 8. Exciton state pigment distribution functions for pigments in the domains (see Figure 1 and Table 1) that 

contain the two lowest-energy pigments. Top panel: domain R, which contains Chl 612(11) as the lowest energy 

pigment. Bottom panel: domain C, whose lowest-energy pigment is Chl 622(24). 

The relative value of  for different pigments in the same domain at a given energy (wavelength) 

gives an indication of the extent of delocalization of the exciton states of that domain. The top panel 

of Figure 8 shows that exciton states containing comparable contributions (and thus significant 

delocalization) between Chls 612(11), 614(13) and 615(16) occurs at wavelengths <685 nm. At 

wavelengths >685 nm, exciton states are strongly localized (>~99%) on Chl 612(11), because in 

realizations where the site energy of Chl 612(11) is so low, the energy difference to the next lowest-

energy pigment is substantially larger than the coupling energies. However the contributions of 

Chls 614(13) and 617(16) to the lowest energy state are not zero, but is ~0.1–1% for most 

realizations. This weak delocalization gives rise to the positive CD and CPL observed in the lowest 

excited state. 

 

5. Discussion 

 

The experimental and theoretical results in the previous section suggest that on the balance of all 

evidence, now including CD and CPL, the lowest-energy state of CP47 is much more likely to be 

located on Chl 612(11) than on the previously assigned Chl 627(29). The new assignment is based 

primarily on the positive rotational strength of the low-energy state as revealed by CD and CPL 

spectroscopy, in conjunction with other optical spectra, in particular linear dichroism (LD).  
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5.1 Assessment of literature data 

 

We now consider the assignment of Chl 612(11) as the low-energy Chl of CP47 (and hence the 

origin of the F695 emission band of PSII) in the context of the considerable literature on this topic. 

As mentioned in the Introduction, 13 of the 16 Chls bound in CP47 are in positions analogous to 

those in CP43 under the pseudo-C2 symmetry of the PSII core monomer [17]. The additional Chls 

in CP47 are all in the red domain on the lumenal side (Figure 1) and include Chl 612(11). On this 

simple symmetry basis, it would perhaps be unsurprising if the lowest site energy in CP47 belongs 

to a Chl that has no analog in CP43, since CP43 does not possess such a low-energy Chl. However 

the protein environments of analogous Chls in the two antennas are not identical, so this argument 

is only circumstantial. To assist further discussion, we refer to Figure 9, where significant aspects of 

the local environment of Chls 612(11), 620(22) and 627(29) in the 1.9 Å crystal structure [17] of 

cyanobacterial PSII are rendered. 

 
Figure 9. Chls of CP47 most relevant to discussion of the lowest energy state, along with the protein backbone. The His 

residues H201, H202, H216 and H114 (all magenta) provide axial ligands to Chls 613, 614, 620 and 627 respectively. 

The water molecule W1027, which provides the axial ligand to Chl 612, is shown in dark blue. Lighter blue spheres 

represent the water molecules within 10 Å of the chlorin rings of Chls 612, 620 and 627. Carotenes in close proximity 

to these pigments are shown in orange. The threonine residue T5 on PsbH, which interacts with 627 via a hydrogen 

bond, is shown in brown. Most of the empty space is taken up by the other chlorophylls and phytyl chains, which are 

omitted for clarity. 

 

The axial ligand to Chl 612(11) is a water molecule, designated W1027 in this structure. The His 

ligand on Chl 612(11) cannot then be easily removed via site-directed mutagenesis, as was 

performed for the ligands of Chl 620(22), Chl 627(29) and other pigments in the experiments by 

612(11)

613(12)
614(13)

620(22)

627(29)
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Shen & Vermaas [31]. These experiments have played a role in some assignments of the latter 

pigment as the red-most state [30, 32, 33], because the F695 fluorescence band of PSII was 

eliminated when the His ligand of Chl 627(29) was replaced by Tyr, a non-ligating residue. 

 

However, other mutations also eliminated or greatly reduced F695 emission. Amongst these was 

the double-mutation of the ligands to the two closest pigments to Chl 612(11), which would most 

likely disrupt the binding site of this pigment. Also, the loss of F695 correlates strongly with the 

complete loss of functional PSII assembly [31]. Spectral changes due to mutations of the axial 

ligand are not in general a reliable indicator of pigment site energies. For instance, as shown in 

Figure 9 both Chls 627(29) and 612(11) interact with the PsbH protein. It may be that these 

interactions are important for the stability of the CP47-PsbH complex, which is known to be 

important in the early stages of PSII production [47]. In this way the removal of Chl 627(29) may 

affect the binding site of Chl 612(11), because PsbH is likely an important component of both 

binding sites. The mutagenesis evidence thus seems compatible with either Chl 612(11) or Chl 

627(29) being the lowest-energy Chl. Furthermore, the (cyanobacterial) PSII crystal structure shows 

that the binding site of Chl 612(11) is close to a region of interaction between the PsbH, D2, and 

cytochrome b559 subunits. Correct formation of this site may indeed be essential to functional PSII 

assembly, which would explain the correlation between PSII assembly and F695 emission. It was 

suggested in section 1 that Chl 620(22) is an unlikely candidate for the lowest-energy state because 

much of the long-wavelength emission remained when its His ligand was removed in these 

experiments [31]. 

 

The interaction of the low-energy chlorophyll with the PsbH protein was reported recently by 

D'Haene et al., who observed a reduction in 693 nm fluorescence of CP47 from Syn. 6803 at 77 K 

when PsbH was absent [33]. Again, we suggest this result is compatible with either Chl 612(11) or 

627(29) as the red-most pigment. The authors argued for the latter on two counts: firstly, that Chl 

612(11) is part of a large exciton domain and therefore not "monomeric", and secondly, that Chl 

627(29) interacts directly with PsbH via a hydrogen-bond (between the 131-keto group of the 

pigment and the T5 residue of the protein). Both the monomer and the H-bonding requirements 

were suggested by de Weerd et al. based on fluorescence line-narrowing (FLN) and other 

spectroscopic results [30]. 

 

We feel those results [30] should not be interpreted to mean that the pigment cannot be coupled to 

other pigments, but rather that the excited state is quite strongly localized on one pigment with a 
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low site energy. Indeed, de Weerd et al. suggested that exciton states around 692 nm might be not 

be entirely monomeric, based on the presence of an 80 cm-1 phonon mode [30] which had been 

suggested to indicate an inter-pigment vibration of a chlorophyll dimer [72]. This might be 

considered broadly in line with our results, since some delocalization at this wavelength is 

confirmed by the CD and CPL spectra. However this state in CP47 is only weakly delocalized and 

cannot be considered a dimer, while comparably broad phonon structures have been seen in other 

pigment-protein complexes [73, 74]. It seems likely that in CP47, interactions with the protein 

environment, rather than inter-pigment vibrations, are responsible for this phonon structure. One 

possibility that may be worth consideration is coupling of chlorophyll transitions to motions of 

nearby water molecules, which are commonly present near emitting pigments including Chl 

612(11) (see below). 

 

Regarding hydrogen bonding (H-bonding) in the low-energy state, the FLN spectrum of de Weerd 

et al. (excited at >692 nm) showed a weak peak at 1633 cm–1 with an even weaker, broad shoulder 

at ~1645 cm–1. The latter feature was not discussed by the authors, while the former was suggested 

to arise from the 131-keto group on the low-energy Chl accepting a (very) strong H-bond [46], 

assumed to come from the protein environment. It has been argued that such a frequency downshift 

of the C=O mode (usually ~1700 cm–1) is perhaps unrealistically large [34]. It may be relevant that 

the environment of Chl 612(11) is quite hydrophilic, which is consistent with transient infrared 

absorption work where a polar environment for the low-energy pigment was inferred [75]. In such 

an environment, hydrogen bonds may be provided by water molecules. Such H-bonding is not 

evident in the X-ray structure, but PSII crystals are strongly dehydrated [17] and probably more 

water is present in the frozen solutions used for spectroscopy. One protein crystal structure that 

does show H-bonding between water and the 131-keto group of chlorophyll a is that of water-

soluble chlorophyll protein (WSCP) [76]. The FLN spectrum of this complex [73] showed weak 

peaks at 1620 and 1649 cm–1 as well as a similar broad phonon structure to CP47 (see above). The 

FLN spectrum of the red-most state of CP47 is therefore rather similar to that of chlorophylls 

known to be in a quite hydrophilic protein environment, as is Chl 612(11).   

 

The environment of Chl 612(11) seems likely to have many non-specific, solvent-type interactions, 

which could give rise to a broad inhomogeneous distribution, as is seen for chlorophyll solutions 

[59]. This is consistent with the broad site energy distribution necessary to fit the linear spectra. The 

crystallographic B-factors, which are substantially higher for atoms of Chl 612(11) than for any 

other Chl [17], also indicate a spatially ill-defined binding site. Given that the binding pocket of Chl 
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612(11) is made up partly by the PsbH protein and lacks a protein-based axial ligand, it would also 

be unsurprising if this pigment is lost or destabilized in some complexes during the sample 

preparation as discussed in section 3.3.  

 

As mentioned in section 3.3, the result of Neupane et al., who prepared CP47 with emission 

peaking at 695 nm [36], was not reproduced in this work. Comparison with these results is therefore 

premature until samples with emission peaking at 695 nm can be prepared for CD and CPL. Work 

is in progress to determine the amount, if any, of PsbH protein that remains bound to CP47 in 

samples prepared by the current method. Control of the PsbH content might enable improved 

reproducibility of the low-temperature fluorescence profile. At present, on the basis of the CPL and 

CD results shown here (which distinguish the intact lowest-energy state in the absorption and 

emission spectra), along with other CP47 literature [29, 30, 35, 41] and with the emission of PSII 

core complexes at 4 K which peaks at 691 nm [77, 78], emission from the intact low-energy state of 

CP47 seems more likely to peak at ~692–693 nm than at 695 nm.  

 

Chl 612(11) has van der Waals contact with a carotene molecule. This is thought to be a structural 

feature of the low-energy state, because of the absence of transient holes in the triplet-minus-singlet 

(T–S) spectra [41] at these wavelengths, which is likely caused by fast triplet transfer to 

carotenoids. Both Chl 627(29) and Chl 620(22) are also in contact with carotenes, so again this line 

of evidence is consistent with any of the candidates. Interestingly, in an updated refinement of the 

1.9 Å crystal structure of cyanobacterial PSII (3WU2 in the Protein Data Bank) the carotene in 

contact with Chl 612(11) was modeled as a β-cryptoxanthin rather than a β-carotene, with the 

additional hydroxyl group in the hydrophilic region near Chl 612(11). 

 

In the context of the overall structure of the PSII core complex, we note that Chl 612(11) is in 

relatively close proximity to the Chl ZD2 pigment in the D2 reaction center subunit of the PSII core 

complex (Figure 10). This is consistent with the well-known fluorescence quenching that occurs in 

PSII when one or both Chl Z molecules are oxidized [79]. Very recently, new time-resolved 

fluorescence spectra were reported by Mohamed et al. [16]. It was suggested that if Chl 627(29) 

was the low-energy chlorophyll, then its excitation energy was likely quenched by oxidized Chl ZD1 

of the opposing monomer in the PSII core dimer. It seems likely that the time-resolved quenching 

data are also compatible with quenching of Chl 612(11) by Chl ZD2 of the same PSII monomer, as 

the distance involved is similar (Figure 10). 
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The second-lowest exciton in our analysis resides principally on Chl 622(24), which is a ‘linker’, 

and close to the RC (Figure 10). In our current model, about 11% of the emission intensity at 2 K 

arises from this state (Figure S5). These results may provide a way of understanding the 

phenomenon [37, 38] that illumination of PSII core complexes at the very lowest temperatures, 

leads to efficient, stable secondary charge separation of PSII at any wavelength up to 700 nm, as 

excitation transfer from the lowest state CP47 to the RC of PSII becomes more feasible. 

 

 
Figure 10: PSII dimer from the 1.9 Å crystal structure [17] as viewed from the stromal side of the membrane. In the 

lower/right monomer all protein backbones are shown in cartoon form, with CP47/43 in green, reaction center (RC) in 

blue, cyt b559 in pink, PsbH dark grey and all smaller protein subunits light grey. In the upper/left monomer the protein 

is removed and only the chlorin rings of pigments are shown, with dotted lines encircling the different protein regions 

and the main pigments discussed in the text indicated. Chls of CP47 are colored by exciton domain as in Figure 1. All 

CP43 Chls are colored grey and Chls in the D1/D2 RC subunits are blue. 

 

Finally, we comment briefly on the structure at 3.2 Å resolution of the plant PSII supercomplex, 

which was reported [26] during the final stages of peer review of the current work. The preceding 

discussion, which was largely based on the 1.9 Å cyanobacterial structure [17], appears to be 

equally applicable to the new spinach structure. However, the new structure reveals that Chl 

612(11) is not in immediate contact with CP29 as was suggested in the earlier (lower resolution) 

supercomplex structure [4]. Instead a newly-identified pigment (numbered Chl 616 in the new 

numbering system of ref [26]) lies at the interface between CP29 and CP47 and its distance to Chl 

626(28), of < 7 Å represents closest contact between chlorophylls of CP29 and CP47 in this 

structure. Additionally, it is interesting to note that the PsbS protein (which plays a key role in non-
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photochemical quenching, via mechanisms that remain unknown [80]) was not located in the new 

spinach structure. Chl 612(11) has no immediately neighboring protein in the new structure, and our 

identification of this pigment as a low-energy state lends weight to the suggestion [81] that the 

CP47-CP29 interface is one location of quenching activity by PsbS. In cyanobacteria, the same 

region has been suggested [82] as the location for small chlorophyll a/b-like proteins (SCP’s, also 

known as high light inducible proteins, HLIP’s). These assemblies are analogous to plant LHCs and 

have been implicated in photoprotection under high light conditions [83, 84]. The region of CP47 

and CP29 in one monomer of the spinach structure is shown in Figure S2. 

 

5.2 Concluding discussion: Physiological implications and future directions 

 

The above discussion suggests that previous literature results are consistent with either Chl 627(29) 

or Chl 612(11) as candidates for the low-energy pigment of CP47. The CD and CPL analysis 

presented here is definitive in favoring Chl 612(11), thus on the basis of all available results we 

propose that this pigment is most likely to be the location of the red state of CP47 and thus the 

origin of the F695 band seen in the 77 K emission of PSII [29].  

 

The CPL spectra provide unambiguous evidence that two distinct states contribute to the main 

emission band of the samples prepared in this work (section 3.2). Interpretation of the higher-

energy emission is complicated by various factors in the case of CP47 (section 3.3.) However the 

ability to discern and analyse different emission components establishes CPL as a technique with 

excellent potential for investigating other pigment-protein complexes, particularly those where 

multiple, overlapping emission bands are expected [23]. These include, among many others, LHCII 

[85] the isolated PSII reaction centre [48, 68] and the intact PSII core [19]. 

 

Significant further work on CP47 is also possible, both to confirm the assignment of the low energy 

state to Chl 612(11) and to investigate the implications of this assignment. If the content of PsbH 

subunit in these isolated CP47 preparations can be characterized (and perhaps controlled) this 

would provide useful information. Work is in progress on such characterization. If the PsbH protein 

is removed or disrupted, it seems likely that Chl 612(11) and also the neighboring carotenoid will 

be disrupted and perhaps lost, which may help explain the apparent heterogeneity and significant 

variability of emission in CP47 preparations. Site-directed mutagenesis is another possible means of 

testing the site energy assignments. If mutation of the CP47 or PsbH residues that interact with the 
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different Chls can be achieved, without disrupting the overall assembly of the CP47-PsbH complex 

or of PSII, then the optical spectra of the mutants would likely provide important insights. 

 

There are currently discrepancies in the assignment of time constants regarding the kinetics of 

energy transfer and charge separation in the PSII core [6]. Previous calculations [13, 19] used Chl 

627(29) as the low energy pigment, which affects the overall excitation transfer rate as it is very 

remote from the RC. Chl 612(11) is located closer to the RC, so the increased excited state 

population of this pigment due to its low site energy, and accompanying decreased population of 

Chl 627(29), may increase the calculated energy transfer rate to the RC.  

 

PSII-RC was found to be a shallow trap, where the effective rate constants for energy transfer 

between the antenna and the RC are, at physiological temperatures, dominated by entropic effets., 

i.e. the different number of pigments in the antenna vs the RC [19, 86]. Nevertheless, the different 

assignment of low energy sites will change the relative weight of different energy transfer pathways 

that might be important, e.g., in photoprotection. The presence of the optically accessible low-

energy charge transfer state [38, 87] in the RC of PSII core complexes also needs to be included in 

a full analysis of excitation transfer and charge separation dynamics, along with the revised site 

energies and subsequent exciton realizations of CP47 and CP43 pigments presented here and 

elsewhere [23, 24]. We are looking to analyze CD and CPL data on PS II core complexes as well as 

isolated RC complexes (RC6) to enhance such an analysis.  

 

The location of Chl 612(11) is intriguing because it is in a hydrophilic region on the extreme 

periphery of the PSII dimer and on the lumenal side of the thylakoid membrane. There are 

protonatable residues in this region of both plant and cyanobacterial PSII [17, 26], so important 

questions are raised regarding the interactions of this Chl with neighboring pigments and proteins. 

Factors that could potentially influence these interactions include lumen pH, the xanthophyll cycle, 

the PsbS protein in plants, or HLIPs in cyanobacteria. All of these factors are important in non-

photochemical quenching, and the site of Chl 612(11) appears to be a promising avenue for 

investigation in this area. 

 

A recent crystal structure of cyanobacterial PSII features rows of PSII core dimers that resemble 

superstructures found in the native thylakoid membrane [88]. Interestingly, Chl 612(11) is the Chl 

with the closest contact to Chls in the neighboring dimer(s). Thus, an energy trap at this position 

may serve to optimize energy transfer between dimers.  
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Diverse mechanisms have evolved for light harvesting and its regulation [10]. The lowest excited 

state of CP47 as Chl 612(11) appears to be common feature of  PSII  in different organisms. It may 

be that the low-energy pigment, Chl 612(11) was utilized in different ways by various organisms in 

their unique solutions for the problem of adapting rapidly to dynamic light conditions. 
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