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Linker Proteins Enable Ultrafast Excitation Energy 
Transfer in the Phycobilisome Antenna System of 
Thermosynechococcus vulcanus 

C. Nganou,a,b L. David,c N. Adir,c and M. Mkandawirea 

We applied a femtosecond flash method, using induced transient absorption changes, to obtain 
a time-resolved view of excitation energy transfer in intact phycobilisomes of 
Thermosynechococcus vulcanus at room temperature. Our measurement of an excitation energy 
transfer rate of 888 fs in phycobilisomes shows the existence of ultrafast kinetics along the 
phycocyanin rod subcomplex to the allophycocyanin core that is faster than expected for 
previous excitation energy transfer based on Förster theory in phycobilisomes. 
Allophycocyanin in the core further transfers energy to the terminal emitter(s) in 17 ps. In the 
phycobilisome, rod doublets composed of hexameric phycocyanin discs and internal linker 
proteins are arranged in a parallel fashion, facilitating direct rod-rod interactions. Excitonic 
splitting likely drives rod absorption at 635 nm as a result of strong coupling between β84 
chromophores (20 ± 1 Å) in adjacent hexamers. In comparison to the absorbance of the 
phycobilisome antenna system of the cyanobacterium Acaryochloris marina, which possesses a 
single rod structure, the linkers in T. vulcanus rods induce a 17 nm red shift in the absorbance 
spectrum.  Furthermore, the kinetics of 888 fs indicates that the presence of the linker protein 
induces ultrafast excitation energy transfer between phycocyanin and allophycocyanin inside 
the phycobilisome, which is faster than all previous excitation energy transfer in 
phycobilisome subunits or sub-complexes reported to date. 
 
 

Introduction 

Changes in the ecosystem have induced adaptation of some 
phototrophic oxygenic species to harsh and changing 
environments, such as low light intensity by developing 
specific architecture for efficient harvesting of sunlight energy 
for carbon fixation and ATP synthesis. Some such oxygenic 
species include cyanobacteria and red algae. The main light-
harvesting complex in cyanobacteria and red algae is the 
phycobilisome (PBS) complex, which is attached to the 
thylakoid membrane and whose molecular weight can range 
between 3 and 7 MDa. The PBS is assembled from pigmented 
proteins, referred to as phycobiliproteins (PBPs), which 
covalently bind bilin cofactors and un-pigmented proteins 
referred to as linker proteins. The PBS absorbs energy from the 
sun, which is then funnelled by a relatively slow excitation 
energy transfer (EET) process of between 70 and 200 ps to the 
photosynthetic reaction centre of photosystem II (PSII). 1, 2 In 
PSII, the energy drives the electron transfer processes. A recent 
report suggests that the PBS can supply the harvesting 
excitation energy to both photosystem I (PSI) and PSII.3 

The PBS consists of two sub-complexes, cores and rods, and 
researchers typically depict its architecture as 6-8 rods 
surrounding 2-5 core cylinders (see scheme 1). Based on 
micrographs obtained using an electron microscope (EM), 
researchers have suggested two main models for the 
arrangement of the rods around the core, namely: (a) a radiating 
arrangement, in which the rods are arranged at regular angles in 
a radial manner around the core,4 and (b) a parallel rod pair 
model, in which the rods are arranged as two rod doublets that 
are parallel to the thylakoid membrane and one or two doublets 
perpendicular to the membrane.5, 6, 7 Researchers verified the 
latter model using cryo EM micrographs,8 which indicate a 
structure identical with the crystal structures of phycocyanin 
(PC). PC is one of the PBP components found in all rods. The 
PBS of the thermophilic cyanobacterium T. vulcanus is likely to 
consist of 5 core cylinders surrounded by 8 rod pairs arranged 
around the core (scheme 1).7 However, a tricylindrical PBS 
type may also exist as researchers have suggested for 
Thermosynechococcus elongatus.9  
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Scheme	1:	 	Schematic	presentation	of	 the	 intact-PBS	of	T.	vulcanus	 showing	the	PC	rod	arrayed	around	the	APC	core	 in	a	parallel	disposition.	The	presentation	 is	
shown	in	three	dimension	with	its	orthographic	project	of	plan	(A),	side	(B)	and	front	(C)	to	show	the	relevant	rod-core	interactions	based	on	work	of	David	et	al.	7		

 
The biliprotein antenna system of the cyanobacterium 
Acaryochloris marina is the simplest PBS antenna complex 
known to date with a molecular weight of about 1.2 MDa. The 
A. marina PBS is organized as single rod-shaped assembly of 
PBPs.10,11 Although A. marina and T. vulcanus present PBSs 
with different structural organizations, they are similar in the 
efficiency of their EET to the reaction centre (RC) of PS II.12 
The building blocks of each PBS are α and β polypeptide 
subunits that combine to form a monomer, each subunit 
covalently binding at least one bilin cofactor. PC monomers 
contain three phycocyanobilins (PCBs), two bound to the 
conserved cysteines at position 84 (on each subunit) and one to 
a cysteine at position 155 of the β subunit. Monomers of 
allophycocyanin (APC), the PBP found in the PBS core, 
contain only the two cofactors at position 84.4  

The absorption of the bilin cofactors in the PC monomer 
assembly (β155, β84, α84) displays an inhomogeneous broad 
spectrum at 77K, with two main resonant absorption maxima 
between 600 – 602 nm and 628 – 630 nm.13  Using a PC 
monomer devoid of β155 extracted from a mutant strain of 
Synechococcus sp. PC 7002, Debreczeny et al.13 showed that 
the β84 cofactor’s maximum absorption falls between 628 and 
630 nm, while that of the β155 cofactor falls between 600 and 
602 nm. They demonstrated that these absorption maxima of 
the β155 and β84 cofactors at 77 K are consistent with the 
individual spectra of the β155 and β84 cofactors at room 
temperature.13 Using a slight modification of the procedure 
Swanson and Glazer described,14 Debreczeny et al. further 
separated the α84 and β84 cofactors using high-performance 
liquid chromatography (HPLC)13. They showed that at room 
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temperature the cofactor α84’s absorption maximum is 624 nm. 
Debreczeny et al. also obtained the steady state absorption at 
room temperature of the monomeric PC (β155, β84, α84) when 
using the isolated PC (β155, β84, α84) from the strain of 
Synechococcus sp. 7002 containing all cofactors. Their results 
show a peak for a monomer at 617 nm. Based on knowledge of 
77K absorbance,13 one could propose that the cofactor β84 
absorbs at the lowest energy level of the PC monomer. 
However, additional levels of assembly may have significant 
effects on the absorption characteristics of specific cofactors, as 
researchers have shown for APC.15 
Recently, David et al. showed that the crystal structure of a 
PBS rod is composed of an assembly of two PC hexamers and 
three embedded linkers: , LR, and LRC.

16. They did not 
observe the linker proteins’ penetrating out from the rod, and 
indeed the core discs may penetrate slightly into the last 
hexamer of the rod, as they previously suggested.16 To date, 
researchers have proposed different mechanisms of energy 
transfer between PBS sub-complexes. These can be grouped 
into either weak or strong-coupled pigments, which are driven 
by the relative distance and the dipole moment orientations 
between nearby cofactors in PBS, as Förster resonance energy 
transfer (FRET) theory describes. The weak coupling between 
electronic energy levels of neighbouring excited state cofactors 
matches the explained mechanism of EET in the monomeric PC 
assembly.13 Sauer, 17 showed the limitations of FRET theory in 
terms of its ability to describe the complete mechanism of EET 
in the trimeric PC assembly.16 They suggested a fast 370 fs 
component that they attributed to the relaxation between two 
excitonic states formed as the result of the excitonic interaction 
between cofactors in adjacent subunits (from two different 
monomers) of the PC trimers, specifically α84 and β84. 
Furthermore, Edington et al. used two-colour time-resolved 
femtosecond pump-probe spectroscopy to describe the 
mechanism of excitonic coupling in the APC trimer. 19 They 
reported the presence of two components with excited state 
lifetimes of 280 fs and 1000 fs, which were consistent with the 
time resolution of 200 fs. Recent works have focused on the 
role of the vibronic exciton structure in PC18 and APC19. 
Womick et al. suggested that the vibronic exciton structure is 
consistent with an additional kinetic component found in 
anisotropy decay.20 Womick et al. found a kinetic component 
better than 100 fs in APC trimers19 and 970 fs in PC 
hexamers18. However, they measured the kinetics on PC 
hexamers from the commercially purchased Spirulina sp., 
which was most likely lacking the linker proteins. We recently 
addressed the EET route in the PC rod of T. vulcanus. Our 
observations fit well with the activation and deactivation of 
HOOP wagging, C = C stretching, and the N–H rocking in-
plane vibration.21 We also observed strong localized vibronic 
coupling between β84 in adjacent PC trimers in the PC rod of A. 
marina.9 
In the hexameric PC assembly, Womick et al. recently showed 
that the fastest EET component is 970 fs,18 while, in a fragment 
of PC bound to APC, Sandström et al. found 17 ps and 50 ps 
kinetic components22. Emphasizing the estimation of the EET 

component in PBS, Zhang, 23 used time-resolved fluorescence 
on an isolated fragment of one PC hexamer connected to the 
APC core by a LRC. They found an 18 ps component suggested 
to be an EET from three β84 in a terminal PC trimer to the α84 in 
the APC core.23 They presented no further information about 
the presence of the LRC

23. Despite the extensive investigation of 
EET in PBS components, the estimation of EET in the intact 
PBS has remained an open issue. Detailed mapping of potential 
EET pathways in the intact PBS is critical for understanding 
how this complex functions. Therefore, the aim of the study 
reported in this paper was to ascertain if studying extracted PBS 
of represented close to real-life dynamics of EET transfer in T. 
vulcanus and A. marina. Thus, we compared the EET transfer 
dynamics in extracted and intact PBS of T. vulcanus and A. 
marina. 
 
Results and discussion 

Absorbance 

We measured the room temperature absorbance spectra of PC 
rods, APC cores, and PBS in A. marina and T. vulcanus. Our 
results show that the inhomogeneous absorption of PBS rods in 
A. marina displays a maximum absorption at 618 nm, while its 
second derivative is indicative of PC component absorption at 
618 nm and APC component absorption at 640 nm (Figure 1). 
The PC rods and APC cores of T. vulcanus show absorption 
maxima at 635 and 650 nm, respectively. Prior to the PBS 
steady state absorption we measured (Figure 1), the known 
maximum absorption of PBS sub-compounds in high phosphate 
fell between 620 and 635 nm for PC trimers and the intact PBS, 
respectively.16 The presence of the three different linkers in the 
PBS and the hexamer formation of T. vulcanus induce a 15 nm 
spectral red shift. The consequence of the latter change may be 
the shortening of the distance between β84 cofactors in adjacent 
hexamers. The mutual orientation and close proximity of 
adjacent PCB cofactors drive excitonic splitting. One can 
observe this from α84 and β84 in adjacent monomers in APC 
trimers, as MacColl24 and McGregor et al. discussed15. 
Therefore, the distance change between β84 pigments in 
adjacent hexamers may drive the excitonic splitting from 630 to 
635 nm. Consequently, one observes a bathochromic shift in 
PC rods when compared to PC trimers. An additional 
observation is the broad minimum in the second derivative of 
the PBS absorption spectra of T. vulcanus between 600 and 615 
nm likely due to the β155 cofactor. Regarding the parallel 
disposition of PC rods around the core of T. vulcanus, strong 
coupling may occur between β155 in adjacent rods. Elsewhere, 
we will describe our analysis of the rates of this coupling and 
the aforementioned excitonic splitting. 
 

7,8
RL
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Figure	1:	Absorption	spectra	of	phycobilisomes:	(a)	Absorbance	of	an	intact	PBS	
antenna	system	of	T.	vulcanus	(dark	green)	in	comparison	to	the	absorbance	of	
an	isolated	rod	in	T.	vulcanus	(blue),	a	core	in	T.	vulcanus	(red),	and	the	PBP	rod	
antenna	system	of	A.	marina	(black)	in	the	presence	of	high	phosphate;	(b)	The	
second	derivative	spectra	of	the	aforementioned	antenna	system.	

Photo-Induced Absorption Changes  

To estimate the EET components in the PBS antenna system of 
T. vulcanus, in comparison to those in the PBP antenna system 
of A. marina, we excited samples at 620 nm to monitor the 
time-resolved absorption changes at different probe 
wavelengths. The choice of the excitation wavelength was 
based on the maximum of absorption peak of the PBS antenna 
system of A. marina for comparison purpose. The femtosecond 
transient absorption kinetic trace (ΔA spectrum) is difeerent 
from the kinetic components, because the kinetic components is 
derived from fitting transient absorption kinetic trace into the 
kinetic model, equation 1.21, 25 In the section immediately 
below, we present result of transient absorption trace (Figure 
2), while the section that follows after is devoted to the analysis 

of kinetic component. The reference therein gives more 
informative insight the kinetic trace and its component analysis 
in transient absorption spectroscopy.25, 26 
(a) T. vulcanus.  
Figure 2(a) shows the bleaching that occurs immediately after 
excitation due to the ground state depletion in the PC rods of T. 
vulcanus, observed in the spectra by a fast bleaching and 
concomitant rise at a longer wavelength due to excited state 
absorption (ESA). Such rising kinetics precedes recovery 
kinetics. We observed such bleaching in successive probing of 
PC absorption bands at 600, 610, 620, 630, 640 and 650 nm. 
The β155 displays a maximum absorption at 600 nm, while α84 
and β84 take as their maximum 624 and 630 nm, respectively.13 
The maximum absorption of PC rods occurs at 635 nm (Figure 
1a). However, the transition at 630 nm is known to be the 
absorption peak of the β84. We, therefore, attributed the 630 nm 
kinetic trace to the activity the β84 component. It displays the 
fastest kinetics in the absorption change spectra.  This 
observation supports our previous suggestion that strong 
coupling exists between β84 in adjacent hexamers of PC rods.25 
The 610 and 620 nm components show the same recovery 
kinetics profile. The relaxation that occurs between 610 and 
620 nm is likely not localized in an individual state. Because 
the β155 operates between 600 and 620 nm, the proposed 
parallel arrangement of PC rod doublets may bring the β155 into 
a state of stronger coupling. However, the 600 nm component 
shows a slower relaxation kinetics in comparison to that of 610 
and 620 nm, which may be an indication of some level of 
annihilation.27 When α84 is excited at 620 nm, it bleaches 
releasing partial energy that contribute to excitation and 
bleaching of β155 at 600 nm - the 600 nm is main absorption 
peak of β155. The setup of PBS in T. vulcanus allows parallel 
alignment of the PC rods. The parallel alignment of the PC rod 
favours strong coupling between adjacent β155 of nearby PC 
rods. Consequently, a fasted kinetic trace is obvious. However, 
we observed a slow decrease in the kinetic profile (Fig 2a). This 
findings are similar to the one previously reported by Vengris et 
al.27  
An additional interesting observation is the evolution of the 630 
nm component, which displays faster kinetics in the absorption 
change trace for PC rods.  Based on the analysis in the previous 
section, the β84 with a maximum absorption at 630 nm is 
strongly coupled to its homologue in adjacent hexamers 
through the effects of the LR. The trace at 635 nm has also been 
shown to display the same behaviour as that at 630 nm.25 The 
640 nm component shows the same recovery component as that 
of the APC core. The excited state decay of this pigment is 
likely coupled in a different way from that of other pigments in 
the PC upper states.  Prior to this observation, Adir and Lerner 
suggested that PC612, unmethylated PC with an absorbance 
maximum at 612 nm (in its isolated trimeric form), is functional 
near the core.28 Furthermore, the presence of the LRC close to 
this spectral position might induce strong coupling between 
PC612 and the APC core. This component could serve as the 
real low state for PC rods.21 
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The bleaching observed in PC at 620 nm is the electronic 
transition of the PC620 inside the PC rod. This is the high 
energy level of PC Rod, which is induced by the direct 
excitation at 620 nm. The bleaching observed at different low 
energy levels of the intact PBS are the consequence of 
excitation energy transfer from PC620 to the sub-light 
harvesting complex, where PC620 does not absorb. Therefore, 
the current results revealing the time-resolved absorption 
changes shows that the presence of the different linkers 
optimizes the EET between adjacent PC rings of the PBS in T. 
vulcanus. These linkers connect and stabilize the two PC 
hexamers in the rod. Furthermore, the LRC, which connects the 
terminal rod hexamer to the APC core, also optimizes the EET 
from PC’s low state to the APC core (also see supplementary 
figure SI). In figure 2a, the 660, 670 and 680 nm kinetic 
components appear at the redshifted electronic transition. These 
observation agree with Kuzminov et al. who explained that  
such red shift translation are due to coupling of β18 in APC-like 
trimer to α2 in the adjacent monomer, and also the coupling of  
LCM cofactors to β2 in the other adjacent monomer. 29 The 660 
nm transition is slower than all the kinetic traces between 600 
and 650 nm. This means that the 660 nm transition is the 
activation of APC-like trimer, and the energy is transferred to 
670 and 680 nm in the terminal emitter. Thus, the very quick 
and short-lived rise profile of both of 670 and 680 nm is 
attributed to excited state absorption (ESA) from PC; while the 
delayed bleaching that follows, is the absorption of the terminal 
emitter. This has been previously reported too.30 Kuzminov et 
al. explained that the two terminal emitters can be differentiated 
through their content of linker encoded apcE and apcD. 29 
Further, we earlier observed that the absorption peaks within 
the same region.9 Therefore, we exclude the possibility of 
stimulated emission (SE) influencing our current measurements 
(figure 2). Further, the two relaxation kinetics at 670 and 680 
nm confirms the difference in terminal emitters vis-à-vis one 
with apcE and the other with apcD.  
In order to identify the contribution of PC’s and APC’s ESA, 
the amplitude and time constant of the 3 kinetic components 
were globally fit into equation 1 (Figure S5). Hence, the PC 
contribution at 670 nm and 680 nm is done by comparing the 
kinetics of PC ground state bleaching and the ESA profile fit. 
The obtained amplitude of the kinetic component of PC is an 
indication of the fraction population of excited PC that 
contributes to the ESA. Therefore, the second component of 
670 and 680 nm can be attributed to a fraction of a photoexcited 
population that undergoes a slow vibrational cooling. Since the 
PBS system used in the current study are not connected to the 
RC, future studies using complete system with PBS connected 
to RC would give better mapping of the terminal kinetic 
component than in the isolated system.  
(b) A. marina. In contrast to the measurements made on the 
intact PBS of T. vulcanus, the fastest kinetics appears in the 
PBS of A. marina after the excited state formation in PC 
through excitation at 620 nm (Figure 2b). This is followed by 
the 605 nm component assigned to the β155 chromophore, 
according to the functional role between 600 and 607 nm 

Debreczeny, 13 Recovery of the kinetic components of the α84 
(625 nm) and β84 (630 nm) differ. Due to the downhill EET, the 
625 and 630 nm trace occur as a result of the α84 and β84’s 
bleaching. The β84’s 630 nm trace is on top of the α84’s 625 nm 
trace. Because of its normalized trace, the β84 displays a faster 
kinetics as compared to that of the α84. However, located at a 
lower energy level than the α84 trace, one might expect the β84 

trace to show slow kinetic components. An anisotropy 
measurement in this band and at 635 nm showed a transition of 
400 fs formed as a consequence of the coupling between 
adjacent β84.

9
 Furthermore, the relaxation dynamic of dimer 

cofactors α84 and β84 in PC is likely to drive a dominant kinetic 
component at the 616 nm band.  
 

 
Figure	2:	Time	resolved	absorption	of	PBS	and	PBP:	(a)	Photo-induced	absorption	
change	of	the	PBS	antenna	system	of	T.	vulcanus	after	excitation	at	620	nm;	and	
(b)	the	PBP	rod	antenna	system	of	A.	marina	after	excitation	at	620	nm.	

We observed a further difference between the PBS in A. marina 
and T. vulcanus at the lowest state of A. marina, where we 
detected an absorption change as a result of pigments’ 
absorbing between 660 and 675 nm.  Regarding the absorption 
of the A. marina PBS in Figure 1, the observation reveals a 
weak absorption of APC.	
In addition to the one-phonon profile of A. marina, APC 
fluorescence displays two red shift peak absorption bands at 
660 and 673 nm (Figure 3). Therefore, the regular APC trimer 
pigments absorbing at 645 nm are not functional at 660 or 673 
nm. Regarding the evolution of the absorption change trace, 
two different states displayed at first glance different evolutions 
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of the absorption change trace at 660 and 675 nm. There are 
two different states not located in the last hetero-hexamer, 
which some have suggested is the terminal emitter of the PBS 
in A. marina 21. Since the APC trimer already forms an 
excitonic absorption state at 645 nm, there is no more evidence 
of further localized APC trimer excitonic state. Therefore, the 
origin of the terminal emitter, or its pigment composition, 
remains an open issue. Further biochemistry investigation is 
necessary to identify the pigment composition of these states at 
660 and 675 nm. Gindt et al. suggested that these pigments are 
as different as β18 (absorbing at 660 nm) and LCM (absorbing at 
676 nm) in Synechococcus sp. 7002.31 

 
Figure	 3:	 Site	 selective	 spectroscopy	 showing	 nonlinear	 narrowed	 and	 line-
narrowed	fluorescence	spectrum32,	33	of	the	A.	marina	PBS	after	excitation	at	645	
nm	 at	 4.5	 K.	 The	 sharp	 line,	 which	 is	 at	 the	 laser	 excitation,	 is	 partially	
contaminated	by	the	scattered	light.	It	is	cut	off	to	allow	clear	visualization	of	the	
non-resonant	fluorescence	contribution.		

Global Analysis of the EET’s Kinetic Components 

(a) T. vulcanus. We show the evolution of the ground state 
kinetic components for the PC rod, the APC core, and the LCM 
core-membrane linker (with absorption between 660 and 680 
nm) for the PBS antenna system of T. vulcanus. Since 
fluorescence is a deactivation of S1 (according to Franck 
Condon principle of fluorescence), the fluorescence that gives: 
(1) the same deactivation mode (S1) of the high energy PC620 
is apparent at the low energy of PC612 at 642 nm; (2) the S1 
emission of APC in T. vulcanus is 660 nm: and (3) the emission 
of the S1 upper electronic state at the lower electronic transition 
of the Lcm is at 680 nm. This fluorescence is collected after 
excitation of PC620 at 620 nm with a line width <0.5 cm-1. 
Excitation at 600 nm does not change this result because of the 
non-homogeneously broadened absorption of the PC620. So 
from 600 to 690 nm the S1 transition is known. 
In the PBS, the 888 fs kinetic component of the EET exhibits a 
negative spectrum between 600 and 650 nm and a positive 
spectrum between 650 and 690 nm. The negative spectral gap 
of the 888 fs component exhibits a minimum around 620 nm 
and a shoulder between 635 and 645 nm, where the maximum 
absorption is localized and where researchers have suggested 
the low energy state of the PC rod occurs21. The zero cross-
section of 888 fs is 652 nm, where the APC core absorbs (see 

Figure 1). Therefore, after formation of the excited state, a 
fraction of PC pigments transfer the energy to the APC core 
pigment in 888 fs. 
The positive spectral band of the 888 fs kinetic component in 
Figure 4(a) can have different sources. These sources include 
the ESA of PC or the different behaviour of the increased 
ground state bleaching for low energy level compound 
pigments. These compounds can be the APC core or LCM. 
Despite the broad inhomogeneous absorption of the APC core, 
its absorption remains low (at 660 nm), where the upper 
electronic state of the linker membrane is functional. 
Furthermore, an increase in the ground state bleaching will 
induce a negative evolution of the kinetic component. At this 
specific absorption band (660 nm), a kinetic component above 
1 ns is an indication of a trapping energy site attributed to a 
compound at a lower energy level than that of the APC core. 
Additionally, the ESA decays with three different kinetic 
components: 888 fs, 17 ps, and the one above 1 ns. The 17 ps is 
the kinetic component of the EET from the APC core to the 
LCM. We therefore expect that the positive spectral band of the 
888 fs component can be mainly due to PC’s ESA. The above 
888 fs kinetic component is the fastest ever reported EET 
component from PC to APC in all previous studies of the PBS 
antenna system of cyanobacteria (Sandström, 22, Zhang, 23). 
This 888 fs is more than three times faster than the component 
of the EET found in A. marina (see the A. marina section). 
From this section, we can observe the apparent contribution on 
the 888 fs EET that has the presence of the linker inside the 
system. 
In Figure 4(a), the spectra for the 17 ps and 888 fs components 
of the EET have similar trends of having both negative and 
positive profiles. The 17 ps component has negative profile 
between 600 and 660 nm and a positive above 660 nm, while 
the 888 fs component has positive profile above 650 nm. In the 
positive profiles, the 17 ps component has higher amplitude, 
which exhibits a maximum between 670 and 680 nm, than the 
888 fs component. The zero cross-section of the 17 ps 
component is 660 nm of the upper electronic state absorption in 
the LCM. These characteristics suggest that the 17 ps decay 
component reflects mainly an EET from a fraction of the high 
energy level of the APC in the PBS to the LCM, which are the 
low energy level as well as the terminal emitter component of 
the PBS. From there, the energy is expected to be transferred to 
the RC in a system with RC. For a review on PBSs from other 
cyanobacteria see Liu et al, 3 Lundell and Glazer3, 34, 35. Such 
kinetics is on the same order as the 14 ps kinetic component 
Holzwarth, 36 found. Since we performed the EET for an 
isolated PBS antenna system, the EET to the PS II and I RC 
experienced an interruption. This is in fair agreement with the 
prolongation of the excited state lifetime. This lifetime period 
exhibits a completely negative spectrum in all spectral ranges 
with a pronounced minimum at 660 nm, which is the non-
resolved lifetime of the pigment trapping the EET at 660 nm. 
The minimum at 660 nm and the kinetic component above 1 ns 
suggest that the 660 nm band is consistent with the 
functionality of the LCM. Hence, the mechanism of the EET in 
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the terminal emitter from the PBS to the RC of PS II and I 
experiences interruption in an isolated PBS system. The 
terminal emitter is therefore located at the LCM absorption 
energy level. The energy flow is trapped, and the kinetics 
reflects the relaxation dynamics of the LCM, as shown in Figure 
4(a) for the component τ3 > 1 ns. We cannot fully resolve this 
kinetic component with our experimental setup. However, the 
broad minimum of the evolution of this component at 660 nm 
of the zero cross-sections is another indication that the pigment 
absorbing at 660 nm has a different excited state lifetime than 
that for the APC core. According to the spectral position where 
it is functional, and based on Zhao et al.’s work37, we suggest 
that it is the APC E membrane linker, which is present in the 
PBS of T. vulcanus.7 No additional information was obtained 
with 4 kinetic component of the EET (S4). Therefore, the DAS 
describes better the EET with 3 components not 4. 

 
Figure	4:	Decay	analysis	spectra:	(a)	EET	components	gathered	by	global	analysis	
of	 the	 photo-induced	 absorption	 change	 in	 the	 PBS	 of	 T.	 vulcanus	 containing	
linker	proteins	in	high	phosphate	and	(b)	the	PBP	of	A.	marina	in	high	phosphate.	

(b) A. marina. The fluorescence that gives information on the 
S1 deactivation mode in A. marina PBS is given in Figure 3. 
The S1 electronic activities in A. marina PBS are: 640 nm (S1 
deactivation of PC and S1 activation of APC); 660 nm (S1 
deactivation of APC and S1 activation of the upper electronic 

state of the LCM); and, 673 nm (S1 deactivation of the upper 
electronic state of the LCM and S1 activation of the terminal 
emitter in the LCM). Figure 4(b) shows the evolution of three 
lifetime components found inside the PBS of A. marina. The 3 
ps component exhibits, as for 888 fs in T. vulcanus, a negative 
spectrum in the interval between 605 and 643 nm and a positive 
spectrum between 643 and 675 nm. The negative spectrum 
range of the 3 ps component exhibits different minima in PC at 
618 nm (the maximum absorption at room temperature) and 
630 nm (close to PC’s low state and APC at 640 nm). The 
positive spectrum ranges of the 3 ps component support the 
same diagnostic as that for the 888 fs. The cause might be the 
increased ground state bleaching of APC and a build-up of PC’s 
ESA, which has already taken place. Since the 3 ps component 
is not further transferred to the low state of the PBP rod of A. 
marina, the positive spectrum of 3 ps component above 650 nm 
is due to PC’s ESA. The zero cross-section of the 3 ps 
component is localized at 643 nm. At 643 nm, the APC in A. 
marina absorbs resonantly, while PC’s ESA has already taken 
place. Turns out, the evolution of the 3 ps component is the 
excitation energy equilibrated between the fraction of PC 
hexamers and the main part of APC inside the PC/APC hetero-
hexamers within 3 ps component. The 3 ps kinetic component 
is more than three times slower than the EET from PC to the 
APC core in the PBS of T. vulcanus. The 14 ps component in 
Figure 4(b), as with the 3 ps component, presents a negative 
spectrum between 605 and 653 nm and a positive spectrum 
above 653 nm. It also exhibits a broad local minimum between 
618 and 640 nm, where PC and APC have maximum 
absorption. The positive spectrum shows a higher amplitude 
than the 3 ps component and exhibits a maximum at 670 nm. 
This increased amplitude is analogous to the positive spectrum 
of the 3 ps component between 643 and 655 nm and 
attributable to an increase in the ground state bleaching of the 
terminal emitter around 660 - 675 nm due to EET from 
PC/APC to the terminal emitter between 660 and 675 nm. 
These characteristics likely stem from the red shift of the 14 ps 
decay component in comparison to the 3 ps component, which 
reflects an EET from the APC in the PC/APC hetero-hexamer 
to the linker membrane around 660 - 675 nm.21 Taking into 
account the broad minimum of the 14 ps component, 
researchers have demonstrated the additional PC EET 
contribution to the kinetic component. 9, 21 The kinetic 
component above 200 ps has negative amplitude. This negative 
amplitude is indicative of the disruption in the EET to the 
photosynthetic RC. Previously, Theiss et al. measured the EET 
from PBS to RC to be around  100 ps.30 However, little is 
known about electronic transition between the terminal emitter 
of PBS and the RC. Further, the PBS has two terminal emitters 
and it is not clear on sites where they couple in the RC. 
The fluorescence spectrum of the intact PBS of T. vulcanus 
after excitation of its high energy level (PC620) displays its 
emission on the PC612 electronic absorption spectrum between 
640 and 645 nm. We observed the next peak of fluorescence 
line narrowing spectroscopy (FLN)32, 33 at 660 nm, which Gindt 
et al. previously suggested was the β18

 cofactor copy of the 
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linker core membrane distinct from the APCE copy at 680 nm 
(the PBS’s terminal emitter).31 The decay-associated spectra of 
the ground state bleaching are consistent with the fluorescence 
peak of different cofactors (see more details are discussed in 
sections below). The plateau we observed in the 888 fs is 
apparent between 640 and 645 nm as with the fluorescence 
peak of PC612. One can describe the absence of the peak 
between 650 nm and 655 nm as an increase in coupling strength 
between PC612 and the APC core. Gindt et al. indicated that 
the emission peak at 660 nm stems from the emission of APC 
in the APC core.31 This 660 nm peak, known as the electronic 
transition of the β18 cofactor, is likely to act as an intermediate 
energy site where the photoexcitation that migrated to the 
terminal emitter at 680 nm (APCE) may be trapped for 
regulation. We will investigate this regarding the fact that the 
cross-linked purification here discussed has been shown to 
supply the photoexcitation to both PSI and PSII.3  

Target and Quantitative Relaxation Dynamics of the PBS of T. 
vulcanus 

To understand how the dynamics of each compound contribute 
to the EET or exciton in the PBS of T. vulcanus, we 
investigated the ground state bleaching in PC620 and PC612. 
The transient absorption (TA) bleach signal we obtained agrees 
within experimental uncertainty. For PC620, the high-energy 
transition at 620 nm displayed a relaxation amplitude of 30% 
and 70%. This transition is mainly located at the α84 cofactor’s 
peak absorption.13 Since α84 and β84 are strongly coupled in the 
trimeric unit of the PC hexamer for fast EET, we can attribute 
the 30% of the relaxation dynamic to the deactivation of the S1 
state at 620 nm toward the S1 state at the 630 nm activity mode, 
which is the transition of the β84 cofactor.21 We observed 
increased amplitude from 30% to 40% and a fast relaxation 
dynamic from 876 fs to 500 fs of the deactivation transition at 
630 nm, which was similar to the transition at 635 nm.  This is 
an apparent indicator of the change in coupling. As 
demonstrated in our previous communication21, this coupling 
takes place between β84 in adjacent trimers as an intermediate 
state to promote exciton or energy transfer from PC620 to 
PC612 in 500 fs. We attributed the kinetic component above 
1.00 ns to the lifetime dynamic of the transition of the cofactors 
α84 and β84 at 620 and 630 nm, respectively. Figure 5 displays 
the activation and deactivation mechanism from the PC620 to 
PC612 transition in intact PBS. We detected the activation of 
the S1 state of the β84 in PC 612 as a result of the ground state 
bleaching of the TA signal’s kinetic component. However, we 
observed a deactivation kinetic component of 890 fs not seen in 
the isolated PC rod.21 This further indicated that the coupling in 
PC612 has changed. Due to directional energy transfer from a 
high energy to a low energy level, the expected coupling was 
consistent with that of the APC core. This expectation was 
confirmed throughout the TA signal of the APC core at 650 nm, 
which appeared to be indistinguishable from that at 640 nm 
(also see Supplementary figure SI). This is additional behaviour 
of the ground state bleach signal we did not observe in any of 
the previously investigated PBS pieces containing PC and APC 

compounds. The coupling between PC612 and APC in the 890 
fs kinetic component validates the DAS excitation energy flow 
from the PC rod to APC core in 888 fs.  
Regarding the coupling of 888 fs in light with previously 
studied PBS containing fragments of a PC hexamer bound to 
APC, the best kinetics obtained between PC and APC was 18 
ps. In the PBS of A. marina, which researchers have considered 
until now to have a faster EET from PC to APC, the kinetic 
component was 3 ps component. Researchers claimed such 
kinetics to be faster because of the single rod geometry of the 
PBS of A. marina, where APC is present in the rod forming a 
hetero-hexamer with a PC trimer.9, 30, 38 This hypothesis appears 
to be not consistent in light of the current result where the 
difference in structure between the PBS of A. marina and that 
of T. vulcanus does not confer to the PC/APC coupling kinetic 
component a faster kinetic in the PBS of A. marina than that in 
the PBS of T. vulcanus.   
Furthermore, the early investigations of excited state dynamics 
in PBS were done in the absence of linker proteins between PC 
and APC. We suspect the presence of the linker protein might 
change the coupling between the PC612 and the APC core. 
This coupling is stronger than that in all previously reported 
studies in PBS as it involves an isolated fragment of one PC 
hexamer connected to the APC core by a LRC

23. This coupling 
is especially strong with regard to the APC trimer fragment 
bound to PC612 via the linker rod-core (SI). We expected the 
excitation energy to migrate inside the APC core toward its 
deactivation in 17 ps, which started the LCM’s activation mode 
(more details in sections below). The decrease in the kinetic 
component from 888 fs to 17 ps may indicate a weak coupling 
between the LCM and the APC core. These couplings have been 
discussed before by Kuzminov et al.29  Figure 5 illustrates the 
relaxation mechanism between the PC rod and the APC core. 
Therefore, the excitation that triggers the EET in PBS cannot be 
well described in absence of some sub-compounds as linker. It 
is appears that the PBS needs the fast relaxation dynamics from 
PC to APC core system as an adaptation strategy to 
environment where light intensity is low.  
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Figure	 5:	 Photo-induced	 absorption	 change	 of	 the	 PBS	 antenna	 system	 of	 T.	
vulcanus	at	(a)	620	nm,	(b)	630	nm,	and	(c)	640	nm	after	excitation	at	620	nm.	
(d)	 Scheme	 of	 the	 activation	 and	 deactivation	 channel	 in	 the	 PC	 rod	 in	 T.	
vulcanus	 (for	 clarity,	 the	APC	 core	 is	 not	 shown	 in	 the	 scheme).	One	 hexamer	
represents	PC620	at	a	high	energy	level	of	the	PC	rod,	while	the	trimeric	PC612	is	
located	at	the	rod’s	low	energy	level.		

Influence of the Coupling Distance in PC rod 

Using visual molecular dynamics (VMD), we have 
reconstructed the rod of the T. vulcanus PBS model (see Figure 
6). The rod was based on a single hexamer of PC620 (pdb 
3o2c) and a trimer of PC612 (pdb 1on7) without the three 
different linker proteins David et al. reported39. Since these 
linkers have not yet been crystallized, and isolating them is still 
a challenge, we obtained the distance between pdb 3o2c and 
pdb 1on7 with the help of the ruler algorithm in VMD. The 
model using ruler algorithm predicted that the relative distance 
between PC620 and PC612 cofactors is as close as 21 ± 1 Å to 
induce strong dipole-dipole coupling. The π-stacking distance 
that occurs between the two adjacent β84 of PC620 and PC612 
cofactors at their interface was observed at AM1 level of 
theory, with the ring A frozen to have a fraction of their D ring 
population below 20 ± 1 Å (result not shown).  
MacColl reviewed this dipole coupling between α84 and β84 in 
adjacent monomers in the APC trimer.24 With support from the 
literature and the circular dichroism spectrum of the APC 
trimer, MacColl suggested that the peak absorption in APC 
monomer cofactors (α84 and β84) at the 615 nm shift to 650 nm 
stems from strong dipole-dipole coupling due to excitonic 
splitting. MacColl suggested excitonic splitting with a relative 
distance of ~ 21 Å between α84 and β84 in adjacent monomers in 
a specific environment.24 MacColl attributed the shoulder at 
620 nm, as observed in Figure 1a (APC core), to the higher 
energy state for the split spectrum. 24 
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Figure	6:	Model	of	 the	PC	 rod	 form	with	one	APC	 trimer	of	T.	 vulcanus’s	PBS.	The	cofactors	are	 shown	on	 the	 right:	The	β155,	α84,	 and	β84	 (PC	 rod	cofactors)	are	
displayed	 in	 purple,	 yellow,	 and	white,	 respectively,	while	 the	APC’s	 α84	 and	β84	 cofactors	 are	 displayed	 in	 pink	 and	 green,	 respectively.	 The	 distance	 between	
adjacent	β84	cofactors	in	PC612	and	APC	is	36.28	Å.		

 
In the present case of the intact T. vulcanus PBS, the PC rod’s 
peak absorption appears at 635 nm (Figure 1a, 1b, and 8). This 
was different from the isolated PC trimer’s peak absorption at 
620 nm,21, 39 which is also the absorption peak for PC620. 
Debreczeny et al. showed the spectrum shoulder observed at 
630 nm to yield the β84 cofactor’s absorption peak,13 which was 
recently observed in the PBS rod of A. marina.9 This would 
likely have supported the work of Hu et al., who did not find 
two copies of PC in the PBS of A. marina.40 Furthermore, the 
low absorption of A. marina PBS does not have this 635 nm 
peaks9 which suggests that it appears at the interface between 
PC612 and PC620.  Since the PBS of T. vulcanus has two 
different copies of PC, the PC620 and PC612 Adir et al. 
found,28, 39 the assembly of these PCs may be the result of the 
peak absorption at 635 nm, if the relative distance between 
adjacent cofactors in PC620 and PC612 is short enough to 
induce strong dipole-dipole coupling. From results we obtained 

from VMD simulation, we observed that the relative distance 
between adjacent β84 in PC620 and PC612 is about 21 ± 1 Å. 
This distance between the ring D of the β84 in PC612 and the 
centre of its homologue β84 in PC620 is apparently in the same 
order of value from 21 ± 1 to 20 ± 1 Å when we considered the 
measured distance from ring D (β84 in PC620) to ring D (β84 in 
PC612). However, the distance from ring A of the β84 in PC612 
to the centre of the adjacent β84 in PC620 appears to be 24.11 
Å. In our previous study, we found that the ring A has a limited 
degree of liberty, which contributes less to the conformation 
promoting the face-to-face coupling between adjacent β84 in 
adjacent trimers.21 Therefore, the distance between β84 of 
PC620 and PC612 (Figure 7) supports that the peak absorption 
at 635 nm is due to strong coupling between PC620 and PC612 
via β84, where the higher energy is at 630 nm and the lower at 
635 nm.  

β155 

β84 

α84 
Monomers 

Monomers 

PC620 Hexamer! PC612 Trimer!

(a) (b) 
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Figure	7:	Scheme	of	the	activation	and	deactivation	channel	from	the	PC	rod	to	
the	APC	core	after	activation	of	PC612.	The	deactivation	of	APC	 is	 followed	by	
the	activation	of	LCM.	

The change in the kinetic component from 876 to 500 fs and 
their kinetic amplitude enhance the role played by the assembly 
via the different linkers, which maintain the PC620 hexamer 
and PC612 trimer in a strong coupling conformation. The 
change of the kinetic amplitude rises with 14.3 %. The gain in 
kinetic from 876 to 500 fs at 635 nm is slower than the 370 fs 
exciton relaxation in PC calculated by Sauer.17 Despite that we 
detected an average kinetic trace of the ground state depletion, 
which is both the EET and the exciton dynamics. Therefore, the 
14.3 % increase in amplitude of 500 fs is due to the exciton 
dynamics at 635 nm that contribute to transfer population.21 
According to the coulombic interaction, the exciton π-stacking 
energy, which is an integration over the π-stacking D ring 
distance (between the adjacent β84), is expected to increase at 
low interaction distance of the stacking D ring.6, 24, 41 This may 
give the exciton the capacity of crossing the thermal fluctuation 
in weak exciton coupling diffusion. Since this mechanism is for 
prime importance in nano-sciences and beyond the scope of this 
work, it will be investigated elsewhere. 
The linker connecting PC620 to PC612 is responsible for the 
assembly of PC620 and PC612 with all the pieces into the PC 
rod. The linker-PC rod and linker rod-APC core probably act 
on the distance between PC612 and the APC core for strong 
coupling toward the deactivation and activation modes in APC 
with the same conformation as in PC612. We discussed this 
activation and deactivation process in our previous work in the 
case of an isolated PC rod.21 β et al. suggested that the linker 
found on the cavity axis (C3) interacts with two of the β84 
cofactors and brings the cofactors close to their adjacent 
homologues, which induces a change in the spectra.42 We 
suspect that this change is driven by ring D of these cofactors in 
close proximity because ring A has less degree of liberty than 
D.21 Furthermore, Moran et al. investigated the exciton 
structure that defines the chromophore interaction in APC. 
They found that exciton states are 96% localized to the 
individual molecular site, which exist in dimers. However, they 

were not able to find the same trend of exciton in PC, and we 
believe that this was due to the absence of linker in their PC 
system as they used isolated pieces of either PC or APC. They 
further showed evidence of dominant internal channel activity 
via hydrogen out-of-plane (HOOP) wagging, which Womick et 
al. suggested to favour a quick and efficient relaxation of the 
photoexcitation from the high energy to the lower level 
exciton.19 However, we earlier found that the complete 
activation and deactivation mode can only be captured in intact 
PC rod.21 The high energy level of the exciton was earlier 
suggested to be at 620 nm,24 the shoulder observed in the APC 
absorption spectrum, while the low energy exciton was thought 
to be localized around 650 nm. Prior to the work of Moran et 
al., it was believed that the exciton was delocalized along the 
two states.19, 24  
For PC, we observed a vibronic localized state in the PC rod of 
A. marina, especially in the interface between two hexamers. 
Figure 8 illustrates the route of the photoexcitation migration in 
intact PBS (also recall influence of the coupling distance in PC 
rod outlined in sections above). The localized state occurred at 
635 nm, which is a 5 nm red shift from the β84 cofactor.9 This 
state was not apparent at room temperature in the A. marina 
PBS, but was in the PBS of T. vulcanus. Furthermore, the 
inhomogeneous broader spectrum at room temperature of the 
PBS of T. vulcanus does not allow for the discrimination 
between the high and the low exciton states that may be formed 
in PC. Decreasing the temperature of the medium to around 4 
K, the cofactors overcome the thermal fluctuation that inhibits 
the observation of the high exciton state at 630 nm (Figure 8). 
The low absorption spectrum of the intact PBS of T. vulcanus 
displays an apparent sharp peak at 635 nm similar to the one for 
APC at 650 nm. However, the shoulder, which may express the 
high exciton state, appears at 630 nm. This is in line with the 
localized exciton state at 635 nm at the A. marina PC hexamer 
interface. The localized vibronic coupling of 51 cm-1 in PC, as 
compared to that of APC of 40 cm -1, is weak.9, 18, 19 But, the 
difference of 11 cm-1 is an indication of the strength of the 
coupling that is present in APC and PC. The distances between 
this cofactor are the same in PC and APC. Earlier, Zhang et al. 
studied the kinetic trace of components from PC to APC in 
extracted PBS and reported the fastest component of 18 ps.39  If 
the linker was not present to enhance the photochemistry that 
trigger the fast 888 fs component from PC rod to APC core in 
our current investigation, Zhang et al. would also have detected 
a kinetic trace with a component faster than 18 ps. Therefore 
the linker is important not only for the assembly of the PBS, but 
also for the EET process. 
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Figure	 8:	 Photoexcitation	 migration	 in	 intact	 PBS	 of	 T.	 vulcanus.	 The	 low	
temperature	 absorption	 shows	 a	 distinct	 peak	 for	 the	 absorption	 trace	 of	 the	
terminal	 emitter	 (LCM),	 while	 the	 one	 phonon	 profile	 of	 the	 intact	 PBS	 after	
excitation	at	620	nm	(PC620)	portrays	a	 fine	view	of	 two	electronic	absorption	
peaks	at	660	nm	and	680	nm,	which	is	indication	of	the	LCM	activity.	

Experimental 

Samples 

We grew the A. marina strain MBIC11017 in a seawater K 
medium 43 and the cultures at 26°C with filtered air bubbling 
and shaking. We ensured continuous illumination using the bias 
of a white fluorescence tube with a light intensity of 20 µE 11.  
To carry out the femtosecond pump-probe experiment with a 
high and low ionic strength, we buffered the PBP antenna 
system with and without phosphate, respectively. 
We isolated the PBP antenna complexes of A. marina from the 
cultures of A. marina using procedures similar to those Hu et al. 
described previously38. For the isolation of the PBS of T. 
vulcanus, we re-suspended 12 litres of harvested cells in a 0.9 
M phosphate buffer (pH 7.0) and disrupted them using a French 
pressure cell treatment followed by centrifugation at 15000 
rpm.  We then re-suspended the pellet with a 0.9 M phosphate 
buffer, incubated it for 1 hour with 2% Triton X -100 (w/v, 
sigma), and then performed clarification by centrifugation. We 
centrifuged the resulting supernatant (Beckman Coulter, optima 
L-90 K ultracentrifuge, Beckman Type T70.1 rotor) in 10 ml 
tubes for 2 hours at 35,000 rpm. Then we re-suspended the 
resulting blue pellet with a 0.9 M phosphate buffer, placed it on 
a 0.8 M sucrose cushion, and centrifuged it for 2 hours at 
40,000 rpm. We next re-suspended the resulting pellet with a 
0.9 M phosphate buffer and placed it on a two-step sucrose 
gradient constructed with 1 M and 1.2 M sucrose in the 
presence of a 0.9 M buffer. We centrifuged the gradient sucrose 
overnight at 35,000 rpm. We isolated three different bands from 
the sucrose gradient and characterized them by absorption 
(Varian spectrophotometer – Cary Bio 50) and fluorescence 
spectroscopy (Flourolog, excitation at 580 nm, with slit width 
of 5 nm for excitation and 1 nm for emission). 

Low Temperature investigations 

To achieve a better optical density at 4 K, we added 70% of 
glycerol to perform a low temperature measurement. We 
conducted this low temperature experiment (absorption and 
fluorescence) using the Spectra Physics model 375 dye laser 
(line width of < 0.5 cm-1), which is pumped by an Ar-ion laser 
(model 171, Spectra Physics, USA). We kept the samples in 
He-bath cryostat (Utreks, Ukraine), in a plastic cuvette with an 
8 mm optical path, and above the level of liquid helium at 4.2 ± 
0.2 K. We recorded the presented spectra using a 0.3 m 
spectrograph (Shamrock SR-303i, Andor Technology, UK), 
which was combined with an electrically cooled CCD camera 
(DV420A-OE, Andor Technology, UK). 

Femtoseconds investigations 

The pulses generated by Tsunami resonator (Spectra physics) 
are stretched before entering a Ti: sapphire RegA amplifier (in 
Spitfire, Spectra physics), which provides an 800 nm beam in 1 
KHz with a pulse energy of 1 J and 100 fs FWHM after re-
compression. The output beam from the Spitfire entering an 
optical parametric amplifier is capable of generating beams in 
the 475 up to 800 nm region with pulse energy of 1-35 nJ at a 
repetition rate of 1 kHz and 120 fs FWHM. A fraction of the 
beam entering the OPA is focused on a sapphire plate to 
generate a white light continuum (probe beam). The pulse 
generated from the OPA is sent to a variable delay line and 
made to overlap with the probe beam at the sample spot (150 
µm). 
We placed the sample of the PBS antenna complex in a 2-mm 
path silica cuvette and used a magnetic stir bar to homogenize 
the sample’s illumination. We used two photodiodes connected 
in a difference circuit to detect the probe light. We set the 
polarization of the pump laser beam to the magic angle (54.7°) 
with respect to the probe beam. The measured FWHM of the 
beam was ~160-200 fs at the sample spot. The fluency was 1.7 
x 1013 photons/cm2. Using the procedure Womick et al. 
described18, we estimated an average 0.62 excitations per 
hexamer. We increased the pulse energy without any observed 
influence. There was no apparent illumination-induced 
aggregation formation of the PBS in the buffer. More 
information on the time resolve and the fluorescence used in the 
study can be found Nganou et al. 21 

Excitation and probing the samples 

A 10 nm full-width half-maximum (FWHM) was used to excite 
PC at 620 nm, and we successively probed the system with 10 
nm FWHM. It was apparent that APC was excited through 
excitation energy transfer from PC at 620 nm to APC at 652 
nm. The detection signal of APC contained information on the 
coupling between PC and APC. Hence, the overall system 
dynamic was monitored by this procedure, and individual 
bleaching dynamics were recorded. The dynamics of APC were 
well observed in PBS of T. vulcanus (652 nm) and PBS of A. 
marina (640 nm).  
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Decay associated spectra of the ground state bleaching 

The DAS consist of a global analysis of the available lifetime 
components found in the sample, enabling clear visualization of 
the spectral dynamics of the excited states of the system. When 
the wavelength-dependent form of the amplitude at each time 
constant rises from negative to positive, it can be interpreted as 
energy transfer, provided that the wavelength at which the 
amplitude crosses zero coincides with an absorbing electronic 
state. For each lifetime, we observe the evolution of the 
amplitude as a function of wavelength. The following results of 
global and independent fit were acquired using a multi-
exponential decay model: 

𝐴 𝜏, 𝜆 = 𝑎! 𝜆 𝑒
! !

!!!
!!! 	 (1)	

The kinetics at different wavelength intervals were fitted 
together, with the common values of the lifetimes τi as a linked 
parameter; the wavelength dependent amplitude factor ai(λ) was 
set as a non-linked parameter. Due to the considerably low IRF 
of 280 fs, its influence on the kinetic components of 888 fs is 
negligible – i.e. it allows the quantitative measurement of 888 
fs. The noise contributed a time constant error of 0.18 ps. 

Conclusions 

In summary, the current work has demonstrated the ultrafast 
kinetic components of the EET along the PC rod domain 
containing linker proteins to the APC core domain in the T. 
vulcanus PBS antenna system, which has never been reported 
before in an intact PBS system. The EET for the PBS of T. 
vulcanus is ~ 888 fs, in comparison to the kinetics found in A. 
marina (3 ps component) and in other cyanobacteria species, 
which all displayed a slower EET component in high 
phosphate.  
The prior maximum absorption of the PBS was 635 nm; the 
linker proteins embedded in the rod changed the absorption 
spectrum of the pigments in the antenna system. These linkers 
have also optimized the EET components between sub-
compounds in the PBS.  
Furthermore, the fast kinetics of the 888 fs is too fast to be 
explained by the FRET-type mechanism. Rather, such kinetics 
must stem from an excitonic relaxation along the rod. We 
therefore indicated that the LR and LRC have not only optimized 
the EET pathway between PC and APC but also induced strong 
coupling between low and high state pigments in adjacent sub-
compounds located face to face along the symmetry axis. 
Additionally, the LR linker has induced an excitonic splitting to 
635 nm as result of strongly coupling β84 pigments in adjacent 
hexamers. We will address the rate of this excitonic coupling in 
the future as well as the coupling between β155 in adjacent PC 
rods. The 17 ps component is shown to transfer energy from 
APC in the core to the upper electronic state of the terminal 
emitter linker membrane between 660 nm and 670 nm. In 
comparison to the 14 ps component from APC to the terminal 
emitter in the A. marina PC rod, the 17 ps component of EET is 
slower. This forms a stark contrast with EET from PC to APC. 

The latter is 3 ps component in the A. marina PC rod. Although 
we observed a slow 3 ps component in the PBS of A. marina, 
this antenna system also contains different linkers in PC. We 
performed both experiments under the same experimental 
conditions. Since the purification differs, this may be the key 
factor needed by the assembly of the PCB cofactor in PBS for a 
faster kinetics. Thus, it would be recommended to investigate 
the kinetic components using PBS of A. marina pre-washed 
with a cross-linked buffer. To fast regulate the EET from the 
high energy level sub-compound (PC) to the low energy sub-
compound in the APC core, the PBS need its entire compounds 
to be present. This seems to play a crucial role in the adaption 
of the organism to sustain photosynthesis in a harsh medium. 
The details are subject of discussion elsewhere.  
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Graphic Abstract 

 

 

Comparison of kinetics of photoexcitation migration from PC620 to APC Core in extracted and 

intact pentacyclic phycobilisomes of T. vulcanus. The extracted PBS does not have linker protein, 

while intact has them and they facilitate the migration 
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