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Understanding the Electronic Energy Transfer Pathways in
the Trimeric and Hexameric Aggregation State of
Cyanobacteria Phycocyanin within the Framework of
€rster Theory
Fo
Yanliang Ren,y[a] Bo Chi,y[a] Osama Melhem,[a] Ke Wei,[a] Lingling Feng,[a] Yongjian Li,[a]
Xinya Han,[a] Ding Li,[a] Ying Zhang,[a] Jian Wan,*[a] Xin Xu,*[b] and Minghui Yang[c]
In the present study, the electronic energy transfer pathways in
trimeric and hexameric aggregation state of cyanobacteria C€rster
phycocyanin (C-PC) were investigated in term of the Fo
theory. The corresponding excited states and transition dipole
moments of phycocyanobilins (PCBs) located into C-PC were
examined by model chemistry in gas phase at time-dependent
density functional theory (TDDFT), configuration interactionsingles (CIS), and Zerner’s intermediate neglect of differential
overlap (ZINDO) levels, respectively. Then, the long-range
pigment-protein interactions were approximately taken into
account by using polarizable continuum model (PCM) at TDDFT
level to estimate the influence of protein environment on the
preceding calculated physical quantities. The influence of the
short-range interaction caused by aspartate residue nearby PCBs
was examined as well. Only when the protonation of PCBs and its

long- and short-range interactions were properly taken into
account, the calculated energy transfer rates (1/K) in the
€rster model at TDDFT/B3LYP/6-31þG* level were
framework of Fo
in good agreement with the experimental results of C-PC
monomer and trimer. Furthermore, the present calculated results
suggested that the energy transfer pathway in C-PC monomer is
predominant from b-155 to b-84 (1/K ¼ 13.4 ps), however, from
a-84 of one monomer to b-84 (1/K ¼ 0.3–0.4 ps) in a neighbor
monomer in C-PC trimer. In C-PC hexamer, an additional energy
flow was predicted to be from b-155 (or a-84) in top trimer to
adjacent b-155 (or a-84) (1/K ¼ 0.5–2.7 ps) in bottom trimer.
C 2013 Wiley Periodicals, Inc.
V

Introduction

energy on each PCB can be efficiently transferred to neighbor
PCB up to distances of several tens of angstroms by the process of EET.[9]

Photosynthesis in green plants, algae, and many species of
bacteria is one of the most important biochemical processes
on earth. The light energy is absorbed by the antenna lightharvesting system, and then the excitation energy can be very
effectively transferred to the photosynthetic reaction center of
Photosystem II.[1] The major light-harvesting components in
cyanobacteria and red algae are phycobiliproteins, such as
phycorerythrin (PE), phycocyanin (PC), and allophycocyanin
(APC). These phycobiliproteins assemble into large structures
known as phycobilisomes. In phycobilisomes, the light energy
is transferred from PE through PC to APC, the entirely procedure typically occurs in 100–200 ps with 90% or higher efficiency over an array of several hundred chromophores.[2] The
role of these phycobiliproteins have been studied extensively,[3] but the electronic energy transfer (EET) pathways
within phycobiliproteins have not be elucidated in detail yet.
C-phycocyanin (C-PC) belongs to one of the principal components of phycobiliproteins in cyanobacteria. It was found as
a complex solution of trimers (a3b3), hexamers (a6b6), and
other oligomers, where each a polypeptide subunit has one
chromophore known as phycocyanobilin (PCB, a derivative of
an open-chain tetrapyrrole) and each b subunit has two
PCBs.[4] The sequence of the amino acids for C-PC is clear,
where PCBs are located at a-84, b-84, and b-155, respectively.[5–8] After absorption of light energies, the excitation
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There are two kinds of approximated models[4] which can
depict the mechanisms of EET between chromophores. In the
strong coupling limit, exciton coupling may occur such that a
pair of pigments behave as if they were one unit, sharing delocalized energy.[4,10,11] Conversely, in the weak coupling limit, the
energy can be localized on each chromophore at a time such that
the individual chromophores tend to retain their spectra, respectively.[4] Previously, we have studied the absorption and CD spectra of the C-PC monomer, including both of a and b subunits, by
using time-dependent density functional theory (TDDFT),[12,13]
strongly supporting that the weak coupling might be the predominant mechanism in the EET among the PCBs in C-PC.
€rster theory[14] have
For the case of weak coupling of EET, Fo
been generated half century ago and used to satisfactorily depict
the weak coupling mechanism of EET. Sauer and coworkers[15,16]
have systematically investigated rate constants (K) for energy
transfer in the monomeric and trimeric C-PC from cyanobacterium
€rster equation of
Synechococcus sp. PCC7002 using the following Fo
resonant energy transfer in the weak coupling limit:
K ¼CGSI

(1)
2

where C is a collection of constants, G (G ¼ Rj6 ,j, the orientation
DA
factor) is a geometric term dependent on the relative orientation
and distance between the donor and acceptor chromophores, S is
a collection of spectroscopic properties of the individual chromophores, and I is the integral of the overlap of the fluorescence spectrum of the donor with the absorbance spectrum of the acceptor.
In addition to the relative distances and orientations between chromophores, obtained from the crystal structure of C-PC, the calculations of rate constant by eq. (1), therefore, require spectroscopic resolution of several properties of the chromophores (a-84, b-84, and
b-155) found in C-PC monomeric and trimeric aggregation state,
including absorption and fluorescence spectra, molar absorptivities, fluorescence quantum yields, and fluorescence lifetimes.
€rster formula for predicting EET
On the other hand, the Fo
rate constant (K) of the weak coupling model from a donor
(D) to an acceptor (A) can also be extended to the following
equation according to the Fermi golden rule[9,17]:
K¼

1
jVDA j2 J
h
2 c

(2)

where VDA represents the contribution from the electronic couplings of excited states between D and A. J denotes the spectral overlap factor.[9] Under the dipole–dipole approximation,
VDA can be further expressed as the following equation[17]:
dd
VDA
¼

1
jl jjl j
j D2 3A
4pe0
n R
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Figure 1. The angles a, b, and c defining the relative orientation of the
electronic transition dipole moments in donor (D) and acceptor (A) in orientation factor (j) calculations.

A central important ingredient of eq. (2) is the electronic
coupling (V), a key parameter in EET calculation, which usually
controls the magnitude of the energy transfer.[21–26] In the
past decade, much theoretical attempts have been addressed
the accurate prediction of electronic couplings from quantum
mechanical methods,[27–32] Especially, using dipole–dipole
approximation [eq. (3)] and transition density cube (TDC)
model,[33] Scholes et al. have successfully calculated the electronic coupling of the phycoerythrin 545 from cryptophyte
algae at CIS/6-31G level. Their results suggested that when the
separations between chromophores were larger than 20 Å, the
dipole–dipole approximation was adequate for describing the
electronic coupling between chromophores.[18,33,34]
To theoretically calculate the energy transfer rates within the
€rster model, the spectral overlap (J) is another important term
Fo
need to be estimated under certain approximation. A pioneer
work about the spectral overlap (J) calculations was reported by
Scholes et al.[35] By using this calculation method of spectral
overlap, they also investigated the EET rates from B800 to B850
(separated by 9 Å) in light harvesting complex LH2 from Rps.
Acidophila at CIS/6-31G* level, in which the electronic couplings
(V) were studied by TDC model. According to the derivations of
Scholes et al., the spectra overlap part of eq. (2) can be
R1
expressed as following:[35] J ¼ 0 fNorm
(m)fNorm
(m)d m, where
A
D
Norm
Norm
fA (m) and fD (m) are represented the area-normalized absorption and fluorescence line shapes, respectively. To obtain the
area-normalized line shapes, fNorm
(m) ¼ NAfA(m), fNorm
(m) ¼ NDfD(m),
A
D
therefore, the spectra overlap term can be written as following:
J¼

(3)

where |lD| and |lA| are the magnitude of transition dipole
moments for the donor and acceptor chromophores in Debye
(D). n is the refractive index of the surrounding medium (unitless).[18] The 1/n2 also can be regarded as the screening factor
s.[19,20] R is the mass-center-to-mass-center separations between
D and A. j denotes the orientation factor,[17] the same parameter as that in eq. (1), j  l^D  l^A  3ð^
lD  ^rDA Þð^
lA  ^rDA Þ, where
1006

^rDA is the unit vector along the line connecting the mass centers of the two chromophores; u^D and u^A are unit vectors in
the directions of the transition dipole moments for the donor
and acceptor chromophores (unitless). Similarly, the orientation
factor (j) can also be written as following: j : cos c  3 cos a
cos b, where a and b are the angles between u^D /^
uA and ^rDA ; c
is the angle between u^D and u^A , as illustrated in Figure 1.

Z

1

NA fA ðmÞND fD ðmÞdm

(4)

0

where NA and ND are normalization factor, respectively, such
R1
R1
that 1/NA ¼ J ¼ 0 dmfA(m) and 1/ND ¼ J ¼ 0 dmfD(m), whereas
fA(m) and fD(m) are the line shapes of acceptor absorption spectrum and donor emission spectrum, m is in wavenumber (cm1).
The EET rate between chromophores can be directly calculated
at one theoretical level in term of the eqs. (2)–(4), which, therefore,
provides us a useful theoretical tool to understand and predict
the EET pathways within biosystems like phycobiliproteins. In the
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present study, the corresponding excited states and transition
dipole moments of PCBs located into C-PC were examined by
model chemistry in gas phase at TDDFT, CIS, and ZINDO levels,
respectively. Then, the long-range pigment-protein interactions
were approximately taken into account by using polarizable continuum model (PCM) at TDDFT level to estimate the influence of
protein environment on the preceding calculated physical quantities. The influence of the short-range interaction caused by aspartate residue nearby PCBs was examined as well. When the protonation of PCBs and its short- and long-range interactions with the
protein moiety were properly taken into account, the energy
€rster
transfer rates (1/K) were calculated in the framework of Fo
model at TDDFT level. The influences of orientation factors, magnitude of transition dipole moments, and spectral overlaps on the
EET rates were discussed in detail, respectively, based on the present calculated results.
The present article is organized as follows. In Computational
details section, we outline the computational details. Calculation results and discussions are presented in Results and discussion section. A summary is given in Conclusion section.

Computational Details
The electronic coupling in the present study was calculated in
term of eq. (3), in which n2 ¼ 2 is used for proteins environment.[36] Then, the initial geometries were set up according to
the data set of crystal structures of C-PC isolated from S. platensis[37] (PDB ID:1HA7, resolution of 2.2 Å), the hydrogen
atoms were added by using Gaussview 3.07. Although the
crystal structures are unable to show an evidence for protonation, our previous calculations[12,13] demonstrated that protonation was most likely exist in PCBs. To examine the influences
of protonations and short-range interactions caused by aspartate residue nearby PCBs on the electronic coupling, the present calculations, therefore, were performed at three levels of
model chemistry from simple to more sophisticated model systems in gas phase. Model I was a neutral PCB molecule, a protonated PCB molecule (PCBHþ) was taken as Model II. Model
III (as shown in Fig. 2) consisted of a PCBHþ molecule and an

Figure 2. Model III consisting of PCBHþ and the aspartate residue for
PCBs, where ACOOH and NH2 are replaced by ACOCH3 and AN(CH3)2.
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aspartate residue. The geometry optimizations of three models
were also carried out by using B3LYP flavor[38–40] of DFT, with
6-31G* basis set[41] in vacuo. To calculate excited state associated physical quantities, the molecular geometry usually need
to be optimized first within the framework of vertical excitations. However, the centers–of-mass of optimized PCBs may
change (orientation and geometrical parameters) compared
with the centers-of-mass of PCBs initial geometries in crystal
structures. Therefore, in the current optimization procedure of
Gaussian 03, the keyword ‘ no symmetry’’ was used to prevent
the reorientation and cause all computations to be performed
in the initial input orientation. By using the optimized geometries in vacuo of three models, the separations (R and ^rDA )
between the mass centers of the two PCBs were calculated.
Moreover, based upon the optimized geometries, the excited
states of PCBs with three models were performed at TDDFTB3LYP/6-31þG* level as well, and the excited states with lowest excitation energies were used, to obtain the excitation
energies and transition dipole moments for the next EET
calculations.
Based upon the model III in gas phase [Model III (GAS)],
additional calculations were further performed to decompose
the influencing effects: (1) the excited states calculations were
performed at TDDFT-B3LYP 6-31G, 6-31þG*, and 6-311þG* levels to check the basis sets dependence. (2) The excited states
calculations were also carried out at TDDFT-PBEH1PBE/631þG(d), CIS/6-31þG(d), and ZINDO levels to examine the differences of the excitation energies and transition dipole
moments calculations with various theoretical methods.
To examine the influence of protein environment on the excitation energies and transition dipole moments, the longrange pigments-protein interactions were approximately taken
into account by using PCM at TDDFT-B3LYP level with Model
III [Model III (PCM)], in which the typical value used is e ¼
4.0,[42–44] e (infinity) ¼ 1.776. The details and reliabilities of
these calculations for low-lying excited states have been welldocumented in our previous studies.[12,13]
The spectra overlaps (J) were calculated in term of eq. (4)
mentioned-above, the spectral overlap between A and D is
quite dependent on the line shapes of the acceptor and donor
spectra. Thus, based upon the excitation energies of individual
PCBs, the absorption spectra of acceptors were approximately
fitted by Gaussian function (with a full width at half-maximum
of 400 cm1)[45] to obtain the line shapes of corresponding
PCBs. The reliability of fitting absorption spectra line shapes
for PCBs of C-PC in monomer have been well documented in
our previous studies.[12,13] To obtain the donor emission line
shapes of the PCBs, we mirror the corresponding absorption
spectrum and plus red-shift around 550 cm1 (corresponding
to 20 nm, Stokes shift of PCBs[7]), which has been proposed in
the previous study.[17] Then, both the absorption and emission
line shapes were carefully normalized to unit area in wavenumber (cm1) scale in term of eq. (4), without taking vibrational effects into account. Considering the importance of protonation of PCBs and the role played by aspartate residue, the
energy transfer rates constants (K) calculations were further
used by adopting the Model III (PCM).
Journal of Computational Chemistry 2013, 34, 1005–1012
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All of the geometry optimization, excitation energies and
transition dipole moment mentioned-above were performed
by using the Gaussian 03 suite of program.[46]

Results and Discussion
The effects of the optimized geometries on the separations
and orientations
To estimate the effects of the optimized geometries on the
separations and orientations of donor–acceptor pairs, the center of mass between PCBs initial geometries adopted from
crystal data and the optimized PCBs geometries in Model III
were compared with each other, and summarized in Supporting Information Table S5, the superposition pictures of the initial PCBs and the optimized PCBs were also illustrated in Supporting Information Figure S1. Compared with the initial PCBs,
the center-of-mass of optimized PCBs were changed about
0.01–0.07 Å. Compared with the separations of the initial D–A
pairs (i.e., crystal structural data), the separations of the optimized D–A pairs changed about 0.01–0.12 Å. Figure S1 in Supporting Information illustrated that the orientation of the optimized PCBs was kept in the initial PCBs orientation, the
corresponding root-mean-squared deviation (RMSD) values of
atom coordinates between optimized and initial PCBs were
0.42–1.56 Å. These comparison results suggested that the
influence of the present optimizations on the separations and
orientation of donor–acceptor pairs were actually small, considering the crystallographic resolution of 2.2 Å.
In addition, the same chromophores in different subunits
(e.g., a1-84 and a2-84, or b1-84 and b3-84) have different geometric parameters (bond lengths, angles, dihedrals, etc.). These
differences mainly originated from two parts in the present
study. First, due to the crystallographic resolution limitation
(2.2 Å), subunits located into C-PC trimer and hexamer may
have tiny geometry differences, including PCBs chromophores.
We have examined, a1-84 and a2-84 as an example, their geometrical differences using crystal structure data directly. The
RMSD value of atom coordinates between a1-84 and a2-84 initial geometries adopted from crystal structure is 0.3 Å (Figure
S2A in Supporting information). Second, with different initial
geometries, the optimization calculations may get more different finally optimized geometries. For example, the RMSD value
of atom coordinates between a1-84 and a2-84 optimized geometries is increasing to 0.9 Å (Figure S2B in Supporting information). We do not think these small geometry differences
reflect the environmental effects from the protein subunits,
just attribute them to the crystallographic resolution limitation
and subsequent optimizations.
The electronic coupling
The electronic couplings are dependent upon the separations,
orientation factors, and transition dipole moments of donor–
acceptor pair in term of eq. (3). To examine the effects of theoretical methods on the excitation energies and transition
dipole moments, the calculations with model III were carried
out in gas phase by using TDDFT-B3LYP, TDDFT-PBEH1PBE, CIS,
1008
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and ZINDO methods, respectively, as listed in Table S1 of Supporting Information. The corresponding orientation factors (j)
and electronic couplings (|V|2) for different theoretical methods
were summarized in Table S2 of Supporting Information. As
listed in Supporting Information Tables S1 and S2, the CIS calculations remarkably overestimated the excitation energies
(430 nm), comparing with the experimental values (594–624
nm). The deficiency of CIS methods mainly own to the neglect
of r-p dynamic correlation, as suggested in precede study.[27]
ZINDO calculations in gas phase predicted lower excitation
energies (–630 nm), looked better and close to the experimental values (594–624 nm). However, our further test calculations
indicated that the solvent effect on the excitation energy at
ZINDO level was about 130 nm red-shift, which led to a significant deviation of ZINDO excitation energies compared to the
experimental values. Conversely, both TDDFT-B3LYP and
TDDFT-PBEH1PBE predicted similar excitation energies (550–
560 nm) and transition dipole moments (11.8–12.3 D), the excitation energies of TDDFT-B3LYP are slightly lower than those
of TDDFT-PBEH1PBE. The absolute values of orientation factor
(j) calculated by these four methods were very close to each
other, whereas the calculated transition dipole moments were
changed within 1.5–3.0 D deviation.
Additionally, the influences of basis sets on the excitation
energies, transition dipole moments were estimated and collected in Table S3 of Supporting Information. The corresponding electronic couplings (|V|2) and orientation factor (j) calculated by three different basis sets were summarized in Table
S4 of Supporting Information. Our calculations showed that
both 6-31þG* and 6-311þG* basis sets gave the similar excitation energies (560–566 nm), in contrast, 6-31G basis sets overestimated the excitation energies (550 nm). Correspondingly,
transition dipole moments of PCBs computed by 6-31G basis
sets were subtly larger compared to those of both 6-31þG*
and 6-311þG*, which, in turn, resulted in the greater values of
electronic coupling (|V|2). 6-31þG* basis sets gave the similar
excitation energies, transition dipole moments, and electronic
coupling with those obtained by 6-311þG* basis sets. Considering the balance between computational cost and calculation
accuracy, TDDFT/B3LYP/6-31þG* level was adopted finally for
the next EET rates calculations.
The transition dipole moments of PCBs in C-PC trimer under
three models (Models I–III) were calculated at TDDFT-B3LYP/631þG* level, as summarized in Table 1. The corresponding
separations (R), orientation factors (j), and electronic couplings
(V) were summarized in Table 2. The b1-155!a1-84, b1155!b1-84, and a1-84!b1-84 represent the possible energy
transfer pathways in C-PC monomer, whereas the a2-84!b184, a1-84!b-84, and b1-155!a2-84 indicate the possible
energy transfer pathways from one monomer to adjacent
monomer in C-PC trimer, respectively. As listed in Table 2, the
electronic coupling |V|2 values calculated with protonation
(Model II) were approximately two-times larger than those
without protonation (Model I). In addition, one can see from
Table 1 that the magnitude of transition dipole moments of
PCBs in Model II increased about 1.6 D. However, small
changes were observed in Table 2 for the calculations of the
WWW.CHEMISTRYVIEWS.COM
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TDDFT-PBEH1PBE and CIS with 6-31þG* basis set, even using
the same TDDFT-B3LYP flavor with different basis sets (6-31G
and 6-311þG*), the calculated transition dipole moments of
a2-84 with Model III (GAS) were always larger than 11.0 D and
with the similar magnitude to those of other PCBs (see Supporting Information Tables S1 and S3 for details). Furthermore,
the transition dipole moment value (13.2 D) of a2-84 with
Model III (PCM) calculated at TDDFT-B3LYP/6-31þG* level was
‘ recovered’’ and almost consistent with those of other PCBs
(13.1–13.5 D) at this level. The reason for this exceptional performance of Model III (GAS) at TDDFT/B3LYP/6-31þG* is
unclear.
Model III (PCM) includes the short-range interaction from
the nearby amino acid and the long-range interaction from
the protein pocket. With PCM model, the magnitudes of transition dipole moments were increased by 1.5–2.9 D, which, in
turn, resulted in the increase of electronic couplings |V|2 by
twice (Table 2). Similar to the protonation effects, solvent
effects (PCM) led to the increases of the transition dipole magnitude, while small changes of the separations and orientation
factors. Importantly, one can see from Table 1 that the change
trend of transition dipole moments magnitude was Model I <
Model II > Model III (GAS) < Model III (PCM). Interestingly, the
calculated electronic coupling (|V|2) generally followed this
change trend (Table 2). It is clear from eq. (3) that the transition dipole moments of D and A chromophores are central important factors in the electronic coupling calculations.
In addition to the transition dipole moments of PCBs, it is
clear from Table 2 that the electronic coupling (|V|2) significantly depended on the separation (R) and orientation factor
(j). For example, in Model III (PCM), larger |V|2 value of a284!b1-84 (or a1-84!b3-84) would be attributed to the short
R (20 Å), because |V|2 values are inversely proportional to R6
according to the eq. (2). Conversely, in Model III (PCM), the
pathway of b1-155!a1-84 and a1-84!b1-84 have quite different |V|2 values, even if their R values are similar each other
(47–50Å). This difference may be attributed to the orientation
factor (j). Since the |V|2 are proportional to j2, the j values of
a1-84!b1-84 is 18-fold larger than those of b1-155!a1-84, this
means that the |V|2 values of a1-84!b-84 should be at least
324-fold larger than those of b1-155!a1-84. As listed in Table
2, the |V|2 value of a1-84!b1-84 is actually 550-fold larger than
those of b1-155!a1-84. Correspondingly, the smaller |V|2 value
of b1-155!a2-84 (1.4 cm2) may be contributed to the smaller

Table 1. The transition dipole moments of PCBs in C-PC trimer
calculated at TDDFT-B3LYP/6–311G* level within various models.
Transition dipole moments (D[a])
1

Models
Model
Model
Model
Model

I[b]
II[c]
III (GAS)[d]
III (PCM)[e]

a -84

b1-84

b1-155

a2-84

b3-84

11.1
12.8
11.9
13.4

11.1
12.9
11.8
13.5

10.8
12.0
12.0
13.1

11.1
12.8
10.3
13.2

11.2
12.9
11.9
13.5

[a] Debye. [b] The neutral PCB molecule. [c] The protonated PCB molecule (PCBHþ) is calculated in the gas phase. [d] The complex consisted
of a PCBHþ molecule and an aspartate residue calculated in the gas
phase. [e] The complex environment (protein and water) was modeled
using the PCM model.

separations and the orientation factor (j) in Models I and II. By
these analysis, we concluded that the protonation of PCBs
mainly lead to increase of the magnitude of transition dipole
moments, which, in turn, induced the increase of the electronic coupling |V|2. Our previous studies[12,13] have demonstrated the protonation enhanced the conjugation effect in B
and C ring of PCBs. Hence, the increase of the conjugation of
PCBs by protonation might be responsible for the increase of
magnitude of transition dipole moments.
The short-range interactions[7–9] caused by aspartate residue
nearby PCBs were also examined in Model III (GAS). An important finding was that, Model III (GAS) computed the magnitude of transition dipole moments of a1-84, b1-84, and b3-84
at 11.9, 11.8, and 11.9 D, respectively, which were decreased
about 1.0–2.5 D as compared to those of Model II (Table 1).
Our previously studies[12,13] have disclosed that the carboxylate
oxygens in the aspartate residue were actually involved in the
hydrogen bonding with the B and C rings in PCBs. These
hydrogen bonds, therefore, likely weakened the conjugation
effect of four pyrrolic rings, which, in turn, induced the
decrease of transition dipole moments magnitude. As
expected from eq. (3), the electronic couplings calculated with
Model III (GAS) exhibited almost two-fold decrease compared
to those with Model II, especially for the a2-84!b1-84 and a184!b3-84 EET pathways (see Table 2 for details).
From Table 1, we observed that the transition dipole
moment (10.3 D) of a2-84 with Model III (GAS) calculated at
TDDFT/B3LYP/6-31þG* was obviously smaller than the values
of other PCBs (11.9 D). However, using additional methods

Table 2. The donor–acceptor separations (R), electronic couplings (|V|2), and orientation factor (j) between PCBs in C-PC trimer within three models.
Model I[b]
D–A pairs

[a]

b1-155!a1-84
b1-155!b1-84
a1-84!b1-84
a2-84!b1-84
a1-84!b3-84
b1-155!a2-84

Model II[c]
2

Model III (GAS)[d]

j

|V| (cm )

j

|V| (cm )

R (Å)

j

|V| (cm )

j

|V|2 (cm2)

48.1
35.3
50.2
20.2
20.1
38.6

0.1
0.6
1.8
1.5
1.5
0.1

0.6
62.9
77.4
12422.4
12613.6
1.0

0.1
0.7
1.7
1.5
1.5
0.1

0.5
139.3
121.5
22502.0
22174.0
1.0

46.9
33.0
49.8
20.4
20.3
38.8

0.1
0.6
1.8
1.5
1.4
0.1

0.2
120.3
99.4
11454.0
14669.0
0.6

0.1
0.6
1.8
1.5
1.4
0.1

0.3
189.3
164.8
24593.0
23762.2
1.4

2

2

Model III (PCM)[e]

R (Å)

2

2

2

[a] Donor–Acceptor pairs. [b] The neutral PCB molecule. [c] The protonated PCB molecule (PCBHþ) calculated in the gas phase. [d] The complex consisted of a PCBHþ molecule and an aspartate residue calculated in the gas phase. [e] The protein environment was modeled using the PCM model.
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Table 3. The angles a, b, and c of the electronic transition dipole
^D ) and acceptor (u^A ), and the unit vector (^rDA )
moments in donor (u
between two PCBs with Model III in PCM, together with the
corresponding orientation factors (j).

Table 4. The comparison of experimental and theoretical energy
transfer rates (1/K) with Model III (PCM) between PCBs in C-PC monomer,
trimer, and hexamer.
Model III (PCM)
D–A pairs[a]

D–A pairs[a]
1

1

b -155!a -84
b1-155!b1-84
a1-84!b1-84
a2-84!b1-84
a1-84!b3-84
b1-155!a2-84

a ( )

b ( )

c ( )

j

77.2
91.5
167.9
31.2
146.5
92.5

47.4
75.1
23.2
143.5
38.0
90.7

67.6
125.1
161.3
126.0
123.9
85.4

0.1
0.6
1.7
1.5
1.4
0.1

[a] Donor–Acceptor pairs.

j value (0.1). These results suggested that the orientation factor was another key factor in the electronic coupling (|V|2)
calculations.
To understand the physical picture of orientation factors (j),
with model III (PCM), the angles a, b, c of the electronic transition dipole moments in donor (^
uD ) and acceptor (^
uA ), and the
unit vector (^rDA ) between two chromophores were listed in
Table 3. As can be seen from Table 3, when the angles a, b,
and c were closed to 0 and 180 , the energies transfer pathways remarkably exhibited higher orientation factors (j)
(>1.5), such as a1-84!b1-84, a2-84!b1-84, and a1-84!b3-84.
In contrary, when the angles a, b, and c were closed to 90 ,
the corresponding orientation factors (j) were much smaller
(<0.1), such as b1-155!a1-84, b1-155!b1-84, and b1-155!a2-

Figure 3. The schematic of separations, electronic couplings (|V|2), and orientations of transition dipole moment of PCBs in C-PC trimer calculated at
TDDFT-B3LYP/6-31þG* level with Model III (PCM). The structural models of
PCBs are shown in colored stick-ball. The dashed lines indicate the centerto-center separations between the PCBs, red arrows indicate the orientations of electronic transition dipole moments of PCBs.
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b1-155!a1-84
b1-155!b1-84
a1-84!b1-84
a2-84!b1-84
a1-84!b3-84
b1-155!a2-84
b1-155 !b4-155
b1-84!b6-84
a2-84!a4-84

|V|2 (cm2)

J (cm)

0.3
189.3
164.8
24593.0
23762.2
1.4
1136.4
202.2
2437.4

4.2E04
3.3E04
8.5E05
8.8E05
1.2E04
4.1E04
1.5E03
1.4E04
1.3E04

K (ns1) 1/K (ps)
0.2
74.6
16.5
2545.0
3252.6
0.7
2024.8
34.4
368.1

6099.9
13.4
60.5
0.4
0.3
1497.8
0.5
29.1
2.7

1/Kexpt.
(ps)[b]
>500
45 6 15
200 6 70
0.1[c]–1.0[b]
/
/
/
/
/

[a] Donor–Acceptor pairs. [b] Ref. [15]. [c] Ref. [47].

84. One can conclude that the parallel orientations of u^D, u^A ,
and ^rDA are in favor of the energies transfer, whereas perpendicular orientations of u^D, u^A , and ^rDA are not conducive to the
energies transfer. Therefore, the j values of a1-84!b1-84 was
the largest (in Table 3), mainly owning to angles a and c were
closed to 180 , and the angle b was closed to 0 . The relative
orientations of transition dipole moments of PCBs in trimer
were also shown in Figure 3.
Electronic energy transfer pathways
The energy transfer rates between PCBs in C-PC monomer,
trimer and hexamer calculated at TDDFT-B3LYP/6-31G* level
with Model III (PCM) together with experimental results were
list in Table 4, corresponding energy transfer pathways were
schematically represented in Figure 4 as well. In C-PC monomer, there were three possible energy transfer pathways, such
as b1-155!b1-84(13.4 ps), a1-84!b1-84 (60.5 ps), and b1155!a1-84(6099.9 ps). For these three pathways, the smallest
electronic transfer rate (1/K) was of b1-155!a1-84, whereas
the largest one was of b1-155!b1-84, which was in qualitative
agreement with the experimental trend in C-PC monomer:[15]
b1-155!b1-84 (45 ps) < a1-84!b1-84 (200 ps) < b1-155!a184 (>500 ps), as listed in Table 4. The energy transfer rate of
b1-155!a1-84 exhibit at least 100-times slower than another
two, therefore, the energies flows in monomer are likely transferred via b1-155!b1-84 and a1-84!b1-84 pathways (Fig. 4).
In the C-PC trimer, we investigated additional two EET pathway rates, b1-155!a2-84 (1497.8 ps) and a2-84!b1-84 (0.4 ps)
[or a1-84!b3-84 (0.3 ps), due to its symmetry]. We found that
the energy transfer rate of a2-84!b1-84 (0.4 ps) [or a1-84!b384 (0.3 ps)] exhibited dramatically faster (about 102–105 times)
than other pathways in C-PC monomer and trimer. The present
calculated energies transfer rates of b1-155!a2-84 and a184!b3-84 were qualitatively consistent with the previous studies reported by Sauer and coworkers[16] and both of which
were in good agreement with the experimental data (0.1–1.0
ps). The qualitative agreements between theoretical and experimental studies suggested that method, density functional,
and basis set (TDDFT/B3LYP/6-31þG*) used herein were sufficient to depict the EET pathways in the case of C-PC.
WWW.CHEMISTRYVIEWS.COM
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ps), because both EET rates exhibited 10–50 times faster than
that of b1-84!b4-84 (29.1 ps). Therefore, the predominant EET
pathways in C-PC hexamer were likely from b-155 (or a-84) in
top trimer to b-155 (or a-84) in adjacent bottom trimer, rather
than from b-84 in top trimer to b-84 in adjacent bottom
trimer.

Conclusion

Figure 4. The schematic of separations and theoretical energy transfer
rates between PCBs in C-PC hexamer calculated at TDDFT-B3LYP/6-31þG*
level with Model III (PCM). The structural models of PCBs are shown in
color stick; the pink sticks represent PCBs in top trimer, green sticks represent the PCBs in bottom trimer. The red solid lines indicate the center-tocenter separations between the PCBs within top trimer, whereas dashed
ones indicate the PCBs separations between top trimer and bottom trimer.

Combining the calculated EET rates in C-PC monomer and
trimer mentioned-above, one can conclude that the energy
transfer pathway in C-PC monomer is predominant from b1155 to b1-84 (13.4 ps), however, from a-84 of one monomer to
b-84 (0.3–0.4 ps) in a neighbor monomer in C-PC trimer.
In previous study, Mimuro et Al.[7,8] proposed the electronic
transfer rates only in term of the separations between two
chromophores. According to the relative separations of b1155!b1-84 (33.0 Å), b1-155!a2-84 (38.8 Å), and a2-84!b1-84
(20.4 Å), they supposed that additional possible energy transfer pathway is from b1-155 to b1-84 in same monomer via the
a2-84 in adjacent monomer. However, our calculations showed
that this pathway was unfeasible. The present calculated transfer rate between b1-155 and a2-84 (in adjacent monomer) was
1497.8 ps, which was dramatically smaller than the rate (13.4
ps) between b1-155 and b1-84 in same monomer. Our electronic transition dipole moments orientations analysis in Table
3 showed that, for b1-155!a2-84, the nearly perpendicular orientations of u^D, u^A , and ^rDA (92.5 , 90.7 , 85.4 ), led to the
smaller orientation factor (0.1), which in turn led to the larger
energy transfer rate, although the separation of b1-155!a2-84
(38.6Å) was slightly longer than those of b1-155!b1-84 (33.0
Å), as listed in Table 2.
To our knowledge, no experimental or theoretical energy
transfer rates in C-PC hexamer were reported. Herein, we have
investigated the possible energy transfer pathways in C-PC
€rster model of eqs. (2)–(4) at TDDFT/B3LYP/
hexamer within Fo
6-31þG* level. Our calculation results (Table 4 and Fig. 4) indicated that the favorable energy transfer pathways between
two trimers were b1-155!b4-155 (0.5 ps) or a4-84!a2-84 (2.7

We present herein a series of first principles calculations at the
various levels of model chemistry to insight the EET pathways
in C-PC monomer, trimer and hexamer within the framework
€rster theory. Our results showed that both the short- and
of Fo
long-range interactions between chromophores and environmental protein moiety could influence the magnitudes of transition dipole moments, and consequently affect electronic coupling. Only when the protonation of PCBs and its long- and
short-range interactions were properly taken into account, the
calculated energy transfer rates (1/K) in the framework of
€rster model at TDDFT/B3LYP/6-31þG* level were in qualitaFo
tive agreement with the experimental results of C-PC monomer and trimer. Furthermore, the present calculated energy
transfer rates suggested that the predominant EET pathway in
C-PC monomer was from b-155 to b-84, whereas the additionally possible predominant EET pathway in C-PC trimer was
from a-84 of one monomer to b-84 in a neighbor monomer.
Albeit no experimental energy transfer rates between C-PC
hexamer was reported, our present theoretically calculated
results predicted that the energy flow in C-PC hexamer was
most likely transferred from a-84(b-155) in top trimer to adjacent a-84 (b-155) in bottom trimer (1/K ¼ 0.52.7 ps). The preceding calculations and discussions showed that the extended
€rster model used herein was applicable for us to insight the
Fo
EET pathways within phycobiliproteins in detail in the near
future.
Keywords: electronic energy transfer rates  C-phycocyanin 
€rster theory  time-dependent density functional theory
Fo
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