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Abstract Energy migration processes in allophycocyanin-B trimer with a linker polypeptide were analyzed using the principal multi-component 
spectral estimation (PMSE) method, which does not require assumption of component number, decay function, or the spectral band shape. We 
determined the number of spectral components showing independent kinetic behavior by the eigenvalue of an auto-correlation matrix, and further 
the spectra of the components and their rise and decay curves. Two decay components were resolved at 20% one corresponded to the decay of one 
type of /%4 chromophore, and the other to the decay from the thermally equilibrated state between another type of p-84 chromophore and the 
cc-allophycocyanin B chromophore. An additional slow decay process was resolved at - 196°C. We also compared the component spectra obtained 
using the PMSE method with the decay-associated spectra obtained using the global analysis. 
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1. Introduction 

It is important that energy transfer processes in photosyn- 
thetic pigment systems are kinetically resolved to elucidate the 
transfer mechanism. Laser technology now allows time resolu- 
tion to the femtosecond region for both transient absorption 
[l] and transient fluorescence [2] methods. There are several 
methods for the analysis of spectral components and their rise 
and decay, e.g. the global fit or decay-associated spectrum 
(DAS) [3]. We have used a deconvolution method to resolve the 
observed spectra into components [4-6]; but these analyses 
require certain assumptions. For example, DAS assumes the 
number of components and the decay function, usually an 
exponential decay, and our previous method assumed the num- 
ber of components and the spectral band shape. To avoid the 
pitfalls of such assumptions, we sought an analytical method 
that does not require them. Several mathematical principles 
have been established for such a method, one of which, i.e. the 
principal multi- component spectral estimation (PMSE) 
method [7-91 is applied here to analyze energy transfer proc- 
esses. The basic concept of this method is described elsewhere 
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[lo, Ill. The present analysis focused on allophycocyanin 
(APC)-B trimers with a linker polypeptide [12]. 

APC-B trimer is one of four APC trimers found in the core 
complex of phycobilisomes [13,14]. In the case of Synechococ- 
cus elongatus, the APC-B trimer consists of two APC mono- 
mers, each containing a and /3 subunits, one special monomer 
containing a-allophycocyanin B (aAPB) and/I subunit, and one 
colorless linker polypeptide [15]. The three-dimensional struc- 
ture of the APC trimer is considered to be similar to that of the 
PC trimer, including the Cs symmetry axis, since the primary 
structure of APC is similar to that of phycocyanin (PC) [16]. 
The a-84 chromophore in the PC trimer, which is covalently 
bound to the cysteine residue of the 84th amino acid of the 
a-subunit in one monomer, is located close to thep-84 chromo- 
phore in an adjacent monomer, and the center-to-center dis- 
tance between the two chromophores is about 21 A [17-191. 
Since this geometry is analogous to the APC-B trimer, a strong 
interaction is expected between the a-84 and the P-84 chromo- 
phores, and the decay kinetics can be interpreted either by a 
simple transfer process or by coherent decay of the exciton state 
[20]. The degree of interaction can be discriminated by spectral 
resolution of the components and their kinetics. We applied the 
PMSE method to APC-B and compared the results with those 
obtained using the DAS method. 

2. Materials and methods 

Phycobiliproteins were isolated from the thermophilic cyano- 
bacterium Synechococncr elongatus grown at 55”C, and an APC-B 
preparation was puritied using three-step column chromatography 
(Hydroxylapatite (Bio-Rad), Sephacryl S-300 (Pharmacia), and DEAE- 
Sephacryl (Pharmacia)) in the presence of a protease inhibitor (PMSF, 
1 mM) [21]. We detected a andp subunits, &APB, and a linker polypep- 
tide having a molecular mass of 8 kDa [15], in a molar ratio nearly equal 
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to 2 : 3 : 1: 1, which was estimated based on the HPLC elution pattern 
monitored by absorbance at 280 nm. 

Time-resolved fluorescence spectra were measured as reported previ- 
ously [46]. For low-temperature spectroscopy, 15% poly(ethylene 
glycol) 4000 was added to obtain homogenous ice, and samples in a 
2-mm Lucite cuvette were immersed in liquid nitrogen. A commercially 
available computer program package (Component Spectral Separa- 
tion) was purchased from System craft (Itami, Japan) and part of it was 
modified to fit an NEC PC-9801 Bp computer. 

3. Results 

Fig. 1A shows the time-resolved fluorescence spectra of the 
APC-B trimer with a linker polypeptide at 20°C. Upon excita- 
tion at 580 nm, fluorescence maximum was initially observed 
at 660 mn, with an apparent shoulder around 680 nm. A rela- 
tive intensity around 680 mn increased with time, and became 
dominant after 58 ps, peaking at 681~1. The spectrum became 
invariant after 200 ps with a shoulder at 660 nm, indicating 
equilibrium of the energy distribution among the pigments. 

lated [lO,ll]. The value (Fig. 1B) indicated two independent 
spectral components present in the series of time-resolved spec- 
tra. The resolved component spectra are shown in Fig. 1C; one 
shows the maximum at 661 mn with a tail in the long wave- 
length region (called C,), and the other shows a dual-emissive 
component spectrum with the maxima at 662 and 681 nm 
(called CJ. The time-resolved spectra at any time could be 
simulated by a linear combination of these two component 
spectra, and their fractions for respective components were 
calculated by the least squares method. Fig. 1D shows the rise 
and decay curves of two spectral components. Lifetimes of the 
C, were 55 ps (97%) and 1700 ps (3%), and the C, arose with 
a time constant of 50 ps and decayed with a lifetime of 1700 ps. 
It was clearly shown that the long lifetime originated from the 
thermally equilibrated state, which was also supported by the 
decay analysis (data not shown). 

The PMSE method was applied to these time-resolved spec- 
tra. Seventy-two independent spectra, in the time range from 
- 10 to 2330 ps, were given as an initial data set to estimate the 
number of components showing independent kinetic behavior, 
and the eigenvalue of the auto- correlation matrix was calcu- 

At - 196”C, the time-dependent changes in the time- resolved 
fluorescence spectra (Fig. 2A) were different from those ob- 
served at 20°C. Upon excitation at 580 mn, a 663~nm emission 
was dominant in the initial time region (up to 15 ps), and then 
it was replaced with the 683-nm emission. The 683~nm peak 
gradually shifted to the red, and finally reached 687 nm after 
230 ps. No shoulder was observed in the shorter wavelength 
region of the maximum. 
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Fig. 1. Identification of components and their kinetics in APC-B with a linker polypeptide at 20°C. (A) Tie-resolved fluorescence spectra; (B) the 
eigenvalue of an auto-correlation matrix, (C) component spectra (C, and CA; and (D) the rise and decay curves of resolved components using the 
PMSE method. In C and D, corresponding components are represented by the same symbol; Ci by open circles and C, by filled circles. In D, a dot- 
ted line indicates the profile of the excitation pulse. Samples were dissolved in a phosphate buffer (10 mM, pH 7.0) containing 20 mM NaCl and 
0.05% NaN9. 
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Fig. 2. Identification of components and their kinetics in APC-B with a linker polypeptide at - 196°C. (A) Time-resolved fluorescence spectra; (B) the 
eigenvalue of an auto-correlation matrix; (C) component spectra (Pi, Pz, and Pl), and (D) the rise and decay curves of resolved components using 
the PMSE method. In C and D, corresponding components are represented by the same symbol; P, by open circles, Pz by filled circles and P, by 
tilled combined triangles. In D, a dotted line indicates the profile of the excitation pulse. Samples were dissolved in a phosphate buffer (10 mM, pH 7.0) 
containing 20 mM NaCl, 0.05% NaN3 and 15% poly(ethylene glycol). 

Fig. 2C shows component spectra obtained using the PMSE 
method. Three resolved components were noted at - 196”C, 
based on the eigenvalue of an auto-correlation matrix (Fig. 2B). 
The three components, Pi, Pz, and P3, showed the maxima at 
662, 685, and 687 nm, respectively. The P, possessed a tail in 
the long wavelength region, similar to the Ci found at 20°C. 
The Pz showed a side band at 665 nm, similar to the Cz. The 
third component was unique in the low-temperature spectra, 
showing a single maximum at 687 nm. The rise and decay 
curves of these three components were rather simple (Fig. 2D); 
the progression of curves was observed in the order P,, Pz, and 
P,. The decay curve of P, was simulated with a time constant 
of 53 ps. This constant matched the rise time of the Pz, and its 
decay time was 170 ps. The P, had a rise time of 140 ps and a 
decay time of 1600 ps. These results clearly indicate the sequen- 
tial energy migration in the order P,, Pz, and P3 in the APC-B 
trimer with a linker, even though there was a small deviation 
in the kinetic parameters. 

We obtained the DAS of APC-B trimer using a custom-made 
computer program [22] applied to the fluorescence decay curves 
measured at 5 mn intervals. At 20°C (Fig. 3A), one component 
with a lifetime of 60 ps showed a positive band around 660 mn 
and a negative band at 680 mu. The second component spec- 

trum had two maxima at 660 and 680 mn, with a lifetime of 
1735 ps. At - 196°C (Fig. 3B), three components were required 
for the best fit. The first one (r = 53 ps) showed a positive band 
(658 nm) and a negative band (682 nm), and was similar to the 
first component at 20°C. The second component (r = 139 ps) 
showed two positive maxima (665 and 680 nm) and one nega- 
tive maximum (690 nm). The third component was long lived 
(1562 ps), having a maximum around 685 nm. The kinetic 
parameters obtained using DAS were consistent with those 
obtained using the PMSE method. 

4. Discussion 

4.1. Energy migration in the APC-B trimer 
In the APC-B trimer, the energy levels of three types of 

chromophores are postulated as follows: a-84, shorter than 615 
mn [23]; p-84, at 650 nm; and aAPB, at 655 nm [ 121. Recently, 
femtosecond spectroscopy on the APC trimer (o$& revealed 
that the energy transfer between the a-84 and B-84 chromo- 
phores occurs with a rate constant in the 500-fs range, and the 
emission from the a-84 chromophore was located at a wave- 
length significantly shorter than that for the/J-84 chromophore 
[23]. Since the time resolution of our apparatus was 3 ps, we 
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Fig. 3. DAS of APC-B with a linker polypeptide at 20°C (A) and at 
- 196’C (B). The same number of components was assumed as 
for the PMSE method. Components with the letters in lower case 
correspond to those resolved by the PMSE method (Figs. 1C and 2C). 

ccAPB (calledp,), aAPB in a higher energy level (called aAPBi), 
and aAPB in the lowest energy level (called aAPBJ. The last 
component was observed only at low temperatures and was not 
resolved at 20°C probably due to a small energy difference 
between aAPB, and aAPB,. Energy transfer from the a-84 to 
the p, chromophore was not observed due to limited time- 
resolution. At 20°C an equilibrium was established among the 
j&, aAPB,, and aAPBz chromophores. Only two components 
were resolved for the /I1 and the equilibrated state. The 55-ps 
lifetime is the transfer time from the B, chromophore to the j& 
chromophore, which is in the equilibrated state with the aAPB, 
and aAPB&omophores. A long-lived emission (1700 ps) 
arises from the equilibrated state. The kinetic parameters are 
nearly the same as those reported for room temperature [24,25], 
however, the thermally equilibrated state was shown by the 
spectrum for the first time. At - 196°C matching of the kinetic 
parameters for the resolved components clearly indicated the 
sequential energy flow among them. The 140-ps transfer time 
to the aAPB, chromophore was long for the single transfer step 
between trimers, compared with that predicted for the process 
between PC trimers [26]. This might be due to an unfavorable 
geometry of the hexameric unit of APC-B. Transfer schemes 
with forward transfer time constants under two temperature 
conditions were summarized in Scheme 1. 

WC 

probably missed the primary transfer process. We did not ob- 
serve the emission component peaking at a wavelength shorter 
than 660 mn in the APC-B trimer at 20°C (Fig. lA), indicating 
there was no emission from the a-84 chromophores in our 
preparation. Accordingly we assigned the 660~nm component 
to the/?-84 chromophore. However, two types ofj%84 chromo- 
phores are expected in APC-B, depending on the counterpart 
of interaction: one interacting with the a-84 chromophore, and 
the other with aAPB. In fact, two kinds of 8-84 chromophore 
were resolved in APC-B: one found in the component spectrum 
Ci, and the other in CZ. Based on these results, we assigned the 
resolved component spectrum Ci to the 8-84 chromophore 
interacting with the a-84 chromophore, and C2 to the thermally 
equilibrated state between the other p-84 and aAPB chromo- 
phores. 

The third component spectrum (PJ resolved using the PMSE 
method at - 196’C showed the lowest energy level. When we 
consider a single trimer unit, this component (P3) can only be 
explained by the heterogeneity of the trimers. However, the 
kinetics of resolved components indicate the sequential energy 
flow to this component. Therefore it is reasonable to assume 
a hexameric component in APC-B in which a lower energy level 
of the aAPB chromophore was found under the low-tempera- 
ture condition. The PZ spectrum was a little unusual because it 
showed the dual-emissive character at both 20°C and at a low 
temperature (Fig. 2C). Since the corresponding spectrum was 
also resolved using DAS (Fig. 3A), this property may be intrin- 
sic and independent of the analytical method used. The P2 
spectrum might be ascribed to the stronger interaction between 
the P-84 and aAPB chromophores, even if the actual state 
responsible for such a spectrum is unclear. 

The above results led us to make the assignments listed 
below. There are five kinds of chromophores in APC-B: a-84, 
B-84 interacting with a-84 (called /I,), p-84 interacting with 

< 3 ps 

a-84 -_) 

-l%T 

166Qps 

Scheme 1. 

4.2. Validity and applicability of the PMSE method 
The PMSE method offers several unique advantages, includ- 

ing: (i) no need to assume the number of spectral components, 
(ii) no need to assume the decay function, (iii) no need to 
assume the model of energy migration, and (iv) definitive reso- 
lution into individual component spectra with a high S/N ratio. 
We applied the DAS method to the same data set as that used 
for the PMSE method to compare the two methods (Fig. 3A 
and B). Using the same number of components, DAS gave 
essentially the same kinetic parameters. However, an expo- 
nential decay is implicitly assumed in the DAS method, but is 
not always applicable. Further, it is not necessarily easy to 
obtain component spectra from DAS. In the analysis of APC- 
B, component spectra were well reproduced by DAS when the 
kinetic parameters of exponential decay obtained by the PMSE 
method were used (data not shown). However, this is not gen- 
erally the case. The PMSE method is applicable to any system, 
without requiring assumptions. 

Our previous method [4-6], which employed deconvolution 
of spectra into components, also required assumptions of band 
shape and component number, and the number of components 
can be affected by the band shape. This introduces arbitrariness 
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in to the parameters, including band width and band locations, 
problems which are absent with the PMSE method. Deconvo- 
lution, however, is useful when the resolved component spec- 
trum contains plural spectral components, as shown by the 
emission from the thermally equilibrated state (C, in Fig. 1C). 

The PMSE method can be applied to time-resolved spectra 
and to any multi-component system in which the observed 
spectra are linear combinations of components. Each compo- 
nent is not necessarily a single element, but that showing the 
same behavior as a function of time or some other variable(s). 
We have applied this method to several other systems and 
expect it to become a fundamental analytical tool in the biolog- 
ical sciences. 

Acknowledgements: This work was supported iu part by the fiuaucial 
aid for scieutific research from the Ministry of Education, science and 
Culture, Japan, to M.M. and K.M. M.M. also thanks the Ciha-Geigy 
Foundation (Japan) for Promotion of Scieuee, and M.H. thanks the 
New Energy & Industrial Technology Development Organization for 
financial aid. 

References 

VI 

121 

E31 

[41 

151 

Fl 

Gillbro, T., Sharkov, A.V., Eryukov, I.V., Khoroshilov, E.V., 
Kryukov, P.G., Fisher, R. and Seheer, H. (1993) B&him. Bio- 
phys. Acta 1140, 321-326. 
Kaudori, H., Sasahe, H. and Mimuro, M. (1994) J. Am. Chem. 
Sot. 116,2671-2672. 
Holzwarth, A.R., Wendler, J. and Suter, G.W. (1987) Biophys. J. 
51, 1-12. 
Mimuro, M., Yamazaki, I., Tamai, N. and Katoh, T. (1989) Bio- 
chim. Biophys. Acta 973, 153-162. 
Shimada, K., Miruuro, M., Tamai, N. and Yamazaki, I. (1989) 
Bioehii. Biophys. Acta 975, 72-79. 
Shiida, K., Yamazaki, I., Tamai, N. and Mimuro, M. (1990) 
B&him. Biophys. Acta 1016, 264-271. 

47 

[7’j Lawton, W.H. and Sylvestre, E.A. (1971) Teohnometrics 13,617- 
633. 

[8] Sylvestre, E.A., Lawton, W.H. and Maggio, M.S. (1974) Tech- 
nometrics 16, 353-368. 

[9] Sasaki, K., Kawata, S. and Minami, S. (1983) Appl. Opt. 22, 
3599-3603. 

[lo] Sasaki, K., Kawata, S. and Minami, S. (1984) Appl. Gpt. 23, 
1955-1959. 

[ll] Sakai, H., Itaya, A., Masuhara, H., Sasaki, K. and Kawata, S. 
(1993) Chem. Phys. L&t. 208, 283-289. 

[12] Glazer, A.N. and Bryant, D.A. (1975) Arch. Mierobiol. 104, 15- 

[13] %utt E. (1981) Auuu Rev Plant Physiol 32 327-347 
[14] Glaze;, A.N. (1984) B&hi& Biophys. A& 768, 29-51’ 
[15] Hirauo, M., Soga, M., Shimazu, T. and Katoh, S. (1992) in: Re- 

search in Photosynthesis, vol. I (Murata, N. ed) pp. 73-76, Kluwer, 
Dordrecht, The Netherlands. 

[16] Zuher, H. (1985) Photochem. Photobiol. 42, 821-844. 
[17] Schirmer, T., Bode, W., Huber, R., Sidler, W. and Zuher, H. 

(1985) J. Mol. Biol. 184, 257-277. 
1181 Schirmer, T., Huher, R., Schneider, M., Bode, W., Miller, M. and . _ 

Hackett, M.L. (1986) J. Mol. Biol. 188, 651-676. 
1191 Mimuro. M.. Fiialistaller. P.. Riimheli. R. and Zuher. H. (1986) - * 

B&him: Biophyi Acta 848,’ 155166. ’ 
I . I 

[20] Beck, W.F. and Sauer, K. (1992) J. Phys. Chem. 96, 45584566. 
[21] Hirauo, M., Satoh, K. and Katoh, S. (1980) Photosyuth. Res. 1, 

149-162. 
[22] Boeus, N., Tamai, N., Yauuuaki, I. and Yamazaki, T. (1990) 

Photoohem. Photobiol. 52, 911-914. 
[23] Sharkov, A.V., Krykov, I.V., Khoroshilov, E.V., Kryukov, PG., 

Fisher, R., Scheer, H. and Gillbro, T. (1993) Chem. Phys. Lett. 
191, 633-638. 

[24] Maxson, P., Sauer, K. and Glazer, A.N. (1988) in: Photosynthetic 
Light-harvesting Systems: Organization and Function, @cheer, H. 
and Schneider, W. eds.) pp. 439449, Walter de Gruyter, Berlin. 

[25] Bittersmau, E., Rueter, W., Wehrmeyer, W. and Holzwarth, A.R. 
(1988) in: Photosynthetic Light-Harvesting Systems: Organization 
and Function (Scheer, H. and Schneider, W. eds.) pp. 451-455, 
Walter de Gruyter, Berlin. 

[26] Suter, G.W. and Holzwarth, A.R. (1987) Biophys. J. 52,673-683. 


