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Abstract—Fluorescence-detected magnetic resonance of tnplets 1in zero magnetic field (FDMR), fluo-
rescence fading (FF) due to triplet-formation. both at 4.2 K. and prompt fluorescence decay kinetics
(FDK) at room temperature have been measured for free pheophorbide-a (f-Pheo) and bound (b-Pheo)
o a synthetic polypeptide (L-Lys-L-ALA-L-ALA).., dissolved in dimethylformamide (DMF). Fluorescence
decay kinetics mcasurements of f-Pheo in DMF yielded 1-5 ns lifetimes, for b-Pheo in DMF a ~ S0 ps
decay-component was found emitting at 730-750 nm. Zero-field splitting parameters |[D] and |E| of the
lowest triplet state T, were determined from FDMR spectra as (337 and 24) x 10 *cm ! for f-Pheo and
(359 and 25) x 10-* cm~! for b-Pheo. both in DMF. Decay rate constants of the three spin levels of T,
of b-Pheo (k, = 1200 = S0 s !, k, =440 = 25s ' k, = 80 = Ss ') and relative steady-state populations
(N, = 28 = 2%, N, = 47 = 2%. N, = 26 *+ 2%) determined from FF curves predict a fluorescence
decrease at the D—E and D+E FDMR transitions. whereas cxperimentally a fluorescence increase is
observed. The FDMR sign-inversion results from singlet-singlet energy transfer from b-Pheo monomers
to their aggregates, followed by fast intersystem crossing to T,. These results indicate that aggregates are
tormed by two or more b-Pheo molecules at different positions on the folded polypeptide chain. This
situation resembles that in chlorophyll-proteins. containing low-lying traps, resulting from interaction of
chromophores with other chromophores and with the protein environment.

measurements on the same protein. This phenom-
enon can also be explained by energy transfer from
the antenna to the RC. A similar interpretation
has been presented for the sign-inversion in FDMR
spectra of whole algal cells (G. H. van Brakel, The
triplet state of chlorophyll-a in whole algal cells,
Thesis, Agricultural University, Wageningen, 1982)
and photosynthetic bacteria (Hoff er al., 1981: J.
Beck, ODMR on pigment-complex of pho-
tosynthetic bacteria, Thesis, University of Stuttgart.
Stuttgart, 1983).

It 1s the purpose of this paper, to present a model.
éxplaining results of fluorescence and magnetic res-
onance measurements on a synthetic (L-Lys-L-Ala-
L-Ala), polypeptide with covalently bound pheo-
phorbide-a. Such a model may be applied to chlo-
rophyll-protein complexes containing an active RC,
which exhibit strikingly similar results, using the

o same techniques.
"On leave from Department of Chemical Physics. Fac-

ulty of Mathematics and Physics, Charles University, 121
16 Prague. Czechoslovakia

INTRODUCTION

- .In recent years energy transfer in isolated photo-
synthetic systems has been widely studied using vari-
ous spectroscopic techniques. including optically
detected magnetic resonance (ODMR)t (Clarke.
1982), fluorescence fading (FF) (Van Dorp er al..
1973) Avarmaa, 1977, 1979), and fluorescence
decay kinetics (FDK) (Pellegrino and Alfano. 1982:
Karukstis and Sauer, 1983; Searle er al.. 1983). A
major, fast (~ 40 ps) fluorescence component has
been found in the long wavelength emission of ante-
nna chlorophyll-a (Chl-a) of Chl-a protein 1 from
the plant photosystem I, and has been ascribed to
singlet energy transfer to the reaction center (RC)
(Searle er al.. 1983). The Chl-a triplet FDMR spec-
tra of this protein exhibit a striking sign-inversion
when compared to what is predicted from FF
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MATERIALS AND METHODS

Abbreviations: A, aggregated; b-Pheo. pheophorbide-a
bond to a synthetic polypeptide; Chl-q. chlorophyll-a; CW,
continuous  wave; C. concentration; DMF. dime-
thylformamide: FDK. fluorescence decay  Kineties:
FDMR. fluorescence detected magnetic resonance: FF.
fluorescence fading; f-Phco, free pheophorbide-a: M.
monomeric: ODMR, opuically detected magnetic res-
onance. Pheo, pheophorbide-a; RC. reaction center: ZFS.
zero held sphtung.

Pheophorbide-a (Pheo) was made from Chl-a (Vavrinec
and Skorkovska, 1973) using selective hydrolvsis (Wasic-
lewski and Svec, 1980). The synthesis of the model pcpude
was carricd out by a polymcrization of the tripeptide 1-
Lys-i.-Ala-1-Ala (Blaha er al., 1976). Pheo was covalently
bound to the synthetic polypeptide by alink between the
€-amino group of the lysine side-chain in the sequential
polytripeptide and the C 17 carboxyl group of Pheo (Fig.
1). The bound complex (b-Pheo) could be dissolved in
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Figure |
ol phcophorbide-a covalently bound to polvpepude.

Structural tormula ot the photosvathetic model
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DMFE (Fluka. UN)yupto 2 = 10 2 M by mceans ot ultrasonic
treatment. Free pheophorbide-a (1-Pheo) was studied in
10710 M DMFE and n-octance (Baker. Anal. Grade)
sotutrons -
Absorption- and Huorescence-spectra were measured
on a Usvikon SO spectrometer (Kontron) and o MEE-24 200
Huonimeter. For low temperature measurgments, we used
an  Oxtord In<struments CE204 hehum How  crvostat
Absorption- and Huorescence-spectra ot -Pheo and b-
Phco in DME at room temperature are shown in hel 2
FOMR and FF experniments were performed as deseribed
by Schaatsma (in Clarke . T982) and Avarmaa (1977). For
optical excrtation. we used a 900 W Xcenon are (Osram),
and a combimation ot a saturated CuSQO, ~solution. and
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Figure 3. 4.2 K FDMR spectra of 2 < 10 M solutions
of t- and b-Phco in DMF cxcaited at 5017 nm (Ar ). 100

mW: detection at 667.5 = 2.5 nm (f-Phco). 669 + 2.5 nm
(b-Pheo).

Shott BGe 12 and GG 9> bilters, resulung i an exartation
band ot 37046 nm_ In some experiments we used the
MO nm hine of 4 CW A1 laser (Coherent Radhation
CR-4) a~ a heht-source. The fluorescence ot the sample
was detected using o Shott RG 610 hilter and a 025 Spex
Minmmate. cquipped with a cooled ¢ 50 C) RCA CSTO34A
or Varan VPN 1320 photomultipher. Stenals were rec-
orded on a PAR C-4203 averagecer. and stored i o MIENC-
LT computer. In FDMR mceasurements we apphed satu-

rating microwavepower trom a HP 8620086220 10-13(X)
Mz sweep generator, equipped with a Mini-circuits Lab.
(27 db) wave amphher. to the sample. placed in a hehix,
submernsed in hquid He. Resonance  frequencies were
determined using a Svstron-Donncer 1017 trequency coun-
ter, having o typical crror ot = 10 MHz. In FF mceasurc-
ments. chopped laser excitation at different intensitics wais
used (=200 mW, - 20 Hz). The FE curves were analvsed
by & leastsquares fit to a sum o1 one to four exponentials
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(Provencher. 1970) Ldcumes of prompt fluorescence
were measiied by single photon counting at didferent
cmission wavelengths using an IS W A on Liser (Coher-
cnt Radianion CROIS UV) with acousto-optic modelocking
and i svinchronousiy pumped Rhodanun 6G odve faser CR
MO producing N ops oexatation pulses at a orepetition
rate of 2975 Kz cmploving an clectro-opuc modulator
Fluorescence photons from the sample solution in a0
nm quartz cuvette passed through two 0 25 m Jarrell- Ash
monochrom:ators (resolution O nm) and were detected
using a Philips PM 2254 B photomuluplier. o constant
traction discerimimnator (Camberra 1408 A) and Nuclear
Data 66 Multichannel Analvzer. The instrument has
typical ime-resolution of - 50 ps.using a standard decon-
volution methd and o least-squarces fit on a DEC-10 com-
puter to a sum ot up to three exponentials (Visser and
van Hock, 1979, 19S81). For a4 more detaled description
ol the apparatus sce van Hocek and Visser (1981) and
Scarle er al. (1983). '

RESULTS

The 4.2 K FDMR spectra of {-Pheo in -octane +
0.5% ethanol (10 > M) and DMF (2 x 10 " M)
consist of a strong D—L peak with negative amph-
tude (1.c. corresponding to a decrease of fluo-
rescence) and a weak positive D+ E peak (Fig. 3).
The transition at 2 has a low, negative amplitude
and 1s often not observed. most hikelv due to the
low level of mucrowave radiation at this frequency
(Benthem. 1984). The spectrum of b-Pheo in DMF
at the same concentration is very ditferent. showing
two strong positive peaks. Zero-held sphitting (ZFS)
parameters |D| and |E| denved trom the FDMR
transition frequencies observed at D-E and D+LE
have been collected in Table | for tree’bound Pheo
and pheophytin-a for comparison. Attempts to
detect FDMR in the 730 nm aggregate fluorescence
band were unsuccesstul.

The relative steadv-state populations N, | of the
triplet spin-levels, their decav-constants &, .. and
their relative population rates P, . were deter-
mined from FF measurements. In FF experiments.
the time-dependent response of the fluorescence
Intensity to an excitation stepfunction. due to in-
growth ot the triplet-population is given by (Avar-
maa. 1977, 1979)

}_: (‘,.,C-\'P(_km’)
Ii(t) = I (=) - [1,(O) - I'(I)]'H " N
1 ‘;;-JLK "

(1)

where 1)K label the zero-field triplet spin-levels:
furthermore,

I,Ill ( .HI
N - - . (2)
ke N,

"
At suthiciently low excitation rate. A, depends lin-
carlv on the fraction of molecules excated into the
triplet state. given by 1 - [ (=)', (). By extra-
polating to zero excaitiation itensity, corresponding
to s¢ro fracuonal tnplet population. the true mol-

ccular Kinetic constants A, and P, (’,, = N,.k..)
were obtained (Avarmaa., 1979 Avarmaa and
Schaatsma., 1980). as summarnized in Table 2. This
table also contains the same Kinctic constants, meis-
ured at an excitation intensity that was used during
FDMR  experiments,  and  the  predicted  and
observed signs of the D-L and D+ E FDMR tran-
stions of {-Pheo and b-Pheo using these kinetic
constants.

The fractional  steady-state  triplet  population
using 200 mW laser-excitation intensity of b-Pheo
1s found to be twice as large as for f-Pheo under
the same conditions.

Fluorescence decay kinetics of both - and b-
Phco in DMF were measured at various emission-
wavelengths. Excitation was into a vibronic satelhite
ot the red absorption band at 610 nm. The lifetimes
7, and relative amplitudes o, found after fitting the
data to [ (1) = X, «a, exp(—1/1,) are collected in
Table 3.

DISCUSSION

Although the f-Pheo ZFS values are quite sen-
sitive to solvent-polarity (c.f. data in n-octane and
DMF). the ZFS values of b-Pheo in the polar DMF
solvent are close to those of f-Pheco in strongly
apolar n-octane solution (Table 1). This indicates.
that the environment of the Pheo-triplets in b-Pheo
1s strongly apolar. Evidently, the rather apolar
pheophorbide-moieties are buried in the hvdro-
phobic core of the polypeptide. which exposes its
charged lysine side-groups to the polar DMF solvent
(see Fig. 4). This model suggests that the folding of
the peptide may cause some chromatophores to
come within close range. and is supported bv a
number of experimental results:

Decav rate-constants k, (m = 1.).k) from FF
experniments (Table 2) are similar for f- and b-Pheo.
but the relative steady-state populations N,, of T,
are very different, both at very low and non-zero
steady-state fractional triplet population. This
means. 1n fact. that the relauve populating rates
of the three T, spin ievels are different for both
compounds (c.f. Eq. 3). as i1s also reflected by the
~ two-fold increase of the triplet vield of b-Pheo as
compared to that of f-Pheo (Table 2). These results
can be understood bv assuming that for the species
observed by FF. the energy-gap between T, and the
groundstate (S,) 1s approximately equal for f-Pheo
and b-Pheo. leaving the T, decav rate-constants
almost unchanged. On the other hand. the §,-T,
gap should be smaller for b-Pheo. than for t-Pheo.
in order to explain the difference in populating
rates. Necessarilly, this means that S, s at lower
cnergy in b-Pheo than in f-Pheo. The drop of the
lowest excited singlet state is ascribed to excitonic
interaction (Kasha er al.. 1965; Kasha. 1976)
between two or more Pheo molecules at close range
labeled A (aggregated) in Fig. 4. The majonity of
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Picosecond laser spectroscopy

Table 3. Fluorescence decay kinetics of f- and b-Pheo (2
X 10°°*Min DME); T = 300 K

{-Phco b-Phco
Ay T, Q. T, Qa,

(nm) (ns) (%) (ns) (%)
1.28 36.2 2.12 56.3

68(0) 5.64 63.2 5.30 43.7
— — (.05 65.8

2.61 44 1.94 19.2

730 6.04 56 5.46 15.0

the chromophores in b-Pheo is monomeric (M in
Fig. 4). This is in agreement with the appearance
of a weak aggregate band at ~ 730 nm in addition
to the strong monomer emission at 670 nm in the
room temperature fluorescence spectrum (Fig. 2).
The intensity of the aggregate band has very little
dependence on temperature, and is also found to
be present in the 4.2 K fluorescence spectrum of
solid b-Pheo in DMF. [In the pure solid b-Pheo,
the aggregate band has shifted to ~ 740 nm and has
an amplitude comparable to that of the monomer-
emission occurring at 670 nm (data not shown).] If
the chromatophores in b-Pheo form an approxi-
mately parallel dimer, simple exciton-theory pre-
dicts a low yield for fluorescence from the singlet
exciton level of lowest energy. and an enhanced
intersystem crossing consistent with the above-
mentioned results. The essentials of this model are
~ presented in"Fig. 5 (nght-hand side), identifying

Figure 4. Proposed model of a polypeptide chain associ-
ated with monomeric (M) and aggregated (A) forms of b-
Pheo.

Further support for this model comes from a
comparison of the signs of FDMR transitions as
observed experimentally and predicted, using the
kinetic data obtained from FF experiments (Table

2). For f-Pheo the signs of the D—E and D+E
transitions (see Fig. 3) imply that the ordering of

the energies of T, spin-levels 1s E(i1) > E()) > E(k)
or the othér way around (Note, that 1.j. and k label

T7* as a triplet generated in the aggregate by singlet
energy transfer from monomeric b-Pheo (M).

Figure 5. Kinetic scheme for singlet energy transfer M — A and intersystem crossing S» — T in b-
Pheo. M and A denote monomeric and aggregated pheophorbide molecules in b-Pheo. respectively.
Fully drawn arrows represent processes with high yield, dashed arrows with zero or low vield. The
center of gravity of the singlet exciton states S3Y, and S™ 7! of the A-form is arbitrarilv chosen to be
at lower energy than the S state. The level-scheme of A represents a parallel. stacked Pheo dimer.
of which the lower singlet exciton state S7) | has an optically forbidden transition to the ground statce.
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two fast and one more slowly decaving component
in FF curves). For porphyrins. it has been shown
(Chaneral.. 1971) that spin-level |k> has the lowest
energy and can be described as the zero-field spin-
funtion |z> for which S,|?> = 0. where S, rep-
resents the z-component of the triplet spin-operator.
Analogously, the spin-levéls 1> and |j> cor-
respond to the spinfunctions |x> and |y> for which
S5« |x> =0and S, |y> = 0, respectively: (Van der

ot exponentials. Energy transter in these systems is
expected  to be non-coherent. Kenkre (19824,
1982b. 1983) has shown that both S-S noncoherent
energy transter as well as tast S=T intersystem cross-
ing lead to solutions of the Pauli master equations
in exponential form. These effects produce in our
case a shortening of the lifetimes of the exper-
imental components in the fluorescence decay of b-
Pheo compared to f-Pheo. We ascribe the 2.12 ns
Waals and de Groot, 1967); X,y and z denote two. component to the lifetime of excited Pheo-mono-
mutually perpendicular in-plane axes of the Pheo mers. shortened by energy transfer. Taking the 5.64
molecule, z 1s the axis perpendicular to the mol- ns lifetime of f-Pheo to represent monomers
ecular plane. iIncapable of singlet energy transfer. the bimolecular

Taking E(1=x) > E(j=y) > E(k=z) for the T, energy transfer rate constant Ky = 3.2 X 10% [M] !
spin levels, the sign of the FDMR transitions deter- s~', where [M] is the concentration of monomers
mined by relation (3) is then negative for D—E in the b-Pheo. Note. however. that f-Pheo also
transition (|y> «— |z>) and positive for the D+E  contains a shortened component with a lower, but
transition (|x> «—| z>), as follows from still considerable amplitude as compared to b-Pheo.

' This indicates that in solid solutions also f-Pheo

forms aggregates. Similar effects have been
observed in pheophytin-a (van der Bent and
Schaafsma. 1975b). At 730 nm where the aggregate-
trap ot b-Pheo emits weakly, the b-Pheo FDK con-
tains a major (66%) ultrashort (~ 50 ps) compon-
ent, which is absent at 680 nm. This component is
assigned to the S,-lifetime of the aggregate-trap,
shortened by very fast Intersystem crossing within
the aggregate. resulting in a high yield of the triplet
detected in b-Pheo using FDMR in the 670 nm
emission-band. This explanation rests on assignment
of the 730 nm fluorescence to aggregated b-Pheo.
which 1s consistent with reported in vitro exper-
iments on pheophytin-a (Kooyman er al.. 1979).

We conclude that b-Pheo exhibits several S1g-
nificant differences with f-Pheo, using FDMR. FF
and FDK techniques, which can be suitably
explained by aggregation, induced by folding of the
polypeptide, to which the pheophorbide is attached.
The model proposed for b-Pheo provides an attract-
Ive basis for interpreting results obtained with the
abovementioned methods for chlorophyll-proteins
isolated from plants and bacteria, containing low-
lying traps (e.g. active reaction centers).

ko, — k.o
AIF' = —-A );m + km, (Nm Nm') (3)

where m # m’ = x.y.z and A'is a positive parameter
containing kinetic constants and the rate constant
of excitation (Clarke and Hofeldt, 1974; Clarke.
1982; van der Bent et al.. 1975). Equation 3 predicts
the signs of both transitions correctly (Table 2)
(Note, that for this calculation we have used exper-
imental triplet state kinetic constants determined by
FF at the same excitation intensity as in FDMR
experiments). >

For b-Pheo, the experimentally observed positive
signs of D—-E and D+E FDMIR transitions are how-
ever inverted compared to those predicted from FF
data for a free molecule (Table 2). This sign inver-
sion can be explained by as§uming that we are in
tact observing the T{ triplet by monitoring fluo-
rescence in the main 670-680 nm band of mono-
meric b-Pheo (M) within the folded polypeptide: b-
Pheo (A) is excited by singlet-Ninglet energy transfer
from b-Pheo (M). It can be shown (see Appendix)
that under steady-state condiiions. a change of the
triplet population of the accepting trap by resonant
microwave absorption, results in a change of mono-
mer fluorescence with the same sign (Hoff and de
Vries, 1981; G. H. van Brakeél, The triplet state of
chlorophyll-a in whole algaf: cells, Thesis, Agri-
cultural University, Wageniggen 1982; J. Beck.
ODMR on pigment-complex of photosynthetic bac-
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APPENDIX

Figure 5 describes a pigment-bed of N,, monomers (M)
and N, aggregates (A) acting as a trap. Singlet energy
transfer may occur from M to A and vice versa, with rate
constants k, and k,, respectively. It is assumed that only
monomers are excited (k.,). All relevant decay processes
arc assumed to be first-order; their rate constants are
defined in Fig. §.

We wish to find the relation between a change of triplet
population (AT and AT?') due to resonant microwave
transitions between the spin-levels of TM or T2, and the
resulting change of fluorescence, i.e. the change in the
excited singlet state populations ASM™ or AS”. The rate Eqgs
for this system can be solved under steady state conditions.
assuming that singlet energy-transfer between pigment-
bed and trap can be described by the bimolecular forward
and backward transfer reactions

k

sr+&¢;~f:&v+89

-
Ao

followed by intersystem crossing S/ > T{. All above

mentioned phenomena can be described in the set of four

equations (Al).
ST+ S+ T™ = N,,
ST+ ST+ TY =N, (AD)
SM = SM(k., + k>S1) — SM(KM + kM + K SA
éf* =50 ki SP = SMAP + kG + k,SM

Under the steady state conditions, the change of pigment-
bed fluorescence due to a change of triplet population of
trap molecules 1s given by

A = kM ASM
N
= K PP (1 - P )1 — D )(1 - (butbu')*z(ﬁy)AT?
. A
(A2)

where k., is excitation rate constant of monomeric pig-
ment-bed molecules, &M, ¢ fluorescence yields in the
abscnce of energy transfer, ¢,. and ¢,., are forward and
reverse energy transfer yields, respectively.

M A
M= ____,-_ki'_i-q,,_,__ dP = wf_'_‘_
M M A A
k' + kS ki + k,
k. N kN,
q)l — _ .o TA (bl . . )4 A

- kP + kS + kN,
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Furthermore. it has been assumed that the fraction of bed-
or trap-molecules in §, or T, 1s <€ 1. Equation (A2)
predicts that in the presence of singlet-energy transfer
AT and Al have the  same sign. For
ARMATY. AR (ATY), and AT (ATY), the  following
expressions are obtained. now with a negative sign:

‘Am = _kc,\ IM(] o d:’l)(l o (bli. (bi)(l o (bl:', d)li')m: AW
(A3)
AR = =k . F bu(l — &g ) (1 — by b)) - ATY  (A4d)
AI{—\ = _kqu)l{'\(bli(l o ¢L)(l o (Dli')
N
(I = PpP,..) " (N’E)AT? (A5)
A

Note that the sign-inversion of ARY (A2) holds as long as
by # 0or 1. Furthermore. the amphtude of FDMR spectra
of the tniplet trap. detected by pigment-bed fluorescence
(Eqn. A2) 1s muluphied by a factor N,,/N .. which usually
s > 1. This factor 1s lacking in Eqs (A3) and (A4). but
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present i1n (AS). For the present model system. ¢;" is low,
however, due to fast intersystem crossing St — T{. This

explains, why only FDMR signals of T{ are detected in
the fluorescence of the monomer-bed.

For fluorescence-fading, the rate equation
SM =S8 — (kM + K¥) S + kSN

= SP = (kM + kY + k) SM + k. N, (A6)
for S} can be solved in the presence of bed-to-trap energy
transfer, neglecting back-transfer and T}* population. For
low excitation rate k., and, consequently, low population
of S,, the first term in (A6) is dominant at
t» (k! + kX + k.. )" ', representing the decrease of
ground-state traps (S;)') as a result of increasing T{* popu-
lation. It 1s straightforward to show, that (A6) leads to

M) =TY0) + kM S TAM™ (e~kmi — 1) (A7)

where k, = decay rate constant of spin-level |m> of
T, and (1) represents the FF curve; T2™ denotes the
steady state population of the spin-level |m> of the aggre-
gate tniplet state.




