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The light-harvesting accessory pigment-protein complex (LHC) with a chlorophyll (Chl) a/b ratio of 1.2 was iso- 
lated by treating pea chloroplasts with Triton X-100. The LHC was used to investigate the action of ionic (sodium 
dodecyl sulfate) and non-ionic (Triton X-100) detergents. By optical methods (absorption and fluorescence spec- 
tra, measurements of fluorescence yield, ¢, and lifetime, r) two successive stages of the process were demonstrated, 
namely (1) interaction between detergent monomers and proteins and (2) solubilization of pigments into deter- 
gent micelles, which is facilitated by the presence of salts. The concentration ranges, characteristic of these stages, 
differ by 1.5-2 orders of magnitude for SDS, but slightly overlap for Triton X-100. At the second stage, certain 
changes occur in LHC absorption and fluorescence spectra. Several stable states of the LHC were established: (1) 
an aggregated state formed in the presence of 10 mM MgSO4 with r ~ 0.6 ns; (2) the dialyzed LHC with r ~ 0.9 
ns; (3) the states of the LHC in detergent solution with r -~ 2.3, 2.9, 3.4 ns; (4) a 30 kilodalton monomer ob- 
tained by SDS-polyacrylamide gel electrophoresis with r ~ 4.1 ns. The fluorescence parameters of the LHC states 
were compared with those of Chl a in detergent micelles (for the micelles r = 5.6-6.0 ns). The r/~o ratio (the 
criterion for emission heterogeneity) for the LHC in the absence of a detergent was shown to be higher at least by 
a factor of 3.5 than that for Chl a in the presence of a detergent. Successive additions of the detergent to the LHC 
cause gradual decrease in the r/¢ ratio, and for the LHC monomer it reaches practically the same value as for 
Chl a in detergent micelles. The results are discussed on the basis of the data obtained previously. It is suggested 
that in vivo LHCs do not form such aggregates as in water solution without a detergent. 

Introduction 

A substantial advance in the investigation of the 
primary processes of plant photosynthesis during the 
recent years became possible owing to success in iso- 
lation of structural components of chloroplast mem- 
branes, i.e. three pigment-protein complexes: those of 
Photosystem I and Photosystem II and the light-har- 
vesting accessory complex (LHC). Their chemical 
composition and functional properties are well de- 
scribed in a number of reviews [1,2]. However, the 

Abbreviations: LHC, light-harvesting complex; Chl, chloro- 
phyll; SDS, sodium dodecyl sulfate. 

quantitative data on the fluorescence of these com- 
plexes are scarce. Measurement of the fluorescence 
parameters r and ~0 with a system more homogeneous 
than chloroplasts seems to be fruitful. It will extend 
our knowledge of energy migration and primary pho- 
tochemistry in green plants. However, the correla- 
tion between the state of pigments and proteins in 
isolated complexes and intact chloroplasts should be 
estimated. 

It is known that detergents are usually employed 
for membrane disintegration in procedures of isola- 
tion of pigment-protein complexes. Proteins devoid 
of a hydrophobic membrane undergo certain struc- 
tural changes in water solution, often aggregate and 
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precipitate. This makes optical measurements more 
difficult. That is why surfactants are frequently 
added to solubilize proteins and reduce light scatter- 
hag. But the presence of surfactants cannot but affect 
the activity and properties of an object under study. 
The most comprehensive elucidation of this problem 
was made by Helenius and Simons [3], but informa- 
tion concerning detergent interaction with plant pig- 
ment-protein complexes is lacking. 

Detergents are known to exist as monomers in 
water solution at concentrations below the critical 
level, whereas above it they form micelles. According 
to the available data [3], only detergent monomers 
interact with proteins. They bind to hydrophobic 
sites of the latter by alkyl tails and often induce con- 
formational changes or even disruption of the pro- 
tein macrostructure, which leads to the binding of 
new detergent molecules (the cooperative effect). The 
higher the critical micellar concentration, the more 
detergent molecules are bound cooperatively and the 
greater is the probability of protein denaturation. 
Micelle formation diminishes the concentration of 
free detergent monomers in solution and prevents 
protein denaturation, although it facilitates its delipi- 
dation. As far as pigment-protein complexes are con- 
cenrned, their pigments can form mixed micelles with 
detergents because both detergents and pigments are 
amphiphiles. 

This paper deals with fluorescence and absorption 
properties of the LHC in water solution. The effect of 
detergents and salts on these properties was investi- 
gated in detail. The data obtained were compared 
with those for the LHC in the chloroplast membrane 
and suggestions as to the structural organization of 
the LHC in vivo are given. 

Materials and Methods 

The LHC was isolated from pea chloroplasts 
treated with 3.3% Triton X-100 by separation of the 
mixture of complexes from solubilized lipids on 
DEAE-cellulose column and elution with 0.3 M NaCI 
followed by either of the two procedures [4]: (1) the 
salting-out of the LHC in the cold with a subsequent 
dialysis at 16°C against 5 mM Tris-HC1 buffer (pH 8) 
with four changes during 8 h (LHC-I); (2) fractiona- 
tion of the mixture of complexes on anion-exchange 
DEAE-Sephadex A-25, the LHC being eluted with a 

volume of 0.1 M NaC1/0.05% Triton X-IO0 constitu- 
ting 0.35-0.55 column bed volume (LHC-II). 

Chl a micelles in 0.1% Triton X-100 or 5% SDS 
were prepared by adding Chl a dissolved in acetone 
to the detergent solution, the acetone volume being 
about 2-3% of the overall volume. 

Electrophoresis in 10% polyacrylamide gel was 
performed at room temperature in potassium-phos- 
phate buffer (pH 7) containing 0.1% SDS, as de- 
scribed [5]. The dialyzed LHC-I was incubated at 
room temperature with 1% SDS for 2 h and then 
applied onto the gel (20 #g Chl per tube). Molecular 
weight markers were e and ~' subunits of factor F I 
from bovine heart mitochondria (54 and 33 kdalton, 
respectively [6]. 

The absorption spectra were measured with SF-10 
(LOMO, U.S.S.R) and Specord UV.VIS dual-beam 
recording spectrophotometers, the spectra of fluo- 
rescence emission excited by the 436 nm mercury 
line with an Aminco Bowman spectrofluorimeter. 
Light-induced absorbance changes in the 600-750 
nm spectral range were determined as described [4] 
with a modified SF-IO instrument. The sensitivity of 
the differential scheme amounted to 5 • 10 -s absorb- 
ance units. 

Fluorescence r and tp were measured with a phase- 
type fluorometer [7]: r with an accuracy of about 
-+0.02 ns, the relative values of ~o in/.tA units (-+0.005). 
Fluorescence was excited by 404 and 436 nm lines 
from a high-pressure mercury lamp and detected 
through a glass filter transmitting the ?~ > 620 nm 
wavelength range. The intensity of the exciting light 
was l0 s erg • cm -2 • s -1. 

Optical measurements were made at room temper- 
ature in 1.0 cm pathlength cells. For fluorescence 
measurements, samples with absorbances below 0.10 
in the red peak were employed. The dependence of 
r, tp and T/¢ on the detergent concentration was 
studied with the same sample by gradually increasing 
the detergent content in the medium. The measure- 
ments were carried out either immediately after the 
addition of a detergent, or 10 min later, as specified 
in the legends to figures. When the ~'/¢ ratio for the 
LHC was compared with that for CH1 a in the deter- 
gent, the difference in the absorbances of these ob- 
jects at the exciting light wavelengths was taken into 
account. 

Both LHC-I and LHC-II have the Chl a/b ratio of 
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the order of 1.2. LHC-I contained one P-700 per 
650-700 Chl molecules. LHC-II exhibited no light- 
induced absorbance changes around 700 nm in the 
presence of 5 • 10 -6 M N,N,N',N'-tetramethyl-p 
phenylenediamine. The protein content of  LHC-II 
was estimated basing on the absorbance at 280 nm 
[8] corrected for the Triton X-100 contribution. The 
latter could be determined in each fraction of the 
elution profile by measuring the absorbance levels at 
280 nm before and after the elution of the pigmented 
products. This estimate implied that colorless pro- 
teins were removed in the course of chromatography 
on DEAE-cellulose. Triton X-100 was determined by 
using the experimentally determined extinction 

% 
coefficient, E28onm,lcm - 22. The protein/detergent 
weight ratio for LHC-II was approx. 20 : 1. NaC1 and 
Triton X-100 concentrations in the samples with non- 
dialyzed LHC-II were estimated according to the 
extent of dilution of the initial sample. 

Chlorophyll a and Tris were purchased from Sigma 
Chemical Co. (St. Louis, MO), Triton X-100 from 
Ferak (Berlin), sodium dodecyl sulfate from Serva Fe- 
inbiochemica GmbH and Co. (Heidelberg). 

Results and Discussion 

Preliminary measurements of the fluorescence life- 
time for pigment-protein complexes obtained by ion- 
exchange chromatography with 0.05% Triton X-100 
[4] showed that r may have an arbitrary value over 
the range of 0.5-5.5 ns, dependig on the extent of 
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Fig. 1. The dependence of fluorescence lifetime (r) (o), rela- 
tive quantum yield (~) (zx) and r/~ (t) ratio on Triton X-100 
concentration for the dialyzed LHC4 in 5 mM Tris-HCl buf- 
fer, pH 8: (A) with gradual increase in detergent concentra- 
tion in the medium; (B) upon dilution of LHC-I containing 
0.07% Triton X-100 with 5 mM Tris-HCl buffer, pH 8. 
A676n m = 0.1. 

dilution of the initial sample. This fact prompted us 
to conclude that one should be careful in the evalua- 
tion of fluorescence data with samples obtained in 
the presence of detergents. Therefore, we started to 
examine thoroughly the action of nonionic detergent 
Triton X-100 and of anionic detergent SDS on the 
plant light-harvesting complex. These surfactants 
were chosen because of their being widely employed 
in preparation of pigment-protein complexes. 

Triton X-IO0 effect. Fig. 1A demonstrates changes 
in the fluorescence parameters r, ¢ and r /¢ of the dia- 
lyzed LHC-I occurring upon gradual increase of the 
Triton X-100 concentration in the incubation mix- 
ture from 0.001 to 0.07%. Two stages are discernable 
since there is some delay in the r increase, when the 

, detergent concentration changes from 0.009 to 
0.015%. At the first stage, r rises from 1.0 to 2.3 ns 
and at the second from 2.3 to 5.3 ns, the latter value 
being constant at concentrations above 0.045%. The 
next day measurement of  r showed that it reached 
5.8 ns and became identical with r measured for Chl a 
in 0.1% Triton X-100 micelles. When the sample of 
the nondialyzed LHC-II containing 10-15 mM NaC1 
was titrated with Triton X-100, the second state of 
the fluorescence increase began at concentrations 
below 0.01% and the first stage could hardly be dis- 
tinguished in the titration curve. 

As seen in Fig. 1A, the increase in r is accom- 
panied by a similar change in ~, with ~ rising faster 
than r over the concentration range of 0.013-0.04%. 
Thereby, the r /¢ ratio remains constant, until the 
Triton X-100 concentration exceeds 0.013%. Then 
r /¢ gradually decreases until at concentrations above 
0.04% it becomes 5.9-times lower than the initial 
level. Finally, r /¢ reaches the value similar to that for 
Chl a in 0.1% Triton X-100. 

A combined study of LHC-I absorption and fluo- 
rescence emission spectra showed no change in the 
peak positions in the LHC-I spectra upon addition of 
Triton X-100 at concentrations lower than 0.015%. 
Further rise in the concentration caused a gradual 
shift of the red maximum in the absorption spectrum 
from 676 to 668 nm (Fig. 2A and B) and of the fluo- 
rescence maximum from 682 to 677 nm. Finally, 
these spectral characteristics of the complex became 
similar to those of Chl a solubilized in 0.1% Triton 
X-100. Besides, the maximum in the Soret band of 
Chl b absorption spectrum gradually shifted from 472 
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Fig. 2. Absorpt ion spectra o f  the dialyzed LHC-I. (A) With- 
out additions; (g) in the presence of 0.07% Triton X-100; (C) 
in the presence of 5% SDS; (D) the sample similar to (C) after 
overnight storage at 0°C. 

to 462 nm, and the carotenoid shoulder disappeared 
at 490 nm (see Fig. 2B). 

Successive dilution of the sample containing 0.07% 
Triton X-100 by 5 mM Tris-HC1 buffer led to the 
reverse process of r and ~o quenching (Fig. 1B). Since 
not only the amount of the detergent but also the 
amount of the complex changed in the course of this 
process, the value of ~ was regarded as fluorescence 
intensity multiplied by the dilution of the sample. 
Comparison of the data presented in Fig. 1B with 
those in Fig. 1A revealed a difference in the concen- 
tration dependence of r. When the Triton concentra- 
tion reached 0.003%, r dropped to 3.35 ns, but not 
to 1.5 ns, as in Fig. 1A. The question concerning the 
stages of the quenching remains open, for its solution 
requires more points on the r and ¢ curves at concen- 
trations of 0.005-0.015%. We failed to detect spec- 
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Fig. 3. (A) The dependence of fluorescence lifetime (r) (o), 
relative quantum yield (~o) (a) and rAo ratio (o) on SDS con- 
centration (up to 5%) for LHC-II in 5 mM Tris-HCl buffer, 
pH 8. The interval between each detergent addition and mea- 
surement was about 10 min. (B) Time courses of r, ~ and rAo 
for LHC-II with 5% SDS. A674n m = 0.05. 

tral changes in this experiment. The accuracy of esti- 
mation of the peak position did not exceed -+2 nm 
because of the low absorbance of the samples ob- 
tained by dilution (final absorbance 0.0044). 

SDS effect. Figs. 3 - 5  demonstrate results of the 
fluorescence studies with SDS. In the experiment 
with LHC-II containing approx. 10-15 mM NaC1 and 
approx. 0.022% Triton X-100 (Fig. 3A), two stages 
are distinctly seen in the process of fluorescence 
enhancement. It is remarkable that the SDS concen- 
tration at which the second stage starts differs by two 
orders of magnitude from the concentration at which 
the first stage terminates. When the detergent content 
in the sample increase from 0.0075 to 0.05%, r shows 
a rise from 1.3 to 3.4 ns. Over the concentration 
range of 0.05-1.5%, the values of r and ¢ remain 
constant. The second stage of fluorescence enhance- 
ment develops slower than that in the case of Triton 
X-100. 3-h incubation of the LHC with 5% SDS (Fig. 
3B) caused increase in r only from 3.85 to 4.1 ns. 
During both stages, ¢ grew faster than r, which 
resulted in a 4-fold decrease in the r/~o ratio, the latter 
becoming equal to that for Chl a in 5% SDS or in 
0.1% Triton X-100. It should be noted that r mea- 
sured for Chl a in SDS micelles amounted to 5.8 ns. 

The time of incubation of the object with SDS 
being as short as possible (Fig. 4), we observed: (a) r 
on the steady level lower than in Fig. 3A (2.86 ns); 
(b) slower fluorescence increase at the first stage, 
with the r/¢ ratio being constant and T being stabil- 
ized to some extent in the region of 2.2 ns. (Similar 
results were obtained with the dialyzed LHC-I. Com- 
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Fig. 4. As in Fig. 3A but the measurements were made imme- 
diately after addition of the detergent. 0.25% #-mereapto- 
ethanol (ME) was added against 0.2% SDS background. 
A674n m = 0.04. 
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pared to LHC-II, it showed a lower initial value o f  r, 
namely about 0.7 ns.) Addition of  0.25% ~-mercapto- 
ethanol to this sample against the 0.2% SDS back- 
ground induced a slight fluorescence increase (~ 
became 25% higher, r changed from 2.86 to 2.95 ns), 
but did not alter the character of  the concentration 
dependence. 

The second stage o f  SDS effect on the LHC (at a 
concentration above 1.5-2%) was accompanied by 
blue shifts of  the absorption (676 ~ 671 nm, Fig. 2A 
and C) and fluorescence (682 ~ 678 nm) maxima. 
The storage of  the sample with SDS at 0°C led to: (a) 
increase in r from 4.1 to 5.8 ns; (b)shift  o f  the caro- 
tenoid shoulder from 490 to 480 nm; (c) complete 
pheophytinization of  chlorophylls which manifested 
in shifts of  the Soret bands (from 438 to 422 nm for 
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Chl a and from 472 to 444 nm for Chl b) and in the 
emergence o f  new peaks near 515 and 545 nm (see 
Fig. 2D). It is noteworthy that pheophytinization of  
Chl a also takes place upon solubilization of  the pure 
pigment in 5% SDS. 

A study of  the dilution effect with the sample 
stored with 3% SDS at 0°C showed that when the 
SDS concentration was reduced by two orders of  
magnitude (from 3 to 0.03%), ~ dropped from 5.8 to 
5.0 ns, with ¢ decreasing proportionally. 

Fig. 5 illustrates the dependence, similar to those 
in Figs. 3 and 4, for the LHC-I which was not sub- 
jected to dialysis after the salting-out of  the solution. 
The NaCI concentration exceeds 50 mM in this case. 
This object is characterized by: (a) a low initial value 
of  r (0.55 ns); (b) the development of  the first stage 
of  fluorescence enhancement at detergent concentra- 
tions higher than 0.1%; (c) continuous transition 
from the first stage to the second. The latter begins 
somewhat earlier than that in Figs. 3 and 4, i.e. at 
0 .9-1 .0% SDS, as evidenced by the sharp rise in ¢. 

Two stages of interaction between detergents and 
LHC The data presented in Figs. 1 - 5  indicate that 
interaction between detergents and the LHC involves 
two successive stages, each occurring ove ra  specific 
concentration range (Table I). It is difficult to dis- 
tinguish these stages for Triton X-100 since the con- 
centration specific for the second stage is only about 
twice as high as that corresponding to the first stage. 
However, in the case of  SDS, these concentration 
ranges differ by 1 .5 -2  orders of  magnitude. The first 
stage develops at detergent concentrations far below 
the critical one, with no change occurring in the 

TABLE I 

INTERACTION BETWEEN DETERGENTS AND LHC 

Stage Object [NaC1] [Triton X-100] a [SDS] 
(mM) (%) (%) 

1. Binding to proteins LHC-I - <0.009 b _ 
LHC-II ~10-15 <0.003 <0.01 c 
LHC-I >50 0.1-0.9 d 

II. Solubilization of pigments into micelles LHCq - 30.02 b _ 
LHC-II ~10-15 30.008 31.5-2 e 
LHC-I >50 - 30.9-1.0 d 

a The critical micellar concentration for Triton X-100 is 3.2 10 -4 M (approx. 0.02%); for SDS 2.5 • 10 -3 M (approx. 0.07%) 
[9], b data taken from Fig. 1A, c data from Fig. 4, cl data from Fig. 5, e data from Figs. 3A and 4. 
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visible region of the LHC absorption spectrum. The 
second stage is characterized by the following: (a) it 
develops at detergent concentrations above the criti- 
cal level; (b) it is accompanied by blue shifts of Chl a 
absorption and fluorescence maxima, which eventu- 
ally makes the spectra similar to those of Chl a in 
detergent micelles; (c) the ~'[¢ ratio drops abruptly 
and reaches the same value as that for Chl a dissolved 
in the detergent; (d) the value of r after prolonged 
incubation of the LHC with the detergent becomes 
similar to that for Chl a in the detergent micelles. All 
this makes it possible to attribute the first stage to 
the interaction between detergent monomers and pro- 
reins of the LHC and the second to the extraction of 
pigments from the LHC and the formation of mixed 
micelles. 

Reduction of the detergent concentration and, 
consequently, of the micelle content in the sample 
(Fig. 1 B) entails decrease in r and ~. This is, appar- 
ently, due to the accumulation of pigments in the 
remaining micelles, as well as to their release into the 
water solution and the reverse adsorption on proteins. 
Further investigation of this phenomenon is impor- 
tant for understanding the mechanisms of the photo- 
synthetic membrane self-assembly. 

Our attention was drawn to the fact in the case of 
SDS the pigments were solubilized at concentrations 
much higher than the critical level known for this 
detergent. This might be accounted for by an increase 
in the critical micellar concentration caused by strong 
SDS binding to LHC proteins or by electrostatic 
repulsion between negatively charged groups on the 
surface of SDS micelles and LHC proteins. It is note- 
worthy that electrophoretic separation of pigment- 
protein complexes in the presence of SDS is success- 
fully carried out due to the above-mentioned pecu- 
liarity. Otherwise, complexes would easily lose all the 
pigments and would, consequently, be unidentifiable. 
A certain part of the pigment still appears to be lost, 
which thus hinders determination of the real molec- 
ular weight and composition of complexes. 

As follows from Table I, the presence of a salt 
diminishes the detergent concentration at which pig- 
ment solubilization starts by a factor of 1.5-2.5. The 
effect of salts seems to be evidenced in neutralization 
of the negative charges of micelles in the case of SDS 
and in the lowering of the extent of detergent hydra- 
tion in the case of Triton X-IO0. This should be 

borne in mind when salt gradients are used in ion- 
exchange chromatography for separation of com- 
plexes in the presence of Triton X-100. The binding 
of SDS to proteins is affected by salts in the opposite 
manner. The concentration at which the first stage 
begins increases at least by one order of magnitude 
when the salt content in the sample exceeds 50 mM. 
This is, probably, due to change in the protein con- 
formation and decrease in accessibility of the deter- 
gent to protein binding sites. 

Polyacrylamide gel electrophoresis with SDS. 
LHC-I was subjected to electrophoresis in the pres- 
ence of 0.1% SDS to separate the products obtained 
by prolonged incubation of the complex with 1% 
SDS. The electrophoresis yielded two green bands. 
They were cut out of the gel, crushed with a scalpel 
and homogenized in 5 mM Tris-HC1 buffer (pH 8) 
with 0.3% SDS. The absorption and fluorescence 
spectra were recorded; r and ¢ were measured for the 
eluates obtained. A fraction of molecular weight of 
about 29-31 kdalton had the spectral properties of 
the original complex and r ~ 4.1 ns, which did not 
change when the SDS concentration increased to 
0.6%. The second (more mobile) band localized in the 
region of 12-15 kdalton contained pheophytins a 
and b and carotenoids with a spectrum similar to that 
in Fig. 2D. It was a fraction of the so-called 'free' pig- 
ments solubilized by detergent micelles. Its fluores- 
cence lifetime amounts to 5.4 ns. The difference in 
the r/~o ratios for these two fractions did not exceed 
20%. The extract from the first band being kept at 
0°C, the pigments from the LHC were completely 
solubilized as its r increased to 5.5 ns and the absorp- 
tion spectrum became similar to that of the second 
fraction. 

Salt effect. The data shown in Fig. 5 point out 
that the presence of salts causes shortening of the 
initial r value of the LHC. In this connection, we 
investigated r variations depending on the Mg 2÷ con- 
tent in the medium. The increase in Mg 2÷ concentra- 
tion from 2.5 to 10 mM gave rise to visible aggrega- 
tion of the complex accompanied by proportional 
quenching of T and ~. As follows from Fig. 6, r of the 
dialyzed LHC-I dropped from 1.07 to 0.77 ns in the 
presence of 10 mM MgSO4. 5 min exposure of this 
sample to the exciting light brought about further 
decrease in r to 0.65 ns, the latter value remaining un- 
altered for several months. 
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Fig. 6. The effect of MgSO4 on fluorescence lifetime (r) of 
the dialyzed LHC-I in 5 mM Tris-HCl buffer, pH 8. A676n m = 
0.055. 

Stable states of the LHC. It is remarkable that at 
the first stage of interaction with the detergent, the 
LHC goes through a number of (at least four) quasi- 
steady states. They are characterized by certain values 
of r: 2.3, 2.9, 3.4 and 4.1 ns (Table II). The higher 
the r value, the greater the stability of the LHC state. 
Basing on the value of protein mobility in the elec- 
trical field, one may conclude that the state with 
r ~- 4.1 ns corresponds to the smallest structural unit 
(monomer) of the LHC. This follows from the fact 
that the subsequent treatment of  the complex with 
SDS leads to its denaturation and complete delipida- 
tion, resulting in isolation of nonpigmented poly- 
peptide.~ with molecular weights of about 23-25  
kdalton [10]. Another two states of the LHC may be 
added to those already mentioned above. One of 
them, with r ~ 0.9 ns, is observed in water solution 
without a detergent, the other (r ~ 0.6 ns) under 
higher ionic strength conditions. 

TABLE II 

FLUORESCENCE PARAMETERS (r AND THE z/¢ RATIO) 
FOR DIFFERENT FORMS OF LHC IN WATER SOLU- 
TION 

r(ns) (r/¢ of LHC)/ 
(r/¢ of Chl a in 
detergent miceUes) 

LHC-I LHCdl 

LHC + salt ~0.6 ~5.5 
LHC 0.7-1.1  ~5.5 
LHC + detergent 2.3 5.0 
LCH + detergent 2.9 4.5 
LCH + detergent 3.4 - 
LHC + detergent subjected 

to electrophoresis 4.1 1.0 

3.5 
3.2 
3.0 
2.0 

We determined the r/~ ratio for all the states ob- 
served in our experiments. In the case of homo- 
geneous emission, this ratio is known to be equal to 
to, the radiative lifetime, or 1/Kn, where Kn is the 
constant of intramolecular radiative deactivation. 
Changes in the r/¢ ratio determined by the phase- 
shift method allow us to estimate the heterogeneity 
of emission. According to the formulae described in 
Ref. 11, the appearance of highly quenched (i.e., 
short-lived) fluorescence components causes much 
greater decrease in the measured value of ~ than in z, 
with the r/¢ ratio higher than that in the case of 
homogeneous emission. The constancy of the r[~ 
ratio with concomitant changes in both parameters 
indicates that the total rate of  excitation decay 
changes for all the Chl molecules, e.g., energy migra- 
tion to the quenching centers occurs. 

The r /¢  ratio for LHC-I without a detergent is 
higher by a factor of 5 - 6  and for LHC-II by at least a 
factor of 3.5 than that for Chl a in the detergent solu- 
tion and in the LHC monomer. We explain this fact 
by the heterogeneity of  the emission and, in partic- 
ular, by the presence of weakly fluorescent pigment 
forms. In the case of LHC-I, this may be in part due 
to contamination by Photosystem I. The addition of 
a salt to the LHC induces a proportional quenching of 
r and ~, probably due to energy migration towards 
new quenching centers. I f  the incubation mixture 
contains a detergent, the LHC displays gradual fluo- 
rescence enhancement with a higher increase in 
than in r: tp rises 20-25-fold; r from 0.9 to 4.1 ns. It 
should be observed that the disproportion in ~ and r 
quenching is lowered most appreciably after the LHC 
reaches the state with r ~, 3 ns. The emission of the 
LHC monomer with r = 4.1 ns is homogeneous. 

Thus, the adsorption of Chl a on proteins in the 
course of LHC formation manifests in the decrease of 
r from 5.8 to 4.1 ns, with z/¢ ratio remaining con- 
stant. This means that the Kn of Chl a does not 
change, while both r and ¢ decrease as a result of  
specific interaction between Chl a and the proteins 
and/or energy migration to the quenching centers. 
Assuming the ro for Chl a in solution to be 15.2 ns 
[12], one can estimate the fluorescence yield to be 
27% for the LHC monomer. 

According to our observations, both the removal 
of the detergent and the addition of salts induce 
visible aggregation of the LHC. This is consistent with 
the data in Refs. 10 and 13, where a regular arrange- 
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ment of  LHC aggregates was demonstrated by the 
freeze-fracture micrograph technique. The detergent 
dissociates these aggregates into more and more 
minute fragments, down to monomers. It breaks hy- 
drophobic interactions which maintain the protein 
macrostructure. The experiment with /3-mercapto- 
ethanol shows that S-S bonds play a negligible role in 
interaction between the LHC proteins. The above- 
mentioned forms of  the LHC (Table II) with different 
levels of  protein aggregation have identical spectral 
maxima but differ in r and in the r/¢ ratio. Hence the 
protein-protein interaction increases the number of  
excitation quenching centers and weakly fluorescent 
Chl a forms in hydrophobic sites of  the proteins, 
rather than alters appreciably the ratio of  different 
spectral forms of  the complex. 

Relation to the in vivo state. It is interesting to 
compare different forms of  the LHC in solution with 
its in vivo state. When the Photosystem II reaction 
centres are dosed and there is no energy migration to 
Photosys temI  (no spillover), r = 1 .5-1 .6  ns for 
spinach chloroplasts [14,15] and 1 .6-1 .8  ns for pea 
chloroplasts [7]. Lower values of  r may be attributed 
to the processes of  chloroplast 'ageing' [7,16]. Taking 
into account that the closed reaction centres of  
Photosystem II are still excitation quenchers [17], 
one should expect the value of  r for the LHC in the 
thylakoid membrane to be higher than 1 .6-1 .7  ns. 
LHC aggregates with r~< 1 ns fail to meet this 
requirement. The latter fact is in agreement with the 
results of  the circular dichroism study of  the LHC 

[181. 
As shown in Ref. 19, the r /¢  ratio for Chl a in 

chloroplasts increases about 3.5-fold compared to 
that for Chl a in solution. However, this increase, due 
to heterogeneity of  the emission, should not be 
ascribed exclusively to the LHC, but also to Chl a 
forms belonging to Photosystem I. Therefore, we 
believe the LHC in thylakoids to have r t> 3 ns. Inter- 
action between LHCs and other pigment-protein com- 
plexes results in decrease in r. (The ~-/~o ratio seems to 
be unchanged.) For instance, z drops to approx. 1.7 ns 
in the absence of  the spillover and to approx. 0.9 ns 
when the spillover takes place [7]. 

Note added in proof (Received May 8, 1981) 

According to recent reports, the addition of  the 
detergent to the LHC results in the disappearance of  
the circular dichroic signal of  Chl a [18] and in the 

reduction of  low-temperature fluorescence at 695 nm 
[13,20]. Together with our data on the decrease in 
emission heterogeneity (the drop in the r/~o ratio) 
these findings provide evidence of  the detergent- 
induced weakening of  pigment-pigment interactions. 
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