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Chapter 1Introduction and Summary  

 
1.1Motivation and Outline of Presentation  

 Cell membranes are not just pure topological surfaces which define inside and 

outside of the cell, but serve as a main matrix for spatial coordination of energy 

transduction and communication systems of the cell [i]. Time resolved local 

determination of organization and dynamical properties of cell-membrane constituents, 

lipids and polypeptides, is one key goal for the molecular understanding of many 

biologically relevant mechanisms [ii], so far basically unreached. The present study 

provides methodology for this goal, microscopy on the level of individual molecules and 

high-resolution hole-burning laser spectroscopy. 

 The timescales of dynamical processes in membranes of biological interest span 

from femtoseconds, the timescale for a molecular vibration, to minutes, the timescale for 

slow relaxation phenomena of larger aggregates or gross constituent reorganization. 

This tremendous time-span of eighteen orders of magnitude consequented the use of 

many different techniques of investigation. These techniques can be classified into two 

main groups with respect to their resolution: macroscopic techniques such as 

conventional light microscopy, thermodynamical or electrophysiological measurements, 

and microscopic techniques such as electron microscopy, biochemical sequencing, 

patch-clamp recordings or high-resolution and ultra-fast spectroscopy. Using 

macroscopic techniques, presently the main tools for in vivo studies, ensemble-

averaged changes of signals are used to indicate structural transitions, 

binding/unbinding of ligands and stoichiometries. Microscopic techniques, so far often 

restricted to in vitro characterizations, allow to study effects on the molecular level such 

as single molecule function of ion channels, relative orientation of subunits of 

macromolecules and of ligand binding sites, up to the role of vibrational states, and 

ultrafast intermediates. One link between macroscopic and microscopic techniques is 

made by molecular biology which permits genetical modification of biological 

macromolecules. Expression of modified proteins, so far studied by techniques without 

local resolution is expected to provide considerable insights when combined with single 

molecule techniques. 

 In the present study all three levels of methodology (macroscopic, microscopic, in 

combination with genetic engineering) are employed on different degrees of complexity 

of the system ranging from pure model-systems to biological membrane preparations. 

Processes with characteristic times between picoseconds and minutes are studied. In 

chapter 2 a new technique is described which rendered possible, for the first time, to 
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directly visualize the diffusion of single fluorophore-labelled membrane components by 

conventional light microscopy [iii]. The motion of individual molecules can be followed on 

a millisecond timescale and is characterized by two-dimensional Brownian diffusion. In 

chapter 3 hole-burning spectroscopy is used to elucidate the dynamical behaviour of 

glasses and biological systems at liquid-helium temperatures. Glasses have been 

shown to reflect thermodynamical and dynamical properties of biological membranes 

[Error! Bookmark not defined. ]. Silicate glasses doped with rare-earth ions are studied 

in chapter 3.1 by optical means and the results are compared with those obtained by 

thermal measurements in identical samples [iv]. The behaviour of the most prominent 

molecule in photobiology, the bacteriochlorophyll, is investigated in organic solvents 

and micelles in chapter 3.2 [v]. Here, effects of the vibrational states on the optical 

spectra are observed using a newly developed high-resolution diode-laser system. In 

photosynthetic systems the bacteriochlorophyll molecules are associated within the cell 

membrane to form antenna- or light-harvesting complexes and reaction centres. 

Picosecond energy transfer in the light-harvesting-complex-2 (LH2) of the purple 

bacterium Rhodobacter sphaeroides is investigated in chapter 3.3 by hole-burning 

spectroscopy [vi]. The energy transfer is generally believed to be governed by a Förster-

process. This assumption was tested by investigation of the excitation transport in LH2-

complexes of mutated bacteria in chapter 3.4, where a modified Förster-process is 

proposed [vii]. 

 All examples presented show that by using advanced optical techniques 

questions in such highly complex systems like biological membranes can be addressed 

giving novel insights. In chapter 4 perspectives of the techniques are outlined for their 

use in bioscience, as directly envisioned from first data available. 
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1.2Summary and Main Results  

  

1.2.1Single Molecule Microscopy  

 The ultimate goal in ultra-sensitive detection schemes is the observation on the 

single molecule level. The need for such techniques emerges from analytical chemistry 

on one hand, and from physical and biological sciences on the other hand. 

Investigations on the level of individual molecules can resolve subtle effects which are 

hidden in ensemble-averaged signals obtained from experiments using many 

molecules. Some of these techniques have been developed in the last years. In first 

instance single atoms in vacuum were detected by optical spectroscopy [viii]. In 

electrophysiology the detection of single membrane-spanning ion-channels by electrical 

means has become a standard technique [ix]. Very recently, single fluorescent 

molecules were detected in solids at low temperature [x-xixii

xiii], flowing streams [xiv,xv], and 

droplets [xvi,xvii] using confocal microscopes and sensitive optical detection schemes. 

Direct imaging of single fluorophores with a resolution of ~12nm was accomplished by 

near-field optical microscopy in a polymer matrix and in a photobiological membrane 

[xviii-xix

xx]. However, having in mind the application of single molecule experiments to 

biological systems, all techniques listed above have some drawbacks which result from 

the requirements of native systems: (i) the experiments have to be performed at ambient 

temperature and in a native environment and, (ii) in order to be able to detect dynamical 

processes like diffusion, imaging of the sample with at least video-rate is required. 

 These requirements are fulfilled by the highly sensitive digital imaging system 

described in chapter 2.1. Individual dye molecules embedded in a phospholipid bilayer 

are identified with a signal-to-noise ratio of up to 30. The position of each single 

molecule is determined to within 30nm, one seventh of the diffraction limit. A first 

application of this technique, the investigation of molecular motion in a lipid bilayer as a 

model system for biological membranes and the characterization of its photophysics is 

described. 
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1.2.2Hole-Burning Spectroscopy  

 The energy-landscape of the structure of polypeptides and biological membranes 

is characterized by a complicated topology with many local, almost degenerate, minima. 

The description of such a system is equivalent to that of glasses [xxi,xxii] represented by 

the two-level-system model [xxiii,xxiv]. The complicated structure of the energy-landscape 

and its dynamical behaviour has two consequences in optical spectroscopy: First, the 

linewidths of optical transitions of fluorophores embedded in such a structure, as 

measured by conventional broad-band absorption- and fluorescence spectroscopy, are 

very broad. Up to hundreds of wavenumbers are measured, reflecting the local 

inhomogeneities of the sample. Such linewidths are called the inhomogeneous 
linewidth, Γinh, of a transition. Second, the homogeneous linewidth of an optical 

transition, Γhom, is influenced by transitions of the environment between the almost 

degenerate local minima of the glassy structure even at very low temperature. The 

homogeneous linewidth consist of two terms [xxv], 

in which T1 is the lifetime of the excited state involved, and T2
* is the pure dephasing 

contribution. Dephasing is characterized by the dynamical modulation of the optical 

transition energy by structural rearrangements of the environment, often mediated by 

phonon scattering. T2
* reflects both the energy-landscape and the dynamical properties 

of the glass or polypeptide, thus, becomes temperature and time dependent. Laser 
spectroscopy yields various methods to resolve Γhom out of the inhomogeneously 

broadened absorption band. In this study, hole-burning spectroscopy [xxvi,xxvii] at liquid-

helium temperature is used, and the experimental results obtained for various systems 

are summarized in chapter 3. 

 

 Low-temperature properties of glasses at T<5K have been extensively studied by 

experiment and theory during the last two decades [xxviii]. Both, the specific heat, CV, and 

the homogeneous linewidth were found to have a weak temperature dependence, 

between T1.0 and T2.0. The two-level-system model [Error! Bookmark not defined. ] has 

been successful in explanation of the low-temperature thermal properties. In order to 

rationalize the broadening of the optical homogeneous linewidth, many models based 

on the interaction of two-level-systems with the optical transition have been proposed 

[xxix]. They predict that both the homogeneous linewidth and the specific heat should 
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increase with temperature as Tα with an exponent α which is expected to be the same 

for both properties if a dipolar coupling of the optical transition to the two-level-systems 

is assumed. 

 Although extensive data on optical dephasing in doped glasses and on the 

specific heat of undoped glasses have been reported, no comparative measurements of 

both properties had been performed on identical samples. In chapter 3.1 experiments on 

two rare-earth-doped silicate glasses are described, in which both the optical dephasing 

and the specific heat was measured on identical samples. The results are consistent 

with theoretical models which relate the specific heat and the homogeneous linewidth 

with the density-of-states of the same two-level-systems. It further appeared, that the 

coupling strength of the two-level-systems to the optical transition was similar in all 

samples studied. 

 

 Many photobiological systems have absorption bands which lie in the infrared. In 

chapter 3.2 an infrared laser-spectrometer on the basis of a single-mode laser-diode is 

described and characterized. The spectral resolution of this instrument was 45MHz, 

three orders of magnitude higher than that of broad-band dye lasers, the wavelength 

was continuously tunable over 200GHz with an extremely fast tuning-rate of 

300 GHz/ms. These characteristics, together with its low cost and simplicity made it an 

ideal instrument for spectral hole-burning studies of bacteriochlorophyll-a molecules in 

triethylamine-glass and micelles. As for other organic and inorganic glasses it was 

found, that the temperature dependence of the optical dephasing of the S1←S0-
transition of bacteriochlorophyll-a followed a power law αTα, with α=1.3, for both the 

inorganic glass and the frozen micelle solution. An intrinsic low-frequency mode of the 

triethylamine-glass with an energy of 35cm-1 was identified. Further, from the 
dependence of Γhom and that of the electron-phonon coupling on the detergent 

concentration, a structural change of the detergent-micelles with the detergent 

concentration is inferred. In addition, self-aggregation of bacteriochlorophyll within the 

micelles is proposed. 

 

 The photosynthetic apparatus is located in the cytoplasmic membrane of plants 

and bacteria. In the photosynthetic cycle, light is absorbed by chlorophyll molecules 

which are associated within large polypeptide structures. There are several functional 

units of the photosynthetic apparatus: the light-harvesting or antenna complexes and 

the reaction centres. The function of the antenna complexes is to absorb the incident 

light and transfer the excitation energy to the reaction centres. In the latter this energy is 
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used to built up an electrical potential by electron an transfer mechanism. Subsequently, 

this potential is used for chemical reactions in the cell. The processes involved in the 

first steps of the photosynthetic cycle occur within a few picoseconds and have 

quantum-efficiencies of almost unity [xxx,xxxi]. 

 In purple bacteria Rhodobacter Sphaeroides there is one antenna complex, LH2, 

which consist of two pools of bacteriochlorophyll-a molecules, the B800-pool absorbing 

at 800nm and the B850-pool absorbing at 850nm. The energy transfer mechanism 

between these two pools was expected to occur within a few ps but the exact transfer 

time was not known because of lack of time-resolution [xxxii,xxxiii] or artifacts obscuring the 

measurement [xxxiv]. In chapter 3.3 spectral hole-burning is used to determine the energy 

transfer time between B800 and B850 to be 2.4ps. It was further found for this system 

that dephasing processes were much slower than the energy transfer process, T1«T2
* in 

eq.(1), at least between 1.2 and 30K. Thus, the homogeneous linewidth is largely 

dominated by the energy transfer rate between B800 and B850. The transfer time of 

2.4ps measured in the frequency domain here, was later confirmed by fs-transient 

absorption measurements [xxxv]. From the transfer time the distance between the two 

bacteriochlorophyll-pools was estimated under the assumption of a Förster-type energy 

transfer process. A distance of ~1.9nm was determined which, very recently, has been 

confirmed by X-ray structure data of LH2 [xxxvi]. 

 

 The LH2-complexes of photosynthetic bacteria are built up by two types of 
polypeptide chains, α and β, which are very homologous for various purple bacteria 

[xxxvii]. The antenna pigments are non-covalently bound to two small transmembrane 

parts of 50-60 residues each. Although the polypeptides are widely homologous, the 

absorption spectra of membrane preparations of different bacteria show drastic 

changes, in particular in the red-absorbing pool of the complex. Where for Rhodobacter 

Sphaeroides the red-absorbing pool is a B850-complex, for Rhodopseudomonas 

Acidophila the absorption is shifted to the blue and forms a B820-complex. This blue 

shift of the absorption band is due to the coupling of the bacteriochlorophyll-a molecule 
to different amino-acid residues in the α polypeptide chain. By site-directed mutagenesis 

at two positions in the polypeptide chain it was found, that the absorption band of the 

B850-complex of Rhodobacter Sphaeroides can be shifted to 829nm forming a B829-

complex similar to that of Rhodopseudomonas Acidophila [xxxviii]. 

 The energy transfer process within the LH2-complex from B800 to B850 is 

generally believed to be governed by a Förster-type process [xxxix]. Under the latter 

assumption a dramatic increase in the energy transfer rate due to a larger overlap of the 



 

 
 

donor-acceptor spectra from the B800-B850 to the B800-B820 complex is expected. In 

chapter 3.4 hole-burning measurements on membrane preparations of wild-type and 

mutated bacteria are compared. It was found, that the energy transfer rate is within a 

factor of 1.5 identical for all mutants investigated ranging between 1.5 and 2.5ps. These 

transfer times were later confirmed by fs-transient absorption measurements [xl]. In 

chapter 3.4 a modified Förster-mechanism is proposed, in which a vibrational band of 

the bacteriochlorophyll-a is involved in the energy transfer process. 
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2.1Characterization of Photophysics and Mobility of  Single 

Molecules in a Fluid Lipid Membrane.  
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This report contains an account for the physico-chemical properties of individual 

fluorophores observed by the novel technique. A presentation of the method with 

perspectives for bioscience, entitled "Imaging of Single Molecule Diffusion", was 

submitted to Proc.Natl.Acad.Sci.USA addressing the bioscience community (ref.[3] in 

chapter 1). 
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Characterization of Photophysics and Mobility of Single Molecules in a Fluid Lipid 
Membrane 

Th. Schmidt,* G. J. Schutz, W. Baumgartner, H. J. Gruber, and H. Schindler 
Institute for  Biophysics, University of Linz, Altenberger Strasse 69, 4040 Linz, Austria 

Received: August 17, 1995@ 

Properties of single fluorescence-labeled lipids in a fluid phospholipid membrane were analyzed using sensitive 
fluorescence microscopy. The high signal-to-noise ratio for detection of individual fluorescence-labeled 
molecules of 5-70 permitted detailed study of their photophysical parameters. From single fluorophores a 
signal of 49 counts/ms was detected when excited above their saturation intensity of 7.6 kW/cm2. These 
data, obtained at the level of individual fluorophores, are found to agree quantitatively with predictions from 
a conventional three-level model using known ensemble-averaged rate constants. Light-induced photochemistry 
of single fluorophores was found to occur as a sudden disappearance of their fluorescence characterized by 
a photobleaching efficiency of 9 x These photophysical properties of the fluorescence label permitted 
analysis of the motion of individual lipid molecules. Lipid motion was tracked at a rate of up to 66 images 
per second. The high fluorescence image-contrast allowed for determination of lipid positions with a precision 
of 30 nm. For short length-scales the observed trajectories were described by a random two-dimensional 
motion with a lateral diffusion constant of 1.42 x cm2/s. Free diffusion was found to be restricted to 
length-scales of 100 nm, attributed to membrane defects. 

Introduction 

In the last years techniques have been developed for detection 
and manipulation of single dye molecules or atoms in the gas, 
liquid, and solid phase. The trapping of single ions in 
electromagnetic fields made ultrahigh-resolution spectroscopy 
accessible, showing the finest details in atomic spectra.' High- 
resolution spectroscopy also allowed for identification of single 
fluorescent molecules in solids at low temperat~re~.~ with 
applications to spectroscopy on single molecules in crystals and 
 polymer^.^,^ The first imaging of single molecules was carried 
out at liquid-helium temperature using an intensified CCD- 
camera.6 Single-molecule detection and spectroscopy in the 
liquid phase was stimulated by perspectives in analytical 
chemistry and bioscience. The early finding of Hirschfeld7 that 
a single macromolecule can be detected when stained with - 100 
dye molecules has prompted efforts for the detection of 
monolabeled biomolecules and individual fluorophores in 
solvents. The techniques used are based on highly-sensitive 
confocal fluorescence microscopy in which the observed volume 
is reduced to < I  pL. It was possible to detect single dye 
molecules in flowing streams,8  droplet^,^,'^ and levitated 
microdroplets." Application of these techniques in analytical 
chemistry and bioscience has been extensively discussed.I2 The 
confocal arrangement was mainly focused on the detection of 
single molecules in small volumes, and only sophisticated 
analysis of the data permitted determination of spatial informa- 
tion such as diffusion  constant^.^^^^ In contrast, optical near- 
field microscopy made direct imaging of single molecules 
po~sib1e.l~ It reaches a spatial resolution of -12 nm and has 
been extended to spectroscopy on fluorescent dyes in polymer 
matrices or  crystal^'^-'^ and photobiological membranes." 
However, the time resolution of near-field microscopy is too 
low to follow dynamical processes like motion and redistribution 
of components in biological membranes. For biophysical 
characterization of individual component mobility, NANOVID- 

* To whom correspondence should be addressed. 
@Abstract published in Aduance ACS Abstracts, November 15, 1995. 
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microscopy (nanoparticle video microscopy)18 has become a 
widespread t e c h n i q ~ e . ' ~ - ~ ~  It was designed to observe motion 
in biological systems with high spatial and time resolution. 
Detection of biomolecules was achieved either via binding of 
gold  particle^'^,'^,^' or fluorescent latex spheresZo or via heavy 
fluorescence labeling.7,22-24 The time resolution is given by 
the video-frequency, and the positional accuracy is -2 nm, only 
limited by the signal-to-noise ratio.25 

Very recently it has been shown that individual dye molecules 
could be imaged in an aqueous environment when immobilized 
on actin filamentsz6 In tum, we have shown that the time 
resolution for single-molecule imaging can be increased into 
the millisecond regime, which made possible the direct visu- 
alization of the diffusional trajectory of monolabeled lipid 
molecules for the first time.27 Here, we employ this imaging 
technique for the determination of photophysical characteristics 
of single fluorophores covalently bound to lipids and for detailed 
examination of the two-dimensional mobility of individual lipids 
in a fluid lipid membrane. Unitary fluorescence intensity, 
fluorescence saturation, and photobleaching statistics of indi- 
vidual fluorophores are investigated, showing the perspectives 
and limits of microscopy on the single-molecule level. 

Experimental Section 

Sample Preparation. Supported lipid bilayers of l-palmi- 
toyl-2-oleoyl-sn-glycero-3-phosphocholin (POPC, Avanti Polar 
Lipids) are transferred onto glass- and quartz-substrates by the 
Langmuir-Blodget t e c h n i q ~ e . ~ ~ , ~ ~  Fluorescent analogues of 
1 -palmitoyl-2-oleolyl-sn-glycero-3 -phosphoethanolamine (POPE) 
were synthesized by derivatization with 5-(and 6-)carboxy- 
tetramethylrhodamine succinimidyl ester (TMR, Molecular 
Probes). Before usage, the substrates were cleaned in chromic 
acid for 30 min and extensively washed in bidistilled water. 
The lipids were spread at 23 "C from chloroform with a lipid 
content of 5 mg/mL at the airbuffer (100 mM NaC1, 10 mM 
NaH2P04, pH 7.51 interface in a monolayer trough (Fromhertz- 
type, Mayer Feintechnik, Gottingen, Germany) to a surface 

0 1995 American Chemical Society 
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pressure of 3 mN/m. After 2 min allowance for solvent 
evaporation the film was compressed to 32 mN/m. At the 
applied conditions, the monolayers were in the liquid-expanded 
phase. Monolayers were deposited onto the substrate at constant 
surface pressure. First a POPC-monolayer was deposited by 
vertically moving the substrate through the airbuffer interface 
at a velocity of 7.5 mdmin. Subsequently, this first monolayer 
was brought horizontally into contact with the second mono- 
layer, containing unlabeled (POPC) and fluorescence-labeled 
(TMRIPOPE) lipids in molar ratios between x = 6 x and 
x = 6 x The coated substrate was pushed through the 
airbuffer interface and attached to an open quartz cuvette 
(1 36QS, Hellma). From the area reduction of the monolayers 
during the transfer steps a coverage of the substrate of 95- 
100%, on average, was calculated. 

Optical Setup. The cuvette was mounted on an inverted 
microscope (Axiovert 135-TV, Zeiss) equipped with an M = 
l00x objective (PlanNeofluar x 100, NA = 1.3, Zeiss). In some 
experiments an additional 1 . 6 ~  -magnification lens (Optovar, 
Zeiss) was used. Through the epiport of the microscope the 
sample was illuminated with the 514 nm line of an &+-laser 
(Innova 306, Coherent) running in TEMmmode. The excitation 
light was circular polarized by means of a 1/4-plate. A 
200 mm lens in front of the dichroic mirror defocused the laser- 
spot on the sample to a Gaussian profile with (6.1 f 0.8) p m  
full-width at half-maximum (fwhm). An acousto-optic modula- 
tor (1 205C- 1, Isomet) in combination with a function generator 
(Model 502SL, Exact) was used to provide exact timing of the 
illumination and as a variable attenuator. The fluorescence was 
monitored through a dichroic mirror (5 15DRLPEXT02, Omega) 
in combination with a band-pass (570DF70, Omega) and a low- 
pass filter (OG550-3mm, Schott) by a liquid-N2 cooled slow- 
scan CCD-camera system (AT200, 16 bit, 40 kHz, 1.6 e-/count, 
4 counts/pixel readout noise, Photometrix) equipped with a 
Tek512CB/AR chip (Apixel = 27 x 27 pm2 pixel size, Tek- 
tronix). The total collection efficiency for the fluorescence of 
TMR-labeled lipids was qdet = (3 f l)%. 

A test of the mechanical stability22 of our apparatus was 
carried out by taking 200 images of two fluorescent latex-spheres 
(30 nm size, Molecular Probes) which were immobilized on a 
cover-slip. The distance of the two spheres was found to vary 
less than 10 nm during the 20 s time-scale of a typical 
experiment. 

Data Acquisition. Data acquisition was performed on a 486- 
66 PC using software distributed with the camera (PMIS, 
Photometrix). Parts of the CCD-chip were covered by a 
mechanical shutter restricting illumination to a small region of 
the may (typically 40 x 40 pixel2, Le., 10.8 x 10.8 pm2 in the 
image-plane). By programming the hardware and by slight 
modification of the camera electronics, it was possible to vary 
the image repetition time with minimal values of 7 ms in a fast 
mode and minimal values of 70 ms in a slow continuous mode?0 
respectively. In the fast mode a sequence of up to 14 images 
can be taken depending on the illuminated area and the storage 
capacity of the CCD-chip, whereas the slow mode permits 
continuous imaging limited by computer memory only. Com- 
pared to NANOVID-microscopes, that are commonly equipped 
with an intensified CCD-camera having video-frequency capture 
rates, the apparatus described here is slower by a factor of 2 in 
the continuous slow mode and faster by a factor of 4 in the fast 
mode. 

Before each acquisition cycle an image without laser il- 
lumination was taken from which the average dark counts were 
determined. This average dark-value was subtracted from every 
image in subsequent acquisitions. 

5 IJm 
Figure 1. Images of 6.8 x 6.8 pm2 taken from supported lipid bilayers 
of POW with different TMWOPE content: (a) 6.5 x mol/mol 
[TMR/POPE]/[POPC] (intensity divided by 50); (b) 6.5 x mol/ 
mol; (c) 6.5 x mol/mol. The samples 
were illuminated with 57 f 14 kW/cm2 for 5 ms and imaged using M 
= 16Ox optical magnification. Images are scaled between 0 (white) 
and 60 counts/pixel (black). 

mol/mol; (d) 6.5 x 

Data Analysis. Data were analyzed using a software- 
package3' written in MATLAB (Mathworks). In brief, first 
the images were filtered using a Gaussian ~orrelation-filter.~~ 
A threshold criterion which was determined from the image 
noise yielded starting values for a nonlinear fitting procedure 
of two-dimensional Gaussian profiles to the original images.33 
x2, exponential, and F tests?4 applied to the fitting results, 
yielded an unbiased criterion for the acceptance of individual 
fluorescence peaks. In this way the position of each molecule 
was found with 30 nm preci~ion:~.~~ and its fluorescence 
intensity was determined with an uncertainty of <20%. The 
Gaussian peaks had a width of 1.5 f 0.4 pixels (fwhm) 
reflecting the point-transfer-function of the microscope optics 
as measured from images of 30 nm fluorescent-beads. The 
determination of molecule positions was used to analyze their 
motion from the positional shifts in successive images. The 
two-dimensional trajectory or 'trace' of the molecule within the 
lipid membrane was obtained using a V~gel-algorithm.~~ The 
mean-square-displacement for each molecule was calculated 
from such trajectories for every time-lag.21 

Results and Discussion 

Fluorescence Intensity of Single Fluorophores Predicted 
from High-Concentration Data. Figure 1 presents typical 
fluorescence images of POPC-membranes observed for different 
molar ratios, x, of TMR-labeled POPE to unlabeled POPC 
covering the range between 6.5 x and 6.5 x mol/ 
mol. The scaling of the images is chosen between 0 (white) 
and 60 counts/pixel (black). The fluorescence intensity in Figure 
la was divided by a factor of 50 with respect to those of Figures 
lb-d. The images show areas of 6.8 x 6.8 pm2 of lipid 
membranes illuminated for 5 ms by a Gaussian-shaped laser 
beam with d~ = 6.1 f 0.8 p m  full-width at half-maximum 
(fwhm). We define here the average excitation intensity, IL, as 
the total power measured at the sample divided by the fwhm- 
area, ~ ( d r / 2 ) ~  = 29 f 5 pm2, of the laser spot. For the images 
in Figure 1, IL = 57 kW/cm2. At the highest TMWOPE 
concentration (x = 6.5 x mol/mol, Figure la) the 
fluorescence intensity follows smoothly that of the laser intensity 
with little spatial variation. Variations increase with decreasing 
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Figure 2. Average fluorescence intensity, F ,  for a 2 x 2 ym2 image- 
area of a lipid membrane as a function of the molar ratio of [TMW 
POPE]/[POPC], x, in the top layer. The samples were illuminated for 
5 ms with a laser intensity of 57 4I 14 kW/cm2 and imaged using M = 
160 x optical magnification. The average fluorescence intensity follows 
a linear dependence with x yielding a background of b = 7 & 2 counts/ 
pixel and a slope of a = 7.8 4I 0.7 x IO6 counts/pixel (solid line). 

fluorophore concentration (x = 6.5 x 10-6mol/mol, Figure lb) 
until well resolved single fluorescence spots are recognized at 
x = 6.5 x lo-* (Figure IC) andx = 6.5 x moVmol (Figure 
Id). For complete unlabeled membranes no fluorescence spots 
were found (not shown). As shown in ref 27, these fluorescence 
spots can be identified as images of individual fluorescence- 
labeled lipid molecules. 

The fluorescence intensity of a single fluorescent molecule 
can be predicted from such high concentration images. For this, 
the mean fluorescence intensity, F,  determined in an area within 
the fwhm-disk of the illumination spot was measured for x 
between 6.5 x low9 and 6.5 x mol/mol. The result is 
shown in double-logarithmic form in Figure 2. The samples 
were illuminated for 5 ms with ZL = 57 kW/cm2. The solid 
line represents a linear fit to the data with F = b + ax. A 
background intensity b = 7 & 2 countstpixel and a linear 
increase with a slope a = (7.8 ZIC 0.7) x lo6 counts/pixel are 
found. The linear increase of F with molar ratio implies that 
no concentration quenching due to aggregation of the fluoro- 
phores occurs, at least not up to x = 6 x mol/mol. From 
the slope of - F on x the intensity due to an individual fluorescent 
molecule, Fsm, can be predicted: Assuming a mean-area per 
lipid Of Alipid = 63 A* in a supported lipid bilayer,35 the intensity 
per fluorescence-labeled lipid is F s m  = aM2Alipid/Apixe l  = 172 
f 15 counts/molecule for the magnification M = 160 used. 

Fluorescence Intensity of Individual Fluorophores. At low 
concentrations of fluorescence-labeled lipid the fluorescence 
intensity of individual fluorophores was determined (see Data 
Analysis). Distributions of the fluorescence intensity of all 
identified fluorophores, Fsm,i, in typically 120 images of an 
experiment are shown in Figure 3 for three different laser 
intensities (Figure 3a) and illumination times (Figure 3b). The 
data are presented in the form of probability-density-functions, 
p(FSm), calculated by34 

with fluorescence intensities Fsm,; and respective confidence 
intervals dFsm.i, derived from the nonlinear least-square fitting 
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Figure 3. Probability density, p(F,,), of the fluorescence intensity 
obtained for individual fluorescence-labeled lipids. The probability 
density of the background intensity is shown for comparison (dashed). 
(a) p(Fs,) for IL = 0.86 i 0.22, 25 i 6, and 217 f 54 kW/cm2 at 
constant t,il= 5 ms. N = 26, 342, and 12p fluorophore molecules were 
analyzed. The most probable values are F,, = 41, 149, and 237 counts, 
respectively. (b) p(F,,) for t,ll = 0.5, 5, and 40 ms at constant IL = 25 
4I 6 kW/cm2. N = 12, 34?, and 265 fluorophores were analyzed. The 
most probable values are F,, = 45, 149, and 493 counts, respectively. 

procedure.34 The mean fluorescence intensity of individual 
fluorescence-labeled lipids, ksm, as determined from the position 
of the maximum of p(F,,) is calculatep from such distributions. 
For ZL = 57 kW/cm2 and t,ll = 5ms, Fsm = 173 f 20 counts is 
found (not shown, see Figure 4a). This value is in excellent 
agreement with the value of Fsm = 172 counts predicted from 
Figure 2, which provided the save evidence,27 that the isolated 
fluorescence peaks observed can be identified with individual 
TMR molecules. 

The mean fluorescence intensity determined from individual 
TMRPOPE molecules, ksm,  shows a typical saturation behavior 
as sten in Figure 4. At constant ~ , I I  = 5 ms, shown in Figure 
4a, F,, increases with ZL up to -25 kW/cm2 and tums over 
into a saturation value of F, = 246 counts at higher laser 
intensities. Contrarily, at fixed IL = 25 kW/cm2, shown in 
Figure 4b, kSm increases monotonously with t,ll up to a value of 
1520 counts at t i l l  = 150 ms. Both observations can be 
explained quantitatively by a three-state model. 

Three-Level Saturation. Saturation of the fluorescence with 
laser intensity can be explained considering the energy-level 
structure of the fluorescent molecule as illustrated in Figure 5. 
A conventional four-level model of the fluorophore including 
a ground- (nG), singlet-excited- (ns), triplet-excited- (nT), and 
photoproduct-state (np) coupled with the appropriate rate- 
constants is assumed. In a first step the reaction-pathway to 
the photoproduct state is neglected (kb  = 0). In such a three- 
state model the variation of the fluorescence with illumination 
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Figure 4. Single molecule fluorescence intensity, ksm, as a function 
of (a) laser intensity, ZL, at constant illumination time, f i l l  = 5 ms, and 
(b) illumination time at consJant ZL = 25 f 6 kW/cm2. The solid line 
in part a represents a fit to Fsm = k&d( 1 + I&) with k, = 49 f 3 
counts/ms and saturation intensity Is = 7.6 f 1.1 kW/cm2. 

Figure 5. Energy-level diagram 
molecule. 

intensity and time is given by 
saturation intensity, Is, and k,, 

"G 

of a tetramethylrhodamine (TMR) 

In eq 2 zs and ZT represent the lifetimes of the excited singlet- 
and triplet-state; respectively, kist is the intersystem crossing 
rate, ~ Z L  is the wavelength of excitation, 00 = 1.9 x cm2 
is the mean absorption cross-section for randomly oriented 
fluorophores, @ = 0.28 is the quantum efficiency of TMR in 

and ?j&t = (3 f I)% is the detection efficiency of 
the apparatus used. For derivation of eq 2 the circular 
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Figure 6. Fluorescence intensity variation of an individual fluorescence- 
labeled lipid illuminated consecutively every 30 ms with ZL = 34 f 9 
kW/cm2 and f i l l  = 5ms. The original images showing a 6.8 x 6.8 ,um2 
membrane area are displayed in parallel. The sudden disappearance of 
one molecule after the 10th image is observed. 

polarization of the laser-beam and the parallel direction of the 
transition dipole moment of the fluorophore with respect to the 
membrane-~urface~~ are taken into account. A fit of the data 
in Figure 4a yields k, = 49 f 3 counts/ms and Is = 7.6 f 1.1 
kW/cm2 (solid line in Figure 4a). 

All rate constants involved in the model of Figure 5 have 
been measured for rhodamine molecules in various samples. 
For zs = 2.1 ns of TMR in water,38 ZT = 2 ,us of a rhodamine 
dye (Rh6G) in and kist = 0 . 0 3 ~ s - ' , ~ ~  Is = 11 kW/cm-2 
and k, = 135 f 45 counts/ms are derived from eq 2. The 
saturation intensity found experimentally is in very good 
agreement with the theoretical value. This is further confirmed 
by measurements at high TMRPOPE concentrations 
(x = 6 x mol/mol) in which Is = 5.7 f 1.6 kW/cm2 was 
obtained.30 The value for k, determined experimentally is 
smaller by a factor of three compared to that determined from 
the three-level model. In order to explain this discrepancy, one 
has to keep in mind that the involved rate constants, in particular, 
the intersystem crossing rates, and the fluorescence quantum 
yield are extremely sensitive to the e n ~ i r o n m e n t , ~ ~ . ~ ~  making 
such ab-initio determination difficult. However, the reasonable 
agreement between the experimental and theoretical values 
further supports the identification of the isolated fluorescence 
peaks with individual fluorescence-labeled lipids given in 
ref 27. 

As expected from the model ks, varies linearly with 
illumination time for fixed laser intensity, as seen in cigure 4b 
for f i l l  5 5 ms. The decrease of the slope in Fsm with 
illumination time for t i l l  > 5 ms is a manifestation of light- 
induced photochemistry. 

Light-Induced Photochemistry. Individually observed fluo- 
rophores undergo light-induced photochemistry as seen in Figure 
6. In this image sequence obtained for ZL = 34 kW/cm2, t i l l  = 
5 ms, and 30 ms delay between successive images, a single 
fluorescence-labeled lipid can be identified, which suddenly 
disappears after the 10th image, being exposed to the excitation 
light for 50 ms. In all experiments performed these disappear- 
ances occurred as a one-step process within our time resolution. 
We attribute this, as in ref 15, to light-induced bleaching of the 
fluorophore. To elucidate the statistics of this process, the 
accumulated illumination time for individual fluorophores before 
bleaching occurs is evaluated, as seen in the inset of Figure 7. 
From the histogram taken from experiments at ZL = 17 
kW/cm2 the average photobleaching time ZB = 11.5 f 2.5 ms 
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Figure 7. Average bleaching time, ?&, of individual TMRPOPE 
molecules as a function of the laser intensity, ZL. Inset: Histogram of 
accumulated illumination time for individual fluorophores before 
bleaching occurred when illuminated with ZL = 17 f 4 kW/cm2. An 
average bleaching time Tb = 11.5 f 2.5 ms is determined from a 
monoexponential fit to the data. 

was estimated by approaching the histogram with a monoex- 
ponential decay. Such analysis was performed for various laser 
intensities, as shown in Figure 7. With increasing ZL the 
photobleaching time drops from ZB = 20 ms at ZL = 2 kW/cm2 
to ZB = 7 ms for ZL > 50 kW/cm2. The dependence of ZB on 
ZL shows that the effect of bleaching is due to a light-induced 
process included in the four-level model of Figure 5.  From 
the data shown in Figure 7 the photobleaching efficiency, @b 

= rS/rB"(1 + kiscrT) = 9 x is obtained using the 
saturation-limited value of rbm = 7 ms. The value of @b is in 
good agreement with the value we obtained for high-concentra- 
tion samples ( a b  = 5 x 10-6)30 and values measured for 
rhodamine molecules on silica surfaces41 and those embedded 
in a polymer matrix,15 for which photobleaching efficiencies 
between and were reported. 

At low laser intensities we observed that parts of the 
molecules bleached very rapidly, while others had considerably 
longer lifetimes and were observed for the whole image 
sequence (see inset of Figure 7). This observation of a bimodal 
photobleaching behavior was also reported for individual 
fluorophores embedded in polymer matrices!2 Multiexponential 
bleaching of the fluorophores has also been observed for samples 
at high fluorophore  concentration^.^^ Although a large amount 
of experimental and theoretical work has been done, the 
photophysics of the bleaching process is still not known in full 
detai1.37*43 Observations on the level of individual molecules, 
as presented here, are expected to yield new and more detailed 
information on photobleaching. In particular, processes like 
excimer formation, for which both excitation of the fluorophore 
and its mobility play a role, might be directly visualized. 

Signal-to-Noise Ratio for Single Molecule Detection. In 
order to calculate the fluorescence-background statistics, a 
sample with no fluorescence-labeled lipid was prepared and its 
intensity distribution calculated (dashed lines in Figure 3). The 
distribution of the background intensity did not change within 
the range of the illumination parameters used throughout 
Figure 3. The Gaussian-shaped distribution is essentially due 
to readout noise of the CCD-camera and has a width of a b  = 7 
counts. 

For application of the technique discussed here, it is important 
to quantify the reliability for identification of a single molecule 
in the sample. Individual molecules can be detected as long as 
their fluorescence intensity is distinguishable from the back- 
ground. Thus, the signal-to-noise ratio for detecting a single 
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Figure 8. (a) 12 images of 12.2 x 9.5 pm2 taken from a fluid lipid 
membrane of x = 1 0-8 mol/mol. Three individual fluorescence-labeled 
lipids were identified. The images were taken every lOms using an 
illumination time of 5 ms and a laser intensity of 57 f 14 kW/cm2. (b) 
Trajectories of the three molecules identified in the image sequence of 
Figure 8a. 

fluorophore is defined by S/N = fism/(Tb. For ZL = 0.86 
kW/cm2 and f i l l  = 5 ms the signal-to-noise ratio is S / N  = 5 and 
increases up to S/N = 70 for ZL = 25 kW/cm2 and f i l l  = 40 ms. 
The high S/N for till in the millisecond range at modest laser 
intensities shows the perspectives of the method used. Molec- 
ular recognition and diffusion processes studied in bioscience 
occur on millisecond timescales; thus, they are expected to be 
accessible with the apparatus used. 

Two-Dimensional Diffusion. Lipids undergo motion within 
the fluid lipid membrane, as is apparent from the images in 
Figure 8a. A series of 12 images of a 12.2 x 9.5 pm2 area of 
a POPC-membrane doped with TMRPOPE at x = 
moVmol is shown. The images were taken repetitively every 
10 ms at ZL = 57 kW/cm2 and f i l l  = 5 ms. Three fluorescence- 
labeled lipid molecules were observed, and their respective 
trajectories are presented in Figure 8b. The high signal-to-noise 
ratio permitted us to track individual molecules with a positional 
accuracy of 30 nm, which is 4 3 t h  of the diffraction limit. From 
these positional data the mean-square-displacement, MSD, was 
calculated for all time-lags, tlagz2l 

1 
MSD(tla,) = - (mi) - 3p2 (3) c 

ti-tJ=zia.g 

In eq 3 T(t) represents the position of the molecule at time t. 
Assuming a two-dimensional diffusion of the lipids within the 
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Figure 9. Ensemble average of the mean-square-displacement, MSD, 
as a function of time-lag, tlap, obtained from 531 single-molecule 
trajectories. The solid line represents a fit according to MSD = 4(Dlat)- 
f l a g .  A mean two-dimensional lateral diffusion constant (Illat) = (1.42 
& 0.23) x cm2/s is obtained. Inset: Histogram of values for MSD/ 
4fl, as calculated from single-molecule trajectories. The exponential 
decay with increasing MSD/4t1,, is characterized by (Dlat) = (1.4 f 
0.3) x cm2/s (solid line). 

membrane, the lateral diffusion constant, Dlat, is given by 
MSD(tl,,) = 4Dlattlag.44 The result of an analysis of 531 
trajectories of individual TMR/POPE molecules is shown in 
Figure 9. As expected for Brownian motion, a linear increase 
of MSD with flag is found for the ensemble average with (Dlat) 
= (1.42 f 0.23) x cm2/s. A statistical analysis of the 
value of MSD/4tl,, is given in the inset of Figure 9. The 
exponential decay with increasing MSD/4tla, (solid line) also 
resembles that expected for a random walk model characterized 
by (Dlat).44 Photobleaching  experiment^^^ using samples at high 
concentration in our laboratory, however, revealed DI,, = (0.77 
& 0.13) x ~ m ~ / s , ~ O  which is smaller by a factor of two 
compared to the (Dlat) value found for individual lipid molecules. 
We attribute this difference to the influence of the experimental 
length-scales of the two methods. While the length-scale in 
photobleaching experiments is several micrometers, the length- 
scale of the present experiments is -100 nm. It is known that 
lipid membranes are inhomogeneous on a length-scale of -100 
nm,46.47 which in tum is manifested by a diffusion constant 
which varies with the method used.20.48 

We were able to directly detect the effect of such inhomo- 
geneities of a membrane on the lipid diffusion by single- 
molecule microscopy as shown in Figure 10. In a particular 
membrane the lateral diffusion constant was Dlat = 1.08 
cm2/s for short time-lags decreasing to Qat = 0.64 x cm2/s 
for tlag > 140 ms. This observation is interpreted by us as the 
result of an island structure of the membrane surrounded by 
barriers for lipid diffusion. Within one island, at short time- 
lags, the diffusion is fast, whereas crossing the barrier is a slower 
process causing the decrease of Dlat for longer time-lags. The 
average size of the islands is -400 nm, as estimated from the 
region of flag in which the higher DI,, value is observed. This 
experiment shows one of the advantages of single molecule 
observation, which allows for detection of small inhomogeneities 
of the sample, an issue often occurring in bioscience. 

Further Systems Studied. Experiments were further per- 
formed on two other systems: Lipids derivatized with the 
fluorescent molecule fluorescein could be detected with the same 
signal-to-noise ratio as reported here for rhodamine-labeled 
lipids. The diffusion behavior was equivalent, but as expected, 
the photobleaching efficiency was - 10 times higher than that 
of the rhodamine-labeled l i~ id .4~  Further, isocyanine molecules 
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Figure 10. Variation of the lateral diffusion constant, Dla1, with time- 
lag, tiap, in an inhomogeneous lipid membrane. Fourteen different areas 
on the sample were analyzed. 

embedded in a p~lymer-matrix~~ could be detected with higher 
fluorescence yield compared to that in the lipid systems. We 
think that the higher fluorescence yield is probably due to a 
lower intersystem-crossing rate of the molecule in the polymer- 
matrix and to a higher fluorescence quantum-yield of unbound 
to lipid- or peptide-bound  molecule^.^' We found -1 isocyanine 
molecule per pm2 in this sample, which excellently agrees with 
the density found by near-field micro~copy.~~ 

Currently, we are investigating a system in which a single 
antigen-antibody reaction might be observed in a phospholipid 
membrane. We have already shown that a monolabeled 
antibody linked to a lipid could be observed and that its diffusion 
constant is reduced by a factor of two with respect to that of 
lipids.51 

Summary and Conclusions 

State-of-the-art imaging techniques allowed for determination 
of photophysical characteristics of individual fluorescence 
molecules in a fluid lipid membrane. Millisecond dynamics at 
extremely small surface densities, which is a typical problem 
in surface science and membrane biophysics, could be directly 
visualized. It is envisioned that such studies on the single- 
molecule level will provide new insights into the behavior and 
function of biomolecules with least interference, since only a 
single fluorescence label is necessary for detection. 
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dynamics of bacteriochlorophyll in glasses and micelles
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A temperature- and current-controlled diode laser at -780 nm was used to perform permanent hole-burning
experiments on the S1 - So 0-0 (Q,) transition of bacteriochlorophyll a (BChl a) in amorphous hosts. Hole
widths were obtained for the glass triethylamine (TEA) between 0.4 and 15 K, for micelles of the detergent
lauryldimethylamine N-oxide (LDAO) between 1.2 and 4.2 K, and for wet and dry CC14 at 1.2 K. The homoge-
neous linewidth, Thorm, of BChl a in TEA follows a T1,3 01 dependence at temperatures T < 7 K, whereas at
T 7 K a crossover to an exponential dependence with an activation energy of 33 ± 3 cm-1 is observed. The
results, when compared with those obtained for free-base porphin in the same glass, suggest that a low-
frequency mode of TEA is responsible for the dephasing. From the experiments on micelles conclusions are
drawn about the molecular conformations of BChl a in the detergent.

1. INTRODUCTION

Pigments of photosynthetic purple bacteria such as bacte-
riochlorophylls and bacteriopheophytins absorb light in
the near IR, a spectral region that was not easily accessi-
ble by lasers until recently. Furthermore, the absorption
bandwidths of these pigments in any solvent are very
broad, of the order of a few hundred inverse centimeters,
even at liquid-helium temperatures. The homogeneous
linewidth, and therefore the excited-state dynamics, has
remained a puzzle for a long time. Site-selection spec-
troscopy and hole burning, which are powerful high-
resolution laser techniques, allow one to determine both
the vibrational frequencies of ground and excited elec-
tronic states' and the dephasing and the relaxation pro-
cesses of such systems. 2

Bacteriochlorophyll a (BChl a) is a magnesium-
tetrahydroporphyrin derivative with an additional fifth
ring attached to one of the four pyrrole rings and an all-
trans-phytyl chain. The S, - So 0-0 (Q,) transition
maximum in solvents such as ether and methanol at room
temperature lies at -770 nm,3 whereas BChl a-protein
complexes absorb further to the red; e.g., the antenna
complexes absorb at 800-850 nm,4 and the primary donor
in the reaction center absorbs at 870 nm.5 Many broad-
band absorption and fluorescence spectra of monomeric
and oligomeric BChl a at room temperature have been re-
ported.6 58 Fluorescence lifetimes have also been pub-
lished, but no reliable values had been obtained until
recently because of the poor detection sensitivity in the
near IR and the low time resolution.9

Although some site-selection spectra and hole-burning
results at liquid-helium temperature have been published
for plant chlorophylls absorbing at -670 nm,l'0 1 only a few
data are available for BChl a in glassy hosts.'2 The only
hole-burning research, to our knowledge, that has been re-
ported is for BChl a in diisoamyl ether.'2 The hole
widths, however, were laser limited to -1 cm-', and no
information was given about the dynamics.

Since BChl a in glasses absorbs at approximately 770-
780 nm, we thought that a temperature- and current-
controlled single-mode semiconductor-diode laser would be
suitable for hole-burning experiments in this system. Its
bandwidth is almost 3 orders of magnitude smaller than
that of a broadband dye laser, and its scanning range covers
-200 GHz. These characteristics, together with its low
cost and simplicity, make it an ideal instrument for such
experiments. A disadvantage, however, is the narrow
wavelength region in which it can be operated, in our case
-780 + 5 nm (more details are give in Subsection 2.B).

Here we report a study by site-selection spectroscopy
and permanent hole burning of BChl a in various amor-
phous hosts at low temperatures in the near IR. The vi-
brational frequencies of the first excited singlet state S,
up to -1600 cm-' above the origin were determined and
compared with data from the literature (see Sub-
section 3.A). The results for optical dephasing of the
S, <- So 0-0 transition of BChl a in the glass trieth-
ylamine (TEA) between 0.4 and 15 K are discussed in
Subsection 3.B. Its behavior is found to be similar to that
of free-base porphin (H2P) in the same host. Both BChl a
and H2 P in TEA show a T.3"0' dependence of Fhom for
T < 7 K and a deviation from this power law toward an
exponential T dependence at higher temperatures (see
Subsection 3.B).

Since pigment-protein complexes of photosynthetic
compounds are often isolated from the membrane by solu-
bilization with detergents, we were interested in knowing
to what extent the detergent may influence the guest-host
interactions. For this purpose we dissolved BChl a in
aqueous solutions of the detergent lauryldimethylamine
N-oxide (LDAO) at various concentrations. LDAO forms
micelles that are hydrophylic to the outside and hydropho-
bic to the inside. BChl a, being insoluble in water, resides
in the inner part of the micelles. The homogeneous
linewidth and its temperature dependence were deter-
mined for these micellar systems between 1.2 and 4.2 K.
The results are discussed in terms of aggregation effects
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Fig. 1. (a) Experimental setup for permanent hole-burning with
a temperature- and current-controlled single-mode diode laser.
M's, mirrors; T-contr., temperature control; I-contr., current
control; P, Peltier element; FP, Fabry-Perot interferometer
(FSR = 1.5 GHz); HV, high voltage for the photomultiplier (PM);
LUs, lenses; F, color filters; BS's, beam splitters; OD, neutral-density
filter; PC, personal computer; ADC, analog-to-digital converter;
DAC, digital-to-analog converter. (b) Example of a hole burned
with the diode laser at -780 nm in BChl a in TEA at 1.2 K.

and conformational changes in Subsection 3.C, and the
conclusions are summarized in Section 4.

2. EXPERIMENT

A. Sample Preparation
BChl a extracted from purple bacteria Rhodobacter
sphaeroides was either obtained from Sigma (product

B8012) and used without further purification or isolated
following a slightly modified method by Iriyama et al.3
After BChl a was dissolved in ether to an optical density
OD = 1/mm at 770 nm, the sample was stored at -20'C.
For preparation of BChl a in a given solvent, first the
ether was evaporated and the remaining BChl a film was
dissolved in the desired solvent. Samples for hole-
burning experiments had a concentration c 3 X 10-5 M
and an OD 1 in a 4-mm-thick cuvette at the maximum
of the Q, 0-0 band (-770 nm) at room temperature. For
absorption spectra, samples with an OD 0.5 were used.
The solvents in our experiments were TEA, the detergent
LDAO in water at various concentrations (30%, 10%, 1%,
and 0.1% vol./vol.), and dry and wet carbon tetrachloride
(CC14 ). BChl a in TEA was quickly cooled (in -30 s) to
liquid-helium temperature. The samples looked cracked
and nontransparent.

BChl a in the detergent LDAO was prepared as fol-
lows: First BChl a was disolved in a LDAO:water mixture
and the solution was shaken in an ultrasonic bath for
20 min. The undissolved BChl a was then filtered out
and the solution diluted to an OD 1 for a 4-mm thick-
ness at 770 nm. One hour after the beginning of the
preparation, the samples were quickly cooled (in 30 s) to
liquid-helium temperature. The samples looked cracked
and rather milky. We noticed that the preparation proce-
dure and cooling rate are highly critical for getting repro-
ducible hole-burning results.

Dry CCl 4 was obtained by adding 10 g of CaCl 2 to
100 mL of CCl 4. After a few days CCl4 was distilled off
and stored in contact with molecular sieves (pore size 4 A,
Merck 5708) to keep it dry. BChl a was dried according
to the method of Ballschmiter et al.14 by means of
azeotropic distillation with dry CCl4 under a stream of
dry nitrogen. The resulting powder of BChl a was kept in
vacuum [10-' bar (7.5 10' Torr)] at room temperature
for 2.5 h to remove the residual solvent. BChl a was
finally dissolved in dry CCl4 at a concentration of
3 x 10-5 M. Wet BChl a in CCl4 was prepared by adding
-0.05 mL of water to 1 mL of dry BChl a in CCl4.

H2 P was dissolved in TEA at a concentration of
6 10' M and shaken in an ultrasonic bath for approxi-
mately 10-15 min. The optical density at the maximum
of the S, - S 0-0 absorption band at 612 nm was
OD = 2 x 10-2 in a 4-mm-thick cuvette. The sample was
quickly cooled (in 30 s) to liquid-helium temperature.
Its appearance was similar to that of BChl a in TEA.

B. Diode-Laser Characteristics
Figure 1(a) shows the experimental setup used for perma-
nent hole burning. The laser diode (Hitachi HL 7806G,
double heterostructure) had an output power of -5 mW at
780 nm. It was fixed in a mount (ILX Lightwave, LDM
4412) that was connected to a temperature controller (ILX
Lightwave, LDT 5910, stability better than 0.1°C in
10 min). The mount consists of an aluminum plate that
functions as a heat sink. The temperature of the plate,
measured by a temperature sensor, was varied by a Peltier
element. The whole mount was flushed with a small flow
of dry nitrogen gas to avoid condensation on the diode
when used below room temperature. The injection cur-
rent through the laser diode was controlled by a stable
home-built current supply (AI/I < 10-5), which was con-
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Fig. 2. (a) Wavelength A of the single-mode diode laser as a func-
tion of temperature T measured at constant laser power
(P = 1.13 mW). (b) Change in frequency of the single-mode
diode laser Av as a function of injection current I at constant
temperature (T = 18.3TC).

nected to a personal computer through a digital-to-analog
converter.

The approximate wavelength of the diode laser was de-
termined by a small monochromator (Jobin Yvon H10 V)
with an accuracy of -0.2 nm, and its mode structure was
monitored by a scanning Fabry-Perot talon (Tropel 240,
free spectral range FSR = 1.5 GHz). To calibrate the
laser scan length, we used the same Fabry-Perot talon
but with a fixed distance between the mirrors. The
transmission signal through the talon was fed into the
personal computer through an analog-to-digital converter
together with the fluorescence signal from the sample.

The diode laser was roughly tuned between 777
and 788 nm by varying the temperature between -10°
and 50'C; the mean change in frequency amounts to
-100 GHz/ 0C [see Fig. 2(a)]. The tuning is not continu-
ous because mode hops occur every 100-200 GHz.' 5

Scanning in one mode (at 30 GHz/ 0C) is possible by
slightly changing the temperature. It is more convenient,

however, to achieve fine tuning and scanning within a
mode by varying the injection current, by which scan
rates of -6 GHz/mA are obtained [see Fig. 2(b)]. Ex-
tremely fast scanning rates may be reached, 4 orders of
magnitude faster than those achievable with a mechani-
cally scanned dye or titanium:sapphire laser. 6 This
makes a diode laser ideal for time-resolved hole-burning
experiments on a microsecond time scale. 7

The linewidth of the diode laser, laser, was determined
in three different ways. The first method is depicted in
Fig. 3, where the width rmeas is plotted as a function of the
inverse of the diode laser output power P. 8",9 This width
was measured by means of a fixed Fabry-Perot talon
(FSR = 1.5 GHz) and by slowly scanning the diode laser.
Imeas includes Flaser and FFp, the width of the Fabry-Perot
transmission peaks. In these experiments the Fabry-
Perot 4talon was slightly misaligned to avoid recoupling of
the laser light into the cavity, so that FFp increased from
-7.5 to -60 MHz. The data points were fitted with a
straight line that extrapolates -60 MHz for P -x -. This
value is almost totally given by FFp because the linewidth
of a diode laser in the limit P - approaches -2 MHz.'8

An additional small contribution to the width might be
caused by current and temperature fluctuations, but these
would hardly depend on the laser output power and would
shift the straight line only vertically. Since both current
and temperature are stabilized, this contribution is at
most 5-10 MHz. At the average output power used in our
experiments (P 2.50 mW), a linewidth for the diode
laser of Flaser 45 MHz is obtained from Fig. 3.

In the second method the laser linewidth was deter-
mined by means of a Michelson-type interferometer.
The visibility of an interference fringe pattern, V(X) =
(Pmax - Pmin)/(Pmax + Pmin), where Pmax and Pmin are the
output power of the interferometer at constructive and de-
structive interference, respectively, was measured as a

Fmeas
(MHz)

I,,

P(mW)
210 5

0 0.2 0.4 _ 
1 0.6

.p- (mW )

Fig. 3. Determination of the single-mode diode laser linewidth
Flaser with a Fabry-Perot interferometer FP (FSR = 1.5 GHz).
Measured linewidth Fmiea as a function of the inverse of the laser
output power P. laser 45 MHz was obtained as the difference
between Feas at an average output power used in the experiments
and the width FFP (see text).

(ni

100

AV
(GHz)

50

0
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BCh a in TEA Qy

T=4.2K

I I I I I I I

400 600
I I I I

800 1000
X(nm)

Fig. 4. Absorption (solid curve) and fluorescence (dashed curve) spectra of BCh a in TEA at 4.2 K. The maximum of the S <- So 0-0
(Q,) transition lies at -775 nm, the wavelength region of the diode laser. Notice that the Q. transition has two peaks (see text). The
spectrum of the Soret band at the left was taken at room temperature. Inset: bacteriochlorophyll a and triethylamine.

function of , the relative delay time of the two paths of
the interferometer. 2 0 From this dependence Flaser
40 MHz was obtained.

In the third method we compared a hole burned and
scanned with our diode laser [see Fig. 1(b)] with a similar
hole burned with a titanium:sapphire laser (Coherent
899-21, frequency jitter <500 kHz). From the difference
of the two widths we obtained Flaser 50 MHz. The
somewhat larger values yielded by the first and the third
methods are probably caused by long-time jitter effects be-
cause the widths were determined over a time of -1 min.
In all the hole-burning experiments we assumed a value
Flaser = 50 MHz for the determination of the homogeneous
linewidth (see Subsections 3.B and 3.C).

C. Spectroscopy and Hole Burning
Broadband absorption spectra of BChl a in TEA at 4.2 K
(see Fig. 4) were taken by irradiating the sample with a
halogen lamp, the light of which was passed through a
water filter to remove the IR part of the spectrum. The
transmission was detected through a 0.85-m double
monochromator (Spex 1402, resolution 12 A) with a
nitrogen-cooled photomultiplier (EMI 9684). The inten-
sity of the signal at each wavelength was subsequently
divided by that of a reference spectrum of the TEA glass,
and the ratio plotted. Broadband fluorescence spec-
tra (dashed curve in Fig. 4) were recorded by exciting
the sample into the Soret band with a pulsed nitrogen laser
at 337 nm (Molectron UV-22, repetition rate 20 Hz)
and scanning the double monochromator with a resolu-
tion of -4 A. Site-selected fluorescence spectra were ob-
tained by excitation into a vibronic band of the S - So
transition of BChl a at 716 nm (see Fig. 5) with a cw

titanium:sapphire laser (Coherent 899-21, without intra-
cavity assembly, bandwidth <0.3 cm-'). The spectra
were recorded between 750 and 840 nm with a resolution
of -3 cm-'.

Broad holes (resolution of 1 cm-') were burned with two
types of lasers into the S - So 0-0 transitions of BChl a
and H2P in glasses. A tunable cw dye laser (Spectra-
Physics 375, bandwidth -1 cm-', dye Styryl 8,
amplitude stabilized by an electro-optic modulator to

T=4.2KX.,. =716nm
BCha in

TEA

10% LDAO: waterIC
I
I
0
3
L�

0.1% LDAO: water

750 800 X(nm)- 850

Fig. 5. Site-selected fluorescence spectra of BChl a in various
glasses at 4.2 K, excited at 716 nm. Notice the loss of sharpness
in the peaks when going from TEA to 0.1% LDAO:water (see text).
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<0.5%), pumped by an Ar+ laser, was used for BChl a
at -780-790 nm, whereas a tunable pulsed dye
laser (Molectron DL 200, bandwidth -0.7 cm-', dye
Rhodamine B), pumped by the N2 laser, was used for H2P
at -610-620 nm.

Narrow holes were burned in BChl a with a cw, current-
and temperature-controlled, single-mode diode laser at
-780-790 nm (see Subsection 2.B). Narrow holes in H2P
were burned with a cw single-frequency dye laser2 (Coher-
ent 599-21, dye Rhodamine 6G, frequency jitter c2 MHz,
scan range 30 GHz, amplitude stabilized to <0.5%).

The holes were probed by fluorescence excitation spec-
troscopy in 100 s. The laser was scanned, attenuated
by a factor of 10-100, over the spectral region of the hole,
and the fluorescence signal was detected with a cooled
photomultiplier (EMI 9658 R) through a cutoff filter at
A > 830 nm for BChl a and at A > 645 nm for H2P. Hole
widths were measured as a function of burning time at
various burning powers. The burning fluence densities,
Pt/A, for H2P in TEA and for BChl a in TEA, CCl4 , and
LDAO:water are given in Table 1. The burning times
used in these experiments varied between 2 and 100 s,
while the burning powers, depending on the spot size A of
the laser on the sample, varied from 1 to 400 pW, with A
varying from 2 to 50 mm

2 . Notice that the values of Pt/A
are quite similar for H2P and BChl a in TEA. Also,
BChl a in 30% and 10% LDAO:water needed similar burn-
ing fluences, but higher fluences were necessary for 1%
and 0.1% LDAO:water and CC14.

The homogeneous linewidth Fhom was determined from
the expression Fhom = '/2 hoIe - Flaser,2 where hole is the
measured hole width extrapolated to the lowest burning
fluences and Flaser = 50 MHz is the diode laser bandwidth.
The frequency profile of the latter is Lorentzian.

A conventional 4 He-bath cryostat was used for tempera-
tures between 1.2 and 4.2 K. The temperature was deter-
mined by means of a calibrated carbon resistor and,
simultaneously, by the vapor pressure of the helium (with
an accuracy of 0.01 K). For temperatures below 1.2 K, a
3He-glass insert was placed inside the 4 He-bath cryostat.
At 1.2 K 3He was condensed into the inner cryostat, where
it remained liquid for 3-5 h. By reduction of the vapor
pressure, temperatures as low as 0.4 K were reached.
The temperature was measured for T < 0.5 K by a cali-
brated carbon resistor in contact with the sample and for
T > 0.5 K simultaneously by this resistor and by means of
the vapor pressure. The accuracy of the temperature de-
termination was 0.02 K.2 ' Between 4.2 and 20 K a gas-
flow cryostat (Leybold-Heraeus) was used. Since in such
a cryostat there is only a limited thermal contact between
the sample and the cooling gas, the temperature was mea-
sured with a resistor in contact with the sample. The
temperature of the gas flow was controlled by a home-
built electronic device.2 2

3. RESULTS AND DISCUSSION

A. Absorption and Site-Selected Fluorescence Spectra
Absorption and broadband fluorescence spectra of BChl a
in the glass TEA at 4.2 K between 550 and 950 nm and an
absorption spectrum of the Soret band at room tempera-
ture between 300 and 550 nm are shown in Fig. 4.
The maximum of the S <- So 0-0 (Q,) transition is at

Table 1. Burning Fluence Densities Pt/A at
Various Temperaturesa

Sample T (K) Pt/A (mJ/cm 2)

H2P-TEA 1.2 0.15-2.5
4.2 0.50-10

13 10-40
Bh a-TEA 0.5 0.14-0.60

1.2 0.17-6.3
4.2 0.18-5.3

14.3 8-80
BChL a-CC14

Dry 1.2 1.5-100
Wet 1.2 2.0-75

BChl a-LDAO
30% 1.6 0.11-1.4

4.2 0.6-3.0
10% 1.2 0.5-2.2
1% 1.2 2-60
0.1% 1.2 5.2-25

4.2 8-25

'Burning times t were varied between 2 and 100 s, burning powers P
from 1 to 400 AW and the spot size A of the laser on the sample between 2
and 50 mm 2.

775 nm, whereas the S2 <--S 0 0-0 (Qx) transition occurs at
-580 nm. The inhomogeneous width of the Q, band is
-620 cm-', independent of temperature between room
temperature and 4.2 K. The shoulder between 680 and
750 nm is due to excited-state vibrations of the SI - S0
transition. The Q. band consists of a larger peak at
-580 nm and a smaller one at 610 nm. According to
the literature7 23 the positions of these two peaks indicate
the coordination state of the central magnesium atom.
Five-coordinated magnesium species absorb near 580 nm,
whereas six-coordinated magnesium species are red
shifted to -610 nm.7 Our absorption spectrum indicates
that magnesium is predominantly five-coordinated in
TEA; the red shoulder suggests the presence of a small
amount of a six-coordinated BChl a species. Thus BChl a
forms complexes with one and two TEA molecules
attached to the magnesium atom through their lone elec-
tron pair.

The fluorescence spectrum (dashed curve of Fig. 4, not
corrected for instrumental wavelength dependence)
is mirror symmetric with respect to the absorption
spectrum in the Q, region. It shows a Stokes shift of
-200 cm-'. The maximum fluorescence intensity is
in the 0-0 region at -786 nm, the vibrational region be-
tween 820 and 840 nm being much weaker.

We also investigated site-selected fluorescence spectra
of BChl a in TEA and in micelles of LDAO in water at
various concentrations at 4.2 K. The spectrum in TEA
(top curve, Fig. 5), excited in the SI - So vibronic region
of BChl a at 716 nm and detected in the SI - So 0-0
region, shows a well-resolved structure, from which the vi-
brational frequencies of the SI state (indicated in the
figure) were determined. These frequencies are averages
of approximately five spectra and are consistent with the
values previously reported for this system. 2 The vi-
bronic structure of the spectrum in 10% LDAO:water is
less pronounced than in TEA (see Fig. 5, middle curve).
We have verified, again from approximately five spectra,
that the vibrational frequencies are quite similar to those
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both systems below 4.2 K (see Fig. 6) was obtained with

rhor = ro + aTa, (1)

rhz)

(MHz)

0

BChla in TEA

30 0 rho= r + aT'

200

100

0 1 2 3 4 5
-T(K)

Fig. 6. Homogeneous linewidth rhom of the S <- So 0-0 transi-
tion of BChl a and H2P in TEA as a function of temperature
between 0.4 and 5 K. The data on the upper curve (BChl a in
TEA) were measured with the diode laser at -780 nm. The data
on the lower curve (H2P in TEA) were obtained with a single-
frequency dye laser at 612 nm. The curves are least-squares
fits to the equation rhom = r + aT', where ro represents the
fluorescence lifetime-limited value of the guest and a 1.35 (for
parameters, see text).

in TEA, which seems to indicate that the BChl a molecule
is not strongly distorted in this micelle. However, in the
region around 1000 cm-' there appear to be more resolved
vibrations in TEA than in 10% LDAO:water. In the spec-
trum of BChl a in 0.1% LDAO:water the vibronic struc-
ture has completely disappeared (Fig. 5, bottom curve).
We observe further that the S - S 0-0 fluorescence re-
gion shifts to the red by 20 nm, from 786 nm in TEA
to 805.5 nm in 0.1% LDAO:water. This red shift is
correlated with a larger Stokes shift, which increases from
-200 cm-' in TEA to -320 cm-' in 0.1% LDAO:water
(not shown).

We attribute the disappearance of the vibronic struc-
ture and the larger Stokes shift in the dilute LDAO:water
sample to an increase of the electron-phonon coupling.
The result of the stronger coupling is a reduced intensity
of the sharp zero-phonon line together with an increase of
the broad phonon sidebands. We would expect a stronger
coupling also to affect the optical dephasing, a subject
discussed in Subsection 3.C.

B. Optical Dephasing in Triethylamine Glass
For the determination of the homogeneous linewidth, hor,
narrow holes were burned into the S <- So 0-0 transition
of BChl a in the glass TEA. The mechanism for hole
burning is most probably a reorientation, on excitation, of
the central magnesium atom with respect to the axial ig-
ands attached to it, a process similar to that previously
observed for a MG-porphin complex in n-octane.2 4 We
have compared the results with those obtained for the
Si <- S 0-0 transition of H2 P in the same glass, which
lies in the visible at 612 nm. A good fit to the data for

where Fo= (2wrT1)-
1 is the fluorescence lifetime-limited

value reached by extrapolation of Thom for T 0 and a is a
constant that is a measure for the coupling of the guest
molecule to the host. The power dependence on tempera-
ture in Eq. (1) is thought to be related to the distribution
of two-level systems (TLS's) of the glass.2 25 We obtained
r = 45 5 MHz, a = 1.35 0.1, and a =1 10 K- for
BChl a in TEA and Fo = 9.5 + 2 MHz, a = 1.33 + 0.1, and
a = 33 5 K- for H2P in TEA. A similar T 3 depen-
dence of hom has been found for many organic glasses up
to 4.2 K and for four systems even up to 20 K.22

The coupling is stronger for BChl a than for H2P in
TEA. We believe that this can be attributed, on the one
hand, to the fact that BChl a is a larger molecule than
H2P, with many side groups and a long phytyl chain,
whereas H2P is an unsubstituted porphin. As a conse-
quence BChl a has a higher probability to couple to low-
frequency modes of the glass. On the other hand, BCh a
forms a complex with TEA through its central magnesium
atom, which probably further enhances the coupling to the
host as compared to that for H2P, which does not form any
complex with TEA. Interestingly, both molecules, despite
being of quite different sizes, follow the same T 1.3 power
law at low temperatures. The fluorescence lifetimes
derived from the Fo values are T = 3.5 + 1 ns for BChl a
and 17 3 ns for H2P, which agree well with the lifetimes
reported for BChl a in various organic solvents at room
temperature9 and for H2P in n-octane.26

Only for a few organic amorphous systems has the ho-
mogeneous linewidth hom been measured by means of hole
burning at temperatures above 4.2 K.22 In order to find
out to what degree the T1 3 temperature dependence
remains valid at higher temperatures, we have extended
the experiments of Fig. 6 on BChl a and H2P in TEA to
15 K. (Because of the limited scan range of 30 GHz of
the single-frequency dye laser, no reliable measurements
could be made above 15 K.) Figure 7 is a log-log plot of
the pure dephasing contribution, ho - o, as a function
of temperature between 0.4 and 15 K, in which the values
of FO are taken from the fits of Fig. 6. At T 7 K the
data for both samples start to deviate from a T 3 power
law and show a steeper dependence on temperature. The
temperature was measured with a resistor in contact with
the sample. As a check on the procedure we further rede-
termined the dephasing of Resorufin in glycerol between 6
and 19 K and obtained a result in agreement with those
previously found in our laboratory.2 2 Apparently the de-
viation from a T1 3 dependence observed for BChl a and
H2P in TEA at T 7 K is real and is not caused by an
erroneous temperature calibration.

The data of Fig. 7 have been fitted with the expression

rhor - r = TLS + rlib = aT + b exp(-E/kT)
1 - exp(-E/kT)

(2)

The pure dephasing contribution, ho - F0, consists here
of two terms, with the first term taking into account the
effect of the TLS [see Eq. (1)] and the second term the
effect of localized librational modes, ,ib.27 In Ref. 27,
however, the first term was taken as linear in T and not in
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Fig. 7. Log-log plot of the pure dephasing contribution,
rhor - rO, versus temperature T for BChl a and H2P in TEA
between 0.4 and 15 K. The best fit to the data is given by the
expression in the figure (for parameters, see text). The activa-
tion energy E, of E 35 cm- for both molecules, is attributed to
an intrinsic low-frequency mode of TEA.

Ta. The latter form can be obtained by using the specific
distribution function for the TLS parameters assumed in
Ref. 28. The second term may be a mode either of the
guest or of the host, depending on which lies lower in en-
ergy.29 The second term represents an approximation
[see Eq. (3) of Ref. 30] that is valid under the following
conditions: (1) the assumption of a one-phonon relaxa-
tion of the libration and a weak quadratic coupling of
acoustic phonons to this libration in which one term is the
phonon coordinate and the other is the vibrational coordi-
nate27'31; (2) a loose fit of the guest in the glassy host as in
Ref. 27 (in crystals24'32'33 this condition has been inter-
preted with the exchange model3l as being the case for
slow exchange); (3) the activation energy E, representing
the localized low-frequency mode, having a single value as
in crystals 24'32 34 instead of the Gaussian distribution pro-
posed in Ref. 27. In the low-temperature limit, where
T << E, the second term on the right-hand side of Eq. (2)

will approach the exponential T dependence observed in
crystals.2 4 32 33 In amorphous solids, however, where very
low activation energies E kT are expected, one should
use Eq. (2).3°

The fits of Eq. (2) to the data of Fig. 7 yield the same
parameters for a and a as are obtained with Eq. (1), while
E = 33 ± 3 cm-' for BChl a in TEA and 35 ± 3 cm-' for
H2P in TEA. Since the activation energy E is similar for
both samples, we conclude that an intrinsic low-frequency
mode of the host TEA is most probably responsible for the
dephasing. In order to prove this, experiments should be
performed on TEA doped with guest molecules that do not
belong to the same class of porphyrins investigated here.
A T' 3 behavior combined with an exponential temperature
dependence of "horn at higher T has also been reported for
photon-echo35 36 and other hole-burning experiments3 7' 38 on
various glassy systems. From these experiments, how-

ever, it is not clear whether a libration of the guest mole-
cule or some low-frequency modes of the glassy host are
responsible for the activation energy.

The question is why the temperature dependence of
Fhm - Fo deviates from a T13 power law for the systems
BChl a and H2 P in TEA at T - 7 K and does not do so,
for example, for Resorufin in glycerol, at least up to 20 K.
From the literature 3 9 it is known that glycerol forms
hydrogen-bonding networks, yielding a stiff host in which
Resorufin is embedded. TEA, on the other hand, is a
glass with three ethyl groups that are free to move and do
not form a network. We believe that TEA is a softer glass
than glycerol at low temperatures, with an intrinsic
low-frequency mode of -35 cm-' that becomes activated
at T 7 K.

In Fig. 8 holes are reproduced, burned with the broad-
band cw dye lasers into the S, <- So 0-0 transitions of
BChl a and H2 P in TEA. A deep and narrow hole burned
resonant with the frequency of the laser appears together
with broad side holes on its red side. A side hole at
-20 cm-' is present in both spectra; we assign this hole to
a low-frequency mode of the TEA host. We had expected,
however, that the mode active in the dephasing process
would have the same frequency as that observed as the
side hole in the spectrum,4 0 42 in a way similar to that pre-
viously observed in crystals.3 1

-
33 This is obviously not the

t 166cm'

1 94cm'

BCh a in TEA

780 X (nm)

20cm-'

H2P in TEA

I I I I , .

X (nm) 610

770

605

Fig. 8. Holes resonant with the laser and side holes in the
Si -- So 0-0 transition of BChl a and H2P in TEA. The side
hole at -20 cm-' appears in both spectra and is attributed to a
low-frequency mode of the TEA host. The broad, asymmetric
side hole observed in the upper spectrum between 160 and
200 cm-' is assigned to two vibrational modes of BChl a at 166
and 194 cm-' (see text).
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1tn
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CBChi a = 2.5 x 10- M

T=1.2K

and 10% LDAO:water but strongly increases below 1%. Is
this increase caused by pure dephasing, i.e., by a stronger
interaction of the individual BChl a molecules with the
surrounding detergent molecules, or by energy transfer
between BChl a molecules located in one micelle?

In the customary expression for the homogeneous
linewidth,2

Fhom = (27rT 1)'1 + (7rT 2*)-l,

200

d0 10 30
CLDAO:H2 0 (%VOr/VOl)

Fig. 9. Homogeneous linewidth rhom of the S1 <- So 0-0 transi-
tion of BChl a in LDAO:water micelles as a function of detergent
concentration at 1.2 K. The concentration of BChl a was kept
constant.

case here, and we think that TEA probably has more than
one low-frequency mode, each of which is active in a dif-
ferent process. By comparison with other dephasing and
hole-side-hole experiments,4 2 it appears that the stiffer
the glass the higher the temperature at which [ho - o
starts to deviate from a T 3 dependence and the larger the
distance between the phonon side hole and the zero-
phonon hole. In addition to the 20-cm-' side hole, a
broad, asymmetric side hole occurs between 160 and
200 cm-' in the spectrum of BChl a in TEA; we attribute
this hole to two vibrational modes of BCh a at 166 and
194 cm-'. These frequencies were previously identified
from site-selected spectra in Ref. 12 and were corrobo-
rated by us.

C. Dynamics of Bacteriochlorophyll a in
Lauryldimethylamine N-oxide Micelles
As mentioned, detergents are used to isolate pigment-
protein complexes from photosynthetic membranes, and
we were intrigued as to whether the detergent influences
the pigment dynamics. With this purpose we have studied
the interaction of BChl a with the detergent LDAO at
various concentrations of the latter in aqueous solutions.
The average number of LDAO molecules in water neces-
sary to form a micelle is 76.4 When an impurity, such as
BChl a, is added to the solution or when the detergent con-
centration is increased, it is likely that this number in-
creases and that therefore the micellar size also increases.
The shape of a micelle then changes from spherical to
cylindrical.4 4 In the latter case the detergent molecules
are more closely packed, which probably leads to a more
apolar micelle interior than for low detergent concentra-
tions, for which water may penetrate into the micelle.4 5

At extremely high detergent concentrations multilayered
membranes are formed.4 4

We have burned holes at 1.2 K in the S <- So 0-0 transi-
tion of BChl a in four samples with different LDAO:water
ratios, with the concentration of BCh a being kept con-
stant at 2.5 X 10-5 M. The resulting homogeneous
linewidth as a function of the detergent concentration is
plotted in Fig. 9. At a concentration lower than the criti-
cal micelle concentration no micelles can be formed, and
consequently BChl a is not dissolved. For this reason we
did not use detergent concentrations lower than 0.1%.
Notice from Fig. 9 that the value of rhorm is similar for 30%

(3)

the first term on the right-hand side represents the
dephasing that is due to the decay of the excited state or to
energy transfer between neighboring pigment molecules,
which normally does not depend on temperature. The
second term, however, is temperature dependent and, as
we saw, often follows a T`3 power law in glasses at low
temperatures.2 In order to determine which of the two
terms is responsible for the large rhom value found at low
LDAO:water concentrations, we studied the temperature
dependence of rhom. The results for 30% and 0.1% LDAO
between 1.2 and 4.2 K are shown in Fig. 10 and are com-
pared with those for TEA (see also Fig. 6). In addition,
we have plotted the values of Fhom for 10% and 1% LDAO
and for dry and wet CCl 4 at one temperature, 1.2 K. The
temperature dependence of Fhom again follows a T13 power
law, but the coupling constant a is somewhat larger for
30% LDAO:water and significantly larger for the 0.1%
LDAO:water sample as compared with that for TEA. It
is clear from the results that the higher values of Fhom ob-
tained for the LDAO:water samples are caused by faster
dephasing processes. The extrapolation value of Fhom for

rhor

(MHz) BChl a

0. 1% LAO
r.om.= r[ + aTa

10001

r0

30% LDAO

TEA

0 1 2 3 4 5

Fig. 10. Homogeneous linewidth rhom of the S <- So 0-0 transi-
tion of BChl a in 0.1% and 30% LDAO:water, and TEA versus
temperature T between 0.4 and 4.2 K. Notice the data points
for 1% and 10% LDAO and for wet and dry CC14 at 1.2 K. The
best fit to the data is given by rhom = + aTa (for parameters,
see text).
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T -* 0 includes, in principle, all temperature-independent
deexcitation processes of the excited state and the energy
transfer. The fit obtained for 0.1% LDAO:water yields
Fo = 200 MHz. This value is subject to a large error,
since no reliable hor values could be obtained down to
0.3 K because of variations in behavior on cooling the
micellar samples to liquid-helium temperatures. The
short T, value of 0.8 ns, corresponding to 200 MHz, may
be attributed either to faster decay to the ground state or
to a small energy-transfer contribution. Fluorescence
experiments and resonance Raman spectra on BChl a in
micelles of octylglucoside at room temperature suggested
that the excited-state lifetime of BChl a is shortened by
self-aggregation effects.46 If this were also the case in
LDAO, then there would probably be no significant energy
transfer between BChl a molecules within a micelle.

The enhanced pure dephasing observed at extremely
low detergent concentrations may have two different
origins: Either the environment of BChl a changes, i.e.,
the micellar shape becomes different at low detergent con-
centrations, 4 4' 47 or BChl a itself within a micelle becomes a
slightly different species. The latter change could occur
if self-aggregation took place or if complexes of BChl a
with water, (BChl a) (H2 0) 0,

2 ' were formed. In order
to shed more light on this problem, we have performed
some additional experiments. Holes were burned in a dry
BChl a:CCl 4 sample, which, according to the literature,
should contain dimers, trimers, and maybe even higher
self-aggregates of BChl a.7,

2
1 When water is added to

such a sample, disaggregation should occur, and the BChl
a monomers will ligate to one or more water molecules,
forming (BChl a) (H2 0)n complexes.2 3 Holes burned in
a sample of BChl a in wet CCl 4 at 1.2 K yielded a value of
Fhom = 150 MHz, which is close to the value obtained for
BChl a in TEA (Fhom = 100 MHz). The implication of this
result is that (BChl a) (H2O) 0 complexes apparently do
not give rise to large broadening like those observed for
samples with a low LDAO:water ratio. Holes burned in
the dry CCl4 sample yielded Fhom = 300 MHz at 1.2 K, a
value that is of the same order as that found in 1%
LDAO:water samples. We believe that self-aggregation
effects are responsible for this larger Thom value. If self-
aggregation were the only reason for broad holes, one
would need a rather large aggregation number of BChl a
molecules in the 0.1% LDAO:water sample to explain the
large value of Fhom = 750 MHz, which seems unlikely,
given the very low concentration of BChl a molecules
(c = 2.5 X 10-5 M). From our results in the wet and dry
CCl 4 samples we conclude that the high rhom value for
BChl a in very dilute (0.1%) LDAO:water samples probably
has to be attributed to a combination of two effects. On
the one hand, some self-aggregation may occur (compare
Fhom values in 1% LDAO and dry CC14 ) and, on the other
hand, the surrounding micelle may change its shape or po-
larity. For example, at very low concentrations the mi-
celle might become more polar if water were indeed to
penetrate into the hydrophobic interior.4 5

4. CONCLUSIONS

We have demonstrated that a diode laser, when tempera-
ture and current controlled, is a most convenient instru-
ment for hole burning in the near-IR region, having a
resolution of 50 MHz and continuous tunability over

200 GHz. We are now comparing permanent holes with
transient holes burned and probed on a time scale of mi-
croseconds by scanning the diode laser at -300 GHz/ms."
From this type of experiments we expect to obtain infor-
mation about spectral diffusion processes caused by struc-
tural relaxation of the glass, at least on a time scale
between microseconds and minutes.

Results have been obtained for the S, <- So 0-0 transi-
tion of BChl a in various glasses and micelles at -775 nm.
The dephasing in TEA between 0.4 and 15 K was studied
and compared with that of H2P in TEA in the same tem-
perature regime. As for other organic glassy systems, the
homogeneous linewidth Fhom follows a T' 3

±
0' power law for

T < 7 K but deviates toward an exponential dependence
at T 7 K. Since a similar behavior has been found for
both samples, we conclude that an intrinsic low-frequency
mode of -35 cm-' of the TEA glass is responsible for the
additional dephasing above 7 K.

From site-selected fluorescence spectra at 4.2 K the vi-
brational frequencies of the S, state of BChl a have been
corroborated.' 2 The frequencies below 200 cm-' have
also been observed in a hole-side-hole experiment. In
such an experiment we have identified a low-frequency
mode of 20 cm-', which also appeared as a side hole in the
spectrum of H2P. We have attributed it to an intrinsic
mode of TEA. The fact that two different low-frequency
modes are observed, one at 20 cm-' in the spectra and
another at 35 cm-' in the dephasing, leads us to believe
that TEA has more than one such intrinsic mode, each of
them active in a different process.

From the dephasing of BChl a in micelles of the deter-
gent LDAO at various concentrations in water and from a
comparison of the results with those obtained in wet and
dry CCl4 , we conclude that self-aggregates of BChl a are
most probably formed within these micelles and that, in
addition, appreciable conformational changes of the mi-
celle itself occur at low LDAO concentrations.
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The energy-transfer process within the isolated BSOO-850 pigment-protein complex of the purple bacterium Rhodobacter 

sphaeroides has been studied by means of spectral hole-burning. The band at 800 nm is inhomogeneously broadened because holes 
could be burnt into it. The widths of these permanent holes are independent of wavelength and temperature between 1.2 and 30 
K. The BChl SOO+BChl850 energy-transfer time deduced from these widths is 2.3k0.4 ps for the isolated complex, and also for 

chromatophores at I .2 K 

1. Intruduction 

The function of the light harvesting (LH) or an- 
tenna complexes in the photosynthetic apparatus is 
to absorb the incident light and transfer the excita- 
tion energy to the photochemical reaction centers 

(RC). In the latter the energy is trapped and the 
charge separation occurs. There are many LH-com- 
plexes per RC, which increases the effective cross 
section for light absorption. The energy-transfer pro- 
cess from the antenna to the RC usually takes place 
in less than one hundred picoseconds and has an ef- 
ficiency higher than 90% [ 1,2]. 

Although the three-dimensional structure of an- 
tenna pigment-protein complexes from purple bac- 
teria has not been determined yet, much is known 
about their organization and energy-transfer dynam- 
ics [2]. The antenna complexes of purple bacteria 
are located in the intracytoplasmic membrane and 
contain bacteriochlorophyll (BChl) and carotenoid 
pigments non-covalently bound to hydrophobic a- 
and P-polypeptides. These pigment-protein com- 
plexes form a network that extends over the whole 

’ To whom correspondence should be addressed. 

membrane [ 1,2]. Rhodobacter sphaeroides consists 
of two main types of antenna complexes, LH, and 
LH2. The first one, also called B875, surrounds and 
interconnects the RCs [ 3 1. The other complex, LH2 
or 8800-850, is peripheral to LH, [ 31 and can be 
isolated from the membrane [ 41. The amount of LH2 
relative to LH, is a strong function of light intensity 
during growth. The ratio of BChl 850 to BChl 800 
pigments [ 5 1, as well as that of BChl to carotenoid 
molecules [6,7] in the LH2 complex, is 2: 1. 

The singlet energy-transfer time between the two 
complexes B800-850 and B875 in chromatophores 

has been reported to be about 40 ps at room tem- 
perature and 77 K [8,9], whereas the overall trans- 
fer among B875 complexes and from these to the re- 
action center takes about 190 ps for closed RCs (P’ ) 
[9,10],andabout60psforopenRCs(P) [lo-121. 

Within the LH2 complex, a much faster time has 
been reported for the energy transfer from BChl 800 
to BChl 850 molecules. This time had first been es- 
timated from the relative steady-state fluorescence 
intensities of the bands at 800 and 8 50 nm of the iso- 
lated complex to bc of the order of a few picoseconds 
[ 51. Subsequent transient absorption experiments 
with picosecond time resolution at 800 nm yielded 

0009-2614/90/$ 03.50 0 1990 - Elsevier Science Publishers B.V. (North-Holland) 231 



Volume 170, number2,3 CHEMICAL PHYSICS LETTERS 6 July 1990 

a transfer time of less than 1 ps at room temperature 
for the isolated B800-850 complex [ 13,141, whereas 
at 77 K a value of 2? 1 ps was claimed for both the 
isolated complex [ 141 and the chromatophores with 
closed RCs [ 91. These transfer times were calculated 
by deconvolution from a 10 ps laser pulse. A similar 
decay time of about 1-2 ps was estimated from pi- 
cosecond-fluorescence measurements (apparatus re- 
sponse function of 15 ps) on chromatophores at 77 
K [ lo,12 1, but the results were not very reliable [ lo]. 
On the other hand, from femtosecond pump-probe 
experiments ( 150 fs laser pulses, excitation at 800 
nm) performed on the isolated B800-850 complex, 
one has inferred a transfer time of less than 100 fs 
[ 15 1. This extremely short time constant was thought 
to result from extensive excitation annihilation [ 141 
due to the very high pulse intensity used in ref. [ 151. 

The controversial results obtained by picosecond 
and femtosecond time-resolved experiments, and the 
rather large inaccuracy of the values reported for the 
BChl 800+BChl 850 transfer time due to instru- 
mental limitations in the picoseconds measure- 
ments, represented a challenge to re-investigate this 
process by spectral hole-burning (HB) [ 161. The 
purpose of our work is to check whether the spectral 
band at 800 nm is inhomogeneously broadened and, 
if so, to demonstrate that HB is a suitable technique 
for obtaining a reliable lower limit of this energy- 
transfer time. 

Thus far, spectral hole-burning has seldom been 
used to determine energy-transfer times in photo- 
synthetic pigment-protein antenna complexes. Stud- 
ies have been reported for phycobilisomes from the 
blue-green alga (cyanobacterium) Masticogladus 
laminosus [ 171, the BChl a protein complex from 
the green photosynthetic bacterium Prosthecochloris 
aestuarii [ 181, and the Chl a and Chl b pigments in 
the PSI-200 complex of photosystem I [ 191. 

Here we present hole-burning experiments per- 
formed on the 800 nm absorption band of the iso- 
lated antenna complex B800-850 between 1.2 and 
30 K, and the intact chromatophores at 1.2 K of the 
purple bacterium Rb. sphaeroides. From the hole- 
widths, which are entirely determined by population 
decay from the BChl800 excited state, we have ob- 
tained an energy-transfer time from BChl800 to BChl 
850 of 2.3kO.4 ps. 

232 

2. Experimental 

Rhodobacter sphaeroides strain 2.4.1 was grown as 

described in ref. [20]. Chromatophores were pre- 
pared from cells by sonication, and diluted in a buffer 
solution containing 20 mM tris-HCl (pH8). 

The B800-850 complex was isolated from chro- 
matophores using the detergent lauryldimethylam- 
ine N-oxide (LDAO) following the method of Frank 
et al. [ 211. The preparation was done in the dark at 
4” C to avoid formation of uncoupled BChl a, which 
emits at 790 nm. Concentrated solutions of the iso- 
lated complex were diluted with 20 mM tris-HC1 
buffer (pH8) and 0.1% LDAO. In order to obtain 
glassy samples of good optical quality without strain 
at liquid-helium temperatures, the solutions of both 
the chromatophore and the isolated complex were 
diluted with x60% glycerol. The 4 mm thick sam- 

ples at 1.2 K had an optical absorbance at 800 nm 
of ODE 1.2 (see fig. la). Cooling of the samples from 
room temperature to liquid-helium temperature was 

performed in less than one minute, in the dark. 
Absorption spectra at 1.2 K were obtained by ir- 

radiation of the sample with a halogen lamp. The 
transmission signal was detected through a 0.85 m 
double monochromator (Spex 1402, resolution z 3 
cm-‘) and subsequently divided by a reference 
spectrum of the solvent (glycerol, buffer and 0.1% 
LDAO). Fluorescence spectra at 1.2 K were re- 
corded with the monochromator by selectively ex- 
citing the 800 nm band with a cw dye laser (Spectra 
Physics, model 375, dye Styryl 8, bandwidth z 1 
cm-‘, amplitude stabilized to 0.5% by an E.O. 

modulator). 
Holes were burnt with the same cw dye laser fo- 

cused on the sample (spot size about 3 mm2). Burn- 
ing powers were varied from P= 20 mW/cm’ to 400 
mW/cm2, and burning times were chosen from t = 50 
to 2000 s. To obtain relative hole depths of x l-2% 
at 1.2 K, burning fluences of about 10 J/cm2 were 
needed, whereas N 200 J/cm* were necessary to ob- 
tain hole depths of N 10-l 5%. At 30 K, burning flu- 
ences up to E 300 J/cm2 were used. The holes were 
subsequently probed by scanning the laser, atten- 

uated by a factor 50-l 00, over the spectral region of 
the hole and detecting the signals by three methods: 
(1) The fluorescence intensity was recorded with a 
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Fig. 1. (a) Absorption and (b) fluorescence spectra between 780 

and 900 nm of the BSOO-850 pigment-protein complex of Rho- 

dobacrer sphaeroides at 1.2 K. The fluorescence was selectively 

excited at 795 nm. In the latter spectrum the intensity at i < 820 
am has been amplified by a factor of 60. No fluorescence narrow- 

ing is observed. 

cooled photomultiplier (EM1 9658R) at 1> 850 nm 
(using a cut-off filter, Schott RG850/6 mm) for the 
isolated complex, and at jl= 890 nm (using the 
monochromator) for the chromatophore. (2) The 
transmission through the sample was measured with 
a photodiode (EG&G, model HUV-4000) in com- 
bination with a lock-in amplifier (EG&G, Brook- 
deal, model 9503). (3) In addition, at 7’<2 K the 
holes were probed by photoacoustic spectroscopy 
(PAS) via resonant detection of second sound in su- 
perfluid 4He [22]. 

The holewidths, rhole, were plotted as a function 
of burning fluence, Pt. To obtain the homogeneous 
linewidth, r,,,,, the extrapolated value of &,ie for 
Pt+O was used, and subsequently deconvoluted from 
the laser bandwidth. We have assumed a Lorentzian 
profile for the homogeneous line and a Gaussian 
lineshape for the laser, which yields a Voigt profile 

for the hole shape. The homogeneous linewidth was 
obtained from the relation ~,,o,e=2~hom@fi~,aler_ 
The bandwidth of the laser, r,,,,,, was determined 
from a hole-burning experiment on BChl a in trie- 
thylamine. The value of r,,,, =: 100 MHz in this sys- 
tem [23] is negligible as compared to the value of 

= 35 GHz. Thus, 
:::: = &/Q~,,,. 

the holewidth directly yields 

For temperatures between 1.2 and 4.2 K, a con- 
ventional 4He bath cryostat was used. The temper- 
ature was varied by means of the helium vapour 
pressure, and it was measured simultaneously by a 
calibrated carbon resistor and by the vapour pres- 
sure (accuracy of ? 0.01 K). Above 4.2 K, a gas-flow 
cryostat (Leybold-Heraeus) was used in which the 
temperature of the gas was stabilized by an elec- 
tronic unit [ 241. The temperature was measured by 
a calibrated carbon resistor via a Wheatstone bridge 

(accuracy of -to.05 K). 

3. Results and discussion 

3.1. Absorption and fluorescence spectra at 1.2 K 

The absorption spectrum of the isolated B800-850 
pigment-protein complex of Rb. sphaeroides at 1.2 
K between 750 and 900 nm is shown in fig. la. It 
consists of two bands with maxima at about 800 and 
850 nm and integrated intensities of 1: 2, respec- 
tively. From this ratio, and assuming that the ab- 
sorption coefficients of both types of molecules are 
comparable, one would conclude that there are twice 
as many BChl 850 than BChl 800 molecules in the 
complex. The same conclusion was reached in ref. 
[ 5 ] from the temperature dependence of the ratio of 
the BChl 800 and BChl 850 emission yields. At 1.2 
K, the widths of the two absorption bands are 150 
and 280 cm-’ (see fig. la), about halftheir values at 
room temperature [ 81. Notice further in fig. la that 
the BChl 800 band is asymmetric. The wing on the 
long wavelength side is very steep, probably due to 
zero-phonon line absorption, whereas that on the 
high-energy side rises smoothly, which we attribute 
to the presence of phonon sidebands and low fre- 
quency vibrations. 

The changes in shape and width observed by low- 
ering the temperature from z 300 to 1.2 K suggest 

233 



Volume 170, number 2,3 CHEMICAL PHYSICS LETTERS 6 July 1990 

that the BChl 800 band is inhomogeneously broad- 
ened. In order to prove it, we carried out two types 
of experiments: steady-state fluorescence line-nar- 
rowing (FLN) and spectral hole-burning (HB). The 
latter is discussed in section 3.2. The FLN experi- 
ments at 1.2 K were performed with a dye laser 
(bandwidth z 1 cm-‘) at a number of fixed wave- 
lengths between 780 and 805 nm while the fluores- 
ence spectrum was scanned with a double mono- 
chromator (resolution z 3 cm-‘). An example is 
given in fig. lb. It shows no indication of fluores- 
cence line-narrowing. Only two broad emission bands 
appear in the spectrum: a very weak one with a max- 
imum between 800 and 805 nm, and a two orders of 
magnitude stronger one at 880 nm. The former arises 
from BChl 800 molecules excited in the 800 nm re- 
gion, with possibly some contribution from free BChl 
a, while the latter is due to emission from BChl 850 
pigments via energy transfer from BChl800. We have 
observed that both the width and position of these 
bands were independent of the excitation wavelength. 

ns for the fluorescence-decay time from uncoupled 
BChl a [ 10,12,25 1, we obtain an energy-transfer time 
of about 3.5 ps. This value is of the same order as 
that previously estimated in ref. [ 51, where the car- 
otenoid band (at = 590 nm) was excited instead of 
the BChl 800 as in the present work. It should be re- 

marked that the values of the integrated fluorescence 
intensities and the fluorescence-decay time of BChl 
800 are rather inaccurate, and that the energy-trans- 
fer time obtained in this way is only an indication of 

its order of magnitude. 

We think that the absence of steady-state fluores- 
cence line-narrowing in the 800 nm band is not a 
consequence of this band being homogeneously 
broadened (see section 3.2), but probably has to be 
atlributed to considerable electron-phonon coupling 
or to energy transfer among BChl800 molecules. This 
transfer process should then be faster than any com- 
petitive population decay process from the excited 

state. The same type of argument can be used to ex- 
plain the broad 880 nm fluorescence band: either the 
energy transfer from BChl 800 to BChl 850 mole- 
cules is uncorrelated in wavelength, and/or the 
transfer time among BChl 850 pigments is faster than 
the direct decay from the excited BChl 850 mole- 
cules to their ground state of about 1 ns [ 13,251. 
Broad and structureless fluorescence spectra asso- 
ciated with fast energy transfer have also been ob- 
served in the biliprotein C-phycocyanin [ 261. 

On the other hand, if we would assume that the 
BChl 800 band at 1.2 K is homogeneously broad- 
ened and entirely determined by energy transfer from 
BChl800 to BChl850, its width Tz 150 cm-’ would 
correspond to a time z= (2S-’ z 35 fs. This value 
is about two orders of magnitude smaller than that 
estimated from steady-state fluorescence spectra [ 51, 
picosecond-absorption [ 13,141 and picosecond-flu- 
orescence [ 10,121 experiments. The 35 fs time con- 
stant, however, would not be in contradiction with 

the results obtained by the femtosecond pump-probe 
experiments of ref. [ 15 ] mentioned in section 1. The 
dilemma of the energy-transfer time can be solved by 
spectral hole-burning, as we shall show below. 

The absorption and fluorescence spectra obtained 
for the chromatophores at 1.2 K (not shown) are 
qualitatively similar to those of the isolated B800- 
850 complex. The difference in the absorption spec- 
trum is an additional broad band at z 885 nm, whose 
origin is the B875 complex present only in the intact 
membrane [ 51. This complex gives rise to a fluo- 
rescence spectrum with a broad and relatively strong 
band at 905 nm, a weak band at 880 nm due to BChl 
850, and a very weak band at = 805 nm due to BChl 
800. 

3.2. Hole-burning (HB) in BChl800 

An estimate of the BChl 800-+BChl 850 energy- We succeeded in burning holes into the BChl800 
transfer time can be made by comparing the inte- absorption band at low temperatures, which proves 
grated fluorescence intensities of the two BChl bands, that this band is inhomogeneously broadened. The 
assuming a specific value for the fluorescence de-ex- holes are permanent (they live longer than 12 h). 
citation time from BChl 800 to the ground state [ 51. The holewidths were found to be independent of 
The relative areas of the two bands in the fluores- burning wavelength between 79 1 and 804 nm, within 
cence spectrum of fig. lb (excited at 795 nm) lead an uncertainty of +25 GHz. Three of these holes, 
to a ratio of the BChl800 to BChl850 emission yields burnt and probed at 1.2 K and detected by fluores- 
of @soo/@,SO EZ 0.004 1 at 1.2 K. Taking a value of 0.85 cence excitation, are shown in fig. 2. Their widths 
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Fig. 2. Top: absorption spectrum of the BChl 800 band of the 
B800-850 antenna complex at 1.2 K. Bottom: holes burnt into 
this band at three different wavelengths, at 1.2 K. The crosses 
represent data points. The solid lines are Lorentzian fits to the 
data, which yield holewidths of about 140 GHz. The holewidths 
were found to be independent of wavelength between 791 and 
804 nm. 

are about 140 GHz. The hole-burning efficiency 
seems to decrease towards shorter wavelengths, which 
may be attributed to contributions from phonon 

sidebands and low-frequency vibrations that absorb 
on the high-energy side of the inhomogeneously 
broadened absorption band. This effect has previ- 
ously been observed for organic molecules embed- 
ded in glassy hosts [ 161. 

Although the hole-burning mechanism in the 
B800-850 complex has not been confirmed yet, we 
think that it may be a conformational change of the 
BChl 800 molecule with respect to its protein envi- 

ronment. It is known that the intensity of the 800 nm 
band in this complex is very sensitive, for example, 
to the presence of the detergent lithium dodecyl sul- 
fate [ 271. Within this band, we have not observed 
the absorption of a photoproduct after burning. The 
reason could be either that the photoproduct absorbs 
outside the band, or if it absorbs inside the band, that 

its absorption signal is weak and broad. Since we did 
not see permanent holes deeper than 15Oh, the pho- 
toproduct associated with such a hole, if shallow and 

broad, would escape detection. 
Preliminary hole-burning experiments on the BChl 

850 band of the B800-850 complex at 1.2 K so far 
have been unsuccessful. Burning was performed at 
wavelengths between 850 and 860 nm (dye Styryl9) 
with fluences up to 6000 J/cm’ (two to three orders 
of magnitude higher than for the BChl800 band). A 
change, if at all, of less than 3% over the whole ab- 

sorption band was detected, but no holes observed. 
These HB results indicate that a very fast (in the 
femtosecond regime) energy-transfer process prob- 
ably occurs among excited BChl 850 molecules be- 
fore they decay to the ground state in about 1 ns 
[ 13,251. A transfer rate of less than 1 ps between 

BChl 850 molecules had also been suggested from 
picosecond-absorption experiments [ 13,141. 

In order to determine the homogeneous linewidth, 
r,,,, of BChl800 we have measured the holewidth, 
rhole, as a function of burning power, P, and burning 

time, 1 [24,28]. It was verified that the holewidth 
did not change with detection method (see section 

2). In fig. 3, rhole is plotted as a function of burning 
fluence, Pr, at 1.2 K. Notice that the slope of the line 
traced through the data by a least-square fit proce- 
dure is rather small. The line extrapolates to 155 ? 25 

GHz for Pz-0. Such a type of plot has been made 
at a number of temperatures between 1.2 and 30 K. 
We should mention that the burning fluences needed 
in these HB experiments were about four to five or- 
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Fig. 3. Holewidth, r,,,,,, as a function of burning fluence, Pt, at 
I .2 K. The line is a least-square fit to the data points. It yields an 

extrapolation value of Whole= I55 k 25 GHz for PI-to. 

ders of magnitude higher than those used for BChl 
a [ 231 and free-base porphin [ 24 ] in glasses. This 
can be understood in terms of the much broader holes 
(by a factor of about 1Oj) burnt into the 8800-850 
complex, in addition to a lower burning efficiency of 
the antenna complex. 

The value of rho,,,, which was obtained by decon- 
volution of the extrapolated holewidth from the laser 
profile, as described in section 2, has been plotted in 
fig. 4 as a function of temperature. The homogene- 
ous linewidth, which amounts to f,,, = 69 + 10 GHz, 
shows no temperature dependence. It should be 
mentioned that holes become more difficult to burn 
with increasing temperature, and that we did not ob- 
serve permanent holes at temperatures above 35 K. 

We have also performed hole-burning experiments 
on the intact chromatophores of lib. sphaeroides at 
1.2 K to check whether the dynamics were not mod- 
ified by the isolation procedure. The value of r,,,,, 
at 1.2 K, plotted in fig. 4 as a black dot, agrees, within 
the accuracy, with that obtained for the isolated 
B800-850 complex. 

3.3. Interpretation of the HB results 

From the widths of the holes burnt into the BChl 
800 absorption band of the B800-850 complex oi 

120 

rhom 

IGHZI 

2:L 
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Fig. 4. Homogeneous linewidth, &,,,, as a function of tempera- 

ture, between 1.2 and 30 K, for the isolated BSOO-850 complex 

(open circles), and the intact chromatophores (black dot). 

r,,, = 69 2 10 GHz is independent of temperature. 

Rb. sphaeroides at low temperatures, we have ob- 
tained the homogeneous linewidth, r,,,, and the op- 
tical dephasing time, T,, 

(1) 

Tl is the population decay time of the excited state 
and T: the pure dephasing time determined by ther- 
mally induced fluctuations of the optical transition 
frequency (e.g. phonon scattering). The first term 

includes direct de-excitation to the ground stale and 
all energy-transfer processes that occur from the ex- 
cited state of BCltl 800. 

The fluorescence de-excitation of uncoupled BChl 
800 has been reported to be rflso0=0.85 ns [ 10,251, 
which yields a contribution to the homogeneous 
linewidth of (2~~s~~~) - ’ x 190 MHz. This value is 
negligible compared to the experimentally obtained 

value r,,, N N 70 GHz. Another term that can be ne- 
glected in eq. ( 1) is (xTf )-I, because we have not 
observed any temperature dependence of r,,,, be- 
tween 1.2 and 30 K. If we assume that this contri- 
bution is of the same order as for BChl a in organic 
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glasses at 1.2 K, it would be at most (UT)-‘- 1 
GHz [ 231. Thus, the homogeneous linewidth of the 
800 nm band in the complex is entirely determined 
by T,-energy-transfer times. 

Two energy-transfer processes may, in principle, 
play a role: BChl SOO+BChl 800, and BChl 
800+BChl 850. From the high degree of polariza- 
tion observed for the picosecond-transient decay at 
800 nm, and the fast decrease of polarization with 
time at 850 nm, it was concluded that the rate of BChl 
800-t BChl800 transfer is lower than or equal to the 
rate of BChl 800-+BChl 850 transfer [ 13,141. Fur- 
thermore, if one assumes a Fiirster-type transfer, as 
in ref. [ 13 1, one would expect a wavelength-depen- 
dent energy-transfer rate within the 800 nm band at 
low temperatures, with a rate decreasing towards 
longer wavelengths, thus, an energetically downhill 
excitation transport, Since we have not observed a 
dependence of the holewidth on wavelength, at least 
within the accuracy of our experiments, we likewise 
conclude that the transfer time of BChl 800-BChl 
850 has to be shorter than that of BChl 800+BChl 
800. From the value of r,,, = 69 _+ 10 GHz, we then 
obtain T, = (2rcr,,,) -’ = 2.3 + 0.4 ps for the transfer 
time form BChl 800 to BChl 850, independent of 
temperature between 1.2 and 30 K. 

Very recently, femtosecond transient absorption 
experiments (with a time resolution of 240 fs) on 
the isolated BSOO-SSO/LDAO complex of Rb. 
sphauoides 2.4.1 have been reported by Trautman 
et al. [ 291. From these experiments, performed by 
excitation of the carotenoid band at 5 10 nm with very 
low-intensity femtosecond laser pulses, the energy- 

transfer time from BChl 800 to BChl 850 was de- 
termined to be 2.5 ps ( + 10%) at room temperature. 
It is of interest to note that this group observed an 
excitation-intensity-dependent picosecond decay 
time, which they ascribed to excitation annihilation 

within the complex [ 291. 
We are surprised that our value of 2.3+0.4 ps ob- 

tained by hole-burning at 800 nm at low tempera- 
tures agrees so well with that obtained by these fem- 
tosecond pump-probe experiments with excitation 
at 5 10 nm at room temperature I29 1. The apparent 
independence of the transfer rate on temperature, 
between 1.2 and 300 K, is remarkable and should 
have consequences for the energy-transfer model used 
for the interpretation of the results. This point needs 

further investigation. 

Our data are also consistent with the previous es- 
timates of l-2 ps obtained by picosecond-absorption 
experiments at 77 K and room temperature [ 13,141, 
and by picosecond-fluorescence-decay measure- 
ments [ 10,121, but do not agree with the previously 
reported femtosecond pump-probe measurements 
with high-intensity laser pulses that yielded a time 
constant of less than 100 fs [ 15 1. 

In summary, our results demonstrate that spectral 
hole-burning is a powerful technique for determin- 
ing energy-transfer times of the order of a few pi- 
coseconds with an accuracy better than 20% in pig- 
ment-protein complexes at low temperatures. 

Acknowledgement 

We gratefully acknowledge J.H. van der Waals for 

his critical comments on the manuscript. One of us 
(SV) would like to thank G. Feher for stimulating 
her to undertake the experiments reported here, and 
A.C. Albrecht for enlightening discussions at the 7th 
International Conference on Energy Transfer and 
Electron Transfer in Prague (August 1989). The in- 
vestigations were supported by the Netherlands 
Foundation for Physical Research (FOM), Chemi- 
cal Research (SON) and Biophysics (SVB) with fi- 
nancial aid from the Netherlands Organization for 
Scientific Research (NWO). 

References 

[ 1 ] H. Zuber, Photochem. Photobiol. 42 ( 1985) 821. 

[2] R. van Gmdelle and V. Sundstriim, in: Photosynthetic light- 

harvesting systems, eds. H. Scheer and S. Schneider (De 

Gruyter, Berlin, 1988) pp. 403-438; 

C.N. Hunter, R. van Grondelle and J.D. Olsen, Trends 

Biochem. Sci. 14 (1989) 72, and references therein. 

[ 3 ] T.G. Monger and W.W. Parson, Biochim. Biophys. Acta 460 

(1977) 393. 

[4] RX. Clayton and B.J. Clayton, Biochim. Biophys. Acta 283 

(1972) 492. 

[S] R. van Grondelle, H.J.M. Kramer and C.P. Rijgersberg, 

Biochim. Biophys. Acta 682 ( 1982 ) 208. 

161 M.B. Evans, R.J. Cogdell and G. Britton, Biochim. Biophys. 
Acta 935 (1988) 292. 

[7]H.J.M. Kramer, R. van Grondelle, C.N. Hunter, W.H.J. 
Westerhuis and J. Amesz, Biochim. Biophys. Acta 765 

(1984) 156. 

237 



Volume 170, number 2.3 CHEMICAL PHYSICS LETTERS 6 July 1990 

[ 81 V. Sundstriim, R. van Grondelle, H. Bergstriim, E. Akesson 

and T. Gillbro, Biochim. Biophys. Acta 85 I (1986) 43 I. 
[9] R. van Grondelle, H. Bergstrijm, V. Sundstriim and T. 

Gillbro, Biochim. Biophys. Acta 894 (1987) 313. 

[IO] A. Freiberg, V.I. Godik, T. Pullerits and K. Timpmann, 

Biochim. Biophys. Acta 973 ( 1989) 93. 

[ 111 A.Yu. Borisov, A.M. Freiberg, V.I. Godik, KK. Rebane and 

K.E. Timpmann, Biochim. Biophys. Acta 807 (1985) 221. 

[ 121 A. Freiberg, V.I. God& T. Pullerits and K. Timpmann, 

Chem. Phys. 128 (1988) 227. 

[ 131 H. Bergstriim, V. Sundstrijm, R. van Crondelle, E. Akesson 

and T. Gillbro, B&him. Biophys. Acta 852 (1986) 279. 

[ 141 H. Bergstriim, V. Sundstriim, R. van Grondelle, T. Gillbro 

and R. Cogdell, Biochim. Biophys. Acta 936 (1988) 90. 

[ 151 J.W. Petrich, J. Breton and J.L. Martin, in: Springer 

proceedings in physics, Vol. 20. Primary processes in 

photobiology, ed. T. Kobayashi (Springer, Berlin, 1987) pp. 

52-60. 

[ 161 S. Vijlker, in: Relaxation processes in molecular excited 

states, ed. J. Fiinfschilling, (Kluwer, Dordrecht, 1989) pp. 

113-230; Rev. Phys. Chem. 40 ( 1989) 499, and references 

therein. 

[ 171 W. Kijhler, J. Friedrich, R. Fischer and H. Scheer, J. Chem. 

Phys. 89 (1988) 871. 

[ 181 S.G. Johnson and G.J. Small, Chem. Phys. Letters 155 

(1989) 371. 

[ 191 J.K. Gillie, G.J. Smalland J.H. Golbeck, J. Phys. Chem. 93 

(1989) 1620. 

[20] H. Kingma, Thesis, University of Leiden ( 1983 ). 

[2 I ] H.A. Frank, B.W. Chadwick, J.J. Oh, D. Gust, T.A. Moore, 

P.A. Liddell, A.L. Moore, L.R. Makings and R.J. Cogdell, 

Biochim. Biophys. Acta 892 (1987) 253. 

[22] H.P.H. Thijssen, R. van der Berg, S. Mlker, J.H. van der 

Waals and L.P.J. Husson, Chem. Phys. Letters 1 I 1 (1984) 

Il. 

[23] H. ;an der Laan, Th. Schmidt and S. Vijlker, to be published. 

[ 241 R. van der Berg, A. Visser and S. VBlker, Chem. Phys. Letters 

144 (1988) 105. 

[25] P. Sebhan, G. JolchineandI. Maya, Photochem. Photobiol. 

39 (t984) 247. 
126 I W. KGhler, J. Friedrich. R. Fischer and H. Scheer. Chem. 

Phys. Letters 143 (1988) 169. 

[27] R.K_ Clayton and B.J. Clayton, Proc. Natl. Acad. Sci. US 

78 (1981) 5583. 

[28] R. van der Berg and S. Valker, Chem. Phys. Letters 127 

(1986) 525. 
[29] J.K. Trautman, A.P. Shreve, C.A. Violette, H.A. Frank, T.G. 

Owens and A.C. Albrecht, Proc. Nat]. Acad. Sci. US 87 

(1990) 215. 

238 



 

 
 
 60 

 
3.4Excited-State Dynamics of Mutated Antenna Comple xes of 

Purple Bacteria Studied by Hole-Burning.  

  

H. van der Laan 1, C. de Caro 1, Th. Schmidt 1, R.W. Visschers 2, R. van Grondelle 2, 

G.J.S. Fowler 3, C.N. Hunter 3 and S. Völker 1. 

 
1 Center for the Study of Excited States of Molecules, Huygens Laboratory, University of 

Leiden, Leiden, The Netherlands. 
2 Department of Biophysics, Faculty of Physics and Astronomy, Free University of 

Amsterdam, Amsterdam, The Netherlands. 
3 Krebs Institute, Department of Molecular Biology and Biotechnology, University of 

Sheffield, Sheffield, UK. 

 

appeared in: Chemical Physics Letters 212 (1993) 569. 



Volume 2 12, number 6 CHEMICAL PHYSICS LETTERS 24 September 1993 

Excited-state dynamics of mutated antenna complexes 
of purple bacteria studied by hole-burning 

H. van der Laan a, C. De Care a, Th. Schmidt a, R.W. Visschers b, R. van Grondelle b, 
G.J.S. Fowler ‘, C.N. Hunter’ and S. V6lker a,b,* 
a Center for the Study ofExcited States ofMolecules, Huygens and Gorlaeus Laboratories, University of Leiden, 

2300 RA Leiden, The Netherlands 
b Department of Biophysics, Faculty of Physics and Astronomy, Free University, 1081 HVAmsterdam. The Netherlands 
’ Krebs Institute, Department of Molecular Biology and Biotechnology, University of Sheffield, 

Western Bank, She@eld SlO 2UH, UK 

Received 22 February 1993; in final form 23 July 1993 

Absorption and fluorescence excitation spectra of various LH2 antenna complexes of two purple bacteria at low temperature 
( 1.2 and 4.2 K) have been measured, and energy transfer rates within these complexes have been determined by spectra hole- 
burning. The systems studied were membranes of a wild-type strain of Rhodobacter sphaeroides, membrane samples from four 
LHZ-only strains containing specifically mutated LH2 complexes of the same bacterium, and the isolated BSOO-820 complex of 
Rhodopseudomonas acidophila (strain 7050). The mutants exhibit blue-shifted B850 absorption bands with their spectral posi- 
tions depending on the specific amino acid residues replaced in the a-polypeptide sequence. Energy transfer rates from BSOO to 
B850 (or to their respectively blue-shifted bands) have been obtained by hole-burning experiments in the B800 band. The mu- 
tants of Rb. sphaeroides and the LH2 complex of Rps. acidophila yielded transfer times similar to those of the B800-850 complex 
of Rb. sphaeroufes. These values, which for the various complexes vary between 1.7 and 2.5 ps in the wavelength region from 798 
to 805 nm, do not decrease monotonically with the spectral distance between the bands. Various models based on Forster’s energy 
transfer mechanism are discussed, of which only one is consistent with the results. In this model the energy is assumed to be 
transferred not directly from the Q, O-O band of B800 to that of the (blue-shifted) B850, but indirectly through the excitation of 
a vibrational mode. 

1. Introduction 

The primary step in bacterial photosynthesis is the 
absorption of light and the transfer of excitation en- 
ergy from the antenna pigment-protein complexes 
to the reaction center (RC), where the charge sep- 
aration occurs. These energy transfer and trapping 
processes take less than 100 ps. In the intracyto- 
plasmic membrane of the purple bacterium Rhodo- 
batter sphaeroides there are two types of light-har- 
vesting (LH ) or antenna complexes; the B800-850 
(also called LH2 ) and the B875 (or LH 1) [ 11. In 
Rhodopseudomonas acidophila (strain 7050), on the 
other hand, there are three LH complexes, of which 
two are peripheral, the B800-820 and the B800-850, 
and one is a core antenna, the B875 [ 21. While the 

’ To whom correspondence should be addressed. 

LHl complex lies in the direct neighbourhood of the 
reaction center, the LH2 complex is peripheral and 
in contact only with LH 1 [ 1,3]. The energy is thus 
transferred from LH2 to LH 1, and from here to the 
RC complex. 

The antenna pigments, bacteriochlorophyll a 
(BChl a) molecules, are non-covalently bound to two 
small transmembrane a- and p-proteins of 50-60 
amino acid residues each [ 3,4]. The central part of 
the membrane is hydrophobic and assumed to have 
an u-helical conformation. The binding of the BChl 
a molecules, at least for BChl 850 in the LH2 com- 
plex, is thought to occur via the central Mg atom to 
the histidine residues located in the hydrophobic do- 
main [ 31. While the BChl 850 molecules appear to 
have their molecular plane perpendicular to the 
membrane, the BChl 800 lie approximately in the 
membrane plane [ 51. The a- and P-polypeptides of 
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the individual complexes in the various purple bac- 
teria have a relatively high sequence homology [ 3,4]. 
Aromatic amino acid residues placed in the vicinity 
of the pigment binding sites are thought to have 
structural and/or functional effects [ 31 and to be re- 
sponsible for specific properties of pigment-protein 
complexes [ 3,4,6 1. 

It was recently shown by site-directed mutagenesis 
that the spectral properties are indeed influenced by 
these amino acid residues [ 71. By replacing the two 
tyrosines (Y) by phenylalanine (F) and leucine (L) 
at positions 44 and 45 of the a-polypeptide chain in 
the LH2 complex of R6. sphaeroides, the absorption 
band at 850 nm is shifted to the blue. If only one of 
the two (YY) residues is replaced by phenylalanine 
(F), a mutant (FY) results, which has a band at 839 
nm at 77 K. If both tyrosines are replaced, the B850 
band shifts to N 829 nm (FL) at 77 K and a spec- 
trum similar to that of the isolated BSOO-820 com- 
plex of Rps. acidophilu is obtained [ 71. In all these 
mutants the spectral position of the B800 band re- 
mains unchanged, probably because these residues 
do not interact with the BChl800 molecules but only 
with the spatially closer BChl 850. 

A crucial question which arises from the results of 
ref. [7] is whether the energy transfer rates from 
B800 to the blue-shifted B850 bands in these mu- 
tated LH2 complexes are affected, and if so, to what 
extent. We would, in principle, expect a change if 
Forster’s classical energy transfer mechanism [ 81 is 
valid because in his model a greater spectral overlap 
between the bands of the fluorescence spectrum of 
B800 and those of the absorption spectrum of the 
blue-shifted B850 would lead to a higher rate. In the 
present work we have addressed this question by 
spectral hole-burning at low temperatures. 

Thus far, energy transfer rates have been deter- 
mined in intact purple bacteria and isolated com- 
plexes without amino acid residue mutations. In par- 
ticular, the B800-B850 energy transfer time in the 
LH2 complex of Rb. sphaeroides has been reported 
to be = l-2 ps by picosecond fluorescence and po- 
larized absorption measurements at 293 K [2,9-l 1 ] 
and at 77 K [ 10-l 21; sub-picosecond transient ab- 
sorption experiments on the same system at room 
temperature yielded a B800jB850 transfer time of 
0.7 ps [ 13,141. Upon lowering the temperature the 
spectral bandwidths become narrower and less 
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overlapped. We have previously reported a spectra1 
hole-burning experiment in which we found that the 
B800 absorption band of the B800-850 complex of 
Rh. sphaeroides is inhomogeneously broadened at 
liquid helium temperature, and the B800+B850 
energy transfer time is 2.3kO.4 ps, independent of 
temperature between 1.2 and 30 K [ 15 1. This value 
was subsequently confirmed at 1.6 K, again by hole- 
burning [ 16 1. 

Only a few energy transfer experiments, so far, have 
been reported for the LH2 complexes of Rps. aci- 
dophila [ 2,17,18 1. From picosecond absorption 
spectroscopy at 800 nm with 10 ps laser pulses [2] 
the energy transfer from B800 to B820 at room tem- 
perature was too fast to be detected ( i 0.5 ps), 
whereas at 77 K the rate had slowed down sufli- 
ciently to be observable, but the transfer time still 
was 0.5- 1 ps [ 2,111. These times are significantly 
shorter than those reported for the B800+B850 
transfer in Rb. sphaeroides [ lo- 12 1. The difference 
was attributed to the larger spectral overlap of the 
B800 and B820 bands in Rps. acidophila, from which 
the rate of Fiirster energy transfer was estimated to 
be at least a factor of three higher than that for the 
B800-+B850 process in Rb. sphaeroides [2]. Also the 
apparently much stronger temperature dependence 
of the B800+B820 transfer time was attributed to a 
temperature-induced change in the spectral overlap 
[ 21. From the measured times, and assuming a F&s- 
ter mechanism, a distance of x 20 8, was calculated 
between BChl 800 and BChl 820 molecules, and of 
z 15 A between identical BChl850 or identical BChl 
820 chromophores [ 2,111. Very recently, hole-burn- 
ing experiments on another complex of Rps. acido- 
phila at 4.2 K, the B800-850, were reported [ 181. 
From the widths of the holes burnt in the BSOO band, 
which were found to be independent of wavelength 
between 794 and 819 nm, it was concluded that the 
BSOO* lifetime is l.8kO.2 ps, somewhat longer than 
measured by picosecond spectroscopy at 77 K for the 
BSOO-820 complex [ 2,111. The results also sug- 
gested that the BBOO+BSOO energy transfer is sig- 
nificantly slower than the B800+B850 transfer [ 181. 

If the only parameter that determines the 
BSOO+B850 (or B820) energy transfer rates in LH2 
complexes were the spectral overlap of the Q, O-O 
B800 emission band with the Q, O-O B850 absorp- 
tion band (which is blue-shifted in the mutants of 
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Rb. sphaeroides), as often assumed, one would ex- 
pect a strong monotonic increase of the rate by about 
five to six orders of magnitude with the inverse of 
the separation of these bands. Such an increase has 
not been observed in the present hole-burning ex- 
periments in the B800 bands of four mutants of Rb. 
sphaeroides and of the BSOO-820 complex of Rps. 
acidophila at 1.2 and 4.2 K, see section 3.2. The en- 
ergy transfer times from the BChl 800 to the (blue- 
shifted) BChl 850 molecules in the mutants and in 
Rps. acidophila are compared to those previously re- 
ported by us for the intact membranes and the iso- 
lated B800-850 complex of Rb. sphaeroides [ 151 and 
to values in the literature [ 16,18,19 1. Various models 
based on Forster’s weak coupling energy transfer 
mechanism [ 8 ] are tested, of which only one is able 
to explain the experimental results here obtained. 

2. Experimental 

2. I. Samples 

Five membrane preparations from various strains 
of Rb. sphaeroides were studied together with the 
isolated B800-820 LH2 complex of Rps. acidophila 
(strain 7050). The membranes from the wild-type 
strain 2.4.1. of Rb. sphaeroides contain LH2, LHl 
and reaction center complexes. Since the LH2 an- 
tenna complex is the object of study here, these wild- 
type membranes will be called WT (YY ), where the 
two letters “Y” and for the two tyrosine residues at 
positions 44 and 45 in the original a-polypeptide se- 
quence of LH2. The mutant designated B800-850 
(YY, “control” ) , formerly called “pseudo” wild type 
in ref. [ 7 1, was prepared from a strain of Rb. sphaer- 
oides that had been depleted of the genes encoding 
the polypeptide components of the LH2, LHl and 
RC complexes, and in which only the original LH2 
genes were re-inserted [ 201. Thus, the measure- 
ments could be carried out with the LH2 antenna in 
a membrane environment free from interference 
from LH 1 and the RC. In a similar fashion, the LH2- 
only mutants BSOO-841 (FY) and B800-839 (YF) 
were obtained following site-directed mutagenesis of 
the LH2 genes 17,211. In these cases one of the ty- 
rosine (Y) residues was replaced by a phenylalanine 
(F) at positions 44 and 45, respectively. When both 

tyrosine (YY) residues are replaced by phenylala- 
nine (F) and leucine (L) a fourth mutant denoted 
by B800-830 (FL) is obtained [7]. 

The membranes of the four LH2-only mutants of 
Rb. sphaeroides were prepared by disrupting the cells 
with a French press [22], whereas the WT (YY) 
membranes were prepared from cells by sonication 
and diluted in a buffer solution containing 20 mM 
tris-HCl (pH 8). The B800-850 complex was iso- 
lated from wild-type membranes using the detergent 
lauryldimethylamine N-oxide (LDAO) following the 
method of Frank et al. [23]. The preparation was 
done in the dark at 4°C. Concentrated solutions of 
the isolated complex were diluted with 20 mM tris- 
HCl buffer (pH= 8) and 0.1% LDAO in water. The 
B800-820 complex of Rps. acidophila (strain 7050) 
was prepared according to ref. [ 241. The solutions 
contained a buffer of 10 mM HEPES (pH 8) and 
0.1% LDAO in water. In order to obtain glassy sam- 
ples of good optical quality at low temperature, the 
solutions of all samples were diluted with glycerol in 
a ratio of about 60%-75% (v/v) glycerol: 40%-25% 
buffer/LDAO/water [ 151. The optical densities of 
3.5 mm thick samples at the maximum of the 800 
nm bands at room temperature varied between 0.25 
and 1.0. The samples were stored in the dark at 
- 20°C before use. Cooling of the samples to liquid 
helium temperature was performed in less than one 
minute, in the dark. 

2.2. Low-temperature (4.2 K) spectroscopy and hole- 
burning 

Broad-band absorption spectra at 4.2 K were re- 
corded by focusing the light of a halogen lamp, passed 
through a water filter to remove the infrared part of 
the spectrum, on the sample and detecting the trans- 
mitted light through a 0.85 m double-monochro- 
mator (Spex 1402, resolution 2 A) with either a liq- 
uid N,-cooled photomultiplier (EM1 9684) or with 
a photodiode (EG&G, model HUV-4000)) in com- 
bination with a lock-in amplifier (EG&G, Brook- 
deal, model 9503) and a chopper (HMS, model 
22 1). The intensity of the signal at each wavelength 
was subsequently divided by that of a reference spec- 
trum of the same buffer solution, and the logarithm 
of the ratio was plotted. Different samples from the 
same original batch, stored in the dark at -2O”C, 
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were used for the spectra and the hole-burning (HB) 
experiments. 

A titanium:sapphire laser (Coherent 899-21, am- 
plitude stabilized to < 0.5% by an electro-optic mod- 
ulator) pumped by an Ar+ laser was used without 
the intra-cavity assembly to perform HB experi- 
ments in the 800 nm bands of all LH2 complexes of 
Rb. sphaeroides and Rps. acidophila. The laser band- 
width was about 6 * 2 GHz. Its wavelength was cal- 
ibrated with a Michelson-type interferometric wave- 
meter and scanned with a linear actuator (Oriel, 
Encoder Mike 18246), controlled by a PC (the 
smallest step of the actuator was z 5 GHz). 

The laser beam was focused on the sample (spot 
size, ,4x6-10 mm2), and burning-power densities 
ranging from P,JA=90 to 900 mW/ cm2 and bum- 
ing times from lb= 50 to 1000 s were used. In order 
to burn shallow holes of relative depth DE 3%-5% at 
4.2 K, burning-fluence densities P&,/A x lo-30 J/ 
cm* were needed for the Rb. sphaeroides samples, and 
P&/As25-50 J/cm2 for Rps. acidophila. For z 10% 
deep holes much higher burning-fluence densities 
were necessary, P&,/A z 300 J/cm2 for Rb. sphaero- 
ides and ~500 J/cm* for Rps. acidophila. We no- 
ticed that, for a given burning-fluence density and 
holewidth, the hole depth is wavelength dependent, 
e.g. holes burnt at 803 nm are about three times 
deeper than those burnt at 798 nm. A similar effect 
had previously been observed by us for the isolated 
LH2 complex [ 15 ] and has now been studied in more 
detail [ 25 1. The holes were probed by fluorescence 
excitation spectroscopy: the laser, attenuated by a 
factor of z 500-l 000, was scanned over the spectral 
region of the hole, and the fluorescence signal was 
detected in a similar way as described above. Typical 
scan lengths of approximately 2000 GHz with steps 
of 5 GHz took N lo- 15 min. 

In order to obtain the homogeneous linewidth r,,,, 
the holewidth rhole was plotted as a function of bum- 
ing-fluence density, P&/A, and extrapolated to Pa tb / 
A-0. r,,,, was evaluated from the relation rhole= 
2rhom+$GaJer, where ruse+ 6 GHz is the band- 
width of the Ti: sapphire laser. We have assumed that 
the homogeneous line has a Lorentzian shape, and 
the frequency profile of the laser is Gaussian. The 
homogeneous linewidth (see section 3.2) is much 
larger than the laser bandwidth. The samples were 
immersed in a 4He-bath cryostat in which the tem- 
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perature could be reduced from 4.2 to 1.2 K by low- 
ering the vapour pressure. The temperature was de- 
termined from this pressure and also by a calibrated 
carbon resistor (accuracy & 0.01 K). 

3. Results and discussion 

3.1. Absorption spectra 

In fig. 1 absorption spectra at 4.2 K of membrane 
preparations from various strains of Rb. sphaeroides 
(figs. la, lb, Id-lf) and of the isolated B800-820 
complex of Rps. acidophila (fig. Ic) are given be- 
tween 760 and 900 nm. The spectral positions of the 
B800 and B850 bands, their relative distance in 
cm-‘, the inhomogeneous linewidths of the B800 
bands and the optical densities at 800 nm are re- 
produced in table 1. Fig. la shows the spectrum of 
the wild-type membrane WT (YY) which, in ad- 
dition to the LH2 complex, also has the LHl com- 
plex (B875) absorbing at 885 nm. The absorption 
band of the RC is too weak to be observed because 
there is a large number of antenna complexes per RC. 
The spectrum of the wild-type LH2-only mutant, 
B800-850 (YY, “control”), in which the genes of 
LHl and RC are absent, is given in fig. lb. The po- 
sitions and widths of both B800 and B850 bands are 
very similar to those of the WT (YY) membrane and 
of the isolated Rb. sphaeroides LH2 complex [ 151. 

The spectrum of the isolated LH2 complex of Rps. 
acidophila B800-820 (FL) (fig. lc) shows two bands 
at 800 nm and xz 824 nm. The latter is strongly blue- 
shifted with respect to the B850 band of Rb. sphaero- 
ides. In B800-841 (FY) and B800-839 (YF) (figs. 
Id and le) the B850 band is blue-shifted by = 10 
nm. In B800-830 (FL) (fig. If) the B&50 band is 
blue-shifted by an additional 10 nm. The spectrum 
of the latter is similar to that of the B800-820 (FL) 
complex of Rps. acidophila, but its B830 band lies at 
x 829 nm and is about 40% broader than that of the 
B820 band (compare figs. lc and 1 f). 

We further notice in fig. lb that the ratio of the 
intensities of the 800 to the 850 nm band in B800- 
850 (YY, “control”) is smaller than that for the other 
mutants, which we attribute to repeated irradiation 
with light and to freeze-thaw cycles [ 5,26-291. In 
fact, in fresh samples of the membranes and of the 
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Fig. 1. Absorption spectra of membranes of Rb. sphaeroides and the B800-820 complex of Rps. acidophila at 4.2 K, between 760 and 900 
nm. (a) The membranes of the wild-type (strain 2.4.1), WT (YY), contain both the LH2 and the LHl complexes. (b) Membranes for 
the LHZ-only strain which have been depleted of the genes encoding the polypeptide components of the LH2, LH I and RC complexes, 
and in which the original LH2 genes were re-inserted. This strain is designated B800-850 (YY, “control”). The relative smaller intensity 
of the B800 band as compared to that of the other mutants is most probably caused by repeated irradiation of the sample with light and 
temperature cycles (see text). (c) Isolated B800-820 (FL), complex of Rps. acidophila. (d)-(f) Membrane samples from three LH2- 
only strains of Rb. sphaeroides with altered a-polypeptide ammo acid residue sequences. The bands at 841,839 and 830 nm correspond 
to blue-shifted B850 bands. Amino acid residues F: phenylalanine, L: leucine, Y: tyrosine. 

isolated BSOO-850 complex the intensity of the BBOO 
band is almost equal to that of the B850 band, which 
indicates that the isolation procedure did not influ- 

ence the absorption characteristics of the complex. 
After using the isolated complex for hole-burning ex- 
periments at z 800 nm, and after “mistreating” it by 
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Table 1 

CHEMICAL PHYSICS LETTERS 24 September 1993 

Wavelengths of the maxima of the BSOO, the (blue-shifted) B850 and the B820 absorption bands of the LH2 complexes of Rb. sphaerc- 
ides and Rps. acidophila studied at 4.2 K; frequency difference between these maxima, Au (in cm- ’ ); inhomogeneous linewidths Fi, of 
the B800 band (in cm-‘): and optical density at 800 nm, OD,, of 3.5 mm thick samples 

1 a8oo @ml la~so (nm) AF (cm-‘) rti (cm-‘) OD8ol 
BSOO-B850 B800 

Rb. sphaeroides 
“fresh” isolated LH2 complex 
“mistreated” isolated LH2 complex 
WT 0-Y) 
B800-850 (W, “control”) 
BSOO-841 (FY) 
B800-839 (YF) 
B800-830 (FL) 

Rps. acidophila (strain 7050) 
B800-820 (FL) 

798.4 852.5 795 146 1.07 
799.1 859.2 875 290 0.23 
799.2 853.4 195 150 0.37 
799.2 855.1 818 182 0.48 
799.2 842.5 643 165 0.32 
798.4 839.0 606 145 0.69 
798.5 828.6 455 180 0.28 

796.8 824.2 417 186 0.90 

cooling it down and warming it up from 4.2 K to 
room temperature several times, we noticed that the 
BSOO band not only had lost intensity, but it became 
asymmetric and almost twice as broad. This effect 
has been studied in more detail elsewhere [ 30 1. An 
interesting question in this context is whether the de- 
crease and broadening of the B800 band, which in 
the literature was attributed to “free” BChl a mol- 
ecules absorbing at 775 nm [ 27,291, affects the en- 
ergy transfer rate from B800 to B850. We have ver- 
ified that this is not the case because the “mistreated” 
isolated LH2 complex, the fresh isolated complex, 
the WT (YY) membranes (fig. la), and the mutant 
B800-850 (YY, “control”) (fig. lb) yielded equal 
holewidths and, therefore, equal energy transfer 
times, to within ~4%. 

3.2. Energy transfer times 

Holes burnt into the B800 bands of the various 
membrane preparations of Rb. sphaeroides and the 
B&00-820 complex of Rps. acidophilu at 4.2 K are 
shown in fig. 2. We have observed that the hole- 
widths are independent of wavelength between 798 
and 805 nm, which indicates that the B8OO-+B800 
energy transfer does not take place or, at least, is neg- 
ligible within the long wavelength part of the B800 
band. This was confirmed by us by fluorescence line 
narrowing (FLN) experiments performed in the 
same wavelength region [ 251 (see discussion be- 
low). For ,J< 798 nm the holewidths become larger 
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towards the blue side of the B800 band indicating 
that the energy transfer rate increases and, in par- 
ticular, that the B800-+B800 transfer plays a role. 
The results are consistent with the B800 fluorescence 
signal being broad in this region and independent of 
excitation wavelength [25]. In a previous experi- 
ment [ 151 this variation of the holewidth with 
wavelength at 2 < 798 nm had escaped detection be- 
cause of the large bandwidth of the laser system used. 
A more detailed study of the wavelength dependence 
of the holewidths will be presented elsewhere [ 251. 

The holes burnt between 798 and 805 nm into the 
B800 band of the mutants other than B800-850 
(YY) and into Rps. acidophilu are all a little broader 
than the hole in WT (YY) and the isolated LH2 
complex: z 146 to zz 185 GHz versus z 127 GHz 
(see fig. 2). Thus, the B800-+blue-shifted B850 en- 
ergy transfer times are a little faster. But before we 
discuss these differences, we will comment on the HB 
mechanism. 

We think that HB occurs here as a consequence of 
a change in interaction, after excitation, between the 
BChl molecules absorbing at 800 nm and the protein 
to which they are bound [ 151. One possibility is the 
BChl a becomes released from the protein, whereby 
“free” BChl a absorbing at x775 nm is formed 
[ 27,291. Another possibility, which we favour, is that 
on excitation a slight relative reorientation of the 
central magnesium of BChl a and the axial ligand at- 
tached to it occurs, in a similar way as previously 
proposed for magnesium porphin (MgP) in an n-oc- 
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W-r VI 8800-850 (W, ‘control’) 

8800-841 (FY) 8800-839 (YF) 

l . 

8800-830 (FL} 8800-820 (FL) 

Fig. 2. Holes burnt in the BSOO band of the wild-type membrane and of membranes containing four mutated LH2 complexes of Rb. 
sphaeruides, and of the B800-820 complex of Rps. acidophila, at 4.2 K. The dots represent data points, the solid lines are Lorentzian fits 
to the data. 

tane crystal [ 3 1 ] where the photoproduct appeared 
at N 100 cm-’ from the burnt hole, and for BChl a 
in glasses [ 32 1. In fact, the hole-burning efficiencies 
in all these systems seem to be similar. For example, 
for BChl a in triethylamine at 4.2 K, which has a flu- 
orescence lifetime of zz 4 ns, holes of a few O/6 depth 
were obtained with widths of x 1 GHz using Pbfb/ 
Ax 0.2 mJ/cm2 [ 321. If we assume that HB in LH2 

complexes is due to the same mechanism, we can es- 
timate the burning-fluence density necessary to burn 
a hole of a few % depth. Since the fluorescence life- 
time is about 2 ps for B800 and the holewidths are 
100 times larger than for BChl a in glasses, we expect 
P&,/AX 10*X 103X0.2 mJ/cm*x20 J/cm*, which 
is about the value we needed in the experiments on 
LH2 complexes. Thus, a HB mechanism for LH2 
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complexes in which the Mg atom of BChl a is in- 
volved is consistent with that proposed for BChl a in 
glasses [ 321 and MgP in crystalline n-alkanes [ 3 11. 

In fig. 3 the holewidths, frhole, as a function of 
burning-fluence density, Pbtb fA, are compared for 
three samples at 4.2 K. From the extrapolation to 
P,t,/A+O we obtain the homogeneous linewidths 
r ,,_ summarized in table 2. Holes were also burnt 
and probed at 1.2 K in B800-841 (FY) and B800- 
820 (FL) to verify that there is no temperature de- 
pendence [ 151. Since within the experimental ac- 
curacy the holeshape is Lorentzian for all samples 
studied, we conclude that there is no dispersive ki- 
netics [ 181 associated with the energy transfer rate. 

In order to deduce the energy transfer times from 
the values of r,,,,, we have used a similar reasoning 
as in ref. [ 151, which is further supported by new 
experimental proofs. The homogeneous linewidth is 
given by 

120 r 

0 
L 

L 40 

- L 

? 

20 

Ol’,“‘,““,“‘l ,,,“‘,‘1’,“1,‘181 
0 50 100 i 50 200 250 300 350 

P,t,/A (J/en?) 

Fig. 3. Holewidth, frbols. as a function of burning-fluence den- 
sity, Pbtb/A, at 4.2 K for the B800-850 (YY, “control”) and the 
BSOO-830 (FL) mutants of Rb. sphaeroides, and the BSOO-820 
(FL) complex ofRps. acidopbila. The extrapolated values of &,,,, 
for P&/A-+0, deconvoluted from the laser bandwidth r,,z6 
GHz, were taken as the homogeneous linewidths, r,,. The lat- 
ter were found to be independent of excitation wavelength be- 
tween 798 and 805 nm and their values yield the BSOO- (blue- 
shifted) B850 energy transfer times when exciting in this spectral 
region. (A) r,,,,, (B800-830)=89+4 GHz; (0) r,, (BSOO- 
820)=791-3 GHz; ( l ) r,, (BSOO-850)=62+2 GHz. 

Table 2 
Homogeneous linewidths, r,,,,, of the BSOO bands (at A,,,2 798 
nm) of the LH2 complexes of Rb. sphaeroides and Rps. acido- 
phila at 4.2 K. r,,, was obtained by extrapolation of frholc to 
zero burning-fluence density, P,,&,/A+O. The corresponding 
8800-1 (blue-shifted) B850 energy transfer times, rs~_~~s= 
(2nr,,,)-‘, are also given 

Lm (GHz) hll-850 (PSI 

from Rb. sphaeroides 
WT (YY) 65f4 2.45kO.15 
B800-850 (YY, “control”) 6222 2.55*0.10 
8800-841 (FY) 9426 1.70~0.10 
B800-839 (YF) 71f3 2.25 f 0.10 
B800-830 (FL) 89&4 1.80+0.10 

from Rps. acidophila 
B8OCL820 (FL) 1953 2.00~0.10 

(1) 

(T, ) -I is the decay rate of excitation for a given 
molecule, it includes the fluorescence lifetime 7, and 
all energy transfer processes rar to neighbouring 
molecules. ( T;) - ’ is the pure dephasing rate deter- 
mined by thermally induced fluctuations of the op- 
tical transition frequency due to phonon scattering. 
Whereas the second term is temperature dependent, 
the first one is assumed to be T independent, at least 
at very low temperature. If the pure dephasing con- 
tributions to r,,,, in these LH2 complexes were of 
the same order as that found for BChl a in glasses at 
4.2 K, then (XT;) -’ z 1 GHz cx &,om~ 60-90 GHz, 
which is the value found from hole-burning on the 
red part of the B800 band. Since we did not observe 
any temperature dependence of r,,,, from 1.2 K up 
to 30 K [ 151, we conclude that the second term in 
eq. ( 1) can be neglected. The fluorescence decay, 
~a= I ns, can also be neglected because its contri- 
bution to r,,,,, is ( ~xT~)-’ = 0.2 GHz. Moreover, we 
have observed FLN, i.e. the BSOO fluorescence, when 
excited with a laser in the same red region of the 
band, is narrow and shifts with excitation wave- 
length [ 251. In addition, the holewidths are inde- 
pendent of wavelength between 798 and 805 nm. 
From these results we infer that in this wavelength 
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interval the B800-+B800 energy transfer is negligible 
compared to the B800-+B850 transfer. This is fur- 
ther supported by the fact that we have not observed 
low-energy satellite holes when exciting in the red part 
of the B800 band, as discussed in refs. [ 16,18 1. The 
values of r,,, between 798 and 805 nm (see table 
2) are, therefore, entirely determined by the energy 
transfer process from BBOO to B850 or, respectively, 
to the blue-shifted B850 bands in the mutants of Rb. 
sphaeroides, or the B820 band of Rps. acidophila. 
Thus, the estimate T,,= rsoo_sso= (27rP,,,) - ’ is 
valid for BChl a molecules excited on the low-energy 
side of B800. The value tEr= 2.5 5 ? 0.10 ps for the 
LHZonly membranes. 

B800-850 (YY, “control”) is to within 4% the 
same as that for WT (YY ), which is consistent with 
the notion that this mutant contains an intact and 
fully functional LH2 complex [ 7 1. Further, and con- 
trary to our expectations, the energy transfer time 
does not monotonically decrease with an increase in 
overlap (or decrease of spectral distance) of the 
emission band of B800 and the blue-shifted B850 ab- 
sorption bands. In fact, we found that the shortest 
transfer time Tag= 1.70 f 0.10 ps occurs for B800-84 1 
(FY), and not for B800-820 (FL). 

It is instructive to estimate values of rET assuming 
three models, all based on Fijrster’s energy transfer 
mechanism for weak dipole-dipole coupling [ 81, and 
compare them to the hole-burning results. According 
to FGrster the expression for the rate constant is 

I 9ln(l(l) K2 
---\--I 

-=- 

kr 128n5 n4NA70,R&, 

X fb(V”)EA(J)P4dc. 
I 
0 

(2) 

In eq. (2) NA is the Avogadro number, r: represents 
the pure radiative lifetime of the donor, RDA is the 
distance between centers of donor and acceptor, and 
n is the index of refraction of the medium. In the 
overlap integral P is the energy in cm-‘, fn( P) is the 
normalized fluorescence spectrum of the donor, and 
e,(P) is the molar absorption spectrum of the ac- 
ceptor (in cm2/mmol). K2 is an orientation factor 
related to the interaction energy of two point dipoles 
and is given by 

K2=(COSV)DA-3COS~COS$7A)2. (3) 

In eq. (3) pDA is the angle between the transition di- 
poles of donor and acceptor, and pr, and (PA are the 
angles between each dipole and the line connecting 
them. We have taken a value of u2= 1 based on the 
model of ref. [ 51 in which the directions of the Qy 
transition dipole moments of the BChl800 and BChl 
850 molecules are assumed to be approximately par- 
allel to the membrane and on top of each other. Thus, 
qDA=OO and ~n=~r,=900. 

For r: we have taken 15 ns, an average value of 
the radiative lifetime of BChl a in various solvents 
[ 33 1, and for RDA we have assumed 2.1 nm, which 
is the upper limit taken from the literature [34]. 
Since eq. (2) was derived in the dipole approxi- 
mation of two interacting molecules, a correction 
should be made if the distance between the centers 
of the donor and the acceptor molecules becomes 
comparable to the dipole length [35]. For BChl a, 
the dipole length may be as large as 1.2 nm [ 361, 
whereas R DA~2_1 nm [ 341. For the index of re- 
fraction we took the value for alanine, n = 1.45. This 
amino acid residue appears many times in the a- 
polypeptide chain between the BChl 800 and BChl 
850 molecules and is one of the few for which the 
value of n is known [ 371. 

In our first, crude, calculation we have assumed: 
(a) large homogeneously broadened bands for the 
B800 emission and the B850 absorption spectra, and 
(b) energy transfer from the Q, O-O transition of 
B800 to that of B850. Although this model is not re- 
alistic for the interpretation of the present experi- 
ments because the fluorescence bands are in fact nar- 
row when excited with a laser in the spectra region 
between 798 and 805 nm and they shift with the ex- 
citation wavelength [ 251, it serves to illustrate the 
order of magnitude of the energy transfer rates to be 
expected under such conditions. For the calculation 
we have taken ( 1) a width of e 100 cm-’ for the 
fluorescence band of B800 with a maximum at 805 
nm (as obtained when exciting at 1< 798 nm), (2) 
Gaussian lineshapes for fluorescence and absorption 
bands, and (3 ) the areas of all blue-shifted B850 ab- 
sorption bands were normalized to that of the B850 
band of the B800-850 complex. We have further used 
the extinction coefficient of (supposedly mono- 
meric) B850, E*= 184 mM-’ cm-‘, taken from ref. 
[ 271. Under these conditions, the values of rEr dif- 
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fer by more than five orders of magnitude for the 
various samples, from rcr 2 6 x lo-‘* s for B800-830 
and B800-820 to rEETz 10d6 s for B800-850. There 
is a strong discrepancy between these calculated val- 
ues and those obtained experimentally, which varied 
onlybetweenx1.7~10-‘~and2.5X10-‘~s,andthis 
first overly simple model can indeed be discarded. 

In the second calculation we have assumed a nar- 
row Q, O-O BSOO fluorescence band that shifts with 
excitation wavelength as observed for 798 <1,,,,< 805 
nm. The width of this Lorentzian-shaped band was 
taken z 2-3 cm-‘, corresponding to that of the ho- 
mogeneous linewidths of 60-90 GHz obtained from 
our HB experiments on the various mutants. For the 
Q, O-O B850 absorption band we took the width and 
shape of the total band as in the first model. The cal- 
culated values of rET then not only differ by about 
five to six orders of magnitude between the various 
LH2 complexes at a given fluorescence wavelength 
but, in addition, they show a strong excitation wave- 
length dependence, ranging from about rare 9X 
IO-i2 s at 805 nm to 40x lo-l2 s at 798 nm for 
B800-830, and from 6 x lop6 s at 805 nm to N 10m3 
s at 798 nm for BSOO-850. Since experimentally we 
did not observe any excitation wavelength depen- 
dence of 58-r between 798 and 805 nm, we also have 
to disregard the second model. The large discrepancy 
between the experimental values of rET and the cal- 
culated ones in these two models strongly suggests 
that energy transfer does not occur between the Q, 
O-O band of B800 and that of B850. 

In order to explain the rather similar transfer times 
measured and their independence of wavelength, we 
have made a third calculation assuming that the en- 
ergy transfer results from coupling of the narrow Q, 
O-O transition of B800 with a broad vibronic tran- 
sition of B850 (or of the blue-shifted B850) which 
lies at -800 nm. Such a model is based on the fact 
that B850 is largely homogeneously broadened at low 
temperature (rho, = 220 cm-’ for B850 in the BSOO- 
850 complex), probably due to rapid inter-exciton 
level scattering [ 161. It is furthermore known that 
BChl a in glasses has many vibronic and vibrational 
bands between 150 cm- ’ and 1600 cm-’ [ 32,381. 
The vibronic frequencies of B850 between 280 cm-’ 
and 920 cm-i, which are very similar to those of 
BChl a, were obtained from satellite holes that ap- 
peared in B800 as a result of hole-burning in B850 
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[ 161. It was suggested that the modes in the 700-900 
cm-’ region are those participating in Forster’s en- 
ergy transfer [ 161. For our calculation we have as- 
sumed that the vibronic bands of (blue-shifted) B850 
molecules are also broad between 798 and 805 nm 
and, thus, have a constant absorption E*,~~,, in this 
spectral region. We may therefore replace v’ by S,,c 
in eq. (2), tA (9) by t,,,,,=constant over a few nm, 
and &OfD(VI)eA( S) diJ= 1. 

With the transfer times err obtained from the hole- 
burning experiments and using the same values for 
rc2, n, and r$ as in the other two models, we can cal- 
culate the distance R, for the various LH2 com- 
plexes knowing the relative intensity E~,~,,Jc~,~~~. We 
have taken a ratio eA,800/eA,850~ 0.1, which was ob- 
tained independently from two types of experi- 
ments: on the one hand, from the relative intensity 
of a hole burnt in the B850 band and its satellite hole 
at 750 cm-’ [ 161; on the other hand, from the ab- 
sorption spectrum of a LH2 mutant without B800 
band in which the histidine thought to ligate BChl 
800 was replaced by serine [ 391. If we assume that 
E~,~~/E~,~~,,E 0.1 for all the LH2 complexes, then RDA 
will vary from 1.7 to 1.5 nm. If, in addition to the 
coupling of the BSOO O-O transition to a vibronic 
transition of B850, and equally strong coupling be- 
tween a vibrational transition of BSOO and the O-O 
transition of B850 occurred, the R, distances would 
increase by a factor of only fi= 1.12; thus, 
1.7 4 RDAd 1.9 nm. These values have to be com- 
pared to that in the literature for the BSOO-850 com- 
plex of Rb. sphaeroides, in which 2.1 nm had been 
calculated as an upper limit [34]. Since the mem- 
brane has a thickness of E 3.5 nm [ 3,4,6], the values 
of RDA obtained here still look reasonable. A critical 
point is whether Forster’s eq. (2), which describes 
the interaction between point dipoles [ 8 1, is still 
valid under the present conditions because the RDA 
distances are very close to the dipole length of BChl 
a of z 1.2 nm [ 35,361. Also the refractive index n 
conceivably might vary between 1.3 and 1.6 [37], 
the lifetime T; between 12 and 18 ns [ 331, and the 
extinction coefficient of B850 may become eA,ase= 
368 mM-’ cm-’ if the dimer character of B850 is 
taken into account [ 27 1. The largest uncertainty, 
however, is given by the orientation factor rc2 which 
can have values from 0 to 4, and which in randomly 
oriented solutions is equal to 3 [ 8 1. The results show 
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that the third model is the only one of the three which 
gives a transfer time of the correct order of magni- 
tude for the series of mutants studied. Thus, the en- 
ergy transfer most probably involves a broad vi- 
bronic level of the acceptor and/or a vibrational 
mode of the donor. 

4. Conclusions 

We have shown that energy transfer times from 
B800 to (blue-shifted) B850 for four mutated LH2 
complexes of Rb. sphaeroides and for the B800-820 
complex of Rps. acidophila at 4.2 K vary at most by 
a factor of 1.5, between 2.5 and 1.7 ps, when excited 
with a laser between 798 and 805 nm. From the re- 
sults we conclude that hole-burning is a sensitive 
technique to detect small differences of a few hundred 
femtoseconds between energy transfer times of dif- 
ferent light-harvesting complexes (see table 2). 

Three estimates of the transfer times, all based on 
Fijrster’s mechanism [ 81, have been made. Only one 
of them is consistent with the hole-burning and the 
fluorescence line narrowing results obtained. In this 
model we have assumed that transfer from donor to 
acceptor occurs through coupling of the narrow Q, 
O-O transition of B800 with a broad vibronic tran- 
sition of B850, which has approximately constant in- 
tensity in the region between 798 and 805 nm. We 
have also considered that, in addition, transfer may 
occur involving coupling of a vibrational transition 
of B800 in resonance with the Qv O-O band of B850. 
For the calculation we have further assumed that the 
relative orientations of the BChl a pigments are like 
those proposed in ref. [ 5 ] and are the same for the 
different mutants, which is justified by circular di- 
chroism experiments [ 71. Under these conditions, 
and from the experimental evidence that the relative 
intensity of the vibronic band of B850 with respect 
to that of the QY O-O band of B850 cannot be larger 
than - 0.1 [ 16,391, we have estimated the distances 
between BChl800 and (blue-shifted) BCh1850 mol- 
ecules to be RDA= 1.5-1.9 nm for the various LH2 
complexes studied. These values are somewhat 
smaller than the upper limit (2.1 nm) reported for 
B800-850 [ 341. In order to judge how realistic RDA 
and the relative orientations of the BChl a pigments 
are, we would have to know the three-dimensional 

structure of LH2 complexes, which so far has not 
been determined. 
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Chapter 4Perspectives 

 

 In the present study dynamical processes in model systems and biological 

membranes are investigated on a macroscopic and microscopic level and on timescales 

ranging from picoseconds to seconds. The methods used were newly developed or 

adapted for the needs in bioscience. From the results shown, it becomes evident that 

appropriately designed optical techniques have the potential for obtaining detailed 

information on energetical and dynamical properties of biomolecules in physiological 

environment. There are interesting options to combine these techniques with 

observations of single functional units such as ion channels. 

 The methods used, single-molecule microscopy and spectral hole-burning, are 

complementary; they permit to address the same principal questions for different 

perspectives. In both techniques a subset of molecules is studied (one in single-

molecule microscopy, ten to thousand molecules in hole-burning spectroscopy) allowing 

to compare ensemble averaged information with variations due to the individuality of 

molecular units, genuine to biological systems. The method described in chapter 2.1 

sets the stage for determination of local stoichiometries, local association, and for 

molecular recognition which are prime goals in studying structure/function relationships 

in bioscience, as outlined in ref.[xli]. Very recently, we have shown its potentials in 

determination of local stoichiometries for several ligand-receptor pairs [xlii]. The 

dynamical possibilities of single-molecule microscopy using the apparatus described in 

chapter 2.1 is shown by direct visualization of individual antibody-antigen interactions 

[xliii] the most versatile recognition scheme used by nature. It allowed, for the first time, 

direct distinction between the time for antibody-antigen encounters by diffusion from the 

lifetime of the recognition complex. 

 The experiment which sets the ultimate limit in local, energetical and dynamical 

resolution would combine single-molecule microscopy with high-resolution 

spectroscopy. First attempts for such combined microscopy/spectroscopy have been 

made by several groups. Fluorescence spectra and fluorescence decay measurements 

on individual fluorophores, locally addressed by a near-field optical microscope, were 

obtained [xliv-xlvxlvi

xlvii]. As outlined in chapter 2.1 the apparatus developed here seems to 

have the perspective for a combination of both techniques also. As a first example the 

photophysics of a fluorescence molecule embedded in a lipid membrane has been 

investigated in chapter 2.1. Very recently, we were able to observe slow rotational 

diffusion of individual molecules within such a membrane, as visualized by polarization 

dependent measurements on the time scale of milliseconds [xlviii]. 
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 The most appealing field of application for locally and spectrally resolved 

information seems to be bioscience. Antibodies, drugs and other ligands can be easily 

tagged by fluorescent molecules which, in turn, act as a probe for the local environment 

[xlix]. Even some of these fluorescent tags themselves, such as trivalent rare-earth ions, 

are known to be potent drugs for ion-channels in cell membranes [l]. Another interesting 

perspective is illustration of the lateral motion of specific molecules along filaments or 

DNA, generally predicted to follow a helical path, by the concomitant rotation of the 

transition-dipole moment of a fluorophore label. Furthermore, it is anticipated that the 

combination of single-molecule microscopy with fluorescence spectroscopy applied to 

such systems will bring new fascinating insights into the function of biosystems under 

study. As illustrated here, current technology of both, microscopy and spectroscopy, 

allows scientists to enter this very challenging field of investigation. 
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Chapter 5Zusammenfassung 

 

 Die Zellmembran ist nicht allein eine geometrische Oberfläche die das Innere 

vom Äußeren einer Zelle trennt, sondern auch eine Matrix für die räumlich-zeitlich 

organisiert ablaufenden Prozesse in der Zelle, vor allem der Energietransduktion sowie 

der Kommunikation. Die lokale Auflösung der molekularen Organisation und der 

dynamischen Eigenschaften der Zellmembran, mit den Lipiden und Polypeptiden als 

wesentlichen Bausteinen, ist ein avisiertes Ziel der Biowissenschaften auf dem Weg 

zum molekularen Verständnis der komplexen biologischen Funktion einer Zelle. In der 

vorliegenden Arbeit werden physikalische Methoden vorgestellt, die geeignet 

erscheinen diese Zielsetzung anzugehen: Mikroskopie auf der Ebene eines einzelnen 

Moleküls sowie höchstaufgelöste Laserspektroskopie. 

 Biologisch relevante Prozeße in Membranen haben charakteristische Zeiten 

zwischen Femtosekunden und Minuten, der Zeitspanne für eine Molekülschwingung bis 

zu langsamen mesoskopischen Umordnungen in Zellmembranen. Diese extreme 

Zeitspanne von achtzehn Dekaden der Dynamik in Zellmembranen verlangt zur 

Untersuchung nach einer Vielzahl verschiedener Techniken. Bei diesen Techniken läßt 

sich eine grobe Unterscheidung in zwei Klassen vornehmen: den makroskopischen 

Techniken wie der konventionellen Lichtmikroskopie, thermodynamischen oder 

elektrophysiologischen Messungen, sowie mikroskopischen Techniken wie der 

Elektronenmikroskopie, Patch-Clamp Einzelkanalstudien, biochemischer 

Sequenzierung und der Spektroskopie. Bei den makroskopischen Techniken, die 

momentan den Hauptteil von in vivo Studien abdecken, dienen ensemblegemittelte 

Daten zur Untersuchung von Strukturänderungen, Bindungsstudien und Stöchiometrien. 

Ergebnisse der mikroskopischen Untersuchungen, momentan noch vorwiegend 

beschränkt auf in vitro Studien, sind u.a. die Orientierung von Molekülgruppen, Einfluß 

von Molekülschwingungen und Untersuchung ultraschneller Prozeße. In neuerer Zeit 

werden diese konventionellen mit mikrobiologischen Techniken erweitert, mit Hilfe derer 

spezifische Modifikationen von großen Polypeptidkomplexen möglich ist. Damit lassen 

sich auch unter Verwendung makroskopischer Techniken mikroskopische Informationen 

erhalten. Die Kombination expressionsmodifizierter Proteine mit Einzelmolekültechniken 

mit räumlicher Auflösung verspricht bahnbrechende Erkenntnisse. 

 In der vorliegenden Studie werden alle drei o.a. Methodiken (makroskopische, 

mikroskopische, in Kombination mit mikrobiologischen Methoden des "genetic 

engineering") verwendet. Die Untersuchungen erstrecken sich über die Studie von 

reinen Modellsystemen bis zu biologischen Membranpräparationen sowie von 
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Phänomenen auf Zeitskalen von Picosekunden bis Minuten. In Kapitel 2 wird die 

Entwicklung eines neuen Fluoreszenzmikroskops dargestellt, mit dem es gelingt 

einzelne Moleküle in einer Phospholipidmembran sichtbar zu machen und ihre Diffusion 

zu verfolgen. Dies stellt eine Erweiterung der Lichtmikroskopie in den mikroskopischen, 

molekularen Bereich dar. Erstes Beispiel ist die Bewegung einzelner Lipidmoleküle in 

der Lipidmembran unter physiologischen Bedingungen. In Kapitel 3 wird von spektralen 

Lochbrennexperimenten berichtet mit Hilfe derer das dynamische Verhalten von 

Gläsern sowie biologischen Systemen untersucht wurde. Es wird allgemein 

angenommen, daß Gläser viele der statischen sowie dynamischen Eigenschaften von 

komplexen Biomembranen widerspiegeln. In Kapitel 3.1 werden Ergebnisse aus 

optischen Messungen an Silikatgläsern mit Ergebnissen thermischer Messungen an 

identischen Proben verglichen. Dieser direkte Vergleich erlaubte theoretische 

Vorhersagen zur Verknüpfung der Ergebnisse beider Meßmethoden zu bestätigen. 

Eines der wichtigsten Moleküle in der Photosynthese ist das Bacteriochlorophyll. In 

Kapitel 3.2 wird eine Untersuchung dieses Moleküls in organischen Lösungsmitteln, 

sowie in Detergenz Mizellen mittels eines neu entwickelten Diodenlaser-Spektrometers 

dargestellt. Eingebaut in biologische Membranen bilden diese Moleküle große 

Aggregate, die Antennenkomplexe und Reaktionszentren, in denen die ersten Schritte 

der Photosynthese ablaufen. Über ultraschnelle Energieübertragungsprozeße in 

Antennenkomplexen des Bakteriums Rhodobacter Sphaeroides wird in Kapitel 3.3 

berichtet. Zur Anwendung kommen für diese Untersuchungen höchstaufgelöste 

laserspektroskopische Methoden. Schließlich wird in Kapitel 3.4 von Messungen an 

mutierten photosynthetischen Bakterien berichtet, mit Hilfe derer ein klarerer Einblick 

sowohl in die Struktur der Antennenkomplexe, als auch in den Mechanismus des 

Energietransfers erreicht wird. Alle hier dargestellten Beispiele zeigen, daß unter 

Verwendung moderner optischer Techniken, hochkomplexe Systeme wie biologischen 

Membranen untersucht werden können und neue detaillierte Informationen über deren 

Dynamik erzielt werden. In Kapitel 4 werden Perspektiven der vorgestellten Techniken 

für die Untersuchung biologischer Systeme aufgezeigt, soweit sie sich aus bisherigen 

Ergebnissen ergeben. 


