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Abstract

We investigated the temperature-mediated reassociation of the B820 subunit of Rs. rubrum to form a light-
harvesting 1 complex (LH 1). By combining several spectroscopic techniques with global spectral data analysis
fitting, we present evidence for the occurence of two spectral intermediates that appear during the reassociation
process. At high temperatures, halfway the reassociation reaction, a prominent intermediate appears that has an
absorption maximum around 850 nm, a fluorescence maximum around 860—-867 nm, a high anisotropy (0.3 to 0.4)
and a circular dichroism spectrum with three or four bands with alternating signs. At lower temperatures, more
towards the end of the reassociation process, a second intermediate tends to appear that has an absorption maximum
around 860 nm, a fluorescence maximum around 885 nm, a medium to high anisotropy (0.1 to 0.3) and a circular
dichroism spectrum with two bands with alternating signs. The latter circular dichroism spectrum has a blueshifted
zero-crossing compared to the spectrum of the LH 1 complex. Both intermediates have the spectroscopic features
of a small oligomer. In the Qy region, the fluorescence anisotropy of both intermediates slightly increases at longer
excitation wavelengths, indicative for energy transfer among the pigments within the intermediate oligomers.

Abbreviations: BChl-bacteriochlorophyll; CD —circular dichroism; CMC —critical micelle concentration;
LDAO - lauryldimethylamine N-oxide; LH 1—the core light-harvesting complex; LH 2 —the peripheral light-
harvesting complex; OG — n-octyl-8-D-glucopyranoside; RC — photosynthetic reaction center

Introduction

In purple non-sulfur bacteria the capture of light and
charge separation for conversion into chemical energy
is performed by two highly organized transmembrane
pigment-protein complexes. These are the peripheral
antenna (LH 2) and the core antenna (LH 1) that
surrounds the reaction center (RC) where charge sep-
aration takes place (van Grondelle et al. 1994). For
LH 2 the structure has been resolved to high resol-
ution for the strains Rhodopseudomonas acidophila
(McDermott et al. 1995) and Rhodospirillum molis-

chianum (Koepke et al. 1996). This structure appears
to consist of a ring of nine or eight pigment-protein
subunits respectively. Its subunits are heterodimers of
the so called o and B polypeptides and form ligands
to three bacteriochiorophyll a pigments: two BChls
absorbing at 850 nm and oriented perpendicular to the
membrane plane, and a third BChl absorbing around
800 nm and oriented parallel to the membrane plane.
For LH 1 only a low resolution structure exists that
has been resolved for the strain Rs. rubrum (Karrasch
et al. 1995). Knowledge of the low-resolution strucure
of LH I combined with the high-resolution of LH 2
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has stimulated detailed modelling (Hu and Schulten
1998). According to these models, the LH 1 consists of
aring of 16 pigment-protein subunits, which encircles
the RC. Its subunits, called B820, are also heterodi-
mers of & and 8 polypeptides, but each binds one BChl
a pigment. It is still under discussion whether the LH
1 complex completely encircles the RC in vivo. Hypo-
theses are that in vivo the LH 1-RC complex is shaped
like a ‘horseshoe’, or that it consists of stacked LH
1-RC dimers (Frese et al. 2000; Jungas et al. 1999;
Francia et al. 1999).

The LH 1 complexes of the purple bacteria strains
Rs. rubrum, Rps. marina, Rps. viridis and Rb.
sphaeroides can be dissociated into their subunits by
treatment with detergent and extraction of the caroten-
oids (Miller et al. 1987; Visschers et al. 1992; Meck-
enstock et al. 1992). For Rs. rubrum a mutant strain,
called G9, exists that produces LH 1 antenna com-
plexes lacking carotenoids: isolated LH complexes
of this strain can be reversibly dissociated into the
B820 subunits, absorbing at 820 nm, and further
into monomeric pigment-ligated o or 8 polypeptides,
called B777 and absorbing at 777 nm (Ghosh et al.
1988; Miller et al. 1987; Chang et al. 1990; Loach
and Parkes-Loach 1995; Pandit et al. 2001). The LH
1 complexes from this strain form a suitable model
system for the study of the B820 antenna building
blocks, for reconstitution experiments and for study of
the assembly of photosynthetic antenna complexes or,
more general, assembly properties of transmembrane
protein complexes. Its bacteriochlorophyll pigments
are intrinsic spectroscopic probes that sense the state
of assembly, which in its turn can be modulated by
varying such parameters as detergent concentration,
temperature or protein concentration.

The B820 antenna subunit has been studied in-
tensively. It appears to contain one dimer of BChl a
molecules that are excitonically coupled (van Mourik
et al. 1991). The Qy absorbance band of B820 is
inhomogeneously broadened and no energy transfer
occurs among the pigments within the B820 dimers,
resulting in a high anisotropy over the whole Qy re-
gion (Visschers et al. 1991, 1993). Compared to LH
1, the B820 subunit has a small Stark signal and
a large non-conservative CD signal (Beekman et al.
1997; Koolhaas et al. 1997). The B820 subunit can
reversibly be dissociated into monomeric B777 and for
this reaction the thermodynamics have been determ-
ined (Sturgis and Robert 1994; Pandit et al. 2001).
Several studies have been conducted to find the re-
quirements for in vitro reconstitution of the B820

subunit from its separated components. It appears that,
whereas in vivo the B820 subunit consists of an «S-
heterodimer, the subunit can also be formed from only
B-polypeptides but not from «-peptides only (Mead-
ows et al. 1995; Parkes-Loach 1988). Stability of the
subunit originates from ion-pairing and/or hydrogen
bonding interactions between the polypeptides in the
core region (Bustamante and Loach 1994; Meadows
et al. 1995) and it is proposed that the BChl pigment
bound to the a-peptide is hydrogen-bonded to the His
residue of the B-polypeptide and vice versa (Olsen et
al. 1997). Furthermore, the central Mg atom in the
bacteriochlorophyll rings is a structural requirement
for BChl binding to form the subunit complex and
LH 1 of Rs. rubrum and Rb. sphaeroides (Davis et
al. 1996). Successful reconstitution of B820 from sep-
arated BChl as and «- and B-polypeptides has been
demonstrated by absorption and CD spectroscopy of
reconstituted subunits, which show spectra similar to
spectra of isolated B820 subunits (Meadows et al.
1995; Davis et al. 1997; Parkes-Loach et al. 1988).
Recently it has been demonstrated that the B820 sub-
unit in octylglucoside can exist not only as a dimeric,
but also a tetrameric form dependent on the detergent
concentration (Arluison et al. 2002).

Other studies have been conducted to find the re-
quirements for reconstitution of the full LH 1 complex.
For reconstitution of the LH 1 complex from separ-
ated components the ¢-peptide is required, in contrast
to requirements for reconstitution of the B§20 subunit
(Parkes-Loach et al. 1988). For each subunit, the C31
carbonyl groups of the pigments are hydrogen-bonded
with the Trp 11 residue of the «-peptides of the pre-
ceding subunit (Davis et al. 1997; Parkes-Loach et al.
1990; Sturgis et al. 1997). Spectroscopy of reconsti-
tuted LH 1 complexes shows native-like complexes
with absorption maxima equal to or slightly blueshif-
ted compared to native complexes and CD spectra
that either resemble native CD spectra or are inver-
ted (Bustamante and Loach 1994; Chang et al. 1988;
Miller et al. 1987; Ghosh et al. 1988; Parkes-Loach
et al. 1988). The LH 1 complex has been reconsti-
tuted together with isolated RCs, demonstrating that
photosynthetic units can be reassembled in which ex-
citation energy is successfully transferred to the RC
(Bustamante and Loach 1994). In the latter study,
reconstitution of the RC-LH 1 complex was carried
out in the presence of liposomes, proving that the
whole photosynthetic unit can be reconstituted from
separated components in a native-like environment.



In several reconstitution experiments, it has been
demonstrated that the dissociation reaction of the
LH 1 complex into subunits and further into B777
monomers is reversible (Chang et al. 1990; Miller et
al. 1987; Loach et al. 1985; Ghosh et al. 1988). Upon
treatment with OG, direct dissociation of B873 into
B820 subunits has been observed (Loach et al. 1985;
Miller et al. 1987). Lowering the detergent concen-
tration again (from 0.8% OG to 0.36% OG) showed
a B873-like complex absorbing at 865 nm, but with
an inverted CD signal compared to the native com-
plex in chromatophores (Miller et al. 1987). Similarly,
isolated B873 complexes also showed reversible dis-
sociation into B777 monomers upon treatment with
LDAO. Upon addition of Na-Cholate to the LDAO-
treated protein a B§73-like complex was reformed that
absorbed at 860 nm and that had an inverted CD signal
compared to native LH 1 (Ghosh et al. 1988). In the
latter reassociation experiment the 860 nm-absorbing
complex was formed within hours via discrete transi-
tory states. In other studies similar intermediates have
also been observed upon reassociation of the LH 1
from B820 subunits (Loach and Parkes-Loach 1995;
Visschers and van Grondelle 1992; Beekman et al.
1997; van Mourik et al. 1992; Pandit et al. 2001). Van
Mourik et al. (1992) investigated for the first time the
fast kinetics of the B820-B873 reassociation reaction,
by using a diode-array coupled stopped-flow appar-
atus. They could fit the B820-B873 reassociation
kinetics assuming a two-step reaction, but structured
residuals and a blueshifted spectrum for reassociated
B873 compared to native LH 1 suggested that more
intermediates might be present in the reaction.

In an earlier study we investigated the reversible
dissociation of the LH 1 of Rs. rubrum G9 into B820
subunits as a function of temperature and detergent
concentration (Pandit et al. 2001). We found that,
whereas the dissociation of LH 1 into B820 sub-
units by temperature always seemed to be a one-step
process, the reassociation of B820 into LH 1 would
always occur via one or more intermediate states (Pan-
dit et al. 2001). The most characteristic intermediate
form occurred as an absorption band around 850 nm,
halfway through the reassociation process. On the
basis of simulated absorption spectra of ‘arcs’ of the
LH 1 ring of varying size, it was proposed that this
intermediate state most likely corresponds to a te-
trameric aggregate consisting of two B820 subunits.
Furthermore we observed intermediates with absorp-
tion bands a few nanometers blueshifted from B873
that might represent large incomplete rings.
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This study is a further characterization of the in-
termediates occuring during the B§20-B873 reasso-
ciation reaction. By combining several spectroscopic
techniques such as absorbance, polarized fluorescence
and circular dichroism (CD) more information is ob-
tained about the oligomeric states of these complexes
and the possible organization of their pigments.

Materials and methods

n-Octyl-B-D-glucopyranoside (OG) was obtained
from Calbiochem (San Diego, California). The pur-
ified B820(OG) complexes were prepared from the
carotenoidless strain Rs. rubrum G9 as described pre-
viously (Pandit et al. 2001). Samples were prepared by
diluting stock solutions in buffer containing 50 mM
potassium phosphate, pH 7.5, and 0.8% OG. Buf-
fers were flushed with nitrogen and cuvettes tightly
sealed to prevent oxidation of samples. Absorption
spectra were measured on a Perkin Elmer Lambda
40 UV/VIS Spectrophotometer using a resolution of 4
nm. For fluorescence emission spectra, either a tunable
Ti:Sa laser (excitation power 200 ©W) pumped by an
8W Arglaser or a halogen tungsten light bulb with a
595 nm interference filter was used as an excitation
source. Emission light was detected by a spectrograph
(Chromex). For anisotropy measurements, a Glan-
Thompson polarizer was used in the excitation path
and an IR sheet polarizer in the detection path. All
fluorescence spectra have been corrected for the de-
tector sensitivity. For CD measurements, a home-built
CD spectrophotometer was used containing an opto-
acoustic modulator (Hinds) and two lock-in amplifiers
(EG&G and Ithaco). All samples were measured in
I1x1 cm quartz cuvettes in a temperature-controlled
cuvette holder.

Global analysis fitting of the CD, absorption and
polarized fluorescence spectra was performed using a
three-component and four-component spectral model
(van Stokkum et al. 1995) with constraints on some
of the amplitudes. CD and absorption spectra as a
function of temperature were fitted simultaneously
using the measured CD and absorption spectrum of
B820, B873 and one or two intermediate fitspectra,
each consisting of two skewed gaussians with vari-
able skewness, widths and peak locations. Polarized
fluorescence spectra as a function of temperature were
fitted using a three- or four-component spectral model,
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Figure 1. Magic-angle fluorescence spectra upon excitation of the

Qx band (595 nm) of a sample thermostated at stepwise lowered
temperatures.

according to:
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In this equation Iyy and Igy are the parallelly and
perpendicularly polarized fluorescence intensities, 7'
is the temperature, N is the number of spectral com-
ponents, and Ima.i is the magic-angle fluorescence
and r; the anisotropy of the i-th component. Spectral
components consisted of the fluorescence spectrum
of B820, B873 and one or two intermediates, each
formed by a skewed gaussian with variable skewness,
width, peak location and anisotropy.

Polarized fluorescence spectra as a function of the
excitation wavelength (exciting in the Qy region) were
analyzed using the global-analysis results from fitting
of the temperature-dependent polarized fluorescence
spectra. The latter spectra were obtained upon exciting
at 830 nm. Fluorescence emission spectra as a func-
tion of excitation wavelength were assumed to consist
of a linear combination of the fluorescence compon-
ents revealed from the temperature-analysis (excited
at 830 nm), correcting for the change in extinction for
each component upon scanning through the absorption
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Figure 2. Magic-angle fluorescence spectra upon blue-edge excita-
tion of the Qy band (830 nm) of a sample thermostated at stepwise
lowered temperatures. The sharp peak at 830 nm is scattered excita-
tion light. Inset: the fluorescence emission anisotropy at 880 nm vs
temperature.

In which Aexc is the excitation wavelength and ¢;
is the extinction coefficient of the i-th component. For
the shapes of the intermediate spectra, the fitspectra
results from the temperature analysis were taken. The
anisotropies of B820 and B873 were considered to
be constant over the excitation range (rgg2o(rexc) =
rBs20 and rg73(Aexc) = rBg73)- For a three-component
model, the amplitude and anisotropy of the intermedi-
ate component at each excitation wavelength were ob-
tained by straightforward calculation (subtracting the
fractional contributions of B820 and B873 from each
measured spectrum). For a four-component model, the
amplitudes and anisotropies of the two intermediate
components were resolved using MatLab (MathWorks
Inc., Natic, Massachusetts).

Results
Temperature-dependent fluorescence polarization

Polarized or magic-angle fluorescence emission spec-
tra were obtained from samples prepared in 0.8% OG
and thermostated at temperatures from 301 K down
to 281 K. Figure 1 shows the magic-angle emission
spectra upon excitation in the Qx region (595 nm)
upon lowering the temperature from 293 to 281 K.
The fluorescence spectra show the same trend as de-
scribed earlier for temperature-dependent absorption
measurements (Pandit et al. 2001): upon lowering
the temperature, the fluorescence peak shifts from the
fluorescence maximum of B820 (830 nm) to the max-
imum of B873 (890 nm) without an isosbestic point,
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Figure 3. (A) The absorption spectrum of an LH 1 sample equilibrated half-way the B820-B873 reassociation process, with arrows indicating
the excitation wavelength. Dotted spectra are the absorption spectra of B820 (peak 820 nm) and B873 (peak 873 nm). (B) The magic-angle
fluorescence spectra, with in the inset the fluorescence emission anisotropy spectrum upon excitation at 848 nm. The spikes are due to scattered

excitation light.
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Figure 4. (A) The absorption spectrum of an LH 1 sample equilibrated towards the end of the B8§20-B873 reassociation process, with arrows
indicating the excitation wavelength. Dotted spectra are the absorption spectra of B820 (peak 820 nm) and B873 (peak 873 nm). (B) The
magic-angle fluorescence spectra, with in the inset the fluorescence emission anisotropy spectrum upon excitation at 848 nm. The spikes are

due to scattered excitation light.

indicating the appearance of one or more intermedi-
ate forms during the reassociation. Figure 2 shows
the magic-angle emission spectra upon excitation in
the Qy region (830 nm) and successively lowering the
temperature from 301 K to 281 K. The inset shows the
anisotropy detected at 880 nm versus the temperature.
Upon lowering the temperature, the anisotropy of the
emission decreased from 0.4 to 0.05. The fluorescence
emission maximum shows a redshift of the emission
maximum from 830 nm towards 895 nm. Taking the
spectrum at 296 K, it is clear that the spectral shape de-
viates from the spectrum of B820. The corresponding

anisotropy spectrum has an anisotropy around 0.32,
which is much higher than the anisotropy of B873
(around 0.05). Hence, the shoulder around 870 nm in
this polarized fluorescence spectrum probably origin-
ates from one or more intermediate structures that have
a high anisotropy.

Excitation wavelength-dependent fluorescence po-
larization was measured for two types of samples. The
first type (further referred to as sample 1) consisted
of a sample prepared in 0.8% OG the temperature
of which was lowered until a clear band around 850
nm appeared in the absorption spectrum. The second
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Figure 5. (A) Absorption spectra of an LH 1 sample thermostated at stepwise lowered temperatures and (B) the corresponding CD spectra.

type (further referred to as sample 2) consisted of
a sample prepared in 0.8% OG the temperature of
which was further lowered than for the first type, un-
til the absorption peak had shifted to 870 nm. This
way two samples were prepared that were equilibrated
in different stages of the reassociation reaction. Both
samples were excited at different locations within the
Qy absorption band. Figure 3A shows the absorption
spectrum of the sample 1, with arrows indicating the
excitation wavelengths. For comparison, the spectra
of B820 and B873 are also drawn in this figure (dotted
spectra), showing that the sample has the absorption
features of an intermediate half-way the reassociation
process. Figure 3B shows the corresponding magic-
angle emission spectra. The inset shows a represent-
ative example of an anisotropy spectrum. The spikes
in the emission spectra are due to scattered excita-
tion light. Figure 3B shows that upon exciting more
to the red, selectively more of the intermediate struc-
ture or structures are excited. The anisotropy spectrum
is non-flat because of heterogeneity of the sample; at
the left side mainly B820 and/or the intermediate(s)
are emitting (having an anisotropy around 0.3) and on
the right side emission of B873 is contributing (hav-
ing an anisotropy around 0.05). Figure 4A shows the
absorption spectrum of the sample 2, with arrows in-
dicating the excitation wavelengths. For comparison,
the spectra of B820 and B873 are also drawn in this
figure (dotted spectra), showing that the sample con-
tains protein in an intermediate state or states towards
the end of the reassociation process. Figure 4B shows
the corresponding magic-angle emission spectra, with
in the inset a typical anisotropy spectrum. Again the
anisotropy spectrum is non-flat due to heterogeneity of

the sample. Upon exciting more to the red, selectively
less B820 and more intermediate(s) and/or B873 are
excited, demonstrated by redshifted emission spectra.

Temperature-dependent CD

In three independent temperature variation experi-
ments, samples were prepared with 0.8% OG and the
CD and absorption spectra recorded while the tem-
perature was stepwise lowered from 303 K to 278 K.
Figure 5 shows an example of such an experiment,
containing the absorption spectra (5A) and corres-
ponding CD spectra (5B) recorded at different tem-
peratures. The CD spectrum at 291 K, corresponding
to a state of the sample where the absorption clearly
displays an intermediate band around 850 nm, has a
CD signal in which a negative shoulder around 850
nm and a positive shoulder around 870 nm appears. In
all cases the sign of the CD spectrum of the reassoci-
ated complexes was opposite to that of Rs. rubrum G9
chromatophores and to the CD spectrum of isolated
LH 1 of wild-type Rs. rubrum. Leaving samples for
24 or 48 h at 40 °C did not change the spectra, so no
slow conformational change was taking place.

Fitting of data assuming one intermediate

In a first attempt both the temperature-dependent
polarized fluorescence spectra and the temperature-
dependent CD spectra were analyzed using a three-
component global analysis spectral fitting model. Fit-
ting of the set of temperature-dependent polarized
fluorescence data, assuming one intermediate spec-
trum with variable width and location, yielded an
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Figure 6. Intermediate magic-angle fluorescence spectrum, result-
ing from a three-component spectral global analysis on a series
of temperature-dependent polarized fluorescence spectra. The inset
shows the residual of the fit. The anisotropy associated with the
intermediate is 0.35.
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Figure 7. Intermediate CD spectrum, resulting from a
three-component  spectral global analysis on a series of
temperature-dependent absorption and CD spectra. The inset
shows the residual of the fit.

intermediate fluorescence spectrum located at 867 nm
with an anisotropy of 0.35. Figure 6 shows the in-
termediate magic-angle fluorescence spectrum with in
the inset the residual of the fit. Note that the spec-
trum is broad (full width at half maximum of 60 nm)
and that the residual has some structure. Simultaneous
fitting of the CD and absorption spectra yielded an
intermediate absorption spectrum with a maximum at
850 nm and an intermediate CD spectrum with four
alternating bands. Figure 7 shows a result for an inter-
mediate CD spectrum with in the inset the residual of
the fit. The fit residuals had similarly structured shapes
for the three independent experiments and they had a
negative contribution to the fits at high temperatures
and a positive contribution at low temperatures. This
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Figure 8. The resolved magic-angle fluorescence spectra of the in-
termediate structure(s) in the LH 1 sample equilibrated half-way the
B820-B873 reassociation, for excitation at different wavelengths

in the Qy region. The insets shows a the fluorescence emission
anisotropy spectrum upon excitation at 848 nm.

strongly suggests that in the CD spectra actually two
spectral intermediates appear during the reassociation
instead of one, which are linear combinations of the
intermediate found and the residual.

The two sets of excitation-dependent polarized
fluorescence spectra were linked to the temperature-
dependent fluorescence spectra as described in ‘Ma-
terials and methods’ (see above). Taking the fractional
contributions of B820 and B873 to the fluorescence
spectra excited at 830 nm, the fractional contributions
of B820 and B873 to fluorescence spectra upon excit-
ation at other wavelengths were calculated, correcting
for the change in extinction upon scanning through
the excitation band. Subtraction of the contributions of
B820 and B873 from each spectrum unraveled the ver-
tically and horizontally polarized fluorescence spectra
of the intermediate at each excitation wavelength. Fig-
ure 8 shows some of the thus obtained intermediate
magic-angle fluorescence spectra of sample 1, with
in the inset an example of an anisotropy spectrum.
Upon exciting more to the red, the maxima of the
intermediate spectra shift to the red, suggesting that
in reality more than one intermediate is present. Also
the anisotropy spectra are again not flat, suggesting
heterogeneity instead of one intermediate species.

Fitting of data assuming two intermediates

The fitresults obtained with the three-component spec-
tral analysis, assuming one intermediate, strongly
indicate that more intermediates are indeed present
during the reassociation of B§73, because of the struc-
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Figure 9. The two intermediate magic-angle fluorescence spectra
resulting from a four-component spectral global analysis on a series
of temperature-dependent fluorescence spectra. Dotted lines: the
fluorescence spectrum of B873 and the shoulder of the fluorescence
spectrum of B820. Solid line: the most blueshifted intermediate,
appearing at high temperatures. Dash-dotted line: the second in-
termediate appearing at lower temperatures. The inset shows the
residual of the fit. The associated anisotropy values of the inter-
mediate spectra are 0.34 (solid spectrum) and 0.27 (dash-dotted
spectrum).
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Figure 10. The two intermediate CD spectra resulting from a
four-component spectral global analysis on a series of temperat-
ure-dependent absorption and CD spectra. Dotted lines: the CD
signal of B820 and of B873. Solid line: the most blueshifted in-
termediate, appearing at high temperatures. Dash-dotted line: the
second intermediate appearing at lower temperatures. The inset
shows the residual of the fit.

tured shapes of the residuals of the CD and polarized
fluorescence fits, the broad width of the intermediate
fluorescence fitspectrum, the redshift of the interme-
diate fluorescence maximum upon scanning through
the excitation band and the non-flat anisotropy fluor-
escence emission spectra of the intermediate. There-
fore, in a second step, the data was analyzed as-
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Figure 11. The fractions of the B820 (crosses), B873 (triangles),
the most blueshifted intermediate (closed circles) and the second
intermediate (open circles) as a function of the temperature.

suming two intermediates instead of one. Both the
temperature-dependent polarized fluorescence spectra
and the temperature-dependent CD spectra were ana-
lyzed using a four-component global analysis spectral
fitting model as described in ‘Materials and methods’.
Fitting of the temperature-dependent polarized fluor-
escence spectra yielded two intermediate fluorescence
spectra with maxima at 859 nm and at 885 nm and
anisotropy values of 0.34 and 0.27, respectively. The
results are shown in Figure 9. Note that the solid fit-
spectrum is still relatively broad, but the residual of
the fit is less structured. Fitting with two intermediates
instead of one further improved the fit by 15%, redu-
cing the standard deviation (rms) from 45.6 to 38.0.
The signal to noise ratio, defined as the the absolute
maxima of the polarized fluorescence spectra divided
by the rms, was in the order of 50 to 100.
Simultaneous fitting of the temperature-dependent
CD and absorption series of three independent exper-
iments showed some variation in the fitting results.
Fits yielded two intermediate CD spectra of which the
one occuring at high temperatures typically displayed
four bands with alternating signs, and the second one,
occuring at lower temperatures, had two bands with al-
ternating signs. Figure 10 shows an example of the es-
timated intermediate CD spectra, with in the inset the
residual of the fit. The two corresponding intermedi-
ate absorption fitspectra have maxima located around
853 nm (corresponding with the CD spectrum with
four bands) and around 859 nm (corresponding with
the CD spectrum with two bands). The residual still
shows structure. In contrast to the three-component
fitting, the residuals of four-component fits of the three
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Figure 12. The fractions of B820 (crosses), B873 (triangles), the
most blueshifted intermediate (closed circles) and the second inter-
mediate (open circles) as a function of the excitation wavelength, in
a sample equilibrated halfway the B820-B873 reassociation process
(see Figure 3).

different sets of CD experiments had different shapes
(not shown). Fitting with two intermediates instead of
one did not significantly improve the fits and the rms
in both cases was in the order of 1 - 107>, giving a
signal to noise ratio of 10 to 20. Figure 11 shows the
calculated fractional contributions of B§20, B873 and
of the two intermediates as a function of temperature.

The two sets of excitation-dependent polar-
ized fluorescence spectra were again linked to the
temperature-dependent fluorescence spectra, now us-
ing the results of the four-component global-analysis
fitting of the temperature-dependent polarized fluor-
escence series: vertically and horizontally polarized
fluorescence spectra upon exciting at 830 nm were
assumed to consist of a linear combination of the
polarized B820 spectrum, polarized B873 spectrum,
and the two polarized intermediate spectra resulting
from the global spectral analysis on the set of temper-
aturedependent fluorescence spectra. The amplitudes
of the four components were calculated by MatLab
(see ‘Materials and methods’). Using the fractional
contributions of B820 and B873 to the fluorescence
spectra at 830 nm, the fractional contributions of
B820 and B873 to fluorescence spectra upon excita-
tion at other wavelengths were calculated, correcting
for the change in extinction upon scanning through
the excitation band. Subtraction of the contributions
of B820 and B873 from each spectrum left the vertic-
ally and horizontally polarized fluorescence spectra of
the combination of the two intermediates at each ex-
citation wavelength. The relative contribution of each
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intermediate to these spectra and corresponding aniso-
tropy was resolved using MatLab. Figure 12 shows
the fractional contributions of the four components as
a function of the excitation wavelength for sample 1.
According to Figure 12, the 859-nm fluorescing in-
termediate has an absorption maximum around 850
nm and the 885-nm fluorescing intermediate has an
absorption maximum located around 866 nm. The an-
isotropy values of the 859-nm fluorescing intermediate
increased from 0.27 to 0.37 over the excitation range
of 820-886 nm and the anisotropy values of the 885-
nm fluorescing intermediate increased from 0.09 to
0.29 (not shown).

Discussion

Characterization of two intermediates in the
B820-B873 reassociation process

The measured polarized fluorescence, CD and absorp-
tion spectra as a function of temperature all show
the appearance of a spectral intermediate during the
recooling process. Whereas the appearance of this
prominent intermediate, which features are described
by the results of the three-component analysis fitting,
is clear by eye looking at the measured spectra, the
appearance of a second intermediate is more speculat-
ive. Motives that more than one intermediate appears
during the reassociation process are given by the res-
ults of the three-component spectral analysis fitting
and by analyses of the excitation-dependent polarized
fluorescence spectra. First, analyses of excitation-
wavelength dependent fluorescence spectra from two
samples, equilibrated in different stages of the B§20-
B873 reassociation process, both yield an interme-
diate fluorescence spectrum with a redshifting peak
for increasing excitation wavelengths and non-flat
anisotropy spectra, when only one intermediate is
taken into account. Second, the residuals of global
analysis of three temperature-dependent CD experi-
ments have pronounced structures with similar shapes
for the three independent experiments, when only
one intermediate is taken into account. Third, also
the three-component global-analysis residuals of the
temperature-dependent polarized fluorescence experi-
ment show some structure. These arguments strongly
suggest that the sets of spectra contain spectral con-
tributions of more intermediates, that can be ana-
lyzed spectroscopically by introducing more spectral
fit components. Indeed, a second intermediate com-
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ponent could be extracted by expanding the fitting
analyis to a four-component fit. The spectroscopic
features of this intermediate in terms of absorption,
fluorescence, polarization and CD consistently show
the features of a second small oligomer, that is some-
what larger than the prominent intermediate. To some
extent the introduction of a second intermediate im-
proves the fitting. The global-analysis residuals of the
temperature-dependent polarized fluorescence spectra
show less structure and the rms is reduced, while
the residuals of the temperature-dependent CD spectra
seem to contain more random fluctuations than pro-
nounced structures. It is not unlikely that in reality a
range of differently sized aggregates coexists in the
different equilibria. In this paper, however, we attemp-
ted to get an overview of the spectroscopic parameters
of the intermediate(s). Therefore our fitting approach,
in which the shapes of the fitspectra in terms of widths
and peak locations are fitting parameters, is limited by
a small number of components to reduce the number
of free parameters. In an alternative approach, this
problem could be handled by fitting a distribution of
intermediates with defined spectral shapes to the sets
of spectra to focus on the relative contributions of each
form as a function of temperature.

Because of their relatively blueshifted absorption
and high anisotropy, both intermediates most likely
represent small oligomers. The increase of aniso-
tropy for longer excitation wavelengths (from 0.3
to 0.4 for the most blueshifted and from 0.09 to
0.29 for the second) suggests that energy transfer
takes place between the pigments within the inter-
mediate oligomers. The second intermediate has a
steeper increase of anisotropy for increased excita-
tion wavelengths and a more redshifted absorption and
fluorescence spectrum than the first one. This suggests
that the second intermediate, appearing at lower tem-
peratures (further in the reassociation process), is a
larger oligomer, consistent with the idea of a step-
wise oligomerization process. In the modelling study
of Westerhuis et al. (1999) who computated polarized
fluorescence Qy excitation spectra for diferently-sized
‘arcs’ of an LH 1 ring under low temperature condi-
tions, an increase of polarization upon exciting more
to the red also was found, that was a more steep
increase for larger oligomers.

Earlier we presented a reaction model in which the
reassociation of B820 into B873 could be described by
a moderately cooperative association reaction (Pandit
et al. 2001). Such a reaction would yield equilibria
in which B873 and B820 can coexist together with

QX

Figure 13. A schematic picture of the two BChls within one dimer
with the coordinate basis used in the CD/absorption simulation.

very small or very large aggregates of B820. This
agrees with our findings of two intermediates in this
study, if both are considered small aggregates. As
the most blueshifted intermediate (assumed dimerized
B820) coexists mainly with B820 in equilibrium (Fig-
ure 3A shows a clear absorption band of B820), is
seems likely that further in the reassociation reaction
this intermediate will associate with B820 subunits or
will dimerize, forming structures that might be rep-
resented by the second intermediate. The results here
describe intermediates that are formed in a thermo-
dynamic equilibrium and might differ from interme-
diates that are temporarily formed during a kinetic
reassociation process. The results of van Mourik et
al. (1992), who followed the B820-B873 reasoci-
ation process kinetically, could distinguish a kinetic
intennediate step that was partly attributed to protein-
detergent interactions. Their fitting analysis shows
fitresiduals that have structure around 850 nm, sug-
gesting the formation an 850-nm intermediate during
the kinetic reassociation reaction. Complementary to
equilibrium experiments, more expanded kinetic ex-
periments on the B§20-B873 association/dissociation
process should be performed to adress the question
whether the here presented spectral intermediates also
appear in a kinetic reassociation process.

The CD spectra of reassociated B873 in our ex-
periments have an opposite sign compared to the
CD spectrum of Rs. rubrum G9 chromatophores and



to the CD spectrum of isolated wildtype LH 1 (not
shown). Also in other reassociation studies sometimes
inverted CD spectra are observed for the reassociated
LH 1 complexes (Miller et al. 1987; Ghosh et al.
1988). Parkes-Loach et al. showed that the sign of
the CD spectrum strongly depends on BChla bind-
ing site (Parkes-Loach et al. 1990) and observed that
B873 complexes reconstituted with BChla ethyl or
phytyl derivatives had inverted CD spectra. We did not
observe any slow reconformation towards a ‘native-
like’ CD spectrum. However, we have some evidence
that reconstituted LH 1 complexes in Rs. rubrum G9
chromatophores have an inverted CD signal that in
some cases slowly (within days) will change sign. This
might indicate that reassociated B873 complexes with
inverted CD signal are intermediates of which the pig-
ments slowly refold towards the native conformation.
It is also possible that, depending upon the condi-
tions for reassociation, both native-like and non-native
aggregates are formed.

Simulated CD and absorption spectra of arcs of an
LH I ring

In a preliminary modelling study (Georgakopoulou et
al., in preparation) the CD and absorption spectrum of
an LH 1 ring are simulated, using the electron-density
map structure of Rs. rubrum as a template and using
the aB-heterodimer structure of Rs. molischianum for
positioning of the «- and B-BChls. In this model two
transitions (Qy and Qy) of each chromophore are al-
lowed. The template for the LH 1 ring consists in fact
of two rings about 0.1 A separated: the a-BChls are
positioned on the upper ring and the 8-BChls on the
lower ring. Figure 13 shows a schematic picture of
the two BChls within one dimer in this model. The
dipole moments of each chromophore are positioned
on the template and each given a certain rotation in
the plane of the BChl (i.e., the Qx dipole moments
are not perpendicular to the radius of the LH 1 ring
and the Qy, dipole moments of the «- and B-BChl
within one dimer are not parallel and not in the plane
of the «, resp. B ring). For simulation of the CD and
absorption spectrum, the Hamiltonian for this system
is calculated, taking into account all excitonic interac-
tions between the chromophores. Diagonal disorder is
added to include inhomogeneous broadening. In the
next step, the Hamiltonion is diagonalized and the
absorption and CD spectra are calculated.

In all our reassociation experiments, the CD spec-
tra of reassociated B873 are inverted compared to
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‘native’ CD spectra of isolated wild-type LH 1 and LH
1 in chromatophores. We found that in the simulation,
inversion of the CD signal was achieved by switching
the orientation of the uy-dipole moments of the a-
and B-BChls in the dimers. For a- and 8-BChls po-
sitioned on one ring, inversion of signal would simply
be induced by rotation of the a- or 8-BChl py-dipole
moment through the plane of the ring. In our model it
is less easy to give a geometrical explanation, because
presumably two planes have to be taken into acount if
interaction between neighbouring dimers contributes
to the CD. In that case one plane is spanned by the
vector connecting the centers of the two BChls within
the dimer and the uy-dipole moments, and a different
plane is spanned by the vector connecting the 8- and
a-BChls of two neighbouring dimers.

Although we did not investigate the full parameter
space of possible dipole orientations that lead to an in-
version of CD, some interesting remarks can be made
about this finding. Firstly, this demonstrates that small
changes of the direction of the dipole moments can
cause an inversion of CD. This means that easily re-
associated LH 1 complexes can be formed of which
the CD signal differs from the native CD spectrum,
by small differences in pigment orientation. Secondly,
this finding suggests that in our reassociation ex-
periments B873 complexes are formed in which the
orientation of the «- and B-BChls within the dimers is
a mirror image of the orientation in native dimers. Pos-
sibly, more stable complexes are formed by mirrored
orientations of the and S-BChls.

We applied the above explained model to calculate
CD and absorption spectra of increased-sized ‘arcs’
of an LH 1 ring, for comparison with the interme-
diate absorption and CD spectra found in this study.
Because CD spectra of reassociated B873 had an in-
verted CD compared to native LH 1, LH 1 spectra
were simulated in which the CD spectrum of LH 1
either resembled the native CD signal, or had this in-
verted sign. The BCh1 site-energies of the Qy, were
set to 800 nm, the site-energies of the Qx to 600 nm,
a homogeneous broadening of 350 cm™! and inhomo-
geneous broadening of 550 cm ™! was assumed and the
energy difference between the o and 8 BChls was set
to 300 cm™!. The Qy and Qyx dipole moments were
set to 6.3 and 1.9 Debye, respectively. For simulation
of a native-like CD spectrum, the o and 8 uy dipole
moments were rotated 7° and 5° out of the plane of
the ring respectively, and for an inverted CD spectrum
the rotation angles were switched to 5° and 7° respect-
ively. The ¢-BCh1 was rotated 19.18 degrees around
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Figure 14. Simulated absorption and CD spectra of increased-sized arcs of an LH 1 ring with inverted sign compared to native LH 1. Spectra
are drawn of B820, (B820), (2N), (B820)4 (4N), (B820)g (8N) and of the LH 1 ring (B873). Dotted line: CD spectrum of (B820),, which is

part of a native-like LH 1 ring.

the x-axis. Simulations would yield an interaction en-
ergy around 255 cm™! between the a- and S-BChl
within the dimers and an energy around 214 cm™!
between the BChls on adjacent dimers. The CD spec-
trum of the dimer would have alternating a positive
and and negative peak, as observed experimentally, for
both types of simulations and only for larger aggreg-
ates the signs would be inverted by switching the «-
and B-BChl dipole orientations.

Figure 14 shows the obtained simulated absorption
and CD spectra of arcs of an ‘inverted’ LH 1 ring. The
dotted spectrum is the simulated CD signal of (B820)2
from part of a native-like LH 1 ring. Note that the ab-
sorption of B873 is around 844 nm in this simulation,
instead of 873 nm, and that the CD signal of B820 is
conservative, instead of non-conservative as observed
experimentally. In both types of simulations (series
of inverted and non-inverted CD spectra compared to
wild-type LH 1) the CD spectrum of B820 had the
same sign as observed experimentally, although its rel-
ative size compared to CD spectra of larger aggregates
was changed if rotations of the «- and B-BChls were
inverted. The higher excitonic band at 777 nm is more
pronounced in both the absorption and CD simulations
than in measured spectra. Probably in reality, the site
energies and the angles of the dipole moments change
for each intermediate, i.e., by increasing the angle
between the Qy dipole moments. Such changes were
not introduced in the modelling to keep the process
simple and get a clear view of the effect that only ring
parts of different size have on the absorption and CD
spectra without interference of other parameters.

Figure 14A shows a rapid redshift of the absorption
upon increasing the aggregation size. The most blue-
shifted intermediate we found, appearing half-way the
reassociation process, therefore matches best with the
absorption characteristics ofa B820 dimer ((B820),).
An interesting result from the CD simulations is that
for arcs of an LH 1 with inverted CD, all aggregates
have only two bands (plus the higher excitonic band
around 777 nm). For arcs of a native LH 1 ring, this
was also the case for aggregates larger than (B820);.
In fact, the CD spectrum of (B820), in that simulation
shows four alternating bands reminding ona of the CD
intermediate fit spectra obtained by global-analysis
fiting of our temperature-dependent CD series. This
suggests that the B820 subunits can dimerize, having
their pigments oriented as in native LHI, whereas lar-
ger aggregates are formed with an inverted pigment
orientation.

The simulations show how the CD spectral shapes
might change with increased oligomeric states. Ac-
cording to the simulated spectra, a transition from
B820 to (B820), is accompanied by the rise of two
or four alternating bands (of which the signs are re-
versed compared to the nearest B820 peaks) whereas
a transition from (B820), towards larger aggregates
(including the full LH 1 ring) induces a redshift of the
spectra. Although the absorption spectra show only a
very small redshift for aggregates larger than (B820);
upon increase of the aggregate size, the CD signals
shift significantly to the red as the zero-crossings are
less blueshifted compared to the absorption maxima
for larger aggregates. The simulations demonstrate



that inverting rotation of the o and 8 pigments in the
BChl plane results in a similarly shaped, but inver-
ted, CD spectrum for the whole ring and for large
aggregates, but in differently shaped CD spectra for
(B820)s.

Conclusion

We applied a combination of spectroscopic techniques
to investigate the spectral properties of intermedi-
ates appearing in the B§20-B873 association reaction.
Independently, results from different spectroscopic ex-
periments could be explained consistently assuming
that at least one, but probably two, intermediates
are present in the reassociation process. In case data
was fitted assuming one intermediate component, this
spectral intermediate appears to have an absorption
maximum around 850 nm, a fluorescence maximum
around 867 nm, an anisotropy of 0.3 to 0.4 and a
CD spectrum with four bands with alternating signs.
In case data was fitted with two intermediates, the
fluorescence spectrum of the prominent intermediate
is more blueshifted with a maximum around 860 nm.
The second, more redshifted, intermediate appears fur-
ther on in the B820-B873 reassociation reaction, and
has an absorption maximum around 866 nm, fluores-
cence maximum around 885 nm, an anisotropy of 0.1
to 0.3 and two alternating peaks in the CD. Both inter-
mediates display a slow rise of anisotropy as function
of the excitation wavelength, indicating that energy
transfer takes place between the pigments within the
oligomers. The spectral features of both intermedi-
ates match best with the spectroscopic properties of
a small oligomers, for instance a B820 dimer and
B820 trimer respectively. This suggests that the first
steps towards formation of the LH 1 complex from
B820 subunits in vitro might consist of the stepwise
aggregation of B820 into small complexes that have
excitonic interaction and energy transfer among the
pigments, leading to the formation of a functional
light-harvesting antenna complex.
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