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ABSTRACT. We investigated the oligomerization of the core light-harvesting complex (LHRhotlospir-

illum rubrumfrom the separated BChl, subunits (B820) and the oligomerization of the B820 subunit
from its monomeric peptides. The full LH1 complex was reversibly associated from B820 subunits by
either varying the temperature in the range 2300 K or by varying the detergent concentration in the
buffer from 0.36 to 0.52%»-octyl-3-p-glucopyranoside. Temperature-induced transition measurements
showed hysteresis: raising the temperature induced dissociation of B873 directly into B820 subunits
whereas upon recooling an intermediate spectral form was observed with an absorption maximum located
around 850 nm. This intermediate form was also observed in detergent-induced transitions. It is speculated
that the B850 form is a small aggregate of B820, for instance a dimer. Additionally, during a temperature-
mediated transition at low detergent concentration, a set of spectral forms with maxima slightly blue-
shifted from 873 nm were observed, possibly due to opened rings with one or onlycg3fB&hl, units
missing. The temperature-induced transition of LH1 is discussed in terms of a simple assembly model. It
is concluded that a moderately cooperative assembly explains the formation of small aggregates of B820
as well as of incomplete rings. Furthermore, the B820 subunits were reversibly dissociated into the
monomeric B777 form by increasing either the temperature or the detergent concentration. Estimations
of the enthalpy and entropy changes for the dimeric association reaction of B777 into B820 yielded an
enthalpy change of-216 kJ mot! and an entropy change of0.59 kJ mot'K~1, at a detergent
concentration of 0.8%-octyl-3-p-glucopyranoside.

The light-harvesting complexes in the membranes of a ring of bacteriochlorophylls, absorbing at 850 nm and
photosynthetic bacteria are responsible for the initial capture called B850s, sandwiched between the two rings. Between
of light and transfer of excitation energy to the photosynthetic the 5-polypeptides, a second ring of bacteriochlorophylls
reaction centers. In purple non-sulfur bacteria, two types of absorbing at 800 nm occurs, and these are called B800s and
light-harvesting complexes occur: the LH&ore antenna  are positioned parallel to the membrane plane, close to the
surrounding the reaction center and the LH2 peripheral cytosolic surface. The LH2 ring d®ps. acidophilenas aCo
antenna that is connected to the LH1-@). Both types of symmetry and contains 18 B850 and 9 B800 bacteriochlo-
complexes consist of ringlike oligomers of two types of rophylls. The LH2 ring ofRs. molischianumhas aCs
pigment-protein subunits, the so-called and  polypep- symmetry. For LH1, only a low resolution structure exists
tides, that each bind one or two bacteriochlorophyll pigments. that shows many similarities to those of LH2 but &g
For all species, both the and 8 polypeptide contain one  symmetry 8). In vivo, these complexes may occur in the
transmembranex-helical stretch as a highly conserved form of stacked dimers of RC-LH®( 10, 11) in which the
structural element 1( 5). The structures of LH2 of ring is only occupied for three-quarters.
Rhodopseudomonas. acidoph{) and LH2 ofRhodospir-
illum. molischianum(7) have been resolved to high resolu-
tion: both complexes were shown to contain an inner ring
of a-polypeptides and an outer ring Bfpolypeptides with

The LH1 complexes of the purple bactef. rubrum
Rps. marina Rps. viridis, and Rb. sphaeroidesan be
dissociated into subunits absorbing at 820 nm, called B820,
by treatment with detergent and extraction of the carotenoids.
T This work was financially supported by The Netherlands Organiza- These subunits are the building blocks of the oligomeric LH1

tion of Scientific Research (NWO) via the Foundation of Earth and COMPplexes and consist of aa$ heterodimer and two

Life Sciences (ALW). bacteriochlorophylls. Exciton coupling between the two
442;55;\/?18? Coj:gipggcﬁrf?el ngogld b_tlé adfijf_‘t?é;sd- Fb-xli-ZO- bacteriochlorophyll molecules of the B820 subunit is prob-
. one: -Z0- . E-mall panail 10.vu.nl. _chi
¥ Department of Structural Biology. ably the cause of the red-shift from .770 to 777 nm 'toward
§NIZO Food Research. 820 nm. FoiRs. rubruma mutant strain, called G9 exists
"Division of Physics and Astronomy. that produces LH1 complexes lacking carotenoids. Isolated

1 Abbreviations: BChl, bacteriochlorophyll; LH1, the core light- i i ;
harvesting complex; LH2, the peripheral light-harvesting complex; RC, LH1 antenna complexes of this strain can be reversibly

reaction center; OGy-octyl-3-p-glucopyranoside; CMC, critical micelle ~ dissociated into B820 subunit pigmermirotein complexes
concentration; fwhm, full-width half-maximum. (12—14), which can be further dissociated into monomeric
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polypeptides, called B777 and absorbing at 777 A%).( residue is necessary for correct assembly: mutation of the
Both the B820 subunit and the LH1 complex have also been His-residue of thex or  polypeptides of LH1 and LH2
reconstituted from the separately isolated componentsresulted in the absence of LH1 and LH2 complexes or
(16—18). The isolated B820 subunit of this mutant strain is unstable LH1 complexe<26). Nevertheless, major differ-
believed to be composed either of omg-polypeptide pair ences between the LH1 and LH2 complexes must exist with
and two BChl moleculesl@, 19) or of two apolypeptide respect to their structure and stability, since no LH1
pairs and four BChl moleculed 4, 15). However, spectro-  complexes have been crystallized and no carotenoidless
scopic evidence strongly favors B820 being a dimer of mutants of LH2 exist.
bacteriochlorophylls30—22). The functioning of the above-mentioned membrane pro-
Several studies have investigated what stabilizes theteins largely depends on correct folding and assembly;
assembly of bacterial light-harvesting complexes. First, however, the driving force for this assembly is not fully
bacteriochlorophyll pigments contribute to the stabilization understood. Few studies have investigated the thermody-
of both the full complexes and the dimeric subunits. It has namic parameters that induce folding and assembly of
been shown that dimerization of free BGhpigmentsina  transmembrane proteins. In contrast to water-soluble proteins,
formamide/water solution gives a change in Gibbs free the folding of membrane proteins can usually not be induced
energy of—9.2 kcal mof? (23). The central Mg atom inthe  or modulated in vitro and a membrane environment has to
bacteriochlorophyll rings is a structural requirement for BChl be introduced. This complicates studying the energetics and
binding to form the subunit complex and LH1R®S&. rubrum kinetics of the assembly of these proteins. Therefore, the
andRb. sphaeroidegl 7). It coordinates to a highly conserved isolated LH1 antenna complex of ths. rubrumG9 strain
histidine imidazole group located in the transmembrane forms a suitable system for study of protein assembly.
section of the polypeptide24), with a binding energy due  Dissociation of the protein into subunits or into monomeric
to ligand formation estimated to be approximately 5 kcal polypeptides and reconstitution into the full complex can be
mol~! per BChl @5). The C13 carbomethoxy and theC  modulated by varying the type and concentration of detergent
keto carbonyl group of the BClal contribute to the stability ~ used for solubilization, by varying the temperature, or by
of the heterodimer. It is proposed that tidboound BChl is varying the protein concentration. The strong red shift of
hydrogen bonded to the His residue of fheolypeptide and  the Q absorption band upon association of the monomeric
vice versa 26). For stability of the full LH1 complex, the  polypeptides into subunits and further red shift upon as-
C3! carbonyl group is important. For each subunit this group sembly to the complete LH1 ring provides a spectroscopic

is hydrogen bonding with the Trp11 residue of th@olypep- tool to measure the oligomeric state of the protein. The
tides of the preceding subunit{, 27—29). The latter group  thermodynamics for the association of monomeric polypep-
is required for LH1 formation of botiRs. rubrumand Rb. tides of the G9 mutant oRs. rubruminto B820 subunits

sphaeroidesbut not for subunit formation oRs. rubrum have been investigated) as well as the stability of the
(19). Second, ion pairing of amino acid residues contributes monomeric peptides, the separated subunits, and the LH1
to stabilization of both the dimer subunits and the full complex @1). Up to date, only little information is available
complex. Experiments on truncated polypeptides and from about the thermodynamics for the assembly of the full
site-directed mutagenesis experiments reveal that at least oneomplex.
ion pair contributes to stabilization of the dimer, with a In this work, we have investigated the full oligomerization
binding energy of approximately 3 kcal mél(19). This ion of the LH1 ring complex from B820 subunits and the
pairing is suggested to involve the Asp-20 of tieg@olypep- oligomerization of the B820 subunit from the B777 mono-
tides and the His-18 of thg-polypeptides. Two other ion  mers. Our work is an extension of the studies of Miller et
pairs may occur between groups in the N-terminal region of al. (13) and van Mourik et al. 32) and aims to further
the o- andf-polypeptides, corresponding to pairs of strictly characterize the physical and chemical parameters that control
conserved amino acids. Third, carotenoids are important for the oligomerization of this membrane complex. Samples were
stabilization of the LH1 ring. They need to be removed to prepared in buffer containing octylglucoside (OG), based on
induce dissociation of the ring complexes into subunits and earlier studies that have shown that carotenoidless B873
facilitate reconstitution of LH1 from the separated subunits complexes ofRs. rubrumdissolved in this detergent can
(17). The increase of stability of the complex in the presence reversibly be dissociated into its B820 subunits, (32),
of carotenoids is presumed to stem from packing betweenwhereas after treatment with other detergents dissociation
the rigid conjugated double bond chain of the carotenoid directly into B777 monomers was observelB,(14). We
molecules with its periodically protruding methyl groups and used the fact that the reversible dissociation of B873 into
the af2BChl units (9). Fourth, both the subunits and the B820 subunits can be obtained not only by treatment with
full complex are stabilized by packing of the hydrophobic detergent, but also by varying the temperature in the range
amino acid residued 9). Sturgis and Robert concluded that 278-300 K. This temperature dependence was observed
the major enthalpy change for association of B777 monomersalready by Miller et al. 13). The latter finding provided us
into B820 subunits has to be caused by burying of the with a controlable method to modulate the reversible
hydrophobic regionsif). association reaction without changing sample. Because in
On the basis of sequence alignment, modeling, and our temperature experiments the suitable temperature range
spectroscopic studies, similarities are expected between thavas limited from 273 K to about 313 K (above 313 K the
binding sites of the B850 ring of LH2 and the core LH1 bacteriochlorophyll pigments dissociate from the peptides),
(30, 26). Comparison of site-directed modification of the the detergent concentration had to be in the range @.8%
ligands to the BChls of LH1 and LH2 complexes Rb. OG to modulate the full association or dissociation reaction.
sphaeroidesevealed that for both LH1 and LH2 the His- It is unclear at which precise detergent concentration OG
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reaches it critcal micelle concentration (CMC). Therefore, 5.5 r v v

we performed temperature-mediated association experiments ‘ ‘ ‘ ‘

using two sample preparations containing either 0.54 or 0.8% -G.Ol

OG that should reflect two different conditions in terms of =

micellization. In addition to our temperature experiments, & -6.5

dissociation of B873 into B820 subunits was induced by &

increasing the detergent concentration from 0.36 to 0.52%, g -7.0

in samples measured at room temperature. We present the -

observation of an intermediate spectral form appearing in 1.5

the reassociation from B820 subunits to the full B873 : : ; : ;
complex, strongly suggesting that the assembly of the LH1 8.0 66 64 62 60 58 -56

ring occurs via intermediate oligomeric states. Further, the
reversible dissociation of B820 into B777 was studied by
conducting experiments in which either the temperature, the i
detergent concentration, or the protein concentration was B
varied. From these experiments, the stoichiometry and the
entropic and enthalpic contributions to the free energy of
the B777B820 transition have been determined.
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-t
=
Xy

LnlK,, g777.8820)]

n-Octyl-3-p-glucopyranoside (OG) was obtained from
Calbiochem (San Diego, CA). The purified B820(0G) [
complexes were prepared from the carotenoidless SR&in . N . . ] g
rubrum G9. Cells were grown at 400 lux and 2C€ and 3.20 3.25 3.30 3.35 3.45x10
harvested by two cycles of centrifugation (15 min aClat 1T [1/K]
750Qy) and washing with 10 mM Hepes, pH 8. Chromato-
phores were prepared by sonication followed by centrifuga- Ficure 1: Logarithm of the concentration B820 subunits plotted
tion and subsequently purified by sucrose density centrifu- versus the logarithm of the concentration B777 (A) and a Hill plot
gation, centrifugating one night a€ and at 3700, using for the B777B820 association (B). (A) To obtain the data plotted

f ere, a series of absorption spectra with increased protein concen-
a sucrose gradient of 45% sucrose, 40% sucrose, and 5%lation was fitted with a linear combination of a B820 and a B777

sucrose (g/g). Purified chromatophores were stored in thespectrum to estimate the concentration of each species. The
sucrose medium at70 °C until further use. For preparation  detergent concentration was 0.8% OG. A linear fit (dashed line)

of the B820(OG) subunits, chromatophores were diluted with Yields a slope of 1.88 (0.08), giving the stoichiometric number for
50 mM potassium phosphate buffer pH 8 to anDf 3 the association reaction of B777 into B820 subunits. (B) The linear

. . logarithm of the association constants for the association of B777
(60 mL). OG was added to it (0.6 g) and the suspension jn¢, Bg20 are plotted versus the reciprocal temperature. The change

was centrifuged with 370@at 10 °C for removal of infree enthalpyAH® is —216 (30) kJ mat! and the change in free
unsolubilized material and concentrated by pressing throughentropy is AS* is —0.59 (0.10) kJ mol'K~%. To obtain the
a filter (Amicon, YM10). Badges of 200 mL were applied association constants, a series of absorption spectra with increased

) ; emperature was fitted with a linear combination of a B820 and a
to a Superose-6 FPLC column (Pharmacia, Uppsala, Sweden 777 spectrum to estimate the concentration of each species.

that was equilibrated with 50 mM potassium phosphate buf- Assuming a dimeric association reaction, the association constants
fer and 0.5% OG. The column was eluted at 0.4 mL/min were calculated fronK, = [B820]/[B777E.

and the Ol peak was collected. The collected B820(0OG)
was stored at-80 °C until use. All preparations were car- 2. RESULTS

ried out in dimmed light to prevent degradation of the ;| Oligomerization of B777 into B82@ssociation of

BChla. the B777 monomers to B820 units was achieved by either
Samples were prepared by diluting stock solutions in buffer (1) increasing the concentration of protein (raising the
containing 50 mM potassium phosphate, pH 7.5, and 0.8% concentration from 0.kM of BChl to 0.25xM, assuming
oG UnleSS Stated OtherWise. The Concentl’ation BChI in eachthat a” BCh' was bound to the po|ypept|des) at room
sample was determined by measuring the absorption at 77Gemperature, or (2) lowering the temperature from 312 to
nm of a small amount diluted in diethyl ether, using the 281 K or (3) lowering the detergent concentration from 1.2
extinction coefficientzzo= 95 mM™* cm™ (34). Absorption  to 0.4%. In the first two cases, the detergent concentration
spectra were measured on a Perkin-Elmer Lambda 46 UV \yas 0.8%. In all cases, the absorption spectra show a shift
Vis Spectrofotometer using a resolution of 4 nm. from 777 nm toward 820 nm with a well-defined isosbestic
Global analysis fitting of the spectra measured as a point around 795 nm. This indicated the absence of inter-
function of temperature or detergent concentration was mediate conformations. The fractions of B777 and B820 in
performed using a spectral mod@5f and constraints on  each sample were estimated by fitting of the spectra with a
some of the amplitudes. Other fitting of data was performed linear combination of a B777 and a B820 spectrum. Figure
using a least-squares fitting procedure and programmed in1A shows data obtained from absorption spectra of a range
Igor Pro (WaveMetric Inc.). Calculation of the kinetic of samples with different protein concentrations. For each
assembly models was performed using Mathcad Plus 5.0sample, the logarithm of the concentration of B820 is plotted
(MathSoft Inc., Massachusetts). versus the logaritm of the concentration of B777. A slope

-
(2]
.\

-
N
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. i it ; ; Ficure 3: Detergent-induced dissociation of B873 into B820
Eilgrl:%Eidil fli?lf/isglg?t? r:n%cpgﬁfoo]lné%llaéj_?-rmg uggrﬂo?%g % :\n sqbunits. The conpentration OG was (aised frqm 0.376 to 0.520%
addition of 0.21% OG to the concentration of 0.4%, present at the (Nigher concentrations OG corresponding to an increase at 820 nm).
onset of dissociation of B820 into B777, for half-dissociation.

0.5F
of n = 1.88 (0.08) indicates that in the association reaction N u
two B777 monomers associate to form one B820 dimer. This 3 0.4 \!
agrees with the studies of Miller et al. who found a @ w
stoichiometry of two for the BChl ta. and polypeptides g 0.3
(13). For calculation of the association constants, we assumed 0.2 K
that such a dimerization reaction is indeed leading to the S .‘.
formation of B820. Figure 1B shows data obtained from 2 0.1} "
absorption spectra of one sample thermostated at different “m- -_m
temperatures. In a Hill plot, the linear logarithm of the 0'8.36 0.40 0.44 0.48 0.52

association constants are plotted versus the reciprocal tem-
perature to estimate the relative enthalpy and entropy % Octylglucoside

contributions to the Change in the Gibbs fre_e energy. From Ficure 4: The dissociation of B873 into B820 induced by OG. A
the plot, the change in enthalpyH® was estimated to be  sigmoidal fit yields a midpoint of 0.407%. This conforms to an
—216 (30) kJ mot! and the change in entrop&S’ to be addition of 0.0387% OG to the concentration present on the onset
—0.59 (0.10) kJ moi* K~1. Figure 2 shows the dissociation of the dissociation for half-dissociation.
of B820 into B777 monomers as a function of the detergent
concentration. Note that the B820 preparation already Of B820 into B777 (Figure 3), indicating a stronger reaction
contains 0.4% OG. Apparently the further addition of 0.21% Of the detergent molecules with B873 complexes than with
OG at the onset of dissociation resulted in half-dissociation B820s and probably reflecting cooperative interactions
of the B820 subunits. This conforms to further addition of between B820 subunits to form B873.
about 16 000 OG molecules/B777 monomer. No reaction Figure 5, panels A and B, show the temperature-induced
stoichiometry can be calculated from this, because the dissociation and reassociation of B873 in B820, respectively.
fraction of the added detergent that self-aggregates to formAfter each temperature step and thermostating, spectra of
micelles is unknown. the sample at the new temperature were recorded with
2.2. Oligomerization of B820 into B873lransition intervals of 15 min. If no change was observed in this time
between the B873 complex and the B820 subunits was span, the sample was considered to be in equilibrium. For
modulated in two ways: in the first the detergent concentra- heating of the sample, this usually was the case within 15
tion was varied from 0.37 to 0.52% using samples with a min. For recooling, this could take about 45 min. The
fixed protein concentration and measured at room temper-dissociation process was completely reversible and the full
ature. In the second, a sample was thermostated at temperB873 complex could be reassociated again from the B820
atures ranging from 280 to 300 K. Figure 3 shows absorption subunit form by lowering the temperature. However, absorp-
spectra of samples containing different detergent concentra-tion spectra from heated samples at half-dissociation did not
tions. Clearly, the shift from B873 to B820 can be observed. at all resemble absorption spectra from recooled samples
However, the spectra did not show an isosbestic point andtaken at the same temperatures during the reassociation
could not be fitted with a linear combination of a B820 process. This “hysteresis” effect was reproducible and was
spectrum and a B873 spectrum. This indicates the existenceobserved in all measurements where samples were heated
of other spectral forms than the B820 and B873 (see below).and recooled again. In Figure 5A, the spectra are shown of
In Figure 4, the absorption at 872 nm is plotted versus the a sample that was subsequently heated from 280 to 300 K
concentration of detergent (OG). Apparently, the further in nine steps, with the spectra taken at the successive
addition of 0.0387% OG at the onset of dissociation resulted temperature intervals (spectra with increased absorption at
in half-dissociation of B873 into B820 and/or the intermedi- 820 nm correspond to higher temperatures). The spectra of
ate form(s). This conforms to further addition of about 1100 heated samples exhibited all the features for a two-state
OG molecules pem or S monomer. The detergent-dependent dissociation reaction with a clear isosbestic point located at
dissociation curve for dissociation of B873 into B820 (Figure 833 nm. In contrast to this, spectra of recooled samples did
5) is much steeper than the dissociation curve for dissociationnot have a clear isosbestic point. Figure 5B shows the same
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subunits (A) and reassociation of B820 into B873 (B) in the FIGURE 6: Temperature-induced dissociation of B873 into B777

presence of 0.8% OG, showing hysteresis. The temperature was(A) and reassociation into B820 (B) in the
; ; . presence of 0.54% OG.
raised from 282 to 300 K in equal steps (A, higher temperatures The temperature was raised from 283 to 302 K in equal steps (A,

corresponding to a disappearing peak at 873 nm) and lowered algalirhigher temperatures corresponding to a disappearing peak at 873

to 282 K (B, lower temperatures corresponding to an increased peal : :
at 873 nm). All spectra shown are taken from one sample, prepareldﬁ”]r@ ?nzd Izt)é/gseliedd%?tzlg |t|?1§1$ 2=K2g5431 itr:;%hhgllfe:;gﬁtlﬁi,n%a?h:ed

in 0.8% OG. 282 K). All spectra shown are taken from one sample, prepared in

. . 0.54% OG.
sample, recooled again to 280 K with spectra taken at ’

different temperature intervals (spectra at lower temperaturesmeasured during the heating process. The absorption spectra
corresponding to decreased absorption at 820 nm). In fact,obtained at different temperatures show that the B873 peak
the spectra measured in this manner were very similar todid not only disappear upon heating but that the peak
spectra obtained in the detergent-variation experiment andmaximum also blue-shifted by about 3 nm. The successive
could also not be fit by taking a linear combination of a difference spectra upon heating show a more drastic blue
B820 and a B873 spectrum. shift: the peak of the temperature-induced bleaching shifted
Temperature-dependent measurements were repeated usirfigom 877 to 866 nm (Figure 7A). This shift was not observed
a buffer with lower OG concentration. Figure 6A shows for heating of samples with 0.8% OG, where all the
spectra obtained from a sample prepared in buffer with 0.54% difference spectra of spectra at increased temperatures had
OG and heated from 283 to 300 K in nine steps. Spectraa negative peak at 873 nm and a positive peak at 820 nm
taken at higher temperatures correspond to decreased absorgnot shown). Because the intermediate spectra that we
tion at 873 nm. As shown, heating of this sample led for a observed upon reassociation might indicate that the protein
large part to the dissociation of the B873 complex into B777 was still slowly equilibrating, we thermostated samples at
with only small amounts of B820 present at intermediate one fixed temperature for 24 h. Within this period, we did
temperatures. Figure 6B shows data obtained from the samenot observe any slow spectral changes except a peak
sample recooled to 286 K, further to 284 K and further down appearing around 777 nm and a slow decrease of the other
to 282 K. Storage overnight at 277 K led to formation of peaks. The peak at 777 nm did not disappear after storage
the B873 complex again (not shown). In analogy to the of the sample at 4C overnight and, hence, could be ascribed
experiments using samples containing 0.8% OG, spectra ofto the occurrence of free pigments, showing degradation of
the sample measured upon recooling did clearly not resemblethe proteins. Therefore, we did not perform measurements
the spectra obtained during the heating trajectory. In the first over longer time intervals.
cooling step, the B820 spectrum appeared. Further cooling We tried to induce the B873B820 transition by varying
showed intermediate spectra similar to the intermediate the protein concentration. For this experiment, the temper-
spectra obtained in the temperature-dependent B&373 ature or detergent concentration was adjusted so that the
reassociation experiments, using 0.8% OG, and similar to absorption spectrum of the sample contained both the B820
spectra obtained in the detergent-variation experiment. Figurepeak and the B873 peak. From this starting point halfway
7 shows the difference spectra of the spectra in Figure 6:through the transition, the concentration of protein was
each spectrum is the difference of two successive spectraincreased or decreased to direct the transition toward
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are plotted versus reciprocal temperature. The change in enthalpy
AH° is —2391(446) kJ mal* and the change in free entropy is
. AS’ is —6.3(1.6) kJ mot'K 1. To obtain the association constants,
Q a series of absorption spectra with inreased temperature was fitted
o with a linear combination of a B873 and a B820 spectrum to
< estimate the concentration of each species. Assuming a 16-fold
association reaction, the association constants were calculated from
K, = [B873]/[B820}*.
15x10> . . . . mol~t andAS’ = —6.3 (1.6) kJ mot! K=, The values for
700 750 800 850 900 the thermodynamic parameters are that large, because the
Wavelength [nm] full association of B820 into B873 is considered here as one

) ) o step, including a 16-fold oligomerization (see Discussion,
Ficure 7: Difference spectra of the absorption spectra in Figure section 3.2.1)

7, obtained by taking the difference of two successive spectra . .

measured during the heating process (A) and during the recooling e performed a control experiment using samples con-
process (B). In panel A, numbers belong to the following temper-  taining free BChh, diluted from a stock solution in methanol
ature differences, respectively (alternating straight lines and dottedinto a buffer containing 0.8% OG (final concentration
lines): (1) 286-283 K, (2) 288286 K, (3) 296-288 K, (4) methanol less than 1 vol %). Samples were treated similar

295-290 K, (5) 296-295 K, (6) 299-296 K, (7) 301299 K, (8) .
302-301 K. In panel B numbers belong to the following temper- to LH1 samples on which temperature measurements were

ature differences: (1) 30286 K, (2) 286-284 K, and (3) performed: they were stored .at°4: overnight, heated to
284-282 K. 298 K and recooled successively to 278 K. No spectral

changes were observed now, demonstrating that the inter-

formation of B873 or dissociation into B820, respectively. mediate spectral form, observed in LH1 samples during the
However, changing the protein concentration by 3 orders of B820—B873 transition, originates from the proteipigment
magnitude did not change the shape of the spectra. In contrastomplexes and not from aggregation of free pigment
to this, from this starting point halfway through the transition, molecules.
small changes in the detergent concentration (0.005%) or 2.3. Spectral Three-Component Fittir8pth the series of
temperature (1°C) did alter the spectrum. This finding detergent-dependent spectra, shown in Figure 3, and tem-
suggests that the transition is modulated by the CMC of the perature-dependent spectra of recooled samples, shown in
detergents, rather than by the protein concentration. Figure 5B, were fitted using a global analysis three-

We wanted to compare the thermodynamic parameterscomponent spectral fitting procedure. Two components were
needed for the B826B873 reaction with the thermodynamic fixed to the measured B820 and B873 spectra. The third
parameters needed for the B77B820 reaction, although  component was fitted as a sum of two skewed gaussians with
we are aware that interpretation of these parameters isboth variable widths and amplitudes. The use of two
hampered by uncertainty of the detergent interaction. Hereto,gaussians instead of one allowed the fitted spectrum to
the free enthalpy and entropy needed for the B88820 possess a blue tail similar to the experimental B820 and B873
dissociation was calculated from the temperature-dependenspectrum and resulting from vibrational modes and/or high
dissociation spectra obtained from samples containing 0.8%energy excitonic components. Neither the detergent-depend-
OG, showing a two-state dissociation reaction. To calculate ent series nor the temperature-dependent series of spectra,
the constants for association, it was assumed that the B873n which samples were recooled after heating could be fitted
complexes consisted of the 16 B820 subunits and that thewith only a linear combination of a B820 spectrum and a
temperature-dependent dissociation of B873 into B820s wasB873 spectrum. Note that in contrast to this, spectra measured
a two-state reaction. This appraoch was supported by theof samples that were heated (showing dissociation of B873
fact that no spectral intermediates appeared and only oneinto B820, Figure 5A) could be fitted with this combination.
isosbestic point was observed. Figure 8 shows a Hill plot of The results were used to calculate the contribution of free
the linear logarithm of the association constants plotted enthalpy and entropy for the oligomerization of B820 into
versus the reciprocal temperature. The thus obtained changeB873 (see above, section 2.2). Figure 9A shows the spectra
in free enthalpy and free entropy associated with the B820 resulting from fitting of the detergent-dependent transition
B873 association (0.8% OG) wendH® = —2391 (446) kJ spectra. Figure 9B shows the fractional contributions of the
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1.0F y —= ] indicate that the spectrum arises from a linear combination
A LY of several intermediate components.
< 08 ! 3. DISCUSSION
8 0.6¢ A 3.1. Oligomerization of B777 into B82We report here
:‘,’; 0.4 that the association of B777 into B820 is a dimeric
a8 association reaction. This result agrees with spectroscopic
< 0.2 evidence that the B820 subunit has to be dime2ig 1)
and with the conclusions of Loach and Parkes-Lodd). (
0.0k . \ : 3 Most likely, the B820 subunits are therefore the dimeric units,
70 750 800 850 900 950 of which 16 oligomerize to form a B873 rin@); In contrast

Wavelength [nm] to our results, Sturgis and Robert reported a tetramerization
(15). A difference in our experiments compared to theirs is
the range of the total polypeptide concentration. We have
induced association by increasing the total concentration a
1000-fold in the nano- to micromolar range, whereas in the
experiments of Sturgis and Robert the concentration was only
increased 10-fold, in the millimolar range. Also, we probably
used a lower detergent concentration; however, our concen-
tration of 0.8% should be above the CMC at room temper-
ature, similar as in their experiments. Perhaps it is possible
that the type of association depends on the peptide concen-
tration (together with the detergent concentration) in such a

0.40 0.44 0.48 0.52 way that at high detergent and peptide concentrations B820

Octylglucoside [%] dimers will immediately dimerize to form tetramers, but

Ficure 9: A global analysis three-component fit of the series of WIthOUt- further shifting of the absorptl_on. For. the thermo-
deterger{t-dependent absorption spectra. All spectra of the seriesdynamlc.parameteESHo andAS_", associated with the B820
were fitted with three spectral components, of which two were fixed association, we found values in the same range as found by
as the measured B820 and B873 spectrum and of which the third Sturgis and Robert, although we used association constants
was fitted with two Gaussians with variable widths and amplitudes. that were calculated assuming a dimeric reaction, instead of
(A) The fit-spectra (straight line is the B820 spectrum, dotted line 5 tetramerization.

is the B873 spectrum and dashed line is the fitted intermediate . . . .
spectrum). (B) The relative contributions of each spectrum as a We will speculate which factors might attribute to the

function of the detergent concentration (squares give the B873 change in free energy upon association and to which extent.
fraction, triangles the B820 fraction and circles the intermediate Factors that possibly contribute to the change in enthalpy
fraction). upon association of the B777 monomers into the B820
subunit are the formation of two hydrogen bonds (probably

three spectral components as a function of the detergentcross binding from thei-polypeptide BChl keto C13o the
concentration. Note that the sum of the fractions of the three Tyr4 and/or Trp6 of thes-polypeptide and from the Ser5
components was close to 1. For both the detergent-dependenind/or Thré of thex-polypeptide to thg-polypeptide BChl
spectra and the temperature-dependent spectra all fittetketo C13), of one ion pair {5, 19) and of a BChI-BChl
spectra reflecting the intermediate had absorption maximadimer. The first two factors could contribute to maximally
located around 850 nm (varying from 845 to 853 nm). The apout 50 kJ mott and the latter to about 40 kJ mél(23).
full-width half-maximum (fwhm) of the fitted intermediate  Furthermore, greater backbone stabilization is measured for
spectra varied from 880 to 1050 clawhich was in all cases  polypeptides in the B820 subunit than in the B777 monomer
broader than the fwhm of the B820 and B873 spectra (540 (31) and intra-po|ypeptide hydrogen bonds m|ght be formed
and 570 cm', respectively). The total area of the fitted ypon association, giving an energetic contribution of about
intermediate spectra was similar to the total area of the B82020 kJ motYbond @6). Counting all known enthalpic
and B873 spectra, with the maximal fractional contribution contributions, assuming that each po|ypeptide of a formed
of the intermediate component varying from 0.4 to 0.7. We heterodimer is stabilized by one intra-hydrogen bond, this
tried to fit a series of temperature-induced transition spectra yields 40+ 50 + 20 + 20 kJ mof? = 130 kJ mot* for the
using the fitted intermediate spectrum of a global analysis total change in enthalpy upon dimer formation. This number
fit on the detergents-induced series. This only yielded good- js |ess than the total enthalpy change that we measured, but
quality fits if the width and skewness of the intermediate can exp|ain a major part of it. Efficient packing of the
fit-spectrum was allowed to vary in the fitting procedure. polypeptides upon dimerization might contribute as well

Summarizing, the shape (width and skewness) and theglycine residues, of which one is present in the transmem-
maximal fractional contribution of the intermediate fitted brane region of both the-andj-polypeptides oRs. rubrum
spectrum varied for different experiments and for fitting of can be involved in dimerization of transmembrane peptides
temperature- and detergents-induced transition spectra, but37) and mediate helixhelix interactions by efficient
the peak maximum was always located around 850 nm. packing 88). Factors that contribute to the change in entropy
Although only one intermediate-fitting component was are restriction of both the polypeptide side-chain motion and
needed for good-quality fits, the broad width of the fit backbone stabilization upon association, partly compensated
spectrum relative to the B820 and B873 spectrum could by the decrease of solvent accessibiliB)

Fraction
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3.2. Oligomerization of B820 into B873. 3.2.1. Thermo- Further, changes of water structures around the protein will
dynamics of the B8206B873 Transition.To understand the  add to the change in free enthalpy and free entropy, assuming
oligomerization of B820 into B873, the thermodynamics of that the oligomerization reaction is driven by hydrophobic
the detergent in the solvent has to be taken into account. Inforces. If the B826-B873 association reaction involves a
contrast to the B777B820 oligomerization process, the phase transition of the detergent, breaking or formation of
B820-B873 oligomerization process seems to be coupled detergent micelles probably contributes to the total change
with a phase transition of the OG molecules. As mentioned in free energy involved [the change in free energy for
in the introductory portion of this paper, it is unclear at which breaking OG micelles is 1819 kJ/mol detergents3g)].
concentration OG reaches its CMC. The CMC of the Going from below to above the micellar phase in the
detergent we used is estimated to be in the range 0f0.44 association reaction, detergent molecules will either micellize
0.68% (Calbiochem, San Diego, CA). However Paula et al. of associate with the protein complexes, in both cases giving
estimated this to be between 0.6 and 0.8% depending on thea positive contribution to the change in free enthalpy. Thus,
temperature 33). In both cases, a temperature-mediated the actually change in free enthalpy contributing from
dissociation or association reaction might be coupled with a dissociation of the protein complex might be smaller than
phase transition of the detergent. Considering a CMC in the the value we found.
range of 0.4-0.6%, our two types of sample preparations  3.2.2. Origin of Spectral Intermediates: Comparison with
containing 0.54 and 0.8% OG should contain OG concentra- Simulated Absorption Spectr&or better understanding of
tions on the onset and well-above the CMC, respectively. the origin of the spectral intermediates that we observe, we
However, if the CMC is in the range of 0-®.8%, the first compared our spectra with simulated absorption spectra of
experiment will represent a dissociation reaction performed a set of aggregates, consisting of parts (“arcs”) of an LH1
below the CMC. In that case, the transition in the latter ring that varied in aggregation size. This approach conforms
experiment using 0.8% OG might be mediated by a phaseto the study of Westerhuis et al., who used simulated spectra
transition of the detergent: according to Paula et al., the of a set size-ranged aggregates for comparison with a series
CMC has a value of 27.9 mM (0.81%) &t= 286 Kand a  of detergent-isolated LH1 complexesRib. sphaeroide39).
value of 22.6 mM (0.66%) af = 300 K (33). This would For our simulations, the pigment geometry within a het-
mean that in our temperature-induced transition experimentserodimeric unit was adapted from the structure of the LH2
in which we used a detergent concentration of 0.8%, the complex ofRs. acidophilawhich has a&Cq symmetry 40).
detergent concentration was right at the onset of the CMC Also the interdimer distance was adapted from the structure
at 286 K and above the CMC at 300 K. We observed that and the ring size expanded to fit 16 heterodimers. This
heating from 282 to 300 K led to dissociation of the B873 template was used as a model for the simulation of the LH1
complex starting al = 286 K and accomplished at 300 K.  ring. The structural parameters in this model are comparable
Referring to the same studies of Paula et al., no phasewith the parameters used in the model of Hu and Schulten,
transition is expected in our temperature-mediated experi-who modeled computanionally the LH1 complex Rb.
ments using 0.54% OG for temperatures up to at least 300sphaeroideg41), with the small difference that they used
K [at T = 313 K, the CMC was measured to be 20.8 mM, the heterodimer structure from LH2 Bfs. Molischianunas
0.61%, and at higher temperatures the CMC increases agaira template [the B850 pigments in LH2 BE. Molischianum
(33)]. Here we observed a rapid collapse of the B873 peak have a nearest-neighbor distance of 9.4 A and a dipole
already at temperatures above 290 K. The appearance otlipole coupling of 339 cmt whereas the B850 pigments in
monomeric B777 together with a decreasing and blue-shifting LH2 of Rs. acidophilehave nearest-neighbor distance of 9.5
B873 peak could be explained by an opening of the LH1 A and a dipole-dipole coupling of 322 cmt (4)]. The total
ring via the loss of some dissociated subunits, giving a blue shift between the absorption maximum of a complete
combination of incomplete (blue-shifted) rings and mono- ring of 16 dimers and a dimer was set to 53 nm (the observed
meric polypeptides as reaction products. In the studies of blue shift between B873 and B820) by adjusting the
Miller et al. (13), it was found that reassociation of B873 intradimer coupling to 600 cm. Note that in reality, a
from B820 subunits yielded an absorption spectrum that was significant part of the shift between the B820 and B873
slightly blue-shifted from the original B873 spectrum; this absorption could also be caused by mixing of the charge-
could be the same phenomenon having uncompleted ringstransfer states with the excitonic states of closely interacting
appearing in the reassociation process. pigments 42—45); this causes the strong Stark signal of LH1

The changes in free enthalpy and entropy for the oligo- that is absent in B82046). The inhomogeneous line width
merization of B820 subunits into B873 show values that are was set to 600 crit. Simulations of absorption spectra were
approximately 12-fold of the values for changes in free performed according to Wendling et al. (to be published).
enthalpy and entropy associated with a dimerization of B777 Figure 10 shows the simulated spectra of a dimer, 2-fold
into B820 subunits. Although these numbers must be viewed dimer, 3-fold dimer, 8-fold dimer, and complete ring. In these
with some caution, this suggests that the intersubunit forcessimulations, going from a full ring to an 8-fold dimer cluster
between thex andf polypeptides in the dimer are of the results in the appearance of an absorption peak with a
same order of magnitude as the intrasubunit forces betweenmaximum around 864 nm. This is close to the maximal blue
the subunits in the LH1 ring. Factors that could contribute shift of the difference spectra shown in Figure 7 (results of
to the change in enthalpy are, first, a change of hydrogenheating a sample containing 0.5% OG). The same set of
bonding of the Trpl1 residue of thepolypeptide and the  simulations show that only the absorption spectrum of a
Trp9 of theB-polypeptide to the C8arbonyl group. Second,  2-fold dimer has a maximum close to the maxima of the
two ion pairs might be formed per B820 unit, so 32 pairs in spectra estimated from global-analysis fitting of our measured
total, giving a maximal contribution of about 200 kJ mbl transition spectra. The spectrum of a 2-fold dimer has an
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1.0f intermediates absorbing around 850 nm were formed together
) with more complete or full complexes with a more red-
0.8} shifted absorption. The kinetic stopped-flow results could
=4 . . . . . .
o best be described by a dimerization reaction, also supporting
c 0.6 the idea that intermediates exist that are dimers of B820
o subunits.
g 0.4¢ 3.2.3. Distribution of Aggregates According to Two Model
0.2} Association Schemdgroposing that the association of B820
) subunits toward a ring aggregate is a multiple-state reaction,
Ok = we raised the question whether intermediate aggregates could
700 750 800 850 900 exist in equilibrium following a cooperative association

Wavelength [nm] reaction scheme. In particular, the last step toward formation

Ficure 10: Calculated absorption spectra for arc-shaped aggregatesmc a ring aggregate might be highly cooperative (or, turning

consisting of (from left to right): B820, (B828)(B820), (B820), it ground, breaking_ th.e ring might cost extra energy comp_ared
and B873 (full LH1 ring), respectively. For the calculations, the With further dissociation). Hereto, we calculated the distribu-

pigment geometry within a heterodimeric unit and the interdimer tion of aggregates at different temperatures according to two
distance was adapted from the structure of the LH2 complex of possible models of association schemes. In the first scheme,

Rs. acidophila which has a C9 symmetry, and the ring size ; P ; ot
expanded to fit 16 heterodimers. The total blue shift between the BB73 Is formed from B820 subunits in four dimerization

absorption maximum of a complete ring of 16 dimers and a dimer St€PS:
was set to 53 nm (the observed blue shift between B873 and B820)
by adjusting the intradimer coupling to 600 thn Scheme 1

absorption maximum at 848 nm, whereas the maximum of 16B820—=8(B820), = 4(B820), = 2(B820) = B87i
a 3-fold dimer is already much further red shifted (861 nm). (1)

Our observations of an intermediate absorbing around 850 the second scheme, B873 is formed from B820 subunits
nm match with the observations of Ghosh et al. who noticed j, 15 steps:

that for the reassociation from B777 to B873 “discrete

transitory states” appear at 82825 and 850 nmi14) (the Scheme 2
820 nm absorbing form is by now well-known as the B820 L

subunit). Also Loach et al. mention that when the LH1 of 16B820— 148820+ (B820), = 138820+

Rs. rubrumis converted to B820 subunits by titration with (B820), = ...=B820+ (B820),;=B873 (2)

OG, a set of isosbestic points is observed so that only two

species are in equilibrium initially and at the end of the These two schemes were chosen as they represent the two
titration, but that an intermediate may be present betweenmost extreme cases how oligomerization of B820 may occur;
(19). They observed a fast (within seconds) red shift of 820 a variation of other schemes is conceivable in which
nm toward 860 nm upon reassociation, followed by a slow association of B820 subunits is combined with clustering of
final 12—15 nm shift, taking hours to days. Further, Miller larger aggregates. In our calculations, the total change in free
et al. measured spectra slightly blue-shifted from the B873 enthalpy and entropy were fixed to Bd1° = —2391 (446)
spectrum in the reassociation proceds})( The forms kJ molt andAS = —6.3 (1.6) kJ moi! K~1; the values
absorbing around 860 nm are probably the intermediate that we calculated for the B82B873 transition (in the
spectra that we also observed. However, we did not detectpresence of 0.8% OG). The total concentration was fixed to
any slow equilibration of the protein between the B820 and be 0.3 uM of “dimer unit§, which conformed to the
B873 form for these cases. It is possible that slow equilibra- concentration we used in the latter experiment. The associa-
tion exists, but on a time scale longer than the time in which tion reactions where either considered noncooperative, each
degradation of the protein takes place. In the above referredstep having the same association constant (hence, same
Stark experiment, intermediates in the reassociation processactivation energy), or cooperative by using a set of associa-
were reported that were about 10 nm blue-shifted from B873 tion constants:K, for the first association stepKj, for the

and had a large Stark effed). A spectral form blue shifted  second stepp?K, for the third step, etc., toward complete
from 873 nm was also observed in a stopped-flow experi- formation of B873. Furthermore, we performed a calculation
ment, in which B820 in OG was rapidly diluted to induce in which all reaction steps (using either Scheme 1 or Scheme
reassociation, resulting in a spectrum with a maximum 2) had equal association constants, except the last step toward
around 865 nm32). The kinetics of this reassociation could formation of B873, of which the association constant was
be reasonably well described by a dimerization of the B820 set at 10-fold higher. The latter approach would be repre-
units, but the residual spectra after fitting of a dimeric sentative for an association reaction in which breaking the
reaction fit did display some structure that was maximal full LH1 ring (the reverse of the last step in the association
around 850 nm. In a reassociation study of the B820 subunitreaction) would cost extra energy. For several temperatures
of the LH1 of Rb. sphaeroidesolubilized in the detergent in the range 277305 K and for several values @ the
n-octyl-rac-2,3-dipropylsulfoxide (ODPS), an intermediate fractional distributions of (B820)-aggregates in equilibrium
spectrum was observed with a maximum located at 845 nmwere calculated. Using Scheme 1, the reaction appears as a
(47). This spectral form was attributed to the formation of two-state reaction, in both the cooperative and noncoopera-
dimers of BChla. Revisiting these results combined with tive case. Figure 11 shows the distributions of the dimer units
our findings, it is possible that upon the stopped-flow mixing over the set of aggregates, according to Scheme 1 and plotted
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1.0 case of high cooperativity (Figure 12A) but results in a more

flat distribution of aggregates at transition temperatures in

0.8 case of low or no cooperativity (Figure 12, panels B and
c C). Increasing the association constant for the last step toward
.g 0.6; B873 formation (Figure 12D) does increase the occurrence
S of B873 at lower temperatures and thereby changes the

i 0.4 distribution from flat toward a two-state reaction distribution.

0.2} Summarizing, an equilibrium in which intermediates coexist

: together with B820 or B873 was only obtained by a step-

0.0 by-step association scheme (Scheme 2) if no or only low

2 4 6 8 1'() 1'2 1'4 16 cooperativity was introduced. An equilibrium in which only
B820 and B873 are present was obtained in using Scheme 1

S n(B820) Aggregatfe o ~ for all cases (no, low or high cooperativity) and by

Ficure 11: Distribution of B820-aggregates in equilibrium, using introducing h|gh Cooperativity in Scheme 2. The occurrence

a model reaction scheme for the B82B873 transition that includes . . . . . . .
four dimerization steps (Scheme 1). The fractional contribution of of intermediates in equilibrium is reduced by introducing

each aggregate (88203 plotted versus the oligomerization number  €Xtra cooperativity for the last step only, compensated by
n. Symbols represent calculations fér= 277 K (open squares),  the occurrence of more B873.
fZO%STK:(f'ggg SKq‘;?]LeTS)’:ZSSSKé”C'%ﬂ%?;)e?;(évsgr?a';)(_c'rdes) (results  Apy interesting result of our modeling is that where in-
termediates appear, there is a high abundance of aggregates
for different temperatures. Theaxis represents the fraction that approach B820 or B873 (like tetramers or 15-fold
of the total concentration of dimer units while the numbers aggregates) and the relative absence of intermediate-sized
on thex-axis conform to the aggregation state [e.g., 1 is a aggregates. An exception is the case of no cooperativity in
dimer (or B820) 2 a tetramer ((B82@), etc.]. The figure a step-by-step association reaction (Figure 12C), where all
shows the (indistinguishable) result for both a noncooperative intermediates have the almost the same occurrence. The latter
reaction ¢ = 1) and a cooperative reactiomw (> 1). case seems unrealistic because B820 and B873 form only a
Increasing the temperature induces dissociation of B873 intosmall contribution of the total number of aggregates, con-
B820 without fractional contribution of the other aggregates, tradictonary to experimental results in which the absorption
meaning that the reaction appears as a two-state reactiorspectrum is dominated by B820 or B873. The occurrence of
without the occurrence of intermediates in equilibrium. Using both small and very large aggregates, however, would match
Scheme 2, the reaction appeares as a two-state reaction imith our experimental observations if we presume there that

1.0 0.8
0.8 0.6}
S o S
k3] § 0.4}
12 L S
£ 0.4 =
0.2} 0.2
0.0 0.0=""2 : i
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
n(B820)-Aggregate n(B820)-Aggregate
S S
i S
i w
e S TR
2 4 6 8 10 12 14 16 T 2 4 6 8 10 12 14 16
n(B820)-Aggregate n(B820)-Aggregate

Ficure 12: Distribution of B820-aggregates in equilibrium, using a model reaction scheme for the-B828 transition that includes

fifteen dimerization steps (Scheme 2). The fractional contribution of each aggregate {B8@@fted versus the oligomerization number

n. Symbols represent calculations fbre= 277 K (open squares), 285 K (filled squares), 295 K (triangles) and 305 K (circles). Distributions
were calculated using a cooperativety constart 2 (A), o = 1.05 (B), orw = 1 (C) (no cooperativity), respectively, or using= 1 but

using a 10-fold higher association constant for the last step toward formation of B873 than for the other steps (D), suggesting extra stability
of a closed LH1 ring.
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the component absorbing at 850 nm is tetrameric and that
spectra, which are blue-shifted a few nanometers from B873,
represent large but incomplete rings. It is also demonstrated
with our models that a highly cooperative reaction will lead
to a transition in which only B820 units and B873 occur,
resembling our heating experiments. However, the observed
hysteresis effect cannot be explained by our model reaction
schemes. Probably formation or breaking of the detergent
molecules should be taken into acount in a reaction model
to simulate the hysteresis. Still, using our models, we can
speculate about the possible types of transitions. Using
Scheme 2, a completely noncooperative reaction appears
unrealistic. But introducing an extra barrier for breaking of
the LH1 ring in a further noncooperative reaction could
describe our observations of an intermediate spectral form,
being a small aggregate of B820. In case the LH1 complex
would consist of unclosed rings, as proposed by Jungas et
al. (11), a moderative cooperative step-by-step association
reaction is needed to obtain an equilibrium in which very
small and large aggregates exist [changing the stoichiometry
from 16 to 12, as also proposed by Jungas et al., did not
significantly change the results (not shown)].

Results using the second model scheme demonstrate that
it is possible to have equilibrium states in which a number
of different-sized oligomers exist. Thus, our observations of
intermediate spectral forms do not necessarily imply that the
protein was still slowly equilibrating between the B820 and
B873 form.

SUMMARY

We have evidence that the transition of B820 to B873
includes (at least) one intermediate conformation consisting
of a spectral form absorbing around 850 nm. The set of
absorption spectra of the B82®873 transition during
reassociation did not have an isosbestic point and could not
be fitted with a linear combination of a B820 and a B873
spectrum. The small blue shift of the B873 peaks of Figure
6 suggest that more intermediate forms can be formed,
depending on the precise detergent conditions.

The hysteresis effect of our temperature measurements
suggests either a high transition barrier between the full B873
form and the intermediate B850 form compared to the

transition barrier between the B850 and the B820 state or a 2

different pathway for reassociation than for dissociation. Both
cases could explain how the protein can be trapped in the
intermediate B850 state during reassociation, whereas in the
reversible dissociation no intermediates are observed.
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