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ABSTRACT: For the first time, data are presented on the time-resolved disassembly reaction of a highly
organized membrane protein complex in vitro. The photosynthetic core light-harvesting complex of the
bacterial strainRhodospirillum rubrumG9 consists of 12-16 dimeric subunits that in vivo are associated
with the photosynthetic reaction center in a ringlike manner. Isolated in a detergent solution, its appearance
either as a ringlike complex (called B873 and absorbing at 873 nm), subunit dimer (called B820 and
absorbing at 820 nm), or monomeric form (called B777 and absorbing at 777 nm) is strongly temperature-
dependent. In thermodynamic equilibria between B820 and B873, intermediate-sized complexes have
also been observed that have absorption maxima around 850 nm. It is unknown whether these structures
appear as intermediates in the kinetic B820-B873 (dis)assembly reaction. In this paper disassembly of
the light-harvesting complex into its dimeric subunits was followed spectroscopically on a time scale up
to 200 ms, upon applying an infrared laser-induced temperature jump. The full dissociation process appears
to take place on a time scale of tens to hundreds of milliseconds, the rates becoming faster at higher
starting temperatures. Applying the same technique, the dissociation reaction of dimeric subunits into
monomers also could be established. This dissociation process occurred on a much faster time scale and
took place within the 500µs response time of our detection system.

Transmembrane proteins are generally complexes consist-
ing of arrangedR-helical bundles that span the lipid bilayer.
Their specific functioning highly depends on correct folding
of the separate transmembrane segments and the precise
pattern of their assembly via helix-helix interaction; however,
very little is known about the process of their (dis)assembly.
Examples are the light-harvesting complexes in photosyn-
thesis that are responsible for the capture of light and energy
transfer to the reaction center. These complexes consist of
pigment-binding polypeptides embedded in the photosyn-
thetic membrane. Due to the specific assembly of the
polypeptides, their pigment arrangement is optimized for
trapping of light using excitonic interactions and energy

transfer between the pigments. In purple non-sulfur bacteria,
two light-harvesting complexes exist: the peripheral antenna
(LH2)1 and the core antenna (LH1) which surrounds the
reaction center (RC) where charge separation takes place (1,
2). Both types of complexes appear to consist of ringlike
structures of heterodimeric protein-pigment subunits. For
LH2 the structure has been resolved to high resolution for
Rhodopseudomonas acidophila(3) and forRhodospirillum
molischianum(4) and consists of a ring of nine and eight
pigment-protein subunits, respectively. For LH1 only a low-
resolution structure for the strainRs. rubrum exists (5).
Knowledge of the low-resolution of LH1 combined with the
high-resolution of LH2 has stimulated detailed modeling (6).
According to these models, the LH1 consists of a ring of 16
pigment-protein subunits, that encircles the RC. The LH1
and LH2 subunits consist of pigment-binding heterodimers
of the so-calledR and â polypeptides, with a pigment to
subunit stoichiometry of 2 and 3, respectively. It is still under
discussion whether the LH1 complex completely encircles
the RC in vivo. Other hypotheses are that in vivo the LH1
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complex is shaped like a “horseshoe”, or that it consists of
stacked dimers (7-9).

A remarkable property of the LH1 complexes of purple
bacteria, such asRs. rubrum, Rps. marina, Rps. Viridis, and
Rb. sphaeroides, is that they can be dissociated into their
subunits by treatment with detergent and extraction of
carotenoids (10-12). The subunits and the LH1 complex
have been reconstituted from the separately isolated com-
ponents (13, 14), and in one study the LH1 complex has
been reconstituted together with isolated RCs, demonstrating
that photosynthetic units can be reassembled in which
excitation energy is successfully transferred to the RC (15).
Interactions driving the assembly of subunits to form LH1
include the formation of hydrogen bonds between a subunit-
pigment and Trp residues of theR-polypeptides of the
preceding subunit and the formation of at least two ion pairs
(16, 13, 17, 18). Presumably in vivo theR- andâ-polypep-
tides are bound together and then inserted into the membrane
before further oligomerization takes place (19), but the exact
process of assembly in vivo is still unclear.

For Rs. rubrum a mutant strain, called G9, exists that
produces LH1 antenna complexes lacking carotenoids.
Isolated LH1 complexes of this strain, called B873 and
absorbing at 873 nm, can be reversibly dissociated into
subunits, called B820, absorbing at 820 nm, and further into
monomeric pigment-ligatedR- or â-polypeptides, called
B777, absorbing at 777 nm (10, 20-23). For the B820-
B777 dissociation reaction the stoichiometry and thermo-
dynamics have been determined (11, 22-26). Depending on
the detergent, polypeptide, and BChl concentrations, dimer-
ization or tetramerization of the B777 monomers is possible
(27). For the reassociation reaction of the LH1 complex from
its subunits, intermediates have been observed (11, 22, 23,
28, 29), of which the most prominent one has an absorption
maximum around 850 nm. Ve´gh and Robert spectroscopi-
cally characterized this intermediate, which appears to be
dimer of B820 subunits (30). In an earlier study we observed
also other, less prominent, spectral intermediates that might
reflect either small oligomers of B820 or large incomplete
LH1 rings. Furthermore, our spectroscopic work on the LH1
association suggested a moderately cooperative assembly
process for the B820-B873 reassociation. Recently a study
appeared in which an oligomeric series of the LH1 complex
of Rb. sphaeroideswas isolated by gel electrophoresis and
investigated spectroscopically (31). In agreement with our
findings, their absorption and polarized fluorescence results
could be explained by differently sized oligomers of het-
erodimers that form a curvilinear array of excitonically
coupled chromophores.

In Figure 1 the absorption spectra are drawn of the LH1
complex (B873), its dimeric subunit form (B820), monomeric
form (B777), and the supposed 850-nm absorbing intermedi-
ate (dotted line), of which the absorption spectrum has been
resolved by global-analysis fitting of a set of absorption
spectra in different stages of the B820-B873 reassociation
reaction (23). Figure 1 illustrates that both dissociation of
the LH1 complex into subunits and dissociation of the subunit
into monomers are accompanied by a∼50 nm blue shift of
the BChl absorption, due to a loss of excitonic coupling and
hydrogen bonding between the pigments within the complex
or within the subunit. Thereby the BChl pigments form
intrinsic spectroscopic probes that sense the state of assembly,

which in turn can be modulated by varying parameters such
as detergent concentration, temperature, or protein concentra-
tion.

The currently known information about the structure and
reconstitution of the LH1 complex, its subunits, intermedi-
ates, and possible assembly mechanisms makes it highly
interesting to perform a kinetic experiment in which the (dis)-
assembly of the complex or its subunits are followed. One
of the few studies that attempted to follow these assembly
kinetics were performed by van Mourik et al. (29). They
investigated the spectral kinetics of the LH1 assembly
reaction, by using a diode-array coupled stopped-flow
apparatus. The reassociation kinetics could be fit assuming
a two-step reaction, but structured residuals and a blue-shifted
spectrum for the reassociated complex compared to native
LH1 suggested that more intermediates might be present in
the reaction. Other studies that investigated the in vitro
assembly of membrane proteins included monitoring the
folding of bacteriorhodopsin and the assembly of the light-
harvesting chlorophylla/b complex of photosystem II
(LHCII) (32, 33). In all cases a stopped-flow apparatus was
used and the assembly reaction was initiated by rapidly
diluting out detergent or sodium dodecyl sulfate (SDS). A
drawback of this technique is the limited time resolution of
a stopped-flow apparatus and inherent mixing effects that
have to be taken into account. We demonstrated in earlier
studies that the full LH1 oligomerization reaction in vitro
can not only be mediated by detergent, but also by changing
the temperature over a range of 20 degrees (23). In addition
to rapid mixing with detergent, a rapid temperature change
could be applied to trigger the dissociation of the LH1
complex into subunits, or dissociation of the subunits into
monomeric peptides. This provides us with a method for
measuring the time-resolved kinetics without inherent mixing
effects and on faster time scales, depending on the method
used to create a temperature jump.

In this work we present a new approach to monitor the
fast dissociation kinetics of a membrane protein. Using an
infrared laser-induced temperature-jump setup, dissociation
of the LH1 complex into its B820 subunits was induced.
The time-resolved dissociation kinetics were followed as
changes in the absorption at several wavelengths over a time
window ranging from microseconds up to two hundred
milliseconds. We demonstrate that this technique, which has
been used for refolding studies of denaturated water-soluble

FIGURE 1: The absorption spectra of the LH1 complex (B873), its
subunit form (B820) and monomeric form (B777) and the supposed
spectrum of an intermediate structure (dotted line).
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proteins (34, 35), can be applied for study of membrane-
protein disassembly kinetics.

1. MATERIALS AND METHODS

1.1. Sample. n-Octyl-â-D-glucopyranoside (OG) was ob-
tained from Fisher Biotech (USA). Purified B820(OG)
complexes were prepared from the carotenoidless strainRs.
rubrum G9 as described previously (23). Buffers were
prepared in H2O/D2O mixtures instead of in H2O, to reduce
heat absorption of the sample upon a T-jump, so that a
uniformly shaped heat pulse was created over the path lengths
of the sample cell. Stock solutions of B820 subunits,
solubilized in 0.8% OG, 50 mM K phosphate, pH 7.5, were
diluted in H2O/D2O buffer to a final concentration of 76-
80% D2O, 50 mM K phosphate and 0.7% OG (preparing a
sample equilibrated between B873 and B820) or 2% OG
(preparing a sample equilibrated between B820 and B777).
All measurements were carried out using a 1 mmquartz
absorbance cell, placed in a thermo-electric temperature-
controlled cuvette holder.

1.2. Temperature-Jump Induced Kinetics.Kinetics were
initiated by a 10 ns near-infrared heating pulse. The 1.9µm
heating pulse was produced by imaging the 1064 nm Nd:
YAG laser beam into a Raman cell filled with H2. It was
split into two counterpropagating pulses to make the tem-
perature profile more uniform in the interaction volume.
Ninety percent of the heating pulse energy was absorbed by
an OD overtone of D2O. The average of temperature jump
size was 5°C with an inhomogeneity in the center axis less
than 42%. Because of the small jump size, this inhomoge-
neity should not cause a significant spread of dissociation
relaxation rates. Indeed, the rates observed for smaller 3°C
average T-jumps starting at the same temperature showed
the same temperature trend and were only slightly slower,
as expected for the 2°C lower final temperature. The sample
was thermostated with a recirculating bath and thermoelectric
cooler, and read by a calibrated thermocouple. The temper-
ature uncertainties resulting from inhomogeneity and calibra-
tion are shown in Table 1.

The dissociation reaction induced by the T-jump was
monitored by transmittance changes at different wavelengths.
We used a mode-locked Ti:Sapphire laser with a tuning range
from 700 to 900 nm as the probe beam. Narrow-band 15
nm interference filters were placed in front of the sample
cell to select the wavelengths. For the B877-B820 ring-
dimer dissociation reaction, transmittance changes at 873,
850, and 820 nm were monitored: transmittance is expected
to increase at the redder wavelength upon jumping to higher
temperature when the equilibrium is shifted toward dissocia-
tion. For the B820-B777 dimer-monomer dissociation
reaction, transmittance changes at 780 and 830 nm were
monitored. Under conditions similar to the B873-B820
dissociation experiment, with respect to the sample prepara-
tion (protein and detergent concentration) and infrared
apparatus (1.9µm heating pulse), a control experiment was
performed in which the time-resolved transmittance was
probed at 633 nm where there is no specific chromophore
absorption. In this control experiment, no transmittance
changes were observed after the first milllisecond.

The T-jump induced dissociation reaction and the control
measurement were detected by a 400µs rise time Si

photodiode, and digitized by a LeCroy digital oscilloscope
in 4 µs/pt sampling rate. Data were collected from-20 ms
to 180 ms with respect to the T-jump pulse.

1.3. Global Fitting.Data were fitted using a global-analysis
fitting procedure. For data analysis, transmittance traces were
converted into delta absorption traces, and for each thermo-
stated temperature, data probed at 873, 850, and 820 nm were
fitted simultaneously. Next to a stepfunction (infinite life-
time), two or three exponential decays were needed for
adequate fitting. Plots of the amplitudes associated with the
lifetimes vs the three probe wavelengths represent very rough
delta-absorption difference spectra (DADS) that can give
some insight into the actual spectroscopic processes to which
the kinetics are related (36).

2. RESULTS AND DISCUSSION

2.1. Dissociation of B820 Subunits into B777 Monomers.
The kinetics of the B820-B777 dissociation reaction were
monitored as transmittance changes at 780 and 830 nm, upon
applying a T-jump on a sample prepared in 2% OG. The
sample was thermostated at 15, 20, 25, and 29°C, to perform
T-jumps at different stages of the B777-B820 equilibrium.

Figure 2 shows an example of delta absorbance traces
probed at 830 and 780 nm for a sample thermostated at 15
°C. At time zero T-jumps are applied, resulting in a fast
decrease of absorbance at 830 nm and rise of absorbance at
780 nm, as B820 subunits are dissociated into B777
monomers. The absorbance changes occur in about 500 ms.
This lifetime is the rise time of the diode, and we conclude
that the major part of the dissociation equilibrium takes place
within this response time. The slow recovery phase could
be caused by slow temperature relaxation. Absolute absor-
bance changes probed at 780 nm are smaller than the ones
probed at 830 nm, in agreement with the relatively low

Table 1: Results from Global-Analysis Fitting ofδ Absorption
Traces Probed at 820, 850, and 873 nma

TI [°C] TF [°C] τ [ms] A820 A850 A873

12(+/-0.5) 17(+1/-2) 2.5 0.4 0.3 0.7
15 0.1 0.4 0.4
120* -0.4 0.6 0.7
inf 0.8 -0.2 -0.7

14(+/-0.5) 19(+1/-2) 4.6 0.4 0.3 0.3
67* -0.4 0.5 0.7
inf 0.8 -0.4 -0.7

16(+/-0.5) 21(+1/-2) 10 0.1 0.5 0.2
68* -0.5 0.3 0.6
inf 0.8 -0.2 -0.8

20(+/-0.5) 25(+1/-2) 28* -0.5 0.5 0.4
120 -0.02 -0.02 0.3
inf 0.8 -0.5 -0.7

25(+/-0.5) 30(+1/-2) 13* -0.3 0.7 0.4
33 0.3 0.3 0.3
inf 0.2 -0.5 -0.6

a TI’s are the starting temperatures andTF’s the final temperatures
after application of the T-jump, with the uncertainties resulting from
inhomogeneity and calibration errors between brackets.δ absorption
traces were fit with two or three exponential-decay components and
one nondecaying component, expressed by an infinite lifetime. Colums
3-6 present the fitted lifetimes and their associated amplitudes at 820,
850, and 873 nm respectively. The relative errors in the estimated
parameters (lifetimes and amplitudes) are 5%. Lifetimes marked with
an asterisk are assigned to inverse dissociation rates.
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extinction coefficient of B777 at 780 nm compared to the
extinction coefficient of B820 at 830 nm (see Figure 1).

Fast dissociation kinetics are to be expected. The dis-
sociation reaction should not include the breaking or forma-
tion of detergent micelles because the sample was prepared
in OG at a concentration high above the critical micelle
concentration (CMC) of OG. The dissociation kinetics
probably involves the kinetics for breaking of two hydrogen
bonds, as it is proposed that in the B820 subunit the BChl
pigment bound to theR-polypeptide is hydrogen-bonded to
the His residue of theâ-polypeptide and vice versa (37, 4).

2.2. Dissociation of B873 into B820 Subunits.The kinetics
of B873-B820 equilibration were monitored by time-
resolved transmittance at 820, 850, and 873 nm, after
applying a T-jump to samples prepared in 0.7% OG. The
probe wavelengths at 820 and 873 nm were chosen at the
maximum absorption of B820 (dimer) and B873 (ring). The
probe wavelength at 850 nm was chosen because in steady-
state measurements intermediate structures with an absorption
maximum around 850 nm had been observed (23). The
sample was thermostated at temperatures between 12 and
25 °C (Table 1), to start T-jumps at different B873-B820
equilibria.

The upper panels of Figure 3 showδ absorption traces of
a sample thermostated at 12 (A) and 20°C (B), together
with the fit curves. The lower panels show low-resolution
DADS associated with the lifetimes of the fitting curves.
The 120 ms DADS in C and the 28 ms DADS in D
(triangles) show that absorption disappears at 873 and 850
nm and appears at 820 nm. The nondecaying components
(circles in Figure 3C,D) have the opposite amplitude trend,
and these DADS represent the difference spectra of equili-
bration at the initial temperature and at the final temperature
after the T-jump.δ absorption traces of the sample T-jumped
at other temperatures (not shown) also yielded a lifetime
component associated with spectral changes in which
absorption at 873 and 850 nm disappears and absorption at
820 nm appears. Their nondecaying components again show
the opposite trend. Hence, those lifetimes represent the
kinetics by which B873-B820 equilibrium is reached, with
a larger final B820 population. These lifetimes decreased
from 120 (12°C) to 13 ms (25°C, see Table 1). Around 20
°C, the sample was roughly equilibrated evenly between
B820 and B873. By using the equilibrium constantKeq ≈ 1

at 20 °C for the B873-B820 reaction and simplifying the
treatment of the interconversion to two-state (dissociation
of B873 directly into B820 subunits), we obtainkassociation≈
kdissociation≈ 18 s-1 at 20°C.

In the stopped-flow experiment by van Mourik et al. (29)
a rate of about 10 s-1 was observed for association of B820
subunits toward a B873-like complex. They started the
reaction from an equilibrium in which only B820 subunits
were present, rapidly diluting the detergent concentration to
induce association. We note here that their observed rate
(presumably reflecting the association rate) is on the same
order as the association rate we found here. This enhances
the idea that both experiments describe the same reaction
process, although in their study the reaction was triggered
by changing the detergent concentration, whereas in this
experiment it was triggered by a fast temperature change.

In addition to the B873-B820 equilibration, several other
kinetic components show up in the data. Table 1 gives an
overview of the fitted lifetimes and amplitudes at the three
probe wavelengths, obtained from data collected for T-jumps
at different thermostated temperatures. Traces for T-jumps
at 12°C were fit with four components (upper four rows),
and traces for T-jumps at the other four temperatures were
fit with three components. Each row presents the lifetime
and its associated amplitudes at 820, 850, and 873 nm of
one fit component. The lifetimes corresponding to the kinetic
components attributed to B873-B820 dissociation kinetics
are marked with an asterisk. The nondecaying components
are presented as the amplitudes associated with the “infinite”
lifetimes.

Table 1 shows a set of fast lifetimes in the 2.5 to 33
millisecond range, with positive amplitudes at all three probe
wavelengths (decrease of absorption). These are less easy
to interpret. In stopped-flow experiments performed by

FIGURE 2: Delta absorption traces probed at 830 nm (near the
maximum of the B820 subunit) and at 780 nm (near the maximum
of the B777 monomer). At time zero, a T-jump is applied starting
at 15°C. The sample contained 5 times diluted stock solution of
purified B820 (stock OD820 ) 28 cm-1) solubilized in 2% OG. FIGURE 3: Upper panel: delta absorption traces probed at 820 nm

(absorption max. of the B820 subunit), at 850 nm (absorption max.
of intermediate structures), and at 873 nm (absorption max. of the
B873 complex), together with the multiexponential fitfunctions. At
time zero a T-jump is applied at 12 (A) and 20°C (B). The
absorption levels at time zero were 0.2 (820 nm), 0.07 (850 nm),
and 0.37 (873 nm) at 12°C and 0.38 (820 nm), 0.25 (850 nm),
and 0.29 (873 nm) at 20°C. Lower panel: the estimated amplitudes
at the three probe wavelengths associated with the B820-B873
dissociation lifetimes resulting from multiexponential fitting of delta
absorption traces at 12 (C) and 20°C (D). The sample contained
6.5 times diluted stock solution of purified B820 (stock OD820 )
38 cm-1) solubilized in 0.7% OG.
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others, lifetime components on the order of 10 ms were
attributed to the process of micelle-mixing (32, 33). Though
no mixing takes place in our experiments, the dissociation
reaction probably involves formation of protein/detergent
micelles if the B873-B820 dissociation reaction is coupled
with a phase transition of the detergent from below to above
the CMC (23). Lifetimes that have similar amplitudes for
all three probe wavelengths (probe wavelength independent
process) could include the effects of micellization. As noted
in the Materials and Methods section, in a control experiment
no transmittance changes were observed after the first
milllisecond, and a change in absorption on longer time
scales therefore cannot simply be assigned to scattering.
Possibly, the dissociation reaction is preceded by local
structural changes (such as a rearrangement of detergent
molecules surrounding the complexes) that change the
pigment absorption properties.

The absorption level probed at 850 nm, at time zero before
T-jumps were applied, was raised after some jump-experi-
ments. This suggests that intermediate structures are formed.
In an earlier study, no intermediates were observed in steady-
state absorption spectra of LH1 samples, in which the
temperature was raised incremently, but they occurred in
recooled samples (23). Intermediates might have accumulated
here in the course of the experiment if dissociated complexes
reassociated after temperature relaxation and got trapped in
intermediate states. In addition to the bulk dissociation
reaction of B873, side reactions might have occurred in
which intermediates were dissociated into B820 subunits. It
should be reminded here, that the interference filters used
for probe wavelength selection have a width of 15 nm fwhm
and allow that some B873 absorption is probed at 850 nm
and that absorption of intermediate structures is probed at
873 nm and at 820 nm. Because of such experimental
limitations, we here cannot distinguish detailed spectral
changes here and therefore focus on the bulk dissociation
reaction of the LH1 (B873) complex. Future experiments
will have to gauge the involvement of intermediates in the
dissociation process.

We did not observe that the dissociation reaction of B873
into B820 subunits appeared via intermediate states. How-
ever, intermediates might be formed within a time scale of
a few milliseconds and its appearance obscured by other
kinetics on this time scale, of which the origin is not clear
at this point.

3. CONCLUSION

We determined the dissociation rate by which isolated LH1
complexes (B873) solubilized in 0.7% OG (onset of the
CMC) are dissociated into dimeric subunits:

This reaction occurred on time scales varying from 120 ms
at 12°C down to 13 ms at 25°C, with a two-state rate of
kassociation) 18 s-1 whenKeq ≈ 1.

Furthermore we investigated the time-resolved dimeric
dissociation of B820 subunits into B777 monomers, solu-
bilized in 2% OG (well above the CMC):

This reaction appeared to occur within 500µs, which was

the response time of our detection system. The kinetics of
reaction scheme 1 are probably influenced by the rate of
protein-detergent equilibration, as the protein was solubilized
with detergent under conditions near the CMC. In fact,
dissociation of the B873 ring complex into B820 subunits
and of its B820 subunit into B777 monomers should include
similar processes such as breaking of hydrogen bonds and
ion pairs and the formation of both is driven by efficient
packing of the polypeptides and hydrophobic interactions.
Therefore, it would be relevant to resolve the true kinetics
for dissociation of B820 into B777 monomers, as this process
can be accomplished under high detergent concentrations
where no detergent phase transition takes place.

The experiment has demonstrated that an infrared laser-
pulsed temperature jump can be applied to trigger dissocia-
tion of the LH1 complex in vitro and that this technique has
potential for studying the disassembly reaction dynamics and
thermodynamics of this complex. More elaborate experi-
ments, for instance, under different detergent conditions and
probing at different wavelengths simultaneously, should be
conducted to resolve details of the B873-B820 dissociation
reaction. It would be highly interesting to the determine the
level of cooperativity for dissociation of the LH1 ring into
B820 subunits, which might proceed via intermediate states
absorbing at 850 nm and as a gradual process via the
occurrence of uncompleted rings and formation of small
aggregates.
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