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ABSTRACT:. The B820 subunit is an integral pigmeithembrane protein complex and can be obtained by
both dissociation of the core light-harvesting complex (LH1) in photosynthetic bacteria and reconstitution
from its component parts in the presenceaaictyl 5-p-glucopyranoside (OG). Intrinsic size of the B820
subunit fromRhodospirillum rubrumLH1 complex was measured by small-angle neutron scattering in
perdeuterated OG solution and evaluated by Guinier analysis. Both the B820 subunits prepared by
dissociation of LH1 and reconstitution from apopolypeptides and pigments were shown to have a molecular
weight of 11 400+ 500 and radius of gyration of 118 1.0 A, corresponding to a heterodimer consisting

of one pair ofos-polypeptides and two bacteriochlorophglmolecules. Molecular weights of micelles
formed by OG alone in solutions were determined in a range from 30 000 to 50 000 over concentrations
of 1-5% (w/v), and thus are much larger than that of the B820 subunit. Similar measurement on the
pigment-depleted apopolypeptides revealed highly heterogeneous behavior in the OG solutions, indicating
that aggregates with various sizes were formed. The result provides evidence that bacteriochlarophyll
molecules play a crucial role in stabilizing and maintaining the B820 subunits in the dimeric state in
solution. Further measurements on individaaland s-polypeptides exhibited a marked difference in
aggregation property between the two polypeptides.dHpelypeptides appear to be uniformly dissolved

in OG solution in a monomeric form, whereas fhwolypeptides favor a self-associated form and tend

to form large aggregates even in the presence of detergent. The difference in aggregation tendency was
discussed in relation to the different behavior betweenand S-polypeptides in reconstitution with
bacteriochlorophyll molecules.

Despite intense interest and continuing investigation, subunit (referred to as B820) and LH1 complex can be
controversy over the nature of an intermediate form of reversibly dissociated and reconstituted from the their
bacterial core light-harvesting complexes (}Hias notbeen  components Z). Early chromatographic studies by gel
settled. The LH1 complex, serving as highly efficient filtration estimated a range of molecular weight from 32 to
molecular machinery for collection and transfer of solar 65 kDa for the B820 subunit, roughly corresponding to a
energy to photochemical reaction centers in photosynthetictetramer composed of two minimal structural units 3).
bacteria, is a large multimer of a minimal unit composed of In contrast, spectroscopic evidence suggested that the B820
two small integral membrane polypeptides §nd 3, ca. 6 is a heterodimer consisting of two interacting BCal
kDa) associated with two bacteriochlorophyll (BChl) and one molecules linked to one-polypeptide pair4, 5). Recently,
carotenoid molecule. Upon addition of detergents, the LH1 identity of the B820 has been reexamined with equilibrium
multimer can be dissociated into a structural subunit char- between several dissociated and oligomeric for@s8g).
acterized by &, absorption band at 820 nm)( Both the Pandit et al. showed that the association of monomeric B777

into B820 is a dimeric reactiort), whereas Arluison et al.
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on both the protein and detergent concentrations. One of suchseveral times and then were dried for weighing. After
techniques is the use of small-angle X-ray or neutron corrections, the final concentrations of intact B820, recon-
scattering for evaluation of the protein size in solution. Due stituted B820, apopolypeptide, and and S-polypeptides
to a large difference in neutron coherent scattering length were 9.4, 12.2, 12.8, 16.6, and and 6.7 mg/mL, respectively.
between hydrogen and deuterium, the neutron scattering isNondeuterated OG was from Dojindo Laboratories (purity:
more powerful, compared with X-ray, for identifying the >98%) and was used for measurements of micelle size in
scattering from selected components within a macromolecu-solution. Absorption spectra were recorded on a Beckman
lar membrane protein assembly by using combinations of DU-640 spectrophotometer, using an ultrathin cuvette (0.105
deuterated and nondeuterated solvents, detergents, andm path length) for the highly concentrated B820 subunits.
proteins 0). The small-angle neutron scattering (SANS)  SANS MeasuremenSANS experiments were performed
provides information on size, molecular weight, shape, on the instrument (SANS-U) installed in JRR-3M of Japan
volume of macromolecules, and internal packing for multi- Atomic Energy Research Institute (JAERI). The neutron
component protein complexes and has been successfullypeam from a cold source was monochromatized by a velocity
applied for the characterization of various photosynthetic selector (Dornier). Scattered neutrons were led to an evacu-
complexes 10—12). Because neutron scattering length ated scattering flight tube and recorded using a two-
density of fully deuterated OG is almost identical with that dimensional position-sensitive detector (Ordela) with an
of D,0, the effects of detergent can be efficiently removed, active area of 65« 65 cn? and resolution of 5< 5 mn¥.
and as a result the neutron scattering from membrane proteind’he 2D data were radially averaged and converted as a
can be selectively detected by using the perdeuterated OGunction of q = 4z sin 6/A, where@ is half the scattering
in DO solution. In this study, we present results of the SANS angle andl is the neutron wavelength (7.0 A). Sample-to-
measurements on both the B820 subunits obtained bydetector distances were either 2 or 4 m depending on the
dissociation of LH1 complex and reconstitution from apo- samples. Details on specification of the instrument were
polypeptides and BCh& molecules in perdeuterated OG given elsewherel(l). The raw data were corrected for solvent
solution. Highly concentrated samplesi mM) were used background, transmission and incoherent scattering, and
in the experiments. For comparison, similar measurementsfinally were normalized to absolute intensity units (cin
were also performed on pigment-depleted apopolypeptides,using Lupolen 15) or the incoherent scattering of,@8
individual a- and g-polypeptides under the same experi- (1 mm path length)¥6) as references. The sample solutions
mental condition. Physical sizes and molecular weights werewere placed in a quartz cell of 4 mm path length, and
determined by Guinier analysis without introducing any measurements were conducted at room temperaturd&(22
fitting parameters. Because structural homogeneity is es- SANS data AnalysiStThe SANS data were analyzed by
sential for conducting such experiment at high concentrations,standard Guinier method 7), i.e., the scattered intensity is
we have employed a novel reconstitution method for produc- expected to vary as
ing highly homogeneous and concentrated B820 subunits
(13), as can be judged from absorption spectra and high- () =1(0) exp(—Rgzq2/3) Q)
resolution nuclear magnetic resonance spectroscopy.

in the region ofgRy < 1.3. Slope of the plot, Ih(q) vs ¢?,

MATERIALS AND METHODS yields the radius of gyratioR, of the complexes, which is
Preparation of B820 Subunits, Apopolypeptides,and defined as the root-mean-squared distance of all the atoms

ﬂ_P0|ypeptides|So|ation and puriﬁcation of LH1 Comp|ex to the centroid of the Scattering Iength distribution and

from wild-type photosynthetic purple bacteriuRhodospi- therefore is characteristic of the relative size of complexes.

rilum (Rsp) rubrumwere described elsewher&3(14). For ~ They-intercept yields(0), the scattering intensity at @ngle.

the preparation of intact B820 subunit, the LH1 complex !(0) contains information on molecular weight of the
was first extracted with benzene to remove carotenoids. Thecomplexes and can be expressed by the following formula
lyophilized carotenoid-depleted LH1 powder was dissolved (16):

in phosphate buffer (D, D > 99.9%, 50 mM, pD 7.0) 5
containing 4% (w/v) perdeuterated Qdzsz (D > 97%, 1(0) AT, Zbi by
Anatrace Inc., Ohio), followed by thorough mixing. Unless = M Nt x 108 — — — 2)
otherwise stated, the perdeuterated OG-containing phosphate 1(0), @-T, M), Na

buffer was used throughout the SANS experiments. Recon-

stituted B820 subunit was prepared using a method describecHere,l(0)s andl(0), represent forward scatterings of sample
previously (L3), except that natural abundance B@hand and HO, respectivelyf is a correction factor depending on
4% perdeuterated Oy solution were employed in this  the neutron wavelengtli € 0.86 fori = 7.0 A); TsandT,,
study. Apopolypeptides were obtained by repeatedly extract-are transmissions of sample anglH respectivelyM; is the

ing the carotenoid and BChImolecules from LH1 complex  molecular weight of the whole complei, is Avogadro’s
with benzene and methanol. The pigment-depleted apo-number;t is the path length of the sample cuvette in cm;
polypeptides were dissolved in the perdeuterated OG- Zby;is the sum of the neutron scattering lengths of the atoms
containing phosphate buffer. The andg-polypeptides were  in a minimal unit of the complex;M:)m is the molecular
separated from the apopolypeptides by HPLC on a reverse-weight of the minimal unit of the complex and can be
phase column (TSKgel, ODS-80Ts, 21.5 mm 30 cm, calculated on the basis of amino acid sequehégthe mean
TOSOH). To remove large aggregates in the solutions, all neutron scattering length density of the buffer; and the
samples were centrifuged at 14@0€r 10 min before partial specific volume of the complex. We estimated that
measurements. Precipitates were washed with distilled water70% of the exchangeable protons equilibrate with the solvent
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A subunits and apopolypeptides used for the SANS measurements.
(A The B820 subunits were prepared by dissociation of carotenoid

FicURE 1: Guinier plots of SANS profiles for the nondeuterated depleted LH1 complex (9.4 mg/mL, dotted line) and reconstitution
OG micelles in 50 mM phosphate buffer D, pD 7.0). Symbols:  from apopolypeptides and BChl(12.2 mg/mL, solid line) at OG-

W, 1% (WNV); O, 2% (WIV); A, 3% (W/V): O, 4% (W/v); ®, 5% dzg concentration of 4% (w/v). Absorption spectrum of the intact
(Wiv). B820 subunit was adjusted to have the same intensity as that of
reconstituted B820 subunit at 819 nm. The absorption spectrum
for the apopolypeptides (16.1 mg/mL) is shown by dashed line

Table 1: Sizes and Aggregation Numbeky 6f OG Micelles - g :
Determined from SANS at Various Concentrations in 50 mM gli%%u:n(;?r[r)z(t:ﬁcl)gng[u spectra were recorded using a cuvette of

Phosphate Buffer (BD, pD 7.0)

% (Wiv) mM Ry (A) M: N this study are compatible with those previously reported using
1 34 22.1 30950 106 other techniques. Dynamic light scattering yielded hydro-
g 1(6)3 gg% ggggg ﬁ% dynamic radii of 23+ 3, 28+ 3, and 31+ 3 A for the OG
1 136 354 50220 172 miceIIe_s gt concentration of 1, 2, and 5%(w/v), respectively
5 170 36.2 44670 153 (18). Similar measurement revealed a range of molecular

weight from 25 000 to 36 000, depending on the temperature,

on the basis of the result of +HD exchange measurement for the OG micelles at low concentratior1%) (19). The
by two-dimensionalH—15N heteronuclear single quantum Mmolecular weights were also confirmed by a combination

coherence NMR spectroscopy (data not shown). of sedimentation velocity and diffusion experimeritg)( A
somewhat smaller value & = 17.7 A was obtained for
RESULTS 1%(w/v) OG aqueous solution from another SANS measure-

Estimation of the Micelle Sizes of OG Alone at High ment @0).
Concentrations.Before we describe the SANS result of  Sizes of the Intact and Reconstituted B820 Subunits.
B820, it is useful to reexamine the size of micelles formed Structural stability and homogeneity of the samples are
by OG alone in solutions because there has been a relativelyessential for the SANS measurement. A small amount of
large variance reported in the literature and little information large aggregates in the highly concentrated solution could
is available for the concentrated solutions as in the case ofgenerate strong scattering in the small-angle region and
this study. Figure 1 shows the Guinier plots of SANS profiles consequently bring about significant errors in the following
for the nondeuterated OG in 50 mM phosphate buffeQD  evaluation process. Since the absorption spectrum is par-
pD7.0) at different OG concentrations. Due to the large sizes ticularly sensitive to the aggregation and configuration of
of micelles, SANS measurements were conducted with a pigment molecules in the B820 subunits, it was used as a
sample-to-detector distance of 4 m. For all samples, the probe to ensure that our samples remained homogeneous
Guinier plots can be fitted by straight lines in the small- during the measurements. Figure 2 shows the absorption
angle region, indicating that the OG micelles were homo- spectra of the intact B820 subunit prepared by dissociation
geneous over the wide concentration range. Table 1 sum-of carotenoid-depleted LH1 complex and the reconstituted
marizes the values of radius of gyration, molecular weight, B820 subunit from apopolypeptides and B@Due to the
and aggregation number of the OG micelles. The radius of difference in sample concentration, the absorption spectrum
gyration increased most drastically as OG concentration of intact B820 subunit was adjusted to have the same
increased from 1 to 3%(w/v), followed by a small increase intensity as that of reconstituted B820 subunit at 819 nm.
at concentrations higher than 3%(w/v). The value of molec- The two spectra obtained with different preparations almost
ular weight reached a maximum at OG concentrations aroundoverlapped, indicating that both the B820 subunits have
3—4%(wl/v). The aggregation numbers were calculated from essentially the same structure. It was confirmed from the
the corresponding molecular weights. Our results show that spectroscopic homogeneity that no higher aggregates existed
OG micelles in the very concentrated solutions have radii after centrifuging the solutions even at high concentrations
of gyration of about 33 to 36 A and molecular weights of (in the millimolar range). All samples were stable at room
45 000 to 50 000. The sizes of OG micelles determined from temperature during the SANS data acquisition, typically
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Ficure 3: Guinier plots of SANS profiles for the intact B820 equation to the scattering data in small-angle region.

subunit @), reconstituted B820 subuni©f and apopolypeptide . : ; ;
(O) at ngjzs concentration of 4% (w/v). i!I'he absolgteys?caﬂtering mhgmoge'ne'ous in solutions at OG and polypeptlde concen-
intensities were normalized by sample concentrations. trations similar to those for the B820 subunits. From a
multicomponent analysis using the Guinier equation, radii
1 h, as there was no essential change in the absorption spectraf gyration of the apopolypeptides were calculated in a range
after measurements. from 15 to more than 30 A, which were much larger than
Guinier plots of the SANS profiles from both intact and those of the B820 subunits. The large valuesRgimply
reconstituted B820 subunits in 4% (w/v) Qdzs solutions that apopolypeptides in OG solutions are not stable in the
are shown in Figure 3. The scattering intensities were monomeric form and tend to form various high aggregates
collected with a sample-to-detector distané@ sn and were in the absence of BCtd molecules. Thus, the SANS result
normalized by sample concentrations. The two sets of Guinier provides evidence that BChlmolecules play a crucial role
plots were completely identical and can be fitted with a single in stabilizing and maintaining the B820 subunits in a
straight line over a wide] range, indicating that both the homogeneous dimeric state in the solutions.
samples are indeed homogeneous and can be characterized SANS Behaor of Individual a- and5-PolypeptidesThe
by one set of Guinier parameters. From eq 1, the radius of tendency of apopolypeptides to form high aggregates in OG
gyration was determined to be 11401.0 A for the B820 solutions can be considered as a consequence of complex
subunits. The molecular weight of the whole B820 complex interactions among the same and different polypeptide chains.
calculated from eq 2 was 11 40D 500, corresponding to  To investigate the aggregation properties of individual
one minimal unit consisting of one paip-polypeptides and  polypeptides, we measured SANS profiles for the separately
two BChla molecules. The result is in good agreement with isolated o- and S-polypeptides in 4% OGhg solutions.
the spectroscopic evidence that the absorption band at 82@Figure 4 shows the Guinier plots in the small-angle region
nm arises from exciton interaction between two B@hl  for the two polypeptides without being normalizd by
molecules in a heterodimer of andS-polypeptides4, 5). polypeptide concentrations. The experiments were conducted
No other components of higher aggregates were observedwith a sample-to-detector distance of 2 m. Apparently, there
for the highly concentrated B820 solutions from the SANS was a significant difference between the sizesaefand
experiments. Since both intact and reconstituted B820 S-polypeptides. The radii of gyration and molecular weights
subunits exhibited essentially the same values for the radiuswere respectively calculated to be 12.1 A and 7010 for
of gyration and molecular weight, they can be considered to a-polypeptide, and 69 A and 30240 fgit-polypeptide.
have the same structure and conformation in the OG Taking into account about 15% errors in the SANS experi-
solutions. ment and evaluation by the Guinier approximation, we
SANS Analysis of LH1 Apopolypeptiddse LH1 apo- conclude that ther-polypeptides were uniformly dissolved
polypeptides are a mixture of andg-polypeptides prepared in OG solution in a monomeric form whereas fpolypep-
by extracting all pigment molecules from the LH1 complex. tides associated into large aggregates under the same
The resultant absorption spectrum was characterized by aexperimental conditions. The concentratioroebolypeptide
single band at 280 nm as shown in Figure 2. Guinier plot of (16.6 mg/mL) used in this study was more than double that
SANS profile from the apopolypeptides dissolved in 4% for the S-polypeptide (6.7 mg/mL). Even at such high
(w/v) OG-dzg is given in Figure 3 for a comparison with  concentration, the--polypeptide still existed as a monomer
those of B820 subunits. The most remarkable feature is thatat 4% (w/v) OG, whereas thg-polypeptide formed ag-
the Guinier plot for the apopolypeptides exhibited a curvature gregates at a much lower polypeptide concentration but at
in the small-angle region and cannot be fitted by a single the completely same OG concentration. Therefore, for the
set of Guinier parameters. The result clearly indicates that first time the experiments show that theolypeptide prefers
sizes of the pigment-depleted apopolypeptides are largelyan aggregation state more than thg@olypeptide under the
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same experimental conditions (at themepolypeptide and Since the neutron scattering length density of perdeuterated
OG concentrations). The result provides an important clue OG is almost identical with that of 100%,D, we were able

for the explanation of different behaviors@f and-polypep- to selectively extract scattering from the B820 subunit
tides in reconstitution with BChh molecules (see Discus- without perturbation from the attached detergent. This
sion). allowed an accurate evaluation of the size of the B820

complex. In principle, the radius of gyration determined from
DISCUSSION the SANS experiment can also be calculated from the
Determination of the size of membrane proteins in the molecular structure. However, because no high-resolution
presence of detergent always needs to take into account thestructure is available for the LH1 complex, here we use the
effect of micelles formed by the detergent molecules. Hence, minimal structural unit of the LH2 complex from photosyn-
it is essential to appropriately evaluate the micelle sizes of thetic bacteria as an analogue for comparison between the
the detergent itself in a systematic way. As shown in this measured and calculated radius of gyration. Calculations were
study, the OG micelles have molecular weights of about conducted by program CRYSOZ, 23) using the atomic
30 000 to 50 000, corresponding to aggregation numbers ofcoordinates of two LH2 structures (Protein Data Bank
about 100 to 170 over a concentration range from 1 to 5% accession numbers: 1KZU and 1LGH) fréhodopseudomo-
(w/v). In contrast, the real size of B820 subunit in 4% (w/v) nas(Rps) acidophilaandRsp. molischianur(24, 25). Under
OG solution is actually much smaller than that of the OG the experimental condition of this study, the radii of gyration
micelles at the same OG concentration. Although we do not were calculated to be 17.4 and 18.8 A for the minimal units
precisely know how many OG molecules attach to one B820 of LH2 complexes fromRps. acidophilaand Rsp. molis-
subunit, the number of attached OG could be of the samechianum respectively. These values were larger than that
order of magnitude, if not equal, to the aggregation number of the B820 subunit obtained from SANS measurement. The
of micelles formed by OG alone because the LH1 is result may be interpreted by assuming thAtpolypeptides
considered to be a highly hydrophobic integral membrane and BChla molecules in the B820 subunit are packed in a
protein complex. The large molecular weight of B820- more compact way compared with those in the minimal unit
containing micelles is also evident from the broad line widths of LH2 complex or, alternatively, that much different
observed in nuclear magnetic resonance spectrosd®@y ( conformations are adopted for the polypeptides. The compact
The result may explain why there have been large discrep-packing of B820 could be considered as a factor responsible
ancies in estimation of the size of B820 subunit using the for the larger red shift of LHT, band, while the possibility
conventional gel exclusion chromatography. The micelle size of different conformations has recently been suggested by
was also found to strongly depend on the detergent used NMR studies 26, 27). The S-polypeptide of LH1 complex
Another nonionic detergenty-heptyl 5-p-thioglucopyrano- from Rhodobacter sphaeroidegas shown to have a more
side, has molecular structure, molecular weight, and critical bent conformation than that of LH2 complex in both organic
micelle concentration similar to those of OG and can be usedsolvent and detergent solution, comprising techelical
for preparing high-quality B820 subunits (data not shown). regions joined by a flexible central hinge. Whether such a
However, this detergent was shown by our SANS analysis bent structure reflects its nature in vivo remains unclear.
to have a much larger micelle size than OG with a radius of It is of interest to note from the SANS results that the
gyration of 52 A and molecular weight of about 70 000 at BChl a-depleted LH1aS-polypeptides showed a highly
concentration of 5% (w/v). inhomogeneous behavior in the detergent solution. This
Both the intact B820 subunit prepared by dissociation of feature highlights pigmentpigment and pigmentpolypep-
LH1 complex and the reconstituted B820 subunit prepared tide interactions as the predominant association forces
from separate apopolypeptides and BGhlere highly between thex- and S-polypeptides. Similar situation was
homogeneous and stable at high concentrations (in millimolar revealed from the structures of LH2 complex, where helix
range) and room temperature. The SANS results of this studyhelix interaction was lacking and extensive mediation of
provide direct and independent evidence for the intact B820 structural contacts was largely via the pigment molecules
subunit as a heterodimer consisting of one pairogk within the transmembrane regio24 28). The heterogeneity
polypeptides and two BCHh molecules. This is also true in solution can also be understood by different aggregation
for the reconstituted B820 subunit because it was preparedproperties between the- and -polypeptides. The radii of
in a stoichiometric ratio and its scattering profile was gyration determined by the SANS measurements were 12.1
completely the same as that of the intact B820 subunit afterand 69 A for thea- and S-polypeptides, respectively. On
normalization by concentration. Tlfepolypeptide alone was  the basis of the NMR structures of LHEpolypeptide of
shown to be able to form a 820-nm-absorbing complex with Rhodobacter sphaeroidé®6, 27), the radii of gyration were
BChl a, probably in aps(BChl a), form, whereas the calculated to be 16.1 A for the most bent conformation and
a-polypeptide alone can only remain as BCibound 19.4 A for a more extended conformation. The results
monomers Z, 8). Our result reveals that thes(BChl a), indicate that thex-polypeptide remained as a monomer in
form is predominant in the reconstituted B820 subunits, OG solution, whereas thg-polypeptide formed large ag-
provided all components are present in a stoichiometric ratio, gregates. The different properties in association may have
and theB,(BChl a), form and BChla-bounda-polypeptides, influence on the ability to form a functional subunit with
if they exist, can be ignored. The strong preference also BChl a. It was shown that th8-polypeptide alone can form
coincides with the result of association constant measure-a complex with BChla characterized by a red-shifted
ments, which showed that mixed andfs-polypeptides had ~ absorbance at 820 nm, whereagolypeptide alone was
an association constant about 60 times larger than theunable to form any red-shifted complex with the pigments
B-polypeptides alone in the presence of B@hR1). (2). The capability ofg-polypeptide to form the 820-nm-
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absorbing complex, probably with/@&(BChl a), structure,
may be related to its nature of self-association. However, in

the

presence of bothu-polypeptide and BChla, the

[p-polypeptide strongly favors to form a heterodimeric
complex. Thus, formation of the uniform B820 subunit is a

consequence of complex interactions between the two

polypeptides and BChhk molecules. We are currently
investigating the structural basis for the self-association of
[-polypeptide in detergent solution and the roles.qfolypep-
tide and BChla in weakening such interaction to maintain

the

heterodimeric structure.
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