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ABSTRACT: A series of cysteine-bearing hydrophobic polypeptides analogous to a light-harvesting oneâ
polypeptide (LH1â) from the LH1 complex from the purple photosynthetic bacterium,Rhodobacter
sphaeroides,was synthesized using anEscherichia coliexpression system. The cysteine was placed in
the C- or N-terminal regions of the polypeptide to investigate the influence of steric confinement and
orientation of the polypeptides via disulfide linkages as they were self-assembled with zinc-substituted
bacteriochlorophylla ([Zn]-BChl a). The polypeptides were expressed as water-soluble fusion proteins
with maltose-binding protein (MBP). The fusion proteins formed a subunit-type complex with the [Zn]-
BChl a in an n-octyl-â-D-glucopyranoside (OG) micellar solution regardless of the cross-links or the
cleavage of the cysteines, judging from absorption, CD, and fluorescence spectra. Following treatment
with trypsin, the polypeptides were detached from the MBP portion. Such trypsin-digested polypeptides
formed a subunit-type LH complex at 25°C, which also showed that the disulfide linkage was not crucial
for the subunit formation. When a polypeptide having cysteine on the C-terminus was assembled at 4°C,
the Qy absorption band was remarkably red-shifted to∼836 nm, suggesting that the cleavage of the large
MBP portion liberates the polypeptides to form the progressive type of complex similar to LH1-type
complex. The trypsin-treated polypeptides bearing cysteines in both terminal regions, which are randomly
cross-linked, did not form the LH1-type complex under oxidative conditions but did form the complex
under reductive conditions. This observation suggests that the polypeptide orientation strongly influences
the LH1-type complex formation. The progressive assembly from the subunit to the holo-LH1-type complex
following cleavage of MBP portion in a lipid bilayer is also briefly discussed.

In the primary photosynthetic event, pigment/transmem-
brane protein complexes, that is, light-harvesting (LH)1

complexes and photosynthetic reaction centers (RC), cooper-

ate to efficiently transduce light energy (1-3). Recently,
X-ray crystallography has successfully revealed the structures
of these important components in a photosynthetic apparatus
(4-7), and their structure and function are now quite well
understood. In the primary process, a photon is captured by
peripheral antenna complex, LH2 (4), funneled into a core
antenna, LH1, and subsequently transferred to an RC (5, 6)
where charge separation takes place. The two types of
antenna complex, LH1 and LH2, consist of essentially similar
“building blocks”, that is, pigments, bacteriochlorophylla
(BChl a), and carotenoids, and two apoproteins, LHR and
LHâ, both of which areR-helical transmembrane polypep-
tides (Mw ∼ 6 kDa). The high-resolution X-ray crystal-
lography has revealed the structure of LH2 complexes: an
oligomeric annular structure composed ofR,â-heterodimers
as a minimum unit. For the LH1 complex, an electron
microscopic projection map of the two-dimensional crystal
had suggested that the structure is a larger ring that is big
enough to surround a centrally located RC (8). Recently, a
3D crystallographic structure of the RC-LH1 core complex
of Rhodopseudomonas palustrisat 4.8 Å resolution has been
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reported (7). The structure indicates that the RC is surrounded
by the ellipsoidal 15-membered LH1 complex together with
an additional transmembrane polypeptide, which is assumed
to play an important role of a portal for the secondary
electron acceptor ubiquinone. Structural analysis by using
atomic force microscopy (AFM) also has shown an elliptical
RC-LH1 complex of Rhodospirillum (Rs.) rubrum(9).
Meanwhile, AFM images of LH1 complex ofRhodobacter
(Rb.) sphaeroideshave suggested the structural flexibility
and the size heterogeneity (10). A very recent report has
exhibited AFM images of multicomponents comprising LH2
and RC-LH1: these are divided into specialized domains
(11, 12). However, how these components as functional
supramolecular assemblies are organized in the photosyn-
thetic membrane still remains to be clarified.

The BChls and the LH polypeptides assemble to form LH
complex, where the BChls (B870 in LH1 and B850 in LH2)
are precisely aligned to produce an excitonically coupled
array. For the LH1 complex, Miller et al. have found that
these building blocks, separately isolated from photosynthetic
bacteria, can be reconstituted in ann-octyl â-D-glucopyra-
noside (OG) micellar solution and that the reconstituted
complex spectroscopically resembles intact bacterial LH1
complex (13). They have also described the structural
intermediate of LH1, the so-called subunit-type complex
(B820), consisting of anR/â heterodimer (R/â/BChl a )
1/1/2 in the stoichiometry), and how this depends on the OG
concentration and the temperature. The essential amino acids
in the LH1â polypeptide for subunit- or LH1-type complex
formation are H (0) and W (+9) for coordination to
magnesium and hydrogen bonds to a carbonyl group of BChl
a, respectively (14, 15). (The numbering of amino acid is
described in Figure 1.) Amino acids at the position+4 (Y),
+6 (W), and+7 (R) of theâ polypeptide, which are also
highly conserved in many species of purple bacteria,
contribute important stabilizing interactions in the B820
subunit and LH1 complexes (16-18).

The structure of subunit-type complex as the minimal
unit of LH1 complexes has been well studied recently using
multidimensional NMR spectroscopy and small-angle neu-
tron scattering (19-22). The LH1â polypeptide of Rb.
sphaeroidescan form a subunit-type complex with BChla
in the absence of LH1R polypeptide. In addition, the LH1â
polypeptide is of particular interest because it assembles on
the outside of the complex and, therefore, may interact with
LH2. A recent study has suggested that the N-terminal
domain of the LH1â is likely to point toward the center of
the LH1 complex, implying that the N-terminal domain may
interact with not only LH1R but also the RC (19). Mean-
while, it has been reported that a synthetic LH1â polypep-
tide lacking the N-terminal region rich in charged amino
acids associates with BChla or zinc-substituted bacterio-
chlorophyll a ([Zn]-BChl a) to form an LH1-type complex
(16, 23-26). (The sequence is shown in Figure 1 as
“synthetic LH1â”.) The R-helical LH polypeptides in both
subunit- and LH1-type complexes assemble with the pig-
ments aligned in the same direction. In photosynthetic
membranes, in fact, the C- and N-termini of the LH
polypeptides are found on the periplasmic and cytoplasmic
sides, respectively.

These orientationally regulated self-assembling properties
of these pigment/polypeptide combinations are particularly
intriguing. What essential interactions, such as protein-
protein and protein-pigment interactions, control this process
(27)? An understanding of the answer to this question will
be very useful in the design and construction of artificial
energy-conversion systems (28, 29) and biomolecular de-
vices, for example, for use as photosensitizers and in
nonlinear optical devices. Various de novo designed helical
bundles to mimic redox enzymes have been reported (30-
33). Our alternative approach is to make use of the self-
assembly properties to produce a similar biomimetic structure
using BChls rather than porphyrins. Recently, we have
reported self-assembling properties of pigments, BChl

FIGURE 1: Amino acid sequences of LH1R andâ of Rhodobacter sphaeroides, chemically synthesized LH1â, MBP-fused polypeptides,
MBP-1-MBP-4, enzymatically cleaved polypeptides,1-4, and their corresponding oxidized forms, (MBP-2)2, (MBP-3)2, (MBP-4)n, (2)2,
(3)2, and (4)n studied in this paper. The position 0 represents the His to which pigments BChla and [Zn]-BChla are coordinated.
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a and [Zn]-BChla, with a series of chemically synthesized
LH1-model polypeptides (24-26, 34).

There are many examples of using hydrophobic polypep-
tides as a mimic of LH polypeptides where they have been
made by chemical synthesis (16, 24-26, 34) or genetic
manipulation in photosynthetic bacteria (35), however, little
has been paid to useEscherichia coliexpression systems.
The highly hydrophobic property of these polypeptides might
be thought to be inappropriate because of their toxicity for
E. coli. However, anE. coli expression system where such
toxicity could be avoided could be a potential candidate for
the production of a wide variety of the mutated LH
polypeptides. The key to successful overexpression would
be choosing an appropriate tag that provides enough solubil-
ity for the hydrophobic portion to avoid formation of
inclusion bodies. We, therefore, chose a maltose-binding
protein (MBP) as the tag (whose molecular weight is∼40
kDa).

In this report, we describe (i) the first example of
successful overexpression of LH polypeptides as MBP-fusion
proteins and (ii) the effects of the steric confinement and
the orientation of polypeptides on their self-assembling
properties. We have assessed the essential structural factors
for the formation of the subunit and the LH1-type complexes.
We designed polypeptides bearing cysteines of the C- or
N-terminal regions,2-4 (Figure 1). The amino acid sequence
of the hydrophobic core region was identical with LH1â
polypeptide of Rb. sphaeroides. The orientation of the
polypeptides are controllable via the redox state of the
cysteines: the oxidized forms, (2)2 and (3)2, are cross-linked
at N- and C-terminal regions, respectively, and (4)n is
randomly cross-linked, while the reduced forms,2-4, are
free from such confinements. The polypeptide1 lacking
cysteine was used as a reference polypeptide. Transformation
of the subunit-type complex into the holo-LH1-complex

following MBP-cleavage in a lipid bilayer is also briefly
discussed.

EXPERIMENTAL PROCEDURES

Materials. Unless stated otherwise, all chemicals and
reagents were obtained commercially and used without
further purification. A BChla bearing geranylgeraniol ester
side chain was isolated from carotenoidless mutant G9 of
Rs. rubrumand purified by HPLC as described elsewhere
(18). A [Zn]-BChl a was prepared from BChla via
transmetalation by following a procedure previously reported
(23, 34).

Bacterial Expression of LH Model Polypeptides as MBP-
Fusion Proteins, MBP-1, -2, -3, and -4. The hydrophobic
polypeptides,1-4, were obtained as C-terminal fusions with
MBP (36). The commercially available vector, pMal-c2 (New
England Biolabs), codes a linker sequence, ISEF, between
Factor Xa site, IEGR, and a start cloning site. Hydrolysis
by Factor Xa will leave the extra sequence, ISEF, on the
motive polypeptides. To avoid the influence of the ISEF
portion upon the assembly properties of the designed
polypeptides, we modified the vector so as not to contain
the unnecessary linker site. The modification of the vector
was at first carried out by introduction of another restriction
site, AVrII, on the upstream of the IEGR site as described
below. The small fragment between theNcoI-BamHI sites
on the vector was amplified by PCR using the primers, 5′
GCCACCATGGAAAACGCCCAG 3′ (Mal-Nco: the un-
derlined part isNcoI site) and 5′ CGGGATCCTGAATTC-
CTTCCCTCGATCCCTAGGTTGTTGTTATTG 3′ (Mal-
AVr: the bold and the underlined parts areBamHI andAVrII
sites, respectively). The amplified DNA was inserted into a
large fragment ofNcoI-BamHI site of a pMal-c2 vector.

Scheme 1 shows the gene sequences coding polypeptides
1-4. Three of the restriction enzyme sites,EcoRI, AVrII,

Scheme 1: Gene Sequences of the Polypeptides1-4
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andHindIII, were attached on the up- (forEcoRI andAVrII)
and downstream (forHindIII) of the sequences. A codon
for arginine, AGA, was inserted after theAVrII site on the
lhâ-a (-a′) so as to be able to enzymatically release the
polypeptide from the MBP tag. Thelhâ-a (or -a′), -b, -c,
and -d (or -d′) were subjected to PCR for 26 cycles to obtain
the gene for the polypeptides,1-4. The PCR product was
isolated by electrophoresis in 10% agarose gels, followed
by precipitation with ethanol. The purified product was
treated withEcoRI andHindIII and then ligated into the large
fragment of anEcoRI-HindIII site of pUC119 (Pharmacia).
The nucleotide sequences were confirmed by DNA sequenc-
ing. The recovered plasmid was treated withAVrII and
HindIII, and then the resulting small fragment was ligated
into the large fragment of anAVrII-HindIII site of the
premodified pMAL-c2 vector.

The resulting plasmid was introduced intoE. coli, JM109,
by heat shock at 37°C for 30 s. The transfectedE. coli was
cultured in an LB medium containing ampicillin at 37°C
overnight. The overnight culture (12 mL) was transferred
into a large-scaled medium (1 L) and grown for 3 h at 37
°C. Then, 1 mM isopropyl-1-thio-â-D-galactopyranoside
(IPTG) was added to induce the expression. After 4 h, the
cells were harvested (wet volume: ca. 1.5 mL) and sus-
pended in 15 mL of solution A (20 mM Tris-HCl (pH 7.5),
0.2 M NaCl, 1 mM EDTA, 1 mM NaN3), followed by
sonication in an ice bath. The homogenized cell solution was
centrifuged at 14 000g for 20 min at 4°C. The supernatant
was collected and applied to an amylose resin column (6
mL) (New England Biolabs) at 4°C, which was preequili-
brated in solution A. After washing with the solution A, the
fusion protein was eluted with the solution A containing 20
mM maltose. The concentration of MBP-fusion proteins
(MBP-1, -2, -3, and -4) was determined by the extinction
coefficient (EM

280 ) 87 430 M-1 cm-1) calculated from the
number of tyrosine (EM

280 ) 1390 M-1 cm-1) and tryptophan
(EM

280 ) 5800 M-1 cm-1) in water (37). The fusion protein
was then treated with trypsin (final 0.55µM) at 37 °C for
24 h. The reaction was stopped by adding leupeptin (0.64
µM) and aprotinin (5µg/mL) and stood for 1 h. The correct
hydrolysis was confirmed by SDS-PAGE and reverse-phase
(RP) HPLC.

Polypeptide Analysis and Purification.The affinity-
chromatographed fusion protein and the hydrolyzed crude
mixture were analyzed by using high-performance liquid
chromatograph (Shimazu LC-VP series) equipped with a
reverse-phase column (YMC-Pack Protein-RP: 250× 4.6
mm, 5µm). A sample was eluted with linear gradient of an
organic solution (acetonitrile/2-propanol (1/1, v/v) containing
0.1% TFA) and 0.1% TFA of an aqueous solution at a flow
rate of 0.8 mL/min. The fraction containing LH polypeptide
was pooled and lyophilized. Mass spectral analysis (MALDI-
TOF-MS) for polypeptide2, for instance, exhibited a single
peak at 4032.90 (m/z), which is in good agreement with the
expected mass (4032.68m/z).

Reconstitution Assay. Assembly of pigment/polypeptide
mixture was carried out using the method which has been
established for the reconstitution of native LH polypeptide
with BChl a in ann-octyl-â-D-glucopyranoside (OG) micellar
solution (18, 38). The pigments, BChla and [Zn]-BChla,
were handled in a dark room to prevent photodegradation.
In a typical experiment, OG of 0.9 wt % of concentration

was added to a solution A (1.3 mL) containing 10 nmol of
the fusion protein or the enzymatically cleaved polypeptide.
Then, 5 nmol of pigment (BChla or [Zn]-BChl a) was added
as a degassed acetone solution, followed by dilution of this
mixture with 0.2 mL of solution A (down to 0.78 wt % of
the final OG concentration). The solution was cooled at 4
°C for 3 days and then was subjected to spectroscopic
measurements. The redox state of the cysteine residues was
controlled by the presence or absence of 2-mercaptoethanol
(1 µL). Incorporation of a reconstituted product into a lipid
bilayer was carried out by the following procedure. To a
reconstituted sample solution, 100 nmol of 1,2-dioleoylphos-
phatidylglycerol (DOPG: Nippon Fine Chemical Co., Ltd.,
Japan) dissolved in Solution A containing 0.78 wt % OG
was added. The resulting solution was subjected to dialysis
against phosphate buffer solution (50 mM, pH 7.0) for 30
h.

Near-infrared absorption (HITACHI U-2000 spectropho-
tometer) and circular dichroism (Jasco J-600 or J-820
spectropolarimeter) spectroscopy was conducted to observe
pigment/polypeptide assemblies. Steady-state fluorescence
spectra were obtained using a spectrometer composed of a
CCD detector (Spec-10: 100BR/LN; Roper Scientific),
monochromators (SP-150M for excitation and SP-306 for
emission; Acton Research Co.), and a lamp house (tungsten-
halogen light source, TS-428DC; Acton Research Co.). All
the spectroscopic measurements used sample solutions that
were placed in a temperature-controlled chamber.

RESULTS

Bacterial Expression of the Fusion Proteins and the
Hydrolytic CleaVage.Initially, we tried a direct expression
of these hydrophobic polypeptides alone. However, this was
unsuccessful. It has been reported that pMal-c2 vector is
suitable for an overexpression for hydrophobic proteins (39-
41) because the MBP portion is water-soluble (Mw ∼ 40 kDa)
(42). Thus, we tried the pMal-c2 vector to obtain our
polypeptides as an MBP-fusion protein. To prevent the
influence of the unnecessary ISEF on our experiments, we
modified the vector so as to possess an RG spacer between
MBP and the objective hydrophobic polypeptide. This simple
spacer allows enzymatic cleavage of the fusion protein
between R and G by the common protease, trypsin. The
designed polypeptides themselves have no cleavable site for
trypsin. The trypsin does not cleave the C-terminal region
of the polypeptides containing R, which is adjacent to P,
because P forces the polypeptide chain to bend so as to be
insensitive to hydrolysis by the trypsin.

Using the modified vector, the designed fusion proteins
were successfully overexpressed (∼6 mg/1 L of culture) as
described below. In Figure 2, the SDS-PAGE of the purified
fusion proteins by affinity chromatography (MBP-1, lane 2;
MBP-2, lane 5; and MBP-4, lane 8) are shown. For MBP-1
lacking cysteine, a clear band was observed at the molecular
weight of ca. 44 kDa (i.e., 40 kDa (MBP)+ 3.7 kDa (1) )
∼44 kDa). Hydrolysis by trypsin gave the free MBP portion
at the expected molecular mass (lane 3). The detached
polypeptide,1, is invisible in the electrophoresis. Instead,
RP-HPLC analysis clearly indicated that the hydrolysis
process had been measured (Figure 3a). The peak of MBP-1
at 10.0 min (solid line) completely vanishes and that of the
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hydrolyzed product,1, appears at 14.9 min (dashed line,
indicated by arrow). For MBP-2 bearing a cysteine at the
C-terminus, the affinity-chromatographed product shows an
electrophoresis band at the doubled mass of∼88 kDa (lane
5 in Figure 2). After hydrolysis with trypsin, the band
corresponding to the free MBP (40 kDa) was observed (lane
6 in Figure 2). The HPLC profile of the affinity-chromato-
graphed MBP-2 is shown in Figure 3b (solid line): the
product was eluted at 11.5 min. By addition of an excess
amount of 2-mercaptoethanol, the peak is shifted to 10.4 min
(dashed line), which is comparable to that of the monomeric
MBP-1. These observations clearly indicate that the affinity-
chromatographed MBP-2 is predominantly a dimerized form,
(MBP-2)2, via disulfide linkage. Treatment with trypsin of
(MBP-2)2 should provide the dimerized form, (2)2. This
trypsin-treated sample was subjected to RP-HPLC, showing
a peak at 17.5 min (solid line in Figure 3c). By addition of
an excess amount of 2-mercaptoethanol to this solution, the
peak is shifted to 15.0 min (dashed line in Figure 3c). The
latter peak was assigned to monomeric form,2. The product
can be purified by the RP-HPLC as shown in Figure 3d (rt
) 15.0 min). Although the chromatogram exhibits the single
and sharp peak, the yield is very low (∼1%), on the basis of
the amount of the fusion protein formed. This is possibly
due to the highly hydrophobic property of the polypeptide.
For MBP-3 bearing cysteine on the N-terminal region, the
dimerization of MBP-3 to form (MBP-3)2 was observed as
well. The retention times of MBP-3 and (MBP-3)2 were 10.1
and 11.7 min, respectively. The enzymatic cleavage was also
successful giving the dimeric form (3)2 (rt ) 17.3 min) as
well as the reduced form3 (rt ) 15.1 min).

Unlike MBP-2 and MBP-3 having cysteine either on the
C- or N-terminal region, the SDS-PAGE of MBP-4 bearing
cysteine on both termini shows a high molecular weight
product (lane 8), suggesting that the affinity-chromatographed
product of MBP-4 forms an oligomer, (MBP-4)n, via multi-
cross-linking of the cysteine residues. Despite the multi-cross-
linkage, trypsin treatment successfully gives the free MBP
(lane 9), indicating that the trypsin-treated product is obtained
as oligomeric form, (4)n. The product (4)n is easily reduced

by 2-mercaptoethanol to form the monomer,4, whose
retention time, 15.1 min, is consistent with those of other
monomeric polypeptides,1-3.

Assemblies of Pigment/Polypeptides with or without MBP
Portion. Figure 4a and b shows the near-infrared (NIR)
absorption and CD spectra of the assembled complex of [Zn]-
BChl a with either MBP-1 or 1 in an OG micellar solution
at 4°C. Free [Zn]-BChla in an OG micellar solution has an
absorption band (Qy) at 770 nm. In the presence of the
MBP-1 and1, red-shifted Qy bands are observed at 814 and
815 nm, respectively (Figure 4a). Under these conditions,
asymmetrically split CD signals consisting of a major
negative and of a minor positive band are also observed
(Figure 4b). These spectra are characteristic of a subunit-
type complex as previously reported for the subunit complex
of BChl a or [Zn]-BChl a with LH1â isolated fromRb.
sphaeroides(16, 18, 25, 26). Regardless of the enzymatic
cleavage of the MBP portion, the spectra are almost identical
(solid and dashed line). The other fusion proteins and the
detached polypeptides also form subunit-type complexes with

FIGURE 2: SDS-PAGEs of fusion proteins and their hydrolyzed
mixtures. Lanes 1, 4, and 7 represent marker proteins (a, 97.4 kDa;
b, 66.2 kDa; c, 45.0 kDa; d, 31.0 kDa; e, 21.5 kDa, and f, 14.4
kDa). Lanes 2, 5, 8 represent affinity-chromatographed fusion
proteins, MBP-1, (MBP-2)2, and (MBP-4)n, respectively, and the
corresponding trypsin-treated mixtures are shown in lanes 3, 6, and
9.

FIGURE 3: Reverse-phase (RP-)HPLC profiles of the fusion proteins
and the hydrolyzed polypeptides. (a): MBP-1 (solid line, rt) 10.0
min) and1 (dashed line, rt) 14.9 min indicated by arrow); (b):
(MBP-2)2, (solid line, rt) 11.5 min) and its reduced form MBP-2
(dashed line, rt) 10.4 min); (c) hydrolyzed polypeptide (2)2 (solid
line, rt ) 17.5 min indicated by arrow) and its reduced form,2,
(dashed line, rt) 15.0 min indicated by arrow); (d) the polypeptide
2 purified by preparative RP-HPLC (rt) 15.0 min).
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[Zn]-BChl a at 25°C. The complete set of spectral data from
these assemblies has been summarized in Table 1.

Monomeric types of fusion proteins and polypeptides
bearing cysteines were prepared from the corresponding
oxidized forms by reduction of 2-mercaptoethanol for the
reconstitution experiments. By cooling to 4°C, the enzy-
matically detached polypeptide2 assembled with [Zn]-BChl
a shows a prominent red-shifted Qy band at 836 nm, as
shown in Figure 4c (dashed line) and Table 1 (entry 5). The
CD spectrum of this assembly also changes to give a split
signal, which is characteristic of an LH1-type complex (26)
where the BChla pigments align in an excitonically coupled
way. In contrast, the absorption and CD spectra of the

assembly of MBP-2 with [Zn]-BChl a show the features
characteristic of a subunit-type complex (solid line in Figure
4c and d, and entry 3 in Table 1). These observations strongly
suggest that2 possesses a propensity to form a pigment/
polypeptide assembly in which the pigments alignment
resembles LH1-type complex. The MBP portion is large
enough to sterically prevent the formation of such an LH1-
type complex, restricting the assembly to that of the subunit
type. Complexation of the4 with [Zn]-BChl a produces a
similar product to that obtained with2: the cleavage of MBP
shifts the Qy band from 813 nm (MBP-4; entry 11) to 836
nm (4; entry 13) and alters the CD signals as well. Such an
effect of MBP cleavage on the complexation for3 is
insignificant compared with the2 and4 (entries 7 and 9).

As a control, the results of the reconstitution assay with
the native polypeptides, that is, LH1R + LH1â and LH1â
alone, and the chemically synthesized LH1â with [Zn]-BChl
a are also listed in Table 1 (entries 15-17). The native-type
combination, LH1R + LH1â, shows a progressive assembly
from the subunit-type to the LH1-type complex on cooling
to 4 °C. The single polypeptide, LH1â native or synthetic,
when added to [Zn]-BChla, forms a subunit-type complex
at 25 °C. The synthetic LH1â polypeptide alone further
assembles to an LH1-type at 4°C, judged from its Qy
absorption maximum and the characteristic split of the CD
signal (25).

Figure 5a-c shows the fluorescence spectra together with
the absorption spectra of the complexes obtained with LH1â,
MBP-2, and 2 and [Zn]-BChl a at various excitation
wavelengths in the Qy band region. The complex, LH1â/
[Zn]-BChl a, exhibits well-characterized emission from
subunit complex: theλmax of emission band at 824 nm with
∼10 nm of Stokes shift that is independent of the excitation
wavelength. The relative fluorescence intensity is obviously
increased with the excitation wavelength in the range of
770-800 nm (Figure 5a). Similar emission spectra whose
λmax is independent from excitation wavelength are also
observed for the MBP-2/[Zn]-BChl a complex (Figure 5b).
This is further explicit evidence that the complex is of the
subunit type. For2/[Zn]-BChl a complex (Figure 5c), the
emission spectrum (λem ) 853 nm) with∼23 nm of Stokes
shift is observed when excited at 830 nm near the absorption
maximum. The fluorescence is characteristic of the LH1-
type complex; this confirms that2 forms an LH1-type
complex with [Zn]-BChla. The emission profiles ofλem )
789 and 820 nm are broad and heterogeneous. This indicates
that monomeric and subunit-type complexes are also present.

Effect of Disulfide Linkage between Polypeptides on the
Complexation with the Pigment.As described above, affinity-
chromatographed products bearing cysteines, MBP-2, -3, and
-4 are obtained as oxidized forms, (MBP-2)2, (MBP-3)2, and
(MBP-4)n, respectively. The corresponding detached polypep-
tides also contain disulfide links, (2)2, (3)2, and (4)n. The
assembly properties of these dimeric and oligomeric proteins
(polypeptides) were also examined. Figure 4e and 4f shows
the NIR absorption and CD spectra for the complexes of
[Zn]-BChl a with (MBP-2)2 and (2)2 at 4°C. The Qy bands
appear at 807 and 832 nm for complexes of (MBP-2)2 and
(2)2, respectively. The CD spectra (Figure 4f) showed a
negative peak at 803 nm for (MBP-2)2 and split peaks at
842 and 806 nm for (2)2. From these spectral features, it is
reasonable to suggest that the complexes of (MBP-2)2 and

FIGURE 4: Absorption (a, c, e) and CD (b, d, f) spectra of [Zn]-
BChl a reconstituted with various types of fusion proteins or
polypeptides. (a, b), MBP-1 (solid line) and1 (dashed line); (c,
d), MBP-2 (solid line) and2 (dashed line) in the presence of
2-mercaptoethanol; (e, f), (MBP-2)2 (solid line) and (2)2 (dashed
line). All spectra were obtained at 4°C after storage of the samples
at 4 °C for 3 days.
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(2)2 with [Zn]-BChl a are subunit- and LH1-types, respec-
tively. With the other dimeric systems, (MBP-3)2 and (3)2

(entries 8 and 10), subunit-type complex formation was
observed in the manner similar to (MBP-2)2 and (2)2.

The randomly cross-linked protein, (MBP-4)n, was also
able to assemble with [Zn]-BChla, and its Qy absorption
band and its CD profile indicated that its assembly was of
the subunit type (entry 12). Assembly of (4)n with [Zn]-BChl
a also produces a subunit-type complex (entry 14). Although
the CD split pattern resembles that of LH1 type, the split
pattern is not symmetrical (the negative peak at 810 nm is
larger than the positive one at 843 nm). Thus, the pigment
alignment of the complex of (4)n is predominantly a subunit-
type one, possibly including the LH1-type one as a minor
component in the complex. By addition of 2-mercaptoethanol
in the solution of the assembly of (4)n with [Zn]-BChl a,
the Qy band shifts to∼836 nm corresponding to an LH1-
type complex. This observation suggests that the transforma-
tion of the pigment array results from the cleavage of random
cross-linkage of the polypeptide (4)n by the reduction by
2-mercaptoethanol.

Assembling Property of BChl a. A [Zn]-BChl a is a
naturally occurring photosynthetic pigment found inAcid-
iphilium rubrum (43); meanwhile, a BChla is one of the
most common pigments of bacterial photosynthetic systems.
The [Zn]-BChl a possesses greater chemical stability and
its coordination ability is also considerably higher than that
of magnesium in BChla (34). Figure 6 shows NIR
absorption spectra resulting from the assembly of3 with
either BChla (solid line) or [Zn]-BChla (dashed line). As
mentioned above, when3 was assembled with [Zn]-BChla,
red-shifted Qy band is observed at 818 nm (dashed line in
Figure 6) with a small shoulder band at 770 nm, which comes
from monomeric [Zn]-BChla pigment in the OG solution.
Parallel experiments with BChla produce a product which
shows a much larger peak at 776 nm as well as one at 824
nm. The CD spectrum of the product (solid line: inset in
Figure 6) shows a major negative band maximum at 823
nm and a minor positive band characteristic of a subunit-
type complex. The prominent monomeric peak at 776 nm,
however, indicates that the formation of subunit-type com-

Table 1: NIR Absorption and CD Spectral Data of [Zn]-BChla Assembled with Various Types of Fusion Proteins and Hydrophobic
Polypeptides

Qy absorption bands/nm CD maxima/nm (10-4 â)

entry polypeptide 25°C 4 °C 4 °C
1 MBP-1 813 814 814 (-10)
2 1a 812 815 815(-10)
3 MBP-2 810 813 812 (-10)
4 (MBP-2)2 806 807 803 (-10)
5 2a 812 836 842 (32), 822 (-32)
6 (2)2

a 806 832 842 (9), 806 (-16)
7 MBP-3 812 814 810 (-10)
8 (MBP-3)2 812 812 804 (-10)
9 3a 812 818 844 (4), 818 (-15)

10 (3)2
a 814 816 810 (-8)

11 MBP-4 811 813 810 (-12)
12 (MBP-4)n 809 809 806 (-9)
13 4a 816 836 844 (20), 822 (-25)
14 (4)n

a 808 815 843 (5), 810 (-10)
15 LH1R + LH1âb 812 859 867 (8), 832 (-6)
16 LH1âb 814 817 822 (-6)
17 synthetic LH1âc 810 834 838 (33), 817 (-36)

a The polypeptide was subjected to the reconstitution assay as a solution after the cleavage by trypsin.b LH1R and LH1â polypeptides were
isolated fromRhodobacter sphaeroides.Spectral data were cited from ref (25). c Chemically synthesized polypeptide (see Figure 1 and ref (25)).

FIGURE 5: Absorption (smooth solid lines) and fluorescence (jagged
lines) spectra of [Zn]-BChla assembled with various polypep-
tides: â polypeptide derived fromRb. sphaeroides, (A); MBP-2,
(B); and2, (C). Vertical arrows indicate the fluorescence excitation
wavelengths: 770, 790, and 800 nm for A and B; 770, 800, and
830 nm for C. Fluorescence spectra obtained by these excitation
wavelengths are denoted by a, b, and c, respectively. These spectra
were obtained at 4°C after storage of the samples at 4°C for 3
days. Exposure time of CCD detector was 10 s. Relative fluores-
cence intensity for each sample is normalized by automatic
calibration by using an equipped photodiode detector and operating
software (WinSpec/32, Roper Scientific co.).
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plex is incomplete because of the lower affinity of BChla
for the polypeptide than that of [Zn]-BChla. When BChla
is assembled with other polypeptides, that is,1, 2, and4,
the two peaks at 776 and 822 nm appear in the similar way
to the 3, regardless of the presence of cross-links or the
presence of the MBP portion.

Incorporation and Assembling of the Polypeptide/Pigment
Complex in a Lipid Bilayer.The subunit-type complex,
(MBP-2)2/[Zn]-BChl a, was incorporated into a lipid bilayer
consisting of DOPG via dialysis of the reconstitute comicellar
solution. In the bilayer phase, the Qy band observed at 806
nm is indicative of the subunit-type complex. By treatment
with trypsin, removal of MBP portion was confirmed by
SDS-PAGE. After the solution stood for a few days at 4
°C, the Qy band shifted to∼830 nm. This red-shift of the
Qy absorption suggests that in the lipid bilayer phase the
subunit type of (MBP-2)2/[Zn]-BChl a reassembles to LH1-
type complex of (2)2/[Zn]-BChl a via trypsin treatment.

DISCUSSION

Subunit-Type Complex Formation of the MBP-Fusion
Proteins with Pigments.The reconstitution methodology
developed by Loach’s group has provided important struc-
tural information about not only a core LH1 complex but
also a subunit complex which has the compositionR1/â1/
2BChl a as a minimal structural unit for the core complex
(13-18). The core LH1 and the subunit complexes possess
their own characteristic absorption (Qy) band and CD split
patterns; therefore, such complex formation is distinguish-
able. The LH1â of Rb. sphaeroidesforms subunit-type
complex with pigment [Zn]-BChla or BChla, showing that
the Qy band was red-shifted to 817 or 820 nm, respectively,
as described previously (see Table 1) (18, 24-26). The
minimal number of amino acids required for subunit forma-
tion has been reported to be 31 from the C-terminal of the
Rb. sphaeroidespolypeptide (16). The investigated fusion
proteins, whose amino acid sequence of the hydrophobic
portions fulfill the requirement, formed the subunit-type
complex on the basis of the spectroscopic evidences (absorp-
tion, CD, and fluorescence spectra). Therefore, it is tenta-
tively interpreted that it would be reasonable for the subunit
formation of the fusion proteins along the same line with
that of the native LH1â of Rb. sphaeroides. Further, the
wavelength of the observed Qy bands,∼836 nm, of these

assemblies,2 or 4, with [Zn]-BChl a showed good agreement
with that of the chemically synthesized LH1â, 834 nm (entry
17) (25). This moderate red-shifted value,∼836 nm, was
indicative of the formation of LH1 complex.

The MBP portion (40 kDa) is 10 times as large as the
hydrophobic polypeptides. An X-ray crystallographic struc-
ture of MBP itself is ellipsoidal with dimensions of 30×
40 × 65 Å (42), while the polypeptide part can be assumed
to be ca. 40 Å helix on the basis of the hydrophobic
transmembrane region. As previously reported, the LH1â of
Rb. sphaeroidesforms a subunit-type complex with the
pigments BChla and [Zn]-BChla (16, 21-25). The LH1â
polypeptide is comprised of twoR-helical domains, which
are divided by hinge part, position-12(G) ∼ -10(W)
(Figure 1) (19). Despite the presence of a large part of
R-helical domain in the N-terminal region, the LH1â forms
subunit-type complex with BChla. The present hydrophobic
polypeptides involve the required amino acids as described
above (16). This hydrophobic sequence is so essential that
such fusion proteins form the subunit-type complexes. In
Figure 7, the assembling experiment in this study is
schematically illustrated by how proteins and pigments
assemble via various processes starting from (MBP-2)2 as a
representative sample.

Regardless the presence or absence of the cross-links via
disulfide bonds, all of the fusion proteins form subunit-type
complexes. However, the Qy bands of these assemblies with
[Zn]-BChl a are blue-shifted by 6 nm in the presence of the
cross-links (entry 3 vs 4). When the subunit complex of
(MBP-2)2, for example, is reduced by an excess amount of
2-mercaptoethanol, the Qy band red-shifts from 807 to 813
nm at 4°C. This suggests that the disulfide linkage has a
steric influence on the pigment alignment. Alternatively, the
reduced form, free from the steric restriction of the linkage,
might prefer to assemble in a similar way to native LH1â/
[Zn]-BChl a combination. Such change in 6 nm of the Qy
band may be small but the pigment alignment is “finely
tuned” by redox (cross-link/cleavage) state of the terminal
cysteine. The position of the essential amino acid, H (position
0), which coordinates to the central metal of the [Zn]-BChl
a, is vicinal toward the C-terminus rather than the opposite
side. The C-terminal cross-linked fusion protein, (MBP-2)2,
exhibits perturbation in its pigment alignment (by 6 nm of
blue-shift) compared with the monomeric form, MBP-2. On
the other hand, the N-terminal cross-linked (MBP-3)2, which
possesses more conformational freedom for the pigment
binding and alignment than (MBP-2)2, shows less difference
in its Qy band (2 nm) compared with its monomeric form,
MBP-3 (entry 7 vs 8).

LH1-Type Complexation of MBP-Free Polypeptide.Re-
moval of the MBP portion allows polypeptides2 and4 to
assemble with [Zn]-BChla to form an LH1-type complex.
This suggests that liberation from steric hamper allows2
and 4 to progressively assemble with [Zn]-BChla. When
(MBP-2)2/[Zn]-BChl a is directly treated with trypsin after
dialysis (to remove OG), the subunit assembly spontaneously
aggregates further to form the LH1 type complex. The
wavelength of the observed Qy bands,∼836 nm, of the
assembly shows good agreement with the complex formed
with the chemically synthesized LH1â, 834 nm (entry 17)
(25).

FIGURE 6: Absorption spectra of reconstituted BChla (solid line)
and [Zn]-BChla (dashed line) with3 in 0.78 wt % OG solution at
4 °C. Inset: CD spectra of the corresponding samples: BChla
(solid line) and [Zn]-BChla (dashed line).
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In previous experiments with reconstituted complexes, we
have observed a relation between the wavelength of Qy band
and the complex size estimated by SAXS and DLS (24, 34).
The estimated sizes correlate well with the extent of red-
shifted Qy band. The moderate red-shifted value,∼ 836 nm,
is indicative of the formation of LH1-type complex.

The presence or absence of the disulfide linkage shifts the
Qy absorption band for2/(2)2 (entry 5 vs 6) by 4 nm at 4
°C. The most dramatic change (21-nm difference in the Qy
band) is observed for4 and (4)n (entry 13 vs 14): here,
random cross-linking in the latter strongly inhibits the LH1-
type formation. This result clearly indicates that the orienta-
tion of the polypeptide is an essential factor for the LH1-
type assembly. When an excess amount of 2-mercaptoethanol
is added in the solution of (4)n/[Zn]-BChl a, the Qy band
and CD signal are transformed into those of an LH1-type
complex identical to the4/[Zn]-BChl a complex. The
observed reassembly process from (4)n/[Zn]-BChl a (subunit-
type) to 4/[Zn]-BChl a (LH1-type) further supports the
importance of the orientation of the polypeptide.

Transformation of the Subunit-Type to LH1-Type Complex
in a Lipid Bilayer. The unexpected result of subunit-type
complex formation of the MBP-fusion proteins prompted us
to examine the assembling property in a lipid bilayer. In a
preliminary study, we incorporated the subunit-type complex,
(MBP-2)2/[Zn]-BChl a, into a lipid bilayer consisting of
DOPG. The assembling process is depicted in Figure 8. After
dialysis, the observed Qy band at 806 nm indicates subunit-
type complexation (state b). By treatment with trypsin, the
subunit assembly of (MBP-2)2/[Zn]-BChl a can be hydro-

lyzed to release MBP portion. By cooling at 4°C, the
resulting complex exhibits the red-shifted Qy absorption band
indicative of LH1-type complex (state d). This assembling
process should involve subunit-type complex (state c) before
further assembled state (d), because it takes a few days to
reach state d at 4°C. This observation clearly demonstrates
the progressive self-assembling event of hydrophobic polypep-
tide to form LH1-type complex in the membrane phase.

Such assembling process in the lipid bilayer involves
important phenomena in biological aspect: insertion of
membrane protein into a cell membrane, enzymatic protein
splicing (cleavage of signal polypeptide), followed by self-
assembling process to form a membrane protein complex
(LH1 complex in this case). If one would regard the MBP
portion as “an anchor” or “a buoy” to regulate the orientation
of the polypeptide for asymmetrical photosynthetic mem-
branes, the present observation using the MBP fusion proteins
with model polypeptides is of interest. In this regard, the
present system is a unique and potentially useful tool for
investigating self-assembling processes of membrane pro-
teins. In addition, the common pigment, BChla, is also
applicable to such an experimental system. This can be
expected to provide more general aspects of such polypep-
tide/pigment assembly properties in a lipid bilayer.

CONCLUSIONS

We have described the successful expression of the
bacterial LH1 polypeptides as MBP-fusion proteins by using
E. coli expression system. To the best of our knowledge,

FIGURE 7: Schematic illustration of the assemblies of [Zn]-BChla with the MBP-2, (MBP-2)2, 2, and (2)2. Ellipsoidal, cylindrical, and
black-rhombic portions represent MBP, polypeptide2, and [Zn]-BChla, respectively. The illustrated structure of the fusion proteins, MBP-
2, (MBP-2)2, are putative on the basis of the crystal structure of maltose-binding protein (ref 42). The C-terminus of the protein is placed
on the outer sphere between two domains. Supposing the structure of the expressed MBP is similar to the reported structure, the polypeptide
should attach to the place of the C-terminus as depicted in this figure.
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this is the first report describing the expression and the
assembling properties of the LH-like polypeptides produced
in this way. It should be noted that (i) a series of MBP-
fusion proteins assemble with [Zn]-BChla to form subunit-
type complexes despite the presence of the large MBP
portion and (ii) the disulfide linkage/cleavage finely perturbs
the pigment alignment. Also, (iii) the observation that all
the cleaved polypeptides formed subunit-type complex at 25
°C, regardless of the redox state (cysteine/cystine) and its
position, indicates that the disulfide linkage is not crucial
for the formation of subunit assembly but affects the pigment
alignment. Unlike the assembly of (2)2 with [Zn]-BChl a,
which forms LH1-type complex at 4°C, the randomly cross-
linked (4)n does not form the complex. This suggests that
the orientation of the polypeptide is an essential factor in
the polypeptide/pigment assembly process. The approach
described in this report provides useful information on how
to investigate the pigment alignment in the light-harvesting
complex and how this can be controlled. Our interest is now
moving to study the reconstitution of these assemblies in
lipid bilayers. Efforts aimed at exploring such an interest
are now in progress.
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