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ABSTRACT: A series of cysteine-bearing hydrophobic polypeptides analogous to a light-harvestifig one
polypeptide (LHPB) from the LH1 complex from the purple photosynthetic bacteril®hpdobacter
sphaeroidesyas synthesized using dscherichia 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
bacteriochlorophyli ([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--b-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 2&, which also showed that the disulfide linkage was not crucial

for the subunit formation. When a polypeptide having cysteine on the C-terminus was assemifi€d at 4

the Qy absorption band was remarkably red-shifted®36 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- ate to efficiently transduce light energg—+3). Recently,
brane protein complexes, that is, light-harvesting (LH) X-ray crystallography has successfully revealed the structures
complexes and photosynthetic reaction centers (RC), cooper-of these important components in a photosynthetic apparatus
(4—7), and their structure and function are now quite well
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1 Abbreviations: LH1, the core light-harvesting complex; LH2, the .
peripheral light-harvesting complex; RC, photosynthetic reaction center; Io_graphy_has revealed the structure of LH2 complgxes. an
OG, n-octyl 5-p-glucopyranoside; MBP, maltose-binding protein; BChl  oligomeric annular structure composedogf-heterodimers

a, bacteriochlorophyll; [Zn]-BChl a, zinc-substituted bacteriochlo- ini ;
rophyll a also termed zinc-bacteriopheophytin; SDS, sodium dodecyl as a minimum unit. For the LH1 complex, an electron

sulfate; PAGE, polyacrylamide gel electrophoresis: NIR, near-infrared; Microscopic projection map of the. two-dimen;ional CrYSta!
CD, circular dichroism; RP-HPLC, reverse-phase high-performance had suggested that the structure is a larger ring that is big

liquid chromatography; DOPG, 1,2-dioleoylphosphatidylglycerol. The
following abbreviations were used to refer to the series of MBP-fusion enough to surround a centrally located RB). Recently, a

protein attaching polypeptidds-4: MBP-1—4, and their corresponding 3P Crystallographic structure O_f the RC'LHllcore complex
cross-linked forms, (MBR),, (MBP-3),, and (MBP4),. of Rhodopseudomonas palustsis4.8 A resolution has been
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N-terminal |&—— hydrophobic core —>»|  C-terminal
20 10 0 10
LH1a MSKFYKIWMIFDPRR |VFVAQGVFLFLLAVMIHLILLST |PSYNWLEISAAKYNRVAVAE
LH1p  ADKSDLGYTGLTDEQAQELHS [ VYMSGLWLFSAVAIVAHLAVYIW |RPWF
synthetic LH1p ELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWF
MBP-1 (MBP)—GELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWF
1 GELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWF
MBP-2 (MBP)—GELHS | VYMSGLWLFSAVAIVAHLAVYIW | RPWFGGC
2 GELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWFGGC
(MBP-2), ((MBPY—GELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWFGGC),
(2), (GELHS | VYMSGLWLFSAVAIVAHLAVYIW|RPWFGGC),
MBP-3 (MBP)—GCGGELHS | VYMSGLWLFSAVAIVAHLAVYIW | RPWF
3 GCGGELHS | VYMSGLWLFSAVAIVAHLAVYIW | RPWF
(MBP-3), ((MBP)—GCGGELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWF),
3), (GCGGELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWF),
MBP-4 (MBP)—GCGGELHS | VYMSGLWLFSAVAIVAHLAVYIW |RPWFGGC
4 GCGGELHS |VYMSGLWLFSAVAIVAHLAVYIW |RPWFGGC
(MBP-4), ((MBP)—GCGGELHS |VYMSGLWLFSAVAIVAHLAVYIW [RPWFGGC)
4, (GCGGELHS |VYMSGLWLFSAVAIVAHLAVYIW |RPWFGGC)

Ficure 1: Amino acid sequences of Lidland 3 of Rhodobacter sphaeroideshemically synthesized LHL MBP-fused polypeptides,
MBP-1-MBP-4, enzymatically cleaved polypeptidels:-4, and their corresponding oxidized forms, (MBR; (MBP-3),, (MBP-4),, (2)2,
(3)2, and @), studied in this paper. The position O represents the His to which pigments&&id [Zn]-BChla are coordinated.

reported {). The structure indicates that the RC is surrounded  The structure of subunit-type complex as the minimal
by the ellipsoidal 15-membered LH1 complex together with unit of LH1 complexes has been well studied recently using
an additional transmembrane polypeptide, which is assumedmultidimensional NMR spectroscopy and small-angle neu-
to play an important role of a portal for the secondary tron scattering 19—22). The LH13 polypeptide ofRb.
electron acceptor ubiquinone. Structural analysis by using sphaeroidegan form a subunit-type complex with BCal
atomic force microscopy (AFM) also has shown an elliptical in the absence of LH1 polypeptide. In addition, the LHil
RC-LH1 complex of Rhodospirillum (Rs.) rubrum(9). polypeptide is of particular interest because it assembles on
Meanwhile, AFM images of LH1 complex d®hodobacter  the outside of the complex and, therefore, may interact with
(Rb.) sphaeroidetiave suggested the structural flexibility LH2. A recent study has suggested that the N-terminal
and the size heterogeneitgd). A very recent report has  domain of the LHE is likely to point toward the center of
exhibited AFM images of multicomponents comprising LH2 the LH1 complex, implying that the N-terminal domain may
and RC-LH1: these are divided into specialized domains interact with not only LH#& but also the RCX9). Mean-
(11, 12). However, how these components as functional while, it has been reported that a synthetic |8Hdolypep-
supramolecular assemblies are organized in the photosyn+tide lacking the N-terminal region rich in charged amino
thetic membrane still remains to be clarified. acids associates with BClal or zinc-substituted bacterio-

The BChls and the LH polypeptides assemble to form LH chlorophylla ([Zn]-BChl &) to form an LH1-type complex
complex, where the BChls (B870 in LH1 and B850 in LH2) (16, 23—26). (The sequence is shown in Figure 1 as
are precisely aligned to produce an excitonically coupled “synthetic LH13".) The a-helical LH polypeptides in both
array. For the LH1 complex, Miller et al. have found that subunit- and LH1-type complexes assemble with the pig-
these building blocks, separately isolated from photosyntheticments aligned in the same direction. In photosynthetic
bacteria, can be reconstituted in mmctyl 8-p-glucopyra- ~ membranes, in fact, the C- and N-termini of the LH
noside (OG) micellar solution and that the reconstituted Polypeptides are found on the periplasmic and cytoplasmic
complex spectroscopically resembles intact bacterial LH1 sides, respectively.
complex (L3). They have also described the structural  These orientationally regulated self-assembling properties
intermediate of LH1, the so-called subunit-type complex of these pigment/polypeptide combinations are particularly
(B820), consisting of am/f heterodimer @/3/BChl a = intriguing. What essential interactions, such as pretein
1/1/2 in the stoichiometry), and how this depends on the OG protein and proteirpigment interactions, control this process
concentration and the temperature. The essential amino acid$27)? An understanding of the answer to this question will
in the LH15 polypeptide for subunit- or LH1-type complex be very useful in the design and construction of artificial
formation are H (0) and W +9) for coordination to energy-conversion system&g 29) and biomolecular de-
magnesium and hydrogen bonds to a carbonyl group of BChlvices, for example, for use as photosensitizers and in
a, respectively 14, 15. (The numbering of amino acid is  nonlinear optical devices. Various de novo designed helical
described in Figure 1.) Amino acids at the positiba (Y), bundles to mimic redox enzymes have been repoidéet (
+6 (W), and+7 (R) of thes polypeptide, which are also  33). Our alternative approach is to make use of the self-
highly conserved in many species of purple bacteria, assembly properties to produce a similar biomimetic structure
contribute important stabilizing interactions in the B820 using BChls rather than porphyrins. Recently, we have
subunit and LH1 complexed6§—18). reported self-assembling properties of pigments, BChl



Design, Expression, and Self-Assembly of Antenna Polypeptides Biochemistry, Vol. 44, No. 13, 200%131
Scheme 1: Gene Sequences of the Polypeptides

1. — IhB-a
2: — IhB-a
Cys Gly Gly ,
3: TGTGGTGGT IhB-a
Cys Gly Gly ,
4. TGTGGTGGT IhB-a

(Arg) Gly’-J Glu  Leu His Ser Val Tyr Met Ser Gly Leu Trp
CGGAATTCCCTAGGGAGA GGTGAGCTGCACTCT GTG TATATG TCC GGC CTC TGG

EcoR1 Avrll Ihp-a -
or -a' — IhB-b

Leu Phe Ser Ala Val Ala Ile Val Ala His Leu Ala Val Tyr
CTGTTCAGC GCGGTAGCCATCGTT GCACACCTC GCCGTATAC

>

< hB-c

<
Ile Trp Arg Pro Trp Phe term
ATC TGGAGACCGTGGTTC, TAAGCTT GGC
Hind 111
hB-d |
or-d'
1. —
Gly Gly Cys
2: GGTGGT TGT !hB-d

Gly Gly Cys
4: GGTGGT TGT [!hp-d

IhB-d

a and [Zn]-BChla, with a series of chemically synthesized following MBP-cleavage in a lipid bilayer is also briefly
LH1-model polypeptides24—26, 34). discussed.

There are many examples of using hydrophobic polypep-
tides as a mimic of LH polypeptides where they have been EXPERIMENTAL PROCEDURES

made by chemical synthesidd, 24-26, 34) or genetic Materials Unless stated otherwise, all chemicals and
manipulation in photosynthetic bacterizg], however, little  yeagents were obtained commercially and used without
has been paid to usescherichia coliexpression systems. fyrther purification. A BChla bearing geranylgeraniol ester
The highly hydrophobic property of these polypeptides might side chain was isolated from carotenoidless mutant G9 of
be thought to be inappropriate because of their toxicity for rs. rubrumand purified by HPLC as described elsewhere
E. coli. However, arE. coli expression system where such (18). A [zn]-BChl a was prepared from BChh via
toxicity could be avoided could be a potential candidate for transmetalation by following a procedure previously reported
the production of a wide variety of the mutated LH (23, 34.
polypeptides. The key to successful overexpression would ' g, tarial Expression of LH Model Polypeptides as MBP-
_be choosing an approprlate tag that prowdes enoug_h solubil-g sion Proteins, MBRL, -2, -3, and 4. The hydrophobic
ity for the hydrophobic portion to avoid formation of o\ nentidesi—4, were obtained as C-terminal fusions with
mclus_,lon bodies. We, therefore, chose a malt_ose-_blndlng MBP (36). The commercially available vector, pMal-c2 (New
protein (MBP) as the tag (whose molecular weight-40 England Biolabs), codes a linker sequence, ISEF, between
kDa). Factor Xa site, IEGR, and a start cloning site. Hydrolysis
In this report, we describe (i) the first example of by Factor Xa will leave the extra sequence, ISEF, on the
successful overexpression of LH polypeptides as MBP-fusion motive polypeptides. To avoid the influence of the ISEF
proteins and (ii) the effects of the steric confinement and portion upon the assembly properties of the designed
the orientation of polypeptides on their self-assembling polypeptides, we modified the vector so as not to contain
properties. We have assessed the essential structural factorthe unnecessary linker site. The modification of the vector
for the formation of the subunit and the LH1-type complexes. was at first carried out by introduction of another restriction
We designed polypeptides bearing cysteines of the C- orsite, Aurll, on the upstream of the IEGR site as described
N-terminal regions2—4 (Figure 1). The amino acid sequence below. The small fragment between tNed —BarrH| sites
of the hydrophobic core region was identical with H1 ~ on the vector was amplified by PCR using the primers, 5
polypeptide of Rb. sphaeroidesThe orientation of the = GCCACCATGGAAAACGCCCAG 3 (Mal-Nca the un-
polypeptides are controllable via the redox state of the derlined part iNcd site) and 5 CGGGATCCTGAATTC-
cysteines: the oxidized form®)¢ and @),, are cross-linked =~ CTTCCCTCGATCCCTAGGTTGTTGTTATTG '3 (Mal-
at N- and C-terminal regions, respectively, am), (is Auvr: the bold and the underlined parts &anH| and Awrll
randomly cross-linked, while the reduced forr2s;4, are sites, respectively). The amplified DNA was inserted into a
free from such confinements. The polypeptitidacking large fragment ofNcd —BanHI site of a pMal-c2 vector.
cysteine was used as a reference polypeptide. Transformation Scheme 1 shows the gene sequences coding polypeptides
of the subunit-type complex into the holo-LH1-complex 1—4. Three of the restriction enzyme sitdscaRl, Auwrll,
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andHindlIll, were attached on the up- (fé@caRl andAuwrll) was added to a solution A (1.3 mL) containing 10 nmol of
and downstream (foHindlll) of the sequences. A codon the fusion protein or the enzymatically cleaved polypeptide.
for arginine, AGA, was inserted after tharll site on the Then, 5 nmol of pigment (BCH or [Zn]-BChl a) was added
Ihg-a (-d) so as to be able to enzymatically release the as a degassed acetone solution, followed by dilution of this
polypeptide from the MBP tag. Thiéj-a (or -a), -b, -c, mixture with 0.2 mL of solution A (down to 0.78 wt % of
and -d (or -d) were subjected to PCR for 26 cycles to obtain the final OG concentration). The solution was cooled at 4
the gene for the polypeptide$;-4. The PCR product was  °C for 3 days and then was subjected to spectroscopic
isolated by electrophoresis in 10% agarose gels, followed measurements. The redox state of the cysteine residues was
by precipitation with ethanol. The purified product was controlled by the presence or absence of 2-mercaptoethanol
treated withEcaR| andHindlll and then ligated into the large (1 uL). Incorporation of a reconstituted product into a lipid
fragment of arEcoRI—Hindlll site of pUC119 (Pharmacia).  bilayer was carried out by the following procedure. To a
The nucleotide sequences were confirmed by DNA sequenc-reconstituted sample solution, 100 nmol of 1,2-dioleoylphos-
ing. The recovered plasmid was treated walrll and phatidylglycerol (DOPG: Nippon Fine Chemical Co., Ltd.,
Hindlll, and then the resulting small fragment was ligated Japan) dissolved in Solution A containing 0.78 wt % OG
into the large fragment of adwrll—Hindlll site of the was added. The resulting solution was subjected to dialysis

premodified pMAL-c2 vector. against phosphate buffer solution (50 mM, pH 7.0) for 30
The resulting plasmid was introduced irfocoli, IM109, h.

by heat shock at 37C for 30 s. The transfectdsl. coliwas Near-infrared absorption (H|TACH| U-2000 Spectropho_

cultured in an LB medium containing ampicillin at 3C tometer) and circular dichroism (Jasco J-600 or J-820

overnight. The overnight culture (12 mL) was transferred spectropolarimeter) spectroscopy was conducted to observe
into a large-scaled medium (1 L) and grown fdh at 37 pigment/polypeptide assemblies. Steady-state fluorescence
°C. Then, 1 mM isopropyl-1-thig-p-galactopyranoside  spectra were obtained using a spectrometer composed of a
(IPTG) was added to induce the expression. After 4 h, the CCD detector (Spec-10: 100BR/LN; Roper Scientific),
cells were harvested (wet volume: ca. 1.5 mL) and sus- monochromators (SP-150M for excitation and SP-306 for
pended in 15 mL of solution A (20 mM Tris-HCI (pH 7.5),  emission; Acton Research Co.), and a lamp house (tungsten
0.2 M NaCl, 1 mM EDTA, 1 mM Nabj), followed by  halogen light source, TS-428DC; Acton Research Co.). All
sonication in an ice bath. The homogenized cell solution was the spectroscopic measurements used Samp|e solutions that

centrifuged at 14 0@@for 20 min at 4°C. The supernatant  were placed in a temperature-controlled chamber.
was collected and applied to an amylose resin column (6

mL) (New England Biolabs) at 4C, which was preequili- RESULTS
brated in solution A. After washing with the solution A, the
fusion protein was eluted with the solution A containing 20  Bacterial Expression of the Fusion Proteins and the
mM maltose. The concentration of MBP-fusion proteins Hydrolytic Cleaage.Initially, we tried a direct expression
(MBP-1, -2, -3, and 4) was determined by the extinction Of these hydrophobic polypeptides alone. However, this was
coefficient Ey2° = 87 430 M cm?) calculated from the unsuccessful. It has been reported that pMal-c2 vector is
number of tyrosinefy28& = 1390 M-! cm2) and tryptophan suitable for an overexpression for hydrophobic proted®
(Em28° = 5800 M1 cm?) in water @7). The fusion protein  41) because the MBP portion is water-soluti&,(~ 40 kDa)
was then treated with trypsin (final 0.58V) at 37 °C for (42). Thus, we tried the pMal-c2 vector to obtain our
24 h. The reaction was stopped by adding leupeptin (0.64 polypeptides as an MBP-fusion protein. To prevent the
uM) and aprotinin (5ug/mL) and stood for 1 h. The correct  influence of the unnecessary ISEF on our experiments, we
hydrolysis was confirmed by SDSAGE and reverse-phase modified the vector so as to possess an RG spacer between
(RP) HPLC. MBP and the objective hydrophobic polypeptide. This simple
Polypeptide Analysis and PurificationThe affinity- spacer allows enzymatic cleavage of the fusion protein
chromatographed fusion protein and the hydrolyzed crude between R and G by the common protease, trypsin. The
mixture were ana|yzed by using high-performance ||qu|d designed polypeptides themselves have no cleavable site for
chromatograph (Shimazu LC-VP series) equipped with a trypsin. The trypsin does not cleave the C-terminal region
reverse-phase column (YMC-Pack Protein-RP: 25@.6 of the polypeptides containing R, which is adjacent to P,
mm, 5um). A sample was eluted with linear gradient of an because P forces the polypeptide chain to bend so as to be
organic solution (acetonitrile/2-propanol (1/1, v/v) containing insensitive to hydrolysis by the trypsin.
0.1% TFA) and 0.1% TFA of an aqueous solution at a flow  Using the modified vector, the designed fusion proteins
rate of 0.8 mL/min. The fraction containing LH polypeptide were successfully overexpresseds(mg/1 L of culture) as
was pooled and lyophilized. Mass spectral analysis (MALDI- described below. In Figure 2, the SBBAGE of the purified
TOF-MS) for polypeptide, for instance, exhibited a single  fusion proteins by affinity chromatography (MBR{ane 2;
peak at 4032.90nf/2), which is in good agreement with the  MBP-2, lane 5; and MBR4, lane 8) are shown. For MBE-
expected mass (4032.682). lacking cysteine, a clear band was observed at the molecular
Reconstitution AssayAssembly of pigment/polypeptide  weight of ca. 44 kDa (i.e., 40 kDa (MBP} 3.7 kDa () =
mixture was carried out using the method which has been ~44 kDa). Hydrolysis by trypsin gave the free MBP portion
established for the reconstitution of native LH polypeptide at the expected molecular mass (lane 3). The detached
with BChl ain ann-octyl-3-p-glucopyranoside (OG) micellar  polypeptide,1, is invisible in the electrophoresis. Instead,
solution (L8, 38). The pigments, BCha and [Zn]-BChla, RP-HPLC analysis clearly indicated that the hydrolysis
were handled in a dark room to prevent photodegradation. process had been measured (Figure 3a). The peak of MBP-
In a typical experiment, OG of 0.9 wt % of concentration at 10.0 min (solid line) completely vanishes and that of the
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Ficure 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, MBP1, (MBP-2),, and (MBP4),, respectively, and the
corresponding trypsin-treated mixtures are shown in lanes 3, 6, and
9.

hydrolyzed productl, appears at 14.9 min (dashed line,
indicated by arrow). For MBR-bearing a cysteine at the
C-terminus, the affinity-chromatographed product shows an
electrophoresis band at the doubled mass 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 MBP2 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 0 5 10 15 20
MBP-1. These observations clearly indicate that the affinity-

chromatographed MBR4s predominantly a dimerized form, c s R hase (RPHPLC profiles of the fusi o
(MBP-2),, via disulfide linkage. Treatment with trypsin of =~ HGURES: Reverse-phase (K- - Profiles of the fusion proteins
(MBP-2), should provide the dimerized form2). This %r:g tgﬁgi’dgogﬁi% ﬁ)i?]lgp?tgt'fgsé (:11%['] mggg?ég It;neé:rt()—wl_() g
trypsin-treated sample was subjected to RP-HPLC, ShOWing(MB)P-Z)Z, (éolid line, rt= 11.5 min) and its reduce()j/ form I\)/Il3(2>2

a peak at 17.5 min (solid line in Figure 3c). By addition of (dashed line, r&= 10.4 min); (c) hydrolyzed polypeptid@);, (solid

an excess amount of 2-mercaptoethanol to this solution, theline, rt = 17.5 min indicated by arrow) and its reduced for,
peak is shifted to 15.0 min (dashed line in Figure 3c). The (ngjnﬁgé"@ Efeiir%m gg'_ﬁt:,eLdCb{Ffrlrg%)’n(ﬁr)l)t.he polypeptide
latter peak was assigned to monomeric fo2mThe product

can be purified by the RP-HPLC as shown in Figure 3d (rt by 2-mercaptoethanol to form the monomek, whose

= 15.0 min). Although the chromatogram exhibits the single yetention time, 15.1 min, is consistent with those of other
and sharp peak, the yield is very low1%), on the basis of  yonomeric polypeptides,—3.

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 MBPS to form (MBP-3), was observed as BChl a with either MBP4 or 1 in an OG micellar solution

well. The retention times of MBR-and (MBP3), were 10.1 at 4°C. Free [Zn]-BChlain an OG micellar solution has an

and 11.7 min, respectively. The enzymatic cleavage was also b tion band t 770 In th f th
successful giving the dimeric forn8); (rt = 17.3 min) as absorption band (Qy) a nm. In the presence of the

. MBP-1 and1, red-shifted Qy bands are observed at 814 and
well as the reduced forr8 (rt = 15.1 min). 815 nm, respectively (Figure 4a). Under these conditions,
Unlike MBP-2 and MBP3 having cysteine either on the  asymmetrically split CD signals consisting of a major
C- or N-terminal region, the SDSPAGE of MBP4 bearing  negative and of a minor positive band are also observed
cysteine on both termini shows a high molecular weight (Figure 4b). These spectra are characteristic of a subunit-
product (lane 8), suggesting that the affinity-chromatographed type complex as previously reported for the subunit complex

product of MBP4 forms an oligomer, (MBR¥),, via multi- of BChl a or [Zn]-BChl a with LH13 isolated fromRb.
cross-linking of the cysteine residues. Despite the multi-cross- sphaeroideg16, 18, 25, 26). Regardless of the enzymatic
linkage, trypsin treatment successfully gives the free MBP cleavage of the MBP portion, the spectra are almost identical
(lane 9), indicating that the trypsin-treated product is obtained (solid and dashed line). The other fusion proteins and the
as oligomeric form,4),. The product4), is easily reduced  detached polypeptides also form subunit-type complexes with

Absorbance at 280 nm (a.u.)

Retention Time (min)

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]-
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FiGure 4: Absorption §, c, €) and CD b, d, f) spectra of [Zn]-
BChl a reconstituted with various types of fusion proteins or
polypeptides. & b), MBP-1 (solid line) andl (dashed line); ¢

d), MBP-2 (solid line) and2 (dashed line) in the presence of
2-mercaptoethanolg( f), (MBP-2), (solid line) and 2), (dashed
line). All spectra were obtained at’€ after storage of the samples
at 4°C for 3 days.

950

[Zn]-BChl aat 25°C. The complete set of spectral data from
these assemblies has been summarized in Table 1.

Dewa et al.

assembly of MBP2 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 thaR 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 thd with [Zn]-BChl a produces a
similar product to that obtained with the cleavage of MBP
shifts the Qy band from 813 nm (MB&-entry 11) to 836
nm (4; entry 13) and alters the CD signals as well. Such an
effect of MBP cleavage on the complexation f8ris
insignificant compared with the& and4 (entries 7 and 9).

As a control, the results of the reconstitution assay with
the native polypeptides, that is, Lkl1+ LH15 and LH13
alone, and the chemically synthesized |fH&ith [Zn]-BChl
aare also listed in Table 1 (entries-1%7). The native-type
combination, LH& + LH1, shows a progressive assembly
from the subunit-type to the LH1-type complex on cooling
to 4 °C. The single polypeptide, LHiLnative or synthetic,
when added to [Zn]-BChé, forms a subunit-type complex
at 25 °C. The synthetic LHA polypeptide alone further
assembles to an LH1-type at °€, judged from its Qy
absorption maximum and the characteristic split of the CD
signal @5).

Figure 5a-c shows the fluorescence spectra together with
the absorption spectra of the complexes obtained withd,H1
MBP-2, and 2 and [Zn]-BChl a at various excitation
wavelengths in the Qy band region. The complex, fH1
[Zn]-BChl a, exhibits well-characterized emission from
subunit complex: thémn.x 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
Amax IS independent from excitation wavelength are also
observed for the MBRY[Zn]-BChl a complex (Figure 5b).
This is further explicit evidence that the complex is of the
subunit type. Fo2/[Zn]-BChl a complex (Figure 5c), the
emission spectrunify, = 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 tha?2 forms an LH1-type
complex with [Zn]-BChla. The emission profiles ofem =
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 Pigmerfts described above, affinity-
chromatographed products bearing cysteines, MBB; and
-4 are obtained as oxidized forms, (MB¥,, (MBP-3),, and

Monomeric types of fusion proteins and polypeptides (MBP-4),, respectively. The corresponding detached polypep-
bearing cysteines were prepared from the correspondingtides also contain disulfide links2),, (3),, and @),. The
oxidized forms by reduction of 2-mercaptoethanol for the assembly properties of these dimeric and oligomeric proteins

reconstitution experiments. By cooling to°€, the enzy-
matically detached polypeptideassembled with [Zn]-BChl

(polypeptides) were also examined. Figure 4e and 4f shows
the NIR absorption and CD spectra for the complexes of

a shows a prominent red-shifted Qy band at 836 nm, as [Zn]-BChl a with (MBP-2), and @), at 4°C. The Qy bands
shown in Figure 4c (dashed line) and Table 1 (entry 5). The appear at 807 and 832 nm for complexes of (MBPand
CD spectrum of this assembly also changes to give a split(2),, respectively. The CD spectra (Figure 4f) showed a

signal, which is characteristic of an LH1-type compl&g)(
where the BCha pigments align in an excitonically coupled

negative peak at 803 nm for (MBB, and split peaks at
842 and 806 nm for2),. From these spectral features, it is

way. In contrast, the absorption and CD spectra of the reasonable to suggest that the complexes of (NBRxnd
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Table 1: NIR Absorption and CD Spectral Data of [Zn]-BGhAssembled with Various Types of Fusion Proteins and Hydrophobic
Polypeptides

Qy absorption bands/nm CD maxima/nm (1@)
entry polypeptide 25C 4°C 4°C

1 MBP-1 813 814 814{10)

2 12 812 815 815{-10)

3 MBP-2 810 813 812{10)

4 (MBP-2), 806 807 803 10)

5 22 812 836 842 (32), 822+32)

6 22 806 832 842 (9), 80616)

7 MBP-3 812 814 81010)

8 (MBP-3), 812 812 804{10)

9 3@ 812 818 844 (4), 818<15)
10 (3)? 814 816 81038)
11 MBP4 811 813 810{12)
12 (MBP-4), 809 809 806{9)
13 42 816 836 844 (20), 822«25)
14 @) 808 815 843 (5), 810<10)
15 LH1o + LH1AP 812 859 867 (8), 832-(6)
16 LH18° 814 817 8226)
17 synthetic LHB® 810 834 838 (33), 81736)

2The polypeptide was subjected to the reconstitution assay as a solution after the cleavage by’ trfisinand LH13 polypeptides were
isolated fromRhodobacter sphaeroideSpectral data were cited from re25). ¢ Chemically synthesized polypeptide (see Figure 1 and2®)).(

(2)2 with [Zn]-BChl a are subunit- and LH1-types, respec- A
tively. With the other dimeric systems, (MB®), and @),
(entries 8 and 10), subunit-type complex formation was
observed in the manner similar to (MBE; and Q).

The randomly cross-linked protein, (MBHs, was also
able to assemble with [Zn]-BCH, and its Qy absorption
band and its CD profile indicated that its assembly was of
the subunit type (entry 12). Assembly @} 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 o, 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 ofl); with [Zn]-BChl a,
the Qy band shifts t6~836 nm corresponding to an LH1-
type complex. This observation suggests that the transforma- N
tion of the pigment array results from the cleavage of random 700 750~ 800 850 900 950
cross-linkage of the polypeptidé){ by the reduction by
2-mercaptoethanol.

Assembling Property of BChl.aA [Zn]-BChl a is a
naturally occurring photosynthetic pigment foundAgid-
iphilium rubrum (43); meanwhile, a BChh 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 assembly3afith 700 750 800 850 900 950
either BChla (solid line) or [Zn]-BChla (dashed line). As Wavelength (nm)
mentioned above, wheéhwas assembled with [Zn]-BClal,
red-shifted Qy band is observed at 818 nm (dashed line in FIGURES: Absorption (smooth solid lines) and fluorescence (jagged
Figure 6) with a small shoulder band at 770 nm, which comes lines) spectra of [Zn]-BChi assembled with various polypep-

: _ . : . tides: S polypeptide derived fronRb. sphaeroideqA); MBP-2,
from monomeric [Zn]-BChia pigment in the OG solution. (B); and2, (C). Vertical arrows indicate the fluorescence excitation

Parallel experiments with BCki produce a product which  wayelengths: 770, 790, and 800 nm for A and B; 770, 800, and
shows a much larger peak at 776 nm as well as one at 824830 nm for C. Fluorescence spectra obtained by these excitation
nm. The CD spectrum of the product (solid line: inset in wavelengths are denoted by a, b, and c, respectively. These spectra
Figure 6) shows a major negative band maximum at 823 Were obtained at 4C after storage of the samples af@ for 3

. o i .. days. Exposure time of CCD detector was 10 s. Relative fluores-
nm and a minor positive band characteristic of a subunit- cence intensity for each sample is normalized by automatic

type complex. The prominent monomeric peak at 776 nm, calibration by using an equipped photodiode detector and operating
however, indicates that the formation of subunit-type com- software (WinSpec/32, Roper Scientific co.).

Absorbance (a.u.)
Emission (a.u.)

T

700 750 800 850 900 950
Wavelength (nm)

Absorbance (a.u.)
Emission (a.u.)

Absorbance (a.u.)
Emission (a.u.)
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03 T assemblies? or 4, with [Zn]-BChl a showed good agreement

with that of the chemically synthesized L1834 nm (entry

AR oS 17) (25). This moderate red-shifted value,836 nm, was
V2 N indicative of the formation of LH1 complex.

Jo02f PN sl -

E T The MBP portion (40 kDa) is 10 times as large as the
S | Wavelength (nm) hydrophobic polypeptides. An X-ray crystallographic struc-
B ture of MBP itself is ellipsoidal with dimensions of 30

§ 40 x 65 A (42), while the polypeptide part can be assumed

to be ca. 40 A helix on the basis of the hydrophobic
transmembrane region. As previously reported, the £ Bifl
Rb. sphaeroidesorms a subunit-type complex with the
750 800 850 900 950 pigments BChh and [Zn]-BChla (16, 21—25). The LH13
Wavelength (nm) polypeptide is comprised of twa-helical domains, which
FIGURE 6: Absorption spectra of reconstituted BGh{solid line) are divided by hinge part, positiorr12(G) ~ —10(W)
and [Zn]-BChla (dashed line) witi8 in 0.78 wt % OG solution at  (Figure 1) (L9). Despite the presence of a large part of
4 °C. Inset: CD spectra of the corresponding samples: BChl ¢ _pelical domain in the N-terminal region, the LBiforms
(solid line) and [Zn]-BChia (dashed line). subunit-type complex with BCHd. The present hydrophobic
polypeptides involve the required amino acids as described
above (6). 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

plex is incomplete because of the lower affinity of BGhl

for the polypeptide than that of [Zn]-BClal When BChla

is assembled with other polypeptides, thatlis2, 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. assemble via various processes starting from (N2BRAs a
Incorporation and Assembling of the Polypeptide/Pigment "ePresentative sample.

Complex in a Lipid Bilayer.The subunit-type complex, Regardless the presence or absence of the cross-links via

(MBP-2),/[Zn]-BChl a, was incorporated into a lipid bilayer ~ disulfide bonds, all of the fusion proteins form subunit-type

consisting of DOPG via dialysis of the reconstitute comicellar complexes. However, the Qy bands of these assemblies with

solution. In the bilayer phase, the Qy band observed at 806[Zn]-BChl a are blue-shifted by 6 nm in the presence of the

nm is indicative of the subunit-type complex. By treatment cross-links (entry 3 vs 4). When the subunit complex of

with trypsin, removal of MBP portion was confirmed by (MBP-2),, for example, is reduced by an excess amount of

SDS-PAGE. After the solution stood for a few days at 4 2-mercaptoethanol, the Qy band red-shifts from 807 to 813

°C, the Qy band shifted te-830 nm. This red-shift of the ~ nm at 4°C. This suggests that the disulfide linkage has a

Qy absorption suggests that in the lipid bilayer phase the steric influence on the pigment alignment. Alternatively, the

subunit type of (MBP2),/[Zn]-BChl areassembles to LH1-  reduced form, free from the steric restriction of the linkage,

type complex of 2),/[Zn]-BChl a via trypsin treatment. might prefer to assemble in a similar way to native |4A1
[Zn]-BChl a combination. Such change in 6 nm of the Qy
DISCUSSION band may be small but the pigment alignment is “finely

tuned” by redox (cross-link/cleavage) state of the terminal
Proteins with PigmentsThe reconstitution methodology cysteine. The position of the essential amino acid, H (position

developed by Loach’s group has provided important struc- 0),_ wh_ic_h coordinates to the C(_entral metal of the [Zn]—BChI
tural information about not only a core LH1 complex but & IS vicinal toward the C-terminus rather than the opposite

also a subunit complex which has the compositians./ side. The C-terminal cross-linked fusion protein, (MBJ;
2BChl a as a minimal structural unit for the core complex €Xhibits perturbation in its pigment alignment (by 6 nm of
(13-18). The core LH1 and the subunit complexes possess Plu€-shift) compared with the monomeric form, ME2POn
their own characteristic absorption (Qy) band and CD split the other hand, the N-terminal cross-linked (MBJ;which
patterns; therefore, such complex formation is distinguish- POSS€sses more conformational freedom for the pigment
able. The LHB of Rb. sphaeroidegorms subunit-type  Pinding and alignment than (MBB),, shows less difference
complex with pigment [Zn]-BChé or BChl a, showing that in its Qy band (2 nm) compared with its monomeric form,
the Qy band was red-shifted to 817 or 820 nm, respectively, MBP-3 (entry 7 vs 8).

as described previously (see Table 1B,24-26). The LH1-Type Complexation of MBP-Free Polypeptide-
minimal number of amino acids required for subunit forma- moval of the MBP portion allows polypeptid&and 4 to

tion has been reported to be 31 from the C-terminal of the assemble with [Zn]-BCh& to form an LH1-type complex.
Rb. sphaeroidepolypeptide 16). The investigated fusion  This suggests that liberation from steric hamper all@vs
proteins, whose amino acid sequence of the hydrophobicand4 to progressively assemble with [Zn]-BChl When
portions fulfill the requirement, formed the subunit-type (MBP-2),/[Zn]-BChl a is directly treated with trypsin after
complex on the basis of the spectroscopic evidences (absorpdialysis (to remove OG), the subunit assembly spontaneously
tion, CD, and fluorescence spectra). Therefore, it is tenta- aggregates further to form the LH1 type complex. The
tively interpreted that it would be reasonable for the subunit wavelength of the observed Qy bands836 nm, of the
formation of the fusion proteins along the same line with assembly shows good agreement with the complex formed
that of the native LHE of Rb. sphaeroidesFurther, the with the chemically synthesized LI#1834 nm (entry 17)
wavelength of the observed Qy bands336 nm, of these  (25).

Subunit-Type Complex Formation of the MBP-Fusion
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2-mercaptoethanol s 2-mercaptoethanol

H 558

MBP-2 (MBP-2), @), 2

complexation with [Zn]-BChl a (4)in OG solution at 25 *C

B oy

type:  subunit subunit subunit subunit

cooling to 4 °C

H
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complex
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Ficure 7: Schematic illustration of the assemblies of [Zn]-B@hlith the MBP2, (MBP-2),, 2, and @),. Ellipsoidal, cylindrical, and
black-rhombic portions represent MBP, polypept&l@nd [Zn]-BChla, respectively. The illustrated structure of the fusion proteins, MBP-

2, (MBP-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.

In previous experiments with reconstituted complexes, we lyzed to release MBP portion. By cooling at €, the
have observed a relation between the wavelength of Qy bandresulting complex exhibits the red-shifted Qy absorption band

and the complex size estimated by SAXS and D2§ 84). indicative of LH1-type complex (state d). This assembling
The estimated sizes correlate well with the extent of red- process should involve subunit-type complex (state c) before
shifted Qy band. The moderate red-shifted vatu&36 nm, further assembled state (d), because it takes a few days to
is indicative of the formation of LH1-type complex. reach state d at 4C. This observation clearly demonstrates

The presence or absence of the disulfide linkage shifts thethe progressive self-assembling event of hydrophobic polypep-
Qy absorption band fo2/(2), (entry 5 vs 6) by 4 nm at 4  tide to form LH1-type complex in the membrane phase.
°C. The most dramatic change (21-nm difference in the Qy  gych assembling process in the lipid bilayer involves
band) is observed fo4 and @), (entry 13 vs 14): here,  jmportant phenomena in biological aspect: insertion of
random cross-linking in the latter strongly inhibits the LH1- yembrane protein into a cell membrane, enzymatic protein
type formation. This result clearly indicates that the orienta- splicing (cleavage of signal polypeptide), followed by self-
tion of the polypeptide is an essential factor for the LH1- assembling process to form a membrane protein complex
type assembly. When an excess amount of 2-mercaptoethanqli H1 complex in this case). If one would regard the MBP
is added in the solution o#/[Zn]-BChl &, the Qy band  portion as “an anchor” or “a buoy” to regulate the orientation
and CD s!gnal_are transformed into those of an LH1-type of the polypeptide for asymmetrical photosynthetic mem-
complex identical to thed/[Zn]-BChl a complex. The  pranes, the present observation using the MBP fusion proteins

observed reassembly process frat/[Zn]-BChl a (subunit-  \ith model polypeptides is of interest. In this regard, the
type) to 4/[Zn]-BChl a (LH1-type) further supports the  present system is a unique and potentially useful tool for
importance of the orientation of the polypeptide. investigating self-assembling processes of membrane pro-

~ Transformation of the Subunit-Type to LH1-Type Complex teins. In addition, the common pigment, BCal is also
in a Lipid Bilayer. The unexpected result of subunit-type applicable to such an experimental system. This can be
Complex formation of the MBP-fusion prOteInS prompted us expected to provide more genera| aspects of such po'ypep_

to examine the assembling property in a lipid bilayer. In a tide/pigment assembly properties in a lipid bilayer.
preliminary study, we incorporated the subunit-type complex,

(MBP-2),/[Zn]-BChl a, into a lipid bilayer consisting of  CONCLUSIONS

DOPG. The assembling process is depicted in Figure 8. After

dialysis, the observed Qy band at 806 nm indicates subunit- We have described the successful expression of the
type complexation (state b). By treatment with trypsin, the bacterial LH1 polypeptides as MBP-fusion proteins by using
subunit assembly of (MBR)./[Zn]-BChl a can be hydro- E. coli expression system. To the best of our knowledge,
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Reconstitution in co-micelle
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(-0G)
"’ Lipid Bilayer
Formation

(MBP-2),/[Zn-BChl a]

"subunit-type"
complex

Dewa et al.

"subunit-type"
complex

Self-Assembly
in Lipid Bilayer |{

Ficure 8: Schematic illustration of transformation of subunit-type complex, (MB#Zn]-BChl a, (states a and b) into LH1-type complex,
(2)2/[Zn]-BChl a, (state d) in a lipid bilayer (DOPG) via trypsin-treatment process. The ratio of the components, DOP@)MBH-

BChl a, is 100/4/1. The subunit-type complex, (MBI/[Zn]-BChl a, was reconstituted in OG and DOPG comicelle solution (a), followed

by dialysis with phosphate buffer (50 mM, pH 7.0) to form a lipid bilayer (b). The resulting solution was treated with trypsifCatd37

cleave the MBP portion. The digested assemblies (c) further associate each other to form “LH1-type” complex (d). The transformation of

the complex type was judged by the Qy absorption band.

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]-BCalto 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 o2)¢ with [Zn]-BChl a,
which forms LH1-type complex at 4C, the randomly cross-
linked (4), 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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