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Abstract—The peripheral light-harvesting complex II (LHII) is an important component of the photosynthetic apparatus of
Rhodobacter sphaeroides. In this study, genetic, biochemical, and spectroscopic approaches were applied to investigate the
spectral properties and functions of LHII in which two amino acid residues Phe32 and Leu42 in the transmembrane helix
domain of pucB-encoded -apoprotein were replaced by Leu and Pro. The mutated LHII complex showed blue shift of
absorbance peaks in the near infrared region at ~801-845 nm in R. sphaeroides. It should be noted that the B§00 peak was
much lower than that of the native LHII, and transfer energy was efficient from the B800 to the B850 pigments in the LHII
complex. The results suggest that the mutated pucB could be expressed in R. sphaeroides, and the functional LHII was
assembled into the membrane of R. sphaeroides notwithstanding with the different spectral properties. These mutated

residues were indeed critical for the modulation of characteristics and function of LHII complex.
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Photosynthesis is the single most important process
developed by nature, providing all of the biological ener-
gy needed for higher forms of life to exist. The photosyn-
thetic apparatus of the purple bacterium Rhodobacter
sphaeroides consists of a photochemical reaction center
(RC) surrounded and interconnected by light-harvesting
(LH) complexes. The LHI complex is the immediate
donor of excitation energy to the RC, and it receives
energy in turn from the peripheral LHII complex [1, 2].

The bacteriochlorophyll (BChl)-containing LHII
complex is an integral membrane protein that catalyzes
the photosynthetic process in purple photosynthetic bac-
teria. The LHII complexes from R. sphaeroides show
characteristic strong absorbance at 800 and 850 nm [3]
due to the bacteriochlorophyll molecules confined in two

Abbreviations: BChl, bacteriochlorophyll; ICM, intracytoplas-
mic membranes; LB, Luria—Bertani medium; LHI(II), light-
harvesting complex I(II); PCR, polymerase chain reaction;
PMSEF, phenylmethylsulfonyl fluoride; RC, reaction center.

* To whom correspondence should be addressed.

separate areas of the protein and are composed of two
pigmented integral membrane-spanning polypeptides, o
and B, that anchor BChl and carotenoids in the mem-
brane [4, 5].

It has been reported previously that the puc operon
of R. sphaeroides consists of the pucBA structural genes
encoding the LHII a- and B-polypeptides and an addi-
tional pucC gene; pucC affects the posttranscriptional
expression and assembly of the LHII a- and B-polypep-
tides [6, 7].

LHII is a complicated complex. It is well established
that assembly of the peripheral antenna complex, LHII,
is required for proper photosynthetic membrane biogene-
sis in the purple bacterium R. sphaeroides. The underlying
interactions of lipid—protein and BChl—protein are, as
yet, not well understood [8-11].

It was reported by Kwa et al. that the LHII complex,
specifically B-Glu20 and the polar head group of
carotenoids, contributes to the shaping of the photosyn-
thetic membrane by specific interactions with surround-
ing lipid molecules [12]. Previous work had shown that
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changing B-His20 to Ser resulted in an LHII protein that
lacked 800-nm-absorbing BChl in R. capsulatus [13].

Alterations at positions a-Tyr44 and a-Tyr45 in the
LHII complex of the photosynthetic bacterium R.
sphaeroides are known to produce blue shifts in bacterio-
chlorophyll absorbance [14].

In LHII, large portions of the transmembrane
helices make up the dimeric BChl or lipid-binding site
[15, 16]. In this study, we replaced two residues near the
BChl-binding site of the transmembrane helices of pucB
of R. sphaeroides. Replacement of both residues results in
a blue shift of antenna LHII complexes in the membrane,
which have energy transfer function.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Riodobacter
sphaeroides W1 (wild type, Chinese Collection of
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Microorganisms, Beijing, China) and R. sphaeroides
DD13 [17] (genomic deletion of puc BAC and pufBALMX,
insertion of Sm® and Km® genes) were grown aerobically
or semi-aerobically under dark conditions in medium
M22+. When required, antibiotics were added to M22+
at the following final concentrations: streptomycin (10 pg/
ml), tetracycline (2 pg/ml) [18]. The semi-aerobic incu-
bation was achieved by growing the bacteria in 500 ml
conical flasks filled with 70% volume medium at 34°C
with 150 rpm agitation [19].

Escherichia coli IM109 and S17-1 were cultivated in
Luria—Bertani (LB) medium at 37°C. The final concen-
trations of antibiotics were as follows: ampicillin (100 pg/
ml), tetracycline (50 ug/ml).

Bacterial strains, plasmids, and oligonucleotides
used for PCR amplification are listed in the table.

DNA preparation and PCR amplification. Cultures of
R. sphaeroides W1 from the logarithmic growth phase
were collected, and chromosomal DNA was extracted as

Bacterial strains, plasmids, and primers

Description Reference
Plasmids
pMD18-T Amp'; 2.8 kb, PCR product cloning vector Takara
pMDI18-T-pucBA Amp"; pMD18-T with 346 pb PCR product containing pucBA this work
pRKpucC; pRK415 containing puc promoter and pucC of R. sphaeroides, Tc" Fig. 1
pRKpucBAC; pRKpucC containing the Sacl/BamH] fragment form pMD18-T-pucBA, Tc' this work
pRKpucBmAC; mutagenesis pucB in pRKpucBAC, Tc' "=
Bacterial strains
R. sphaeroides W1 wild type
R. sphaeroides DD13; genomic deletion of pucBA, pufBALMX, insertion of Sm® and Km® [17]
Escherichia coli
JM109 recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl A(lac-proAB) Takara
S17-1 Tp" Sm" hsdR pro recA RP4-2-Tc::Mu-Km::Tn7 in chromosome [19]
DD13(pRK415); DD13 containing the plasmid pRK415 this work
DD13(pRKpucBAC); DD13 containing the plasmid pRKpucBAC —"—
DD13(pRKpucBmAC); DD13 containing the plasmid pRKpucBmAC —"—
Primers
pucBA (F): 5'-AAGCTGAGCTCCATATGACTGACGATCTGAACAAAG-3'
pucBA (R): 5'-AAGGATCCTTACTCGGCCGCGACCGCAGCCGAGCCTTG-3' (cloned pucBA)
pucBm (F): 5-CGGCACCCGCGTCTTGGGTGGCATGGCGCTCATCGCGCACTTCCCC-
GCCGCCGCTGCG-3
pucBm (R): 5'-CGCAGCGGCGGCGGGGAAGTGCGCGATGAGCGCCATGCCACCCAA-
GACGCGGGTGCCG-3' (mutagenesis for pucB)
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Fig. 1. Structure of LH expression vector pRKpucC (derived from pRK415).

previously described [20]. The pucBA genes from the R.
sphaeroides were isolated using PCR, cloned into the
pMDI18-T plasmids, and sequenced to check their
authenticity.

Construction of plasmids. The mobilizable plasmids
used in this study were based on pRKpucC (see Fig. 1),
which was used to express the pucB and pucA of R.
sphaeroides. The plasmid pRKpucC (Tc") was derived
from pRK415 encompassing puc promoter and pucC gene
of R. sphaeroides. Standard procedures were used for plas-
mid isolation, restriction endonuclease digestion, liga-
tion, and other molecular biological techniques [21].

The pucB fragments (containing engineered Sacl-
Xbal ends) and pucA fragments (containing engineered
Xbal-BamHI ends) of R. sphaeroides were cloned into the
Sacl-Xbal and Xbal- BamHI sites of pRKpucC to produce
pRKpucBAC, and the resulting constructions were con-
firmed by DNA sequencing.

Construction of pucB mutant containing LHII. LHII
with Leu32 and Pro42 instead of Phe32 and Leu42 was
constructed using a Site-Directed Mutagenesis Kit by
directly mutating pucB in plasmid pRKpucBAC according
to the manufacturer’s instructions. The oligonucleotides
of PCR used for mutagenesis pucB are listed in the table,
so pRKpucBmAC was constructed [22, 23].

Conjugation techniques. The constructs were intro-
duced into R. sphaeroides DD13 by conjugative transfer.
The mobilizable plasmids to be introduced into R.
sphaeroides were first transformed into E. coli strain S17-
1, and then matings were performed as described in [24].
Transconjugants were grown aerobically in the dark on
plates of medium M22+ supplemented with appropriate
antibiotics: 2 pug/ml tetracycline and 10 pg/ml strepto-
mycin.

Preparation of intracytoplasmic membranes (ICM).
Following conjugative transfer, antibiotic-resistant strains
were further screened for the presence or absence of light-
harvesting complexes by absorption spectroscopy.
Rhodobacter sphaeroides strains were grown under semi-
aerobic or aerobic conditions in the dark at 34°C.
Cultures were centrifuged, washed, and resuspended in
50 mM Tris-HCI (pH 8.0) containing 2.5 mM magne-
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sium acetate and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Cells were disrupted in a French pressure cell,
followed by centrifugation at 2000g for 20 min. The ICM
were purified by harvesting from the interface of sucrose
step gradients (15%/40%, w/w) after centrifugation in a
Beckman Ti45 rotor at 27,000 rpm for 8 h.

Absorption spectroscopy. The absorption spectra of
transconjugant strains were measured from 700 to 900 nm
at room temperature on a Lambda-2 spectrometer
(Perkin-Elmer, USA); DDI13(pRK415) was used as the
reference sample.

ICM were suspended in 10 mM Mops, 50 mM KCI
(pH 7.2). Absorbance spectra in the VIS/NIR spectral
region at room temperature were recorded on a Lambda-
2 spectrometer; the reference was the ICM of
DDI13(pRK415) [25, 26].

Excitation transfer measurement. Fluorescence
emission spectra were measured at room temperature
using an LS50B spectrofluorimeter (Perkin-Elmer). ICM
from semi-aerobically grown cells were diluted to
absorbance AN = 0.05 in 50 mM Tris-HCI, pH 8.0. The
sample was excited at different wavelengths, and the fluo-
rescence was measured with the spectrofluorimeter as
described in [18, 27].

RESULTS

Analysis of mutagenesis of pucB-encoded polypep-
tides. Through site-directed mutagenesis, C*® and T'* of
pucB were replaced by G and C, so Phe32 and Leu42 of
pucB were replaced by Leu32 and Pro42 in pucBm; they
are near putative H-bonded residues (see Fig. 2). Leu,
Pro, and Phe are nonpolar hydrophobic amino acids, so
the mutations did not change the characteristics of the
amino acids, only their category.

The DAS Transmembrane Prediction server predic-
tions suggested that the pucBm polypeptide contains only
one transmembrane helix domain between Val21 and
Ala46, and 3D structure predicted by SwissModel
Automatic Modelling Mode revealed that the templates of
pucB and pucBm polypeptides were automatically based
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---------- ATLTAEQSEELHKYV IDGTRVFLGLALVAHFLAFSATPWLH

R. sphaeroides-b MTDDLNKVWPSGLTVAEAEEVHKQL | LGTRVFGGMAL | AHFLAAAATPWLG
R. sphaeroides-bm MTDDLNKVWPSGLTVAEAEE VHKQL | LGTRVLGGMAL | AHFPAAAATPWLG
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Fig. 2. Comparison of the apoprotein between pucB and pucBm of Rhodobacter sphaeroides and pucB of Rhodopseudomonas acidophila 10050.
The underlined and residues in the -subunits have been shown to have a role in the regulation of the spectral properties of the LHII. The
polypeptide contains the transmembrane helix domain between Val21 to Ala46; the transmembrane helices are indicated by boldface type.
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Fig. 3. Absorption spectra of membrane of transconjugant
strains: /) DDI13(pRKpucBAC); 2) DDI13(pRKpucBmAC); 3)
DDI13(pRK415); 4) DD13.

on B-apoprotein of LHII from Rhodopseudomonas aci-
dophila 10050 (RA 10050), whose three-dimensional crys-
tal structure has been determined with a high degree of
resolution [28]; their sequence identities were 66 and 61%,
respectively. Sequence analyses were performed with
DNAMAN or web tools (http://www.sbc.su.se/~miklos/
DAS/ and http://swissmodel.expasy.org/workspace).

Absorption spectroscopy of transconjugant strains
and membranes. The absorption spectrum of the trans-
conjugant strain DDI13(pRKpucBmAC) was similar to
that of strain DD 13(pRKpuc BAC), which showed the typ-
ical LHII absorption peaks at 800 and 850 nm. This
means that the pucB mutant containing LHII has the
same characteristics as R. sphaeroides DD13 (data not
shown).

After spectroscopic analysis of the strains, their mem-
branes were extracted for further spectroscopic analysis.
The room temperature absorption spectra of membranes
prepared from the transconjugant strains are shown in Fig.
3. The absorption spectra of the membranes from
DDI13(pRKpucBmAC) and DDI13(pRKpucBAC) showed
the typical LHII absorption peaks at 800 and 850 nm.
Furthermore, the absorption properties of the synthesized

LHII complexes containing pucB mutant differed from
those of R. sphaeroides native LHII (A,,, = 800 and
850 nm). The LHII complex from the pucBmA gene pair
showed blue shifted absorption peaks in the near infrared
at 801 and 845 nm, and the 800 nm peak of
DDI13(pRKpucBmAC) was much lower than that of
DD13(pRKpucBAC).

The spectra are scaled to reflect the level of LHII
complex per cellular membrane amount as quantified by
total membrane protein. It is clear that LHII arising from
the gene pucBmA is present at comparatively low level; the
expressed mutated LHII is less than that of native LHII of
R. sphaeroides in DD13.

Energy transfer within LHII complexes. The expres-
sion of mutated LHII complexes depends on demonstra-
tion that the complexes are still functional, i.e. that they
can harvest and transfer light energy.

To measure the ability of the 800 nm absorbing pig-
ments to transfer energy to the 850 nm pigments within

Fluorescence, arbitrary units

l
800

750 850

Wavelength, nm

Fig. 4. Near infrared region of the fluorescence excitation spectra
for membranes from the following strains: DD13(pRKpucBmAC)
(solid curve), DD13(pRKpucBAC) (bold curve). As the wavelength
of excitation was varied from 750 to 850 nm, the emission of fluo-
rescence was registered at 900 nm.

BIOCHEMISTRY (Moscow) Vol. 74 No. 7 2009



MUTAGENESIS OF pucB OF LHII in Rhodobacter sphaeroides

the synthesized mutated LHII complexes, excitation
spectra in the near infrared region of the spectrum were
measured. This technique measures the ability of the
800 nm absorbing pigments to transfer energy to the
850 nm pigments, from which fluorescence is detected at
900 nm.

The absorption and emission spectra suggest that the
mutated LHII complexes are able to transfer energy from
their B80O to their B850 pigments. It can be seen that the
800 nm absorbing pigments within the mutated LHII are
able to produce emission at 900 nm from the B850 band.
The R. sphaeroides native LHII is the same.

Figure 4 shows the near infrared region of the fluo-
rescence excitation spectra for membrane-bound com-
plexes from the LHII-only strains DD13(pRKpuc BmAC)
and DD13(pRKpucBAC). It shows that energy is efficient-
ly transferred from the B80O to the B850 pigments in the
synthesized mutated LHII complexes.

DISCUSSION

In recent years, understanding of membrane protein
structure and function has been greatly advanced. The
interplay of lipids, pigments, and membrane proteins has
been recognized to be vital for maintaining and optimiz-
ing their functions [29]. The ways through which mem-
branes are formed into particular functional structures
has gained recent attention. The number of factors known
to be involved in membrane maturing and maintenance
of particular membrane structures is continually increas-
ing and has given some insight into the complexity of
these processes.

The B-Arg30 and B-His40 residues of pucB from R.
sphaeroides LHII are putative ligands of B800-850 pig-
ments [2, 3]. Visschers reported that pigment was not
incorporated in the complex for the site-specific mutant
(BHis22—Ser) of the peripheral (B800-850) light-har-
vesting complex of R. sphaeroides |30]. Alteration of the
residue B-Glu20 and the carotenoids of LHII results in
altered ICM morphology [12].

In this study, only two amino acid residues near [3-
Arg30 and B-His40 in the transmembrane helix domain
of pucB-encoded B-apoprotein, Phe32 and Leu42, were
replaced by Leu32 and Pro42 in the pucBm-encoded
polypeptide. The mutated LHII complex showed blue
shifted absorption peaks in the near infrared at 801 and
845 nm, and the 800 nm peak of DDI13(pRKpucBmAC)
was much lower than that of DD13(pRKpucBAC). These
characteristics were possibly induced by the 3D structure
change of LHII for the pucB mutant. The mutagenesis
near -Arg30 and $-His40 of pucB affected the interac-
tions lipid—protein and BChl—protein, the “integral pro-
tein lipids” and “integral protein BChI” were usually
within a membrane protein or a membrane protein com-
plex [10, 11], and the assembly of the LHII complexes is
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highly dependent on the particular side chain of the
residues at this position in the helix.

Substitution of the residues at position 3-32 and -
42 with different residues but still nonpolar hydrophobic
amino acids residues, LHII shows a lowered 800 nm
absorption peak (see Fig. 3). Figure 4 (solid line) shows
that for the mutated LHII complex the excitation peak at
800 nm demonstrates that some B800—B850 transfer
occurs; there are indications of some energy transfer from
the B800 to the B850 pigments, but the efficiency of this
process needs to be quantified.

The mutagenesis studies suggest that these residues
are indeed critical for the binding and functional modu-
lation of the LHII complex. We demonstrate that muta-
genesis does induce significant alterations to the tertiary
structure of the LHII complex.

The crystal structures of LHII proteins isolated from
Rps. acidophila strain 10050 [28] and Rhodospirillum
molischianum have been reported, and this work is helpful
in understanding the crystal structure of LHII from R.
sphaeroides [31], which is still not determined.

This work opens up the possibility of creating site-
directed LHII mutants from bacteria for which no genet-
ic system is available. This is particularly significant for
understanding the structures and functions of LHII from
purple photosynthesis bacteria.
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