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Nucleotide Sequence of the Chloroplast Gene for the
Large Sub-unit of Ribulose-l,5-bisphosphate

Carboxylase/Oxygenase from Hevea brasiliensis

CHEONG KAY FONG* AND KOH CHONG LEK**

A shotgun genomic library of the chloroplast DNA (ctDNA) of Hevea brasiliensis {clone
RRIM600) was constructed with the plasmid cloning vector pUC19 mEscherichia coli. The
gene, rbcL, for the large sub-unit (LS) ofribulose-l,5-bisphosphate carboxylase/oxygenase
(Rubisco) was isolated by first screening the library by colony hybridisation and then con-
firmation by Southern hybridisation with a radiolabelled DNA probe that contains the
internal sequence ofrbcLfrom tobacco, Nicotiana tabacum. Sequence data indicated that the
Hevea rbcL gene contains an open reading frame of 1425 nucleotides encoding a protein of
475 amino acid residues. Conserved sequences in the gene and LS protein were detected.
Palindromic sequences which may form intrastrand stem-loop structures for the termination
of transcription were encountered at the 3' non-coding region of the gene.

In plants, ribulose-l,5-bisphosphate carboxy-
lase/oxygenase (Fraction I protein; Rubisco;
EC4.1.1.39) is an important bifunctional
enzyme located in the chloroplast stroma. This
enzyme, through its carboxylase activity, is
responsible for the cardinal step in photo-
synthetic CO2 fixation: it also catalyses the
process of photorespiration with its oxygenase
activity'.

Rubisco is a holoenzyme, consisting of eight
large sub-unit (LS) polypeptides (Mr53 000)
and a similar number of small sub-unit
polypeptides (MT12 000-14 OOO)2. The LS pro-
tein is known to contain the active sites of the
enzyme. In higher plants, the LS protein gene
(rbcL) is located in the chloroplast genome3,
whereas the small sub-unit protein gene (rbcS)
is in the nuclear genome4. Therefore, the syn-
thesis of functional Rubisco enzyme clearly
depends on the expression of two distinct com-
partmentalised genetic systems.

Complete nucleotide sequences of rbcL
have been determined from plants of diverse
taxonomic groups: the algae such as Chlorella

ellipsoidea5, Astasia longa6, Olisthodiscus
luteus7. and Bryopsis maxima^; the bryophyte
Marchantia polymorpha9: the pteridophyte
Angioteris lygodiifoliaw: the gymnosperm
Pseudotsuga menziesii11', and the spermato-
phytes such as Zea mays12. Spinacia olera-
cea1^, Nicotiana tabacum14, Oryza saliva15,
and Ipomoea purpurea](>. Sequence data of
rbcL have been used in the study of plant
systematics (including the extinct genera17-18)
for the establishment of phylogenetic relation-
ships19-20.

Hitherto, there is no sequence information
on the rbcL gene of Hevea brasiliensis. In
view of its importance in photosynthesis, the
cloning and nucleotide sequence of its coding
and 3' non-coding regions are reported.

MATERIALS AND METHODS

Leaves of Rubber Trees, Plasmids,
Bacteriophage and Bacterial Strains

Fresh young leaves were harvested from H.
brasiliensis (RRIM 600) clonal source bushes
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at the Rubber Research Institute of Malaysia
Experiment Station, Sungai Buloh, Selangor
Darul Ehsan. Recombinant plasmid pTB27 har-
bouring 5amHI-fragment 22c that contains an
internal sequence of the tobacco (N. tabacum)
rbcL gene21 was a generous gift from Pro M.
Sugiura, Nagoya University. Japan. Plasmid
pUC19and phageM13mp!8 were used as vec-
tors for cloning and DNA sequencing respec-
tively, and were grown in Escherichia coli
DH5a and DH5aF' respectively.

Enzymes, Antibiotic, and DNA Markers

Restriction endonucleases BamHl. Clal.
£c0RI, Hindi, and Hindlll were from New-
England Biolabs, USA. Ampicillin, from
Sigma Chemical Company. USA, was used at a
final concentration of 50 ug/ml. DNA size ref-
erence markers, 1 kilobase pair (kb) DNA lad-
der, were from Life Technologies, Inc.. USA.

General Methods

Media and growth conditions used for the
propagation and selection of E. coli, with and
without plasmid or phage, were as described
by Sambrook et a!.22

DNA Techniques
Chlorophast DNA (ctDNA) was prepared

from young leaves of RRIM 600 by the
methods of Palmer2^ and Herrmann et a/.24,
with modifications. Standard methods described
elsewhere22 were used in the preparation of
plasmid DNA, restriction endonuclease diges-
tions, agarose gel electrophoresis in Ix TBE
buffer (89 mM Tris, 89 mM boric acid, and 2.5
mM EDTA, pH 8.3). ligations, transforma-
tions, transfections, labelling of DNA with
[a-32P] dCTP by the random primed method25,
colony and Southern26 hybridisations, auto-
radiography, preparation of single-stranded
DNA templates from recombinant M13mpl8
for sequencing, and electrophoresis on 6%
acrylamide-7 M urea gels to resolve the pro-
ducts of sequencing reactions.

Chloroplast DNA Genomic Library

A shotgun genomic library of the ctDNA
of RRIM 600 was constructed by ligating
together fiamHI-generated ctDNA fragments

and fiomHI-digested pUC19 and transforming
E. coli DH5a with the ligation mixture to
ampicillin resistance.
Isolation of Hevea rbcL Gene

The ctDNA genomic library was screened
by probing E. coli DH5a transformant colonies
harbouring recombinant pUC19 plasmids with
radiolabelled BamHI-fragment 22c excised
from pTB27 with BamHl. The Hevea rbcL-
contoining insert excised from the recombinant
pUC19 from the positive clone was then con-
firmed by Southern hybridisation.

DNA Sequencing and Sequence Analysis
The Hevea r£>cL-containing insert from the

recombinant pUC19 was sub-cloned into
M13mpl8 in two orientations. The nucleotide
sequences of both strands were determined by
Sanger's dideoxyribonucleotide chain ter-
mination method27 using the M13 universal
primer or synthetic primers, Taq DNA poly-
merase, and [a-35S] dATP. Synthetic oligonu-
cleotides were designed based on sequence
generated earlier and used as primers to con-
tinue sequencing. Nested deletions generated
with Cyclone Biosystem I kit (International
Biotechnologies, Inc., USA) were also used to
obtain the double-strand sequence data which
were then analysed with the DNA Inspector™
He software (Textco, Inc. USA).

RESULTS AND DISCUSSION

Cesium chloride density gradient purified
ctDNA from young leaves of RRIM 600 was
digested separately with BamHl. Clal, EcoRl,
Hindi, and Hindill. Restriction fragments
generated from each of these digestions were
probed by Southern hybridisation with radio-
labelled SamHI-fragment 22c excised from
pTB27. In each digestion, a restriction frag-
ment hybridised with the probe (data not
shown), indicating that the heterologous probe
from tobacco could detect the rbcL gene from
Hevea ctDNA.

Results from colony hybridisation indicated
that an ampicillin resistant E. coli transformant
in the shotgun genomic library of the ctDNA
of RRIM 600 harboured a recombinant pUC 19
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carrying the rbcL gene. The recombinant
plasmid, designated pHBB24, was purified
and digested with BamHI to release an insert
of 3.1 kb (Figure /«, lane 1). The result from
Southern hybridisation confirmed the presence
of the rbcL gene on this insert (Figure Ib,
lane 1).

When pHBB24 was digested with EcoRl
or Bamli] and EcoRI, it released a 1.7-kb
fragment (Figure la, lanes 2 and 3) that
hybridised with fragment 22c excised from
pTB27 (Figure Ib, lanes 2 and 3) that
hybridised with fragment 22c excised from
pTB27 (Figure Ib, lanes 2 and 3), This 1.7-kb
EcoRl fragment was eventually sub-cloned in
the EcoRl site of M13mpl8 in two orienta-
tions for sequencing.

Figure 2 shows the coding and the 3' non-
coding nucleotide sequences of the rbcL gene
of RRIM 600. Like the sequences of maize'2,
spinach13, tobacco14, liverwort9, rice13, and 7.
purpurea16, the Hevea rbcL has a 5-base pair
(bp) consensus sequence (GGAGG), the puta-
tive ribosome binding site or the Shine-
Dalgarno28 sequence, at 10 bp upstream of the
translation initiation codon (AUG). The cod-
ing region of the rbcL gene has a length of
1425 nucleotides and terminates with a UAA
codon. In the 3' non-coding region, palin-
dromic sequences which may form two
intraslrand stem-loop structures14-29 (Figure 3)
are present, Such structures are important for
the termination of transcription of chloroplast
and other prokaryotic genes.

( a ) (b)

Figure 1. (a) Ethidium bromide-stained 0.7% agarose gel ofBamHI-digestedpHBB24 (Lane 1),
EcoRI-digested pHBB24 (Lane 2), BamHI and EcoRI-digested pHBB24 (Lane 3), EcoRI-digested
pUCI9 (Lane 4), undigested pUC 19 (Lane 5), and 1 kb DNA ladder (Lane 6). (b) Results of
Southern blot hybridisation and autoradiography of the gel in fa), with 32P-labelled BamHI-frag-
ment 22c excised from pTB27 as the probe.
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GTGGGTAATG7ATTTGGGTTCAAAGCCCTA CGCGCCCTACGTCTGGAGGATTTGCGAATC
Haelll

CCTCCTGCTTATTCTAAAACTTTCCAAGGG CCGCCTCAl'GGCATCCAAGTTGAGAGAGAT

AAATTGAACAAGTATGGTCGCCCCCTATTG CG'ITGTACTATTAAACCAAAATTGGGTCTA

7CCGCTAAGAATTACGGTACAGCAGTTTAT GAATC-TCTTCC-CGGTGGACTTGATTTTACC

AAAGACGATGAGAATGT-GAACT-CCCAACCA '['TTATGCGTTGGAGAGACCGTTTCTTATTT

TGTGCCGAAGCAATTTATAAAGCACAGGCT GAAACAGGTGAAATCAAAGGACATTATTTG
Ps!: I

AATGCAACTGCAGGTACATGCGAAGAAATC- ATCAAAAGGGCTGTATTTC-CCAGAGAATTA
Kin:.

GGAGTTCCTATCGTAATGCATGACTACTTA ACAGGGGGATTCACTGCAAATACTAGCTTG
h'rai

GTATGGAAGGAAATTAAATTTGAATTTGAA GCAGTGGATACTTTGTA^GGTGAAACCCAC

TAATTGACGTTGCGTTCTCTTAATTGAATT GCAATTAAACTCGGCCCA/.TCTTTTTTTTT
- -+• -+-- --+• --f- -̂

TTAGTAAAAGGATTGAGCCGAATACAAAGA "CCTAATACAAGAATCCTACTGTATATAT'T
-* •*-- - -* - -

TTTGATAGATAGATATTT

574

534

694

754

814

874

934

994

1054

1114

1174

1234

1294

1354

1414

1474

1534

1594

1612

Figure 2. Nucleotide sequence of the Hevea rbcL gene. Restriction endonuclease recognition sites
are shown in the sequence as bold prints. Palindromic sequences capable of forming transcription
stem-loop termination structures are indicated by broken arrows. The translation initiation and
termination sites are indicated by italics. The putative ribosome binding site is double-underlined.
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Figure 4 shows the deduced amino acid
sequence of the Hevea LS protein encoded by
the rbcL gene. This protein has a length of 475
amino acid residues and has a molecular
weight of 52 657. It is smaller than its counter-
part in tobacco by two amino acid residues14.
The amino acid residues between positions
117-132 of the protein form the sequence for
the small sub-unit binding site. This sequence
is very similar to the corresponding sequences
in the LS proteins from maize12, spinach1-,
tobacco14, and /. purpurea[<3.

When the LS proteins of Hevea, maize12,
spinach1-1, tobacco14, and /. purpurealfl were
compared, the amino acids present in or at the
vicinity of the proposed catalytic sites were
found to be well conserved. In Hevea, these
amino acid sequences correspond to positions
165-177, 321-339, and 451-466 of its LS
protein. A number of amino acid substitutions
were noted in these conserved sequences. For
example, in Hevea LS protein, at position 328
alanine replaced serine in the LS proteins of
maize, spinach, and tobacco, and at position

C G T T C T

1459

Figure 3. Possible stem and loop secondary structures formed by paiindromic sequences (horizon-
tal arrows) at the 3' non-coding region (transcription termination) of the Hevea rbcL gene.
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KSPGTETKAS

EEAGAAVAA3

VAYPLDLFSE

PPHGIQVERD

KDBENVNSQP

IKRAVFAREL

IDRQKNHGMH

DD7IEKDRSR

QFCCCTLGHP

WSPELAAACE

RVTPQPGVPP

PGEENQYTAY

FPAY3KTFQC

ECLRGGLDFT

NATAGTCEEM

LHIHRAMHAV

ITLGFVDLLR

TEIPGDDSVL

GNDIIRSASK

Figure 4. Amino acid sequence of the Hevea LS protein as deduced from its rbcL gene nucleolide
sequence. (Single and double underlines indicate the regions containing the small sub-unit binding
site and the active sites, respectively. Amino acid residues to which RuBP binds are in bold print).

466 lysine replaced arginine in the LS protein
of/, purpurea.

The cluster of nine histidine residues with
four of them in two histidine-isoleucine-

histidine sequences as reported in the LS pro-
tein of maize12 is also present in the Hevea LS
protein. In Hevea, this histidine cluster is with-
in positions 267-327, and as in maize, is
located nearer to the N-terminal of the active

TABLE 1. CODON USAGR POR THR TRANSLATION OR THR HEVEA LS PROTRIN RROM ITS rbcL GENE

Codon
(Arninoacid)

AAA (lys)

ACA (thr)

AGA (arg)

AUA (ile)
CAA (gin)

CCA (pro)

CGA (arg)

CUA (leu)
GAA (gJu)

GCA (ala)
GGA (gly)

GUA (val)
UAA (STOP)

UCA (ser)

UGA (STOP)

UUA (leu)

No. of
usage

19
6

6

Codon
(Amino acid)

No. of
usage

AAC (asn) 3
ACC (thr) 7

AGC (ser) 3

1 ACU file) 9

10 CAC(his) 5

5

6

10

22

15

CCC (pro) 2
CGC (arg) 4

CUC (leu) 0

GAC (asp) 6

GCC (ala)

14 GGC (gly)

15 GUC (val)

1 UAC (tyr)
2

0

UCC (ser)

UGC (cys)

8 UUC (phe)

7

2

1

5
4

3

8

Codon
(Amino acid)

AAG (lys)
ACG (thr)

AGO (arg)

AUG (met)

CAG(gln)

CCG (pro)
CGG (arg)

CUG (leu)

GAG (glu)

GCG (.ala)

GGG (gly)

GUG (val)
UAG (STOP)

UCG (ser)

UGG (trp)
VUG (leu)

No. of
usage

5

0

1

Codon
(Amino acid)

No. of
usage

AAU (asn) 12

ACU (thr) 17

AGU (ser) 3

8 , AUU(ile) 13

2 CAU (his) 9

2 CCU (pro) 14

0

3

11

CGU (arg) 12

CUV (leu)

GAU (asp)

1 GCU (ala)

8 GGU (gly)

4 GUU (val)

0 UAU ( tyr)
0 UCU (ser)

8 UGU (cys)

10 ' UUU(phe)

9

22

22

22

12

13

6

5

13

LSI
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site between positions 321-339. This cluster
may play a role in maintaining enzyme acti-
vity, perhaps by chelating Mg2+. Similar his-
tidine clusters are also present in the LS
proteins of spinach1 \ tobacco14, and /.
purpurea 16

Table I shows the codon usage of the Hevea
rbcL gene. Of the sixty-one codons encoding
the twenty amino acids, four were not used.
Codon usage was not random for a number of
amino acids. For instance, the codons AGG
and CGG for arginine, CUC and CUG l o t
leucine. and UCA and UCG for serine u c i c
rarely used. On the other hand, the codon GCL
for alanine, GAU for aspartic acid, AAU for
asparaginc, GAA for glutamic acid. AAA for
lysine, CCU for proline, and ACU for
threonine were frequently used. Like the rbcL
of Z. may.?12, there is a strong bias towards the
adenine and uracil as the rhird base in the
codons used. This results in a lower G + C con-
tent of the gene. Just like the rbcL of Ar.
tabacum1^. the termination codon UAA was
used.

CONCLUSION

The plastid-encoded rhcL gene of H, brasi-
liensis (clone RR1M 600) has been isolated and
sequenced. The He\ea gene shows great simi-
larity with the nucleotide sequences reported
from the rbcL gene of other plants9-12 16.
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