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ABSTRACT
ffe~have sequenced a cDNA c lone, pLgSSU, which encodes the small subunit

of r ibu lose l,5-b1sphosphate carboxylase o f Lemna gibba L.G-3 a monocot p l a n t .
This clone contains a 832 basepair i nser t which encodes the en t i r e 120 amino
adds of the mature small subunit polypeptide (M r = 14,127). In add i t ion
t h i s clone encodes 53 amino acids of the amino terminal t r a n s i t peptide of the
precursor polypeptide and 242 nucleot ides of the 31 non-coding reg ion . Com-
parison of the nucl eoti de sequence of pLgSSU with Lemna gibba genomic se-
quences homologous to the 51 end of the cDNA clone suggests that nucleotides
encoding four ami no-terminal amino adds of the t r a n s i t peptide are not i n -
cluded 1n the cDNA clone. The deduced amino acid sequence of the Lemna gibba
mature small subunit polypeptide shows 70-75$ homology to the reported se-
quences of other species. The t r a n s i t peptide amino a d d sequence shows less
homology to other species. There 1s 50J homology to the reported soybean
sequence and only 25% homology to the t r a n s i t sequence of another monocot,
wheat.

INTRODUCTION

The synthesis of r ibu lose l,5-b1sphosphate carboxylase (RuBPCase), the

enzyme responsible f o r the f i r s t step of the Calvin cyc le , requires the co-

ord inate a c t i v i t i e s of the nuclear as well as the ch loroplast genome ( 1 ) .

RuBPCase contains 8 large subunits (LSI)) encoded 1n the ch loroplast and 8

small subunits (SSU) coded for by the nuclear genome. The mRNA for the SSU

polypept ide is t rans la ted i n the cytoplasm as a precursor of about 20,000

daltons which 1s subsequently t ranspor ted i n t o the ch lo rop las t , processed to

i t s mature s i ze , and combined wi th LSU to form the mature funct ional enzyme

(2 -8 ) . The SSU has been reported to be encoded by a multigene fami ly i n a

number o f species Inc lud ing Lemna (9 -13 ,15 ) .

We have reported the i s o l a t i o n of a cDNA clone encoding an SSU polypep-

t i de o f Lemna gibba (14) . Using t h i s cDNA clone as a probe we have been able

to show 1n Lemna that l i g h t rap id l y Inf luences the amount of SSU mRNA and tha t

t h i s e f f ec t of l i g h t is mediated by phytochrome. Our experiments demonstrated

that 1n Lemna phytochrome act ion can r a p i d l y in f luence the expression of the

© IRL Press Limited, Oxford, England. 8051

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/11/22/8051/2379315 by guest on 19 April 2024



Nucleic Acids Research

gene(s) encoding the SSU polypeptide, probably by Increasing t ranscr ip t ion .

We have now sequenced th is cDNA as part of characterizing th is gene family in

Lemna 1n order to be able to study the regulation of the expression of these

genes.

The complete nucleotide sequence of soybean, wheat, and pea SSU genes

have been published (9,13,15). In addi t ion, part ial nucleotide sequences from

pea, petunia, and tobacco SSU cDNAs and a complete wheat cDNA have been

reported (10,11,15-17). The sequence comparison from a number of species

should ul t imately help elucidate the function of various parts of the poly-

peptide. For example, the amino add composition of the t rans i t peptide may

be helpful for the analysis of the function of th is part of the precursor

polypeptide 1n i t s transport from the cytoplasm into chloroplasts.

The Lemna gibba SSU cDNA clone encodes 53 amino adds of the t rans i t

peptide, 120 amino adds of the mature protein and 241 nucleotides represent-

ing the 3' non-coding region of the raRNA. Comparison of the nucleotide se-

quence of the SSU cDNA clone with part ia l sequences of two Lemna gibba SSU

genomic clones suggests that the SSU cDNA clone may not encode the complete

t rans i t peptlde but may lack 4 t r i p l e t s coding for 4 ami no terminal amino

adds .

MATERIALS AND HETHODS

Isolat ion of nucleic adds

Plasmid DNA was isolated by a standard high-salt Isolat ion procedure

using Tri ton (18) or by the Holmes and Quigley method (19) using boi l ing to

lyse the bacterial spheropl asts. CsCl-eth1d1um bromide density gradient

centr i fugation was used to purify the plasmid DNA preparations.

Enzymes

Al l res t r i c t ion enzymes and DNA l igase were obtained from Bethesda

Research Laboratories (Gaithersburg, MD, USA). DNA polymerase ICI enow fragment

was obtained from New England Nuclear Corporation (549 Albany St . , Boston,

MA). Al l enzymes were used as recommended by the supplier.

Isolat ion of cDNA clones containing a copy of the SSU mRNA

The construction of cDNA clones containing a copy of the mRNA for the

Lemna SSU polypeptide has been described (14). B r i e f l y , a cDNA clone bank

derived by reverse transcript ion of to ta l poly A (+) RNA from Lemna gibba was

screened for SSU sequences by f i l t e r hybridizations using three d i f ferent

probes. As reported previously, the concentration of SSU mRNA in tissue put

Into the dark for a number of days is only a f ract ion of the SSU mRNA amount
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in light-grown plants (4,23). Therefore, those cDNA clones that hybridized

with 32P-labelled cDNA made against poly A (+) RNA Isolated from light-grown

plants and not with 32P-labelled cDNA made against poly A (+) RNA isolated

from plants put into the dark were ident i f ied as putative SSL) cDNA clones.

These recombinants were further screened with a P-labelled cDNA probe made

against poly A (+) RNA enriched for the SSU mRNA by size f ract ionat ion. Posi-

t ive recombinants from this screening were Ident i f ied as containing copies of

the SSU mRNA using the hybri d-rel ease translat ion method. One of these cDNA

clones, pLgSSU, was shown to hybridize to the Lenna SSU polypeptide mRNA (14).

DNA sequence analysis

DNA sequence analysis was performed using the chain termination method

(20-22). E. col i JM 101 cells were transformed with recombinant bacteriophage

M13 RF DNA to obtain single-stranded templates (21). M13mp7 (22), M13mp8 and

M13mp9 were used as vectors. I n i t i a l l y we used a M13 DNA sequencing k i t con-

taining a 24 bp universal primer (PL Biochemicals, Inc. Milwaukee, WI). The

sequencing reactions were performed according to the Instructions of th is k i t .

IPTG (isopyropyl B-D-thiogalactoside) and X-Gal (5-bromo-4 chloro-3 1ndoyl-B-D-

galactoside) were purchased from Bethesda Research Laboratories, a- P-dATP

(800 C1/nmol) was purchased from New England Nuclear Corp. Later 1n th is

study a 15 bp universal primer was obtained from Bethesda Research Laborato-

r ies . The gel patterns with th is primer showed fewer ambiguities than with

the 24 bp primer. Thin 6 or 81 polyacrylamide gels (40x20x0.04 cm) were used

to separate the DNA fragments. After el ectrophoresis the gels were dried onto

Whatman 3KM paper and the radioactive DNA fragments visualized by autora-

diography at room temperature without the use of Intensifying screens.

RESULTS AND DISCUSSION

The nucleotide sequence of the Lemna SSU mRNA

Figure 1 shows a res t r i c t ion map of pLgSSU (see Materials and Methods)

and the sequencing strategy used. A f i r s t attempt to clone the ent i re pLgSSU

Insert into the Pstl-s1te of M13mp7, M13mp8 or M13mp9 for sequencing of the

5' and 3' border fragments fa i led because of the GC-ta1ls present at both ends

of the sequence. Annealing of the G-tail at one end with the C-ta1l at the

other inhibi ted the action of the DNA polymerase Kl enow fragment. Therefore

we used DNA fragments generated by cleavage of the insert with two res t r i c t ion

enzymes for cloning Into the M13 vectors and subsequent sequencing. The

following DNA fragments of pLgSSU were subcloned into M13mp8 and M13mp9:
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Figure 1. Restriction enzyme cleavage map and DNA sequencing strategy for '
pLgSSU. The arrows below the cleavage map indicate the direction ana extent
of the sequencing reactions. P = Pst I ; S=Sal I ; Hf - H1nf I ; T = Taq I ; H =
Hind I I I ; D • Dde I . The open box shows the insert DNA.

a. The 160 and 700 basepair fragments generated by digestion of pLgSSU

with Pst I and Sal I.

b. The 270 and 600 basepair fragments generated by digestion of pLgSSU

with Pst I and Hind I I I .

c. The 35 and 185 basepair fragments generated by digestion of pLgSSU

with Taq I .

The fragments were ligated into M13mp8 or M13mp9 cut with Accl. The complete

nucleotide sequence of the non-coding strand of the pLgSSU Insert 1s shown

along with the deduced ami no acid sequence 1n Figure 2. The Insert has a

length of 777 basepairs without the GC-ta1ls and the poly (A) t a i l of 13

residues. Plant mRNAs have been reported to have poly (A) t a i l s averaging

about 100-200 residues (e.g. , 24). Therefore, we can Infer that the average

Lemna SSU mRNA in vivo has a length of about 900 nucleotides, 1n excellent

agreement with the length determined for this mRNA with denaturing

formal dehyde-agarose gel electrophoresis (14). The determination of the ami no

acid sequence of the Lemna SSU polypeptide was fac i l i ta ted by comparison to

SSU sequences of other species (9-11,13,15,16,25,26). Nucleotides 38-196 code

for 53 amino adds of the transit peptide. However, we think that the f i r s t

ATG t r i p l e t (nucleotides 38-40) may not be the f i r s t t r i p l e t transl ated U\

vivo. I t is possible that due to art i facts of the reverse transcription of

mRNA the 5' end of the mRNA has not been cloned (27-29). Therefore we have

compared the 51 sequence of two genomic clones of the SSU gene family 1n Lemna

(12) with the cDNA sequence. As shown below (Figure 4) th is comparison sug-

gests that the t ransi t peptide contains 4 additional amino adds not Included

in the cDNA clone. This would extend the length of the t ransi t peptide of
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H H V S T A A Y
666GG6666666666G666666TCAAAAAACA6ATATAT6AT6GTTTCCACC6CC6CC6T

10 20 30 JO 50 60

A R V R P A q T N M V G A F N G C R S S
GGCCCGCGTCCGCCCTGCCCTAGACCAACATGGTGGGCGCCTTCAACGGGTGCCGCTCCTC

70 80 90 100 110 120

Y A F P A T R K A N H D L S T I P S S G
CGTCGCCTTCCCCGCCACCCGCAAGGCCAACAACGATTTGTCGACTCTCCCCAGCTCCGG

130 140 150 160 170 180

G R V S C^M Q V W P P E 6 L K K F E T L
CGGCAGGGTTAGCTGCATGCAGGTGTGGCCGCCGGAGGGCCTGAAGAAGTTCGAGACCCT

190 200 210 220 230 240

S I F P L S S V E D L A K E V D Y L L R
CTCCTACTTCCCCCTCTCTTCCGTCGAGGACCTCGCCAAGGAGGTGGACTACCTCCTCCG

250 260 270 280 290 300

N D U V P C I E F S K E G F V Y R E N H
CAACGACTGGGTTCCCTGCATCGAGTTCTCCAAGGAGGGGTTCGTGTACCGT6AGAACAA

310 320 330 340 350 360

A S P G Y Y D G R Y W T H W K L P K F G
CGCGTCGCCCGGGTACTACGACGGGAGGTACTGGACGATGTGGAAGCTGCCCATGTTCGG

370 380 390 400 410 420

C T D A S Q V I A E V E E A K K A T P E
CTGCACCGACGCCAGCCAGGTGATCGCCGAGGTGGAGGAGGCCAAGAAGGCCTACCCCGA

430 440 450 460 470 480

Y F V R I I 6 F D N K R Q V Q C I S F I
GTATTTCGTCAGAATCATCGGCTTCGACAACAAGCGCCAAGTCCAGTGCATCAGCTTCAT

490 500 510 520 530 540

A Y K P T *
CGCCTACAA6CCCACCTAAGCTTGAAATCTAGTTGGGG6CCGCCGTACCCCCTCTCTCAA

550 560 570 580 590 600

GTTTCTATAAACTTTCCTCGGGCTCTCTGTACTGTTGCCCTTTCATTGCTGGTGACTATC
610 620 630 640 650 660

TTCAGGTCGGCTTTCGTCTTCGTCGTTAGGTGATTCTAACATGTGAGGAGCGTATTACCG
670 680 690 700 710 720

TCATATATCT6TTTTTT6ATA6TGAGAATT6TCTTAGCTT6666TATTATATAAAIIAAA
730 740 750 760 770 710

AAGTATCT6GCAATCTCTAAAAAAAAAAAAACCCCCCCCCCCCCCCCCCCC
790 800 810 820 830

Figure 2. p
Lemna gi bba L.G-5T The nucleotide sequence shown 1s that for the anticodon
strandT The deduced ami no acid sequence 1s shown above the codons. Some of
the regions discussed 1n the text are underlined: positions 23-40 and 721-739,
inverted repeat; 557-559, stop codon; 774-780, polyadenylation signal. The
arrow indicates the position of cleavage of the precursor polypeptide to form
the mature protein.

the Lemna SSU precursor polypeptide to 57 ami no adds, the same length as

found 1n pea (13) out longer than reported for soybean (9), wheat (15) and

Chlamydomonas (30). The Lemna SSU transi t peptide 1s quite basic containing

five arginine residues and one lysine, compared with only one addle residue,

aspartic acid. Possibly this basic character reflects the capacity of the SSU
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Figure 3. Restriction enzyme cleavage map of the genomic clone XLqSSU5. The
open box shows the 17000 basepairs insert of Lemna gibba genomic DNA in Charon
4. The hatched regions, A and B, are that part of the insert DNA hybridizing
with pLgSSU. The arrows below the cleavage map Indicate the direction and
extent of the sequencing reactions. R = EcoRI; B = Bam HI; H = H1nd I I I : S =
Sal I .

polypeptide precursor to bind to the negatively charged chloroplast envelope

(30).

Nucleotides 197-556 code for the mature SSU polypeptide of 120 ami no

adds with a molecular weight of 14,127. The mature Lemna peptide 1s s l ight ly

shorter than 1n wheat (128 amino acids) or pea (123 amino adds) . One of the

ajn1 no acid deletions (position 48) is located 1n a region where in soybean the

coding sequence 1s Interrupted by an Intervening sequence (9). Broglie et a l .

also found a similar deletion 1n the wheat sequence (15). The other d i f fe r -

ences are located at the 3' carboxy-terminal end of the SSU polypeptide. The

amino acid sequence has high homology to other species around the processing

si te between a cystine and methionine residue (see below). The coding se-

quence of the SSU mRNA 1s flanked at the 31 end by a TAA stop codon and 238

nucleotides. A hexanucleotide sequence "AATTAA" occurs 19 nucleotides

upstream from the poly A t a l l . Such a sequence has been found 1n many

eukaryotic mRNAs, and i t 1s proposed that 1t has a function as a signal for

polyadenyl ation or termination of transcription (31).

The nucleotide sequence of the 5'-terminal regions of two Lemna qibba SSU

genes: the 5'-termina1 ATG t r i p l e t

We have also contructed a Lemna gibba genomic DNA l ibrary (12,14). A

number of clones encoding SSU sequences were Isolated (14). Figure 3 shows

the restr ic t ion enzyme map of one of these genomic SSU clones XSSU5 which

contains 2 SSU genes, 5A and 5B. The position of the coding sequences was

established by Southern hybridization (32). The 5'-term1nal ends of the two

SSU genes were determined by Southern hybridization using a probe specific

for these regions. We used a 160 basepair fragment from the SSU cDNA clone

generated by digestion with Pst I and Sal I and purified by electrophoresis
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pLgSSU <G>22 TCAAAAAACA6ATATJATGATG

Gene 58 XGATCCGGA6TCGAGCGC6AA6AAGAGAAAGAGGGAAAGCGCGA1£6CTTCGTC6AT6AT6
Baa HI

Gen* SA CACTCATAAGAAAAGA6C :GATGGCTTCGTCGATGATG

pLjSSU

Gene 5B GCTTCCACCGCCGCAGTGGCCCGCGTCGGCCCTGCCCAGACCAACATGGTGGCGCCCTTTA

Gent SA GCTTCCACC6CCGCAGTG6CCCGCG|C)CGGCCCTGCCCA6A)G)CA)S]CAT6GTGGCGCCCTTJ^A

pLjSSU ACGGGJTGJEFG^TCCTCCGTcgCCTTCCtyGCCACCCSyAAGGCCAACAACGAfriJTGTCGACT

Gene 56 ACGGGCTCCGATCCTCCGTCCCCTTCCCGGCCACCCGGAAGGCCAACAACGACCTGTCGAC

Sen* 5A AC666CTCC6ATCCTCC6Tf|CCCTCCCC66CCACCCG[c)*A6GCCAACAACGAfn£reTC6AC,

Figure 4. Comparison of cDNA and genomic DNA 5' sequences coding for the amino
terminal end of the SSU precursor polypeptide. Genes A and B are those shown
1n Fig. 3 and Include 5 non-coding regions. The homologous sequences are
indicated.

as a 5'-terminal specific probe (see Figure 1). We found that the transcrip-

tion start site of both SSU genes are positioned in the region between the two

coding sequences (data not shown). Therefore, the direction of transcription

of both genes 1s 1n opposite directions.

In order to determine the nucleotide sequence of the region containing

the putative translation start sites, XSSlfi Sal I restr ic t ion fragments of

about 450 and 1500 basepairs were subcloned Into the Sal I s i te of pBR322

(33). The 450 basepair Sal I fragment of SSU 5B contains a Bam HI restr ic t ion

si te dividing this fragment into 183 basepair and 270 basepair fragments (see

Figure 3). The 1500 basepair Sal I fragment of SSU 5A also contains a Bam HI

restr ict ion s i te , dividing th is fragment Into a 180 basepair fragment and a

fragment of about 1300 basepairs. To determine the 5'-term1nal ends of both

Lemna SSU genes the two ^180 basepair Bam Hi-Sal I fragments were force-cloned

into M13mp8 and M13mp9. Both strands of the DNA fragments were sequenced

using the Sanger d1deo*y chain termination method (21). The nucleotide se-

quence of the 183 basepair Bam Hi-Sal I fragment of gene 5B and a part of the

nucleotide sequence of the 175 basepair Bam Hi-Sal I fragment of gene 5A 1s

shown 1n Figure 4. The Bam Hi-Sal I fragments of both genes 5A and 5B code

for 46 ami no-terminal amino adds of the SSU precursor polypeptide. Com-

parison of the nucleotide sequence coding for these 46 amino acids in genes

5A and 5B shows 95t homology. Only 7 base changes are present and of these

only three (at nucleotides 69, 84, and 87 of pLgSSU) would result 1n araino
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TheFigure 5. Comparison of amino acid sequences for mature SSU poiypeptides.
sequences are from Lanna, soybean (9), pea (10), wheat (15), spinach (25),
petunia (11), and tobacco (17). Large (5 or more) blocks of conserved ( in at
least 5 species) ami no acids are indicated.

add subst i tut ion. However, there is also an apparent deletion of one

nucleotide 1n gene 5A (at nucleotide position 124 of pLgSSU) which interrupts

the reading frame and suggests the possibi l i ty that gene 5A is a Lanna SSU

pseudogene. These genes wi l l be further characterized to answer such

questions.

Comparison of the SSU mRNA nucleotide sequence derived from pLgSSU with

these two di f ferent SSU genes shows that the cloned cDNA 1s derived from

neither. However there is 841 homology between these sequences when the f i r s t

ATG t r i p l e t of the cDNA sequence is aligned with the second ATG 1n genes 5A

and 5B (see Figure 4). In both SSU genes the f i r s t and second ATG t r ip le ts

are separated by three other t r i p l e t s , which are homologous 1n both genes.

Upstream from the genomic 5' terminal ATG t r i p l e t there 1s a considerable lack

of homology over 18 bases between the nucleotide sequences. Therefore i t is

very l i ke l y that the f i r s t ATG t r i p le t in the genomic DNA sequences represents

the f i r s t translated t r i p l e t , and we infer that the nucleotide sequence up-
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Figure 6. Comparison of ami no add sequences of SSU transi t peptides. The
sequences were deduced from L: cloned Lemna gibba cDNA (pLgSSUl) and the 5'
region of 2 genomic clones (genes 5A and 5B); S: a soybean genomic clone (SRS1)
(9); W: cloned wheat cDNA (pW9) (15); and P: a pea genomic clone (pSS36) (13).
Conserved regions are indicated.

stream from the f i r s t ATG t r i p le t in the cDNA clone may not reflect the actual

5' terminal sequence of the SSU mRNA. I t has been reported that reverse

transcription of mRNA can be Inaccurate at the 5' end (27-29). One type of

error that can be generated is an inverted repeat sequence, and in fact such

an inverted sequence can be seen in F1g. 2 in nucleotides 23-40 and 721-739.

Therefore the discrepancy between the cDNA clone nucleotide sequence and

genomic DNA nucleotide sequences might be explained by an ar t i fact created

during the cDNA cloning procedure. We infer from these data that the transi t

peptide from the Lemna SSU precursor consists of 57 ami no adds with an ami no-

terminus of M A S S...and a molecular weight of 5941. The predicted M of

the entire precursor protein 1s 20,068.

Comparisons of the Lemna sequence with other species. Surprisingly, the

greatest homology between the SSU of Lemna and other species in which the SSU

sequence has been determined 1s found 1n soybean, a dicot, rather than 1n

wheat, the only other monocot SSU sequence so far reported. There 1s a 70S

homology at the nucleotide level between the Lemna and soybean SSU coding

sequences. The currently known ami no add sequences are compared for the

mature SSU in F1g. 5, and for the t ransi t peptide 1n F1g. 6. The amino add

sequence homologies for the mature protein between Lemna and each of the other

species range from 701 (for pea and petunia) to 75t (soybean). Only 12 of the

120 ami no acids (10%) are unique to the Lemna sequence. Of these, several are

conservative substitutions (e.g., I for L). Thus, the amino acid sequence of

the mature SSU polypeptides 1s strongly conserved among diverse species of

higher plants. As noted by others (e.g. , 15), certain blocks of amino acids
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are essentially invariant; these are marked in F1g. 5. In addit ion, there 1s

charge conservation 1n areas outside the large marked blocks (amino add

positions 24, 28-31, 35-36, 86-89).

The transi t peptide comparisons show larger differences between species.

The largest areas of homology in these sequences occur at the N-terminus and

near the processing s i t e . The charged residues also tend to be conserved.

There are additional areas of homology indicated In F1g. 6. I t 1s interesting

to note that the I n i t i a l 4 amino adds of Lemna and soybean occur Internal ly

as the 6th-10th residues in the wheat sequence. In addit ion, the N-term1nal

ami no add sequence of a Lemna light-harvesting chlorophyll a/b-prote1n clone

(14) encoding an entire precursor polypeptide, is also H A A S (G.A. Neumann,

C.F. Wimpee, and E.M. Tobin, unpublished work). Perhaps this sequence 1s a

part of the recognition process between chloroplasts and cytopl asmically

synthesized chloroplast proteins.

The Lemna t ransi t sequence shows about 50$ homology to soybean, 4Ot to

pea, and only 25$ to wheat. Evolut1onar1ly Lemna 1s more closely related to

wheat than to soybean. Berry-Lowe et a l . (9) have predicted two types of SSU

gene in soybean, one strongly related to pea and one which 1s less homologous.

I t would be Interesting 1f another Lemna gene with a t ransi t peptide more

similar to the wheat sequence were found. I f this were the case, i t would

imply that the subfamilies of SSU genes arose before the divergence of

monocots and dicots.
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