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We have isolated 4 cDNA clones encoding the full-length sequence of the eukaryotic ribosomal protein
RL44 from upland cotton (Gossypium hirsutum L.). Sequencing of these clones resulted in the classification
of 2 subfamilies of RL44; these subfamilies had coding regions (315 bp) which were 92% identical. RL44-
1 (454 bp) and RL44-2 (485 bp) constitute subfamily 1, whereas RL44-3 (913 bp) and RL44-5 (541 bp)
constitute subfamily 2. The differences in nucleotide sequences, however, occurred only at third codon
positions and the resulting amino acid sequences of the two RL44 subfamilies were identical. The ORF
encoded a protein of 105 residues with a M, = 12029. A bipartite nuclear targeting sequence was identified
from residues 29 to 43. © 1996 Academic Press, Inc.

Eukaryotic ribosomes are complex structures containing 3 to 4 rRNAs and 70 to 80 distinct
proteins. The genomic organization and the regulation of genes encoding ribosomal proteins
(eukaryotic) are well documented for many animal and yeast systems (1,2). Documentation of
genes encoding ribosomal proteins in plants, however, has not been as forthcoming (3,4). This
may be partially due to an increased complexity of ribosomal biogenesis. Plants produce one
more set of ribosomes than other eukaryotes, i.e., cytoplasmic, mitochondrial, and plastidic
(2,3,5). All of the ribosomal proteins for the cytoplasmic type, and approximately two-thirds or
greater of the mitochondrial and plastidic types are encoded in the nucleus (6,7,8). Also, many
plants, including cotton (Gossypium hirsutum L.), have elevated ploidy levels; cotton is an
dlotetraploid (AADD) derived from the polyploidization of an old world (AA genome) and new
world (DD genome) diploids (9,10). Consequently, aloalees in the cotton genome complicate
the study of ribosomal biogenesis during plant development. Increased ploidy levels have been
speculated to generate multiple forms of the same ribosomal proteins (5,11). However, polyploidy
can not explain al multiple forms of ribosomal proteins in plant systems (4).

This report is part of an ongoing project to characterize ribosomal proteins from cotton.
Three ribosomal proteins have aready been characterized, i.e., RL41 (12), RS16 (13), and
RS4e (14); each was encoded by a multigene family as determined by Southern blot analysis
and sequencing. Our interest in ribosomal proteins is two-fold: first, characterization of ribo-
somal proteins is essential in elucidating ribosomal structure, gene expression, and genomic
organization; and second, ribosomal biogenesis precedes or accompanies periods of cell growth
and can therefore be used as an indicator of cellular activity (4,11,15,16). Therefore, our goal
isto use these clones in multiple studies of cotton cell development, e.g., cotton fiber initiation/
elongation and in characterizing differences between diploid and tetraploid cotton species.

* The nucleic acid sequences of in this paper of RL44-1 and RL44-5 have been submitted to GenBank under the
Accession Numbers U64677 and U64678, respectively.

2 Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the
U.S. Department of Agriculture and does not imply its approval to the exclusion of other products that may also be
suitable.
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MATERIALS AND METHODS

Materials. Deoxyadenosine 5'-(a-thio)triphosphate, [a-**S] (1000-1500 Ci/mmol, 12.5 mCi/mL in 10 mM Tricine,
pH 7.6) was purchased from NEN-DuPont (Boston, MA). Resolution was obtained from E. M. Corp. (Chestnut Hill,
MA). Sequenase (version 2.0), DNA sequencing kit, random primer kit, urea, Tris, and acrylamide were purchased
from United States Biochemical Corp. (Cleveland, OH). The AutoRead Sequencing Kit for nonradioactive sequencing
was obtained from Pharmacia (Piscataway, NJ). Long Ranger Gel Solution (50% concentration) was purchased from
J.T. Baker (Phillipsburg, NJ). All other chemicals were obtained from Sigma, Inc. (St. Louis, MO).

Screening of cDNA Libraries. A UNI-ZAP library constructed from poly(A) "RNA isolated from cotyledons of 72-
h dark grown cotton seedlings (17) was screened with a partial length RL44 probe. The probe was obtained from a
cotton leaf library as an expressed sequence tag which demonstrated restriction fragment length polymorphisms. The
probe did not encode a full length RL44 protein. Screening was performed on BioTrace NT nitrocellulose membranes
as described by the manufacturer (GelmanSciences, Ann Arbor, M1) using arandom primed RL44 insert (approximately
2x10° cpm). Phagmid was prepared as described by the manufacturer (Stratagene, La Jolla, CA).

DNA Sequence Determination and Amino Acid Analyses. DNA sequencing was performed by the dideoxy method
(18) using double stranded DNA templates. Two methods of sequencing were used establishing consensus sequences
for these clones. Both the Sequenase, Version 2.0, and the AutoRead kits were used to sequence representative RL44
clones in their entirety on both strands. All comparisons and analyses were performed with programs from PC/GENE
(IntelliGenetics, Inc., Campbell, CA).

RESULTS

Four cDNAs encoding the full-length RL44 protein sequences from cotton are aligned and
shown with the deduced amino acid sequence in Fig. 1. Clones were grouped into two subfami-
lies by sequence comparisons. RL44-1 (454 bp) and RL44-2 (485 bp) constitute subfamily 1,
whereas, RL44-3 (913 bp) and RL44-5 (541 bp) constitute subfamily 2. The ORFs between
the 2 subfamilies are 92% identical with all nucleotide differences occurring at the third codon
position, and do not translate into amino acid differences. The 5 and 3’ noncoding regions
are more widely diverse. Differences in the ORF are marked with x’'s placed above the
nucleotide sequence in Fig. 1. The ORF is 315 bp and encodes a protein with the molecular
weight of 12,029. RL44 is basic in composition, containing 30 arginines and lysines with only
5 aspartates and glutamates (estimated pl of 11.03). A bipartite nuclear targeting sequence,
i.e., residues 29-43, was determined and underlined in Fig. 1. A nuclear targeting signal would
direct cytosolic ribosomal proteinsto the nucleus; the site of biogenesis of ribosomal precursors
(1). Also, the two subfamilies coexisted in a single library indicating they were concurrently
expressed during seedling growth.

A comparison was performed between the deduced amino acid sequence of cotton and seven
yeast RL44 proteins of Candida maltosa (19), Candida tropicalis (19), Kluyveromyces lactis
(20), Kluyveromyces marxianus (19), Pichia gilliermondii (21), Saccharomyces cerevisiae (19),
and Schwanniomyces occidentalis (22), and shown in Fig. 2. The identities between yeast and
cotton clones range from 74-78% with an additional 8-10 % similarity. This high identity
indicates that cotton RL44 is a homolog of the RL44 proteins from yeast.

DISCUSSION

Generaly, genes encoding ribosomal proteins are present in only one or two copies per
haploid genome in eukaryotic cells (23). In mammalian cells it has been reported that only
one copy is actively expressed; one exception is RS4e which has two different forms located
onthe X and Y chromosomes of humans (24). Multigene families encoding ribosomal proteins
are common in plant systems, and include cytoplasmic ribosomal proteins L2 (5), L3 (25),
L25 (11), L34 (11), L41 (12), HAe (14), S11 (4), S14 (3), S16 (13), and chloroplast protein
L12 (26). Multiple forms of L2 and L34 are believed to be derived from different subgenomes
in alotetraploid tobacco (5,11). Similarly, different forms of RL44 and other cotton ribosomal
proteins (12-14) may result from the expression of genes from two subgenomesin alotetraploid
cotton. Multiple forms of ribosomal proteins, however, are not aways the consequence of
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X
RL44-1 CAGCCGCAGCCATGGTGAACGTACCTAAGACCAAG 39
RL44-2 CAGCCGCAGCCATGGTGAACGTACCTAAGACCAAG 35

RL44-3 TTTACACCGAAACAGAGCTCGGGTCATCTCTCACCAGCCGCAACCATGGTGAACGTACCTAAGACGAAG 69
RL44-5 TTTACACCGAAACAGAGCTCGGGTCATCTCTCACCAGCCGCAACCATGGTGAACGTACCTAAGACGAAG %
V N V P K T K

X X X X X
RL44-1 AAGACCTACTGCAAGAGCAAGGAGTGCAGGAAACACACTTTGCACAAGGTCACACAGTATAAGAAGGGC 108
RL44-2 AAGACCTACTGCAAGAGCAAGGAGTGCAGGAAACACACTTTGCACAAGGTCACACAGTATAAGAAGGGC 104
RL44-3 AAGACTTATTGCAAGAGCAAGGAGTGCAGGAAGCACACTTTGCACAAGGTTACACAGTATAAGAAGGGT 138
RL44-5 AAGACTTATTGCAAGAGCAAGGAGTGCAGGAAGCACACTTTGCACAAGGTTACACAGTATAAGAAGGGT 138
XK T Y ¢ X $ K E ¢ R K H T UL H K V T Q Y K X G 31

X X X X X X
RL44-1 AAGGAT AGTTTGGCTGCACAGGGGAAGCGTCGTTACGACCGGAAACAATCCGGTTACGGTGGTCAGACC 177
RL44-2 AAGGATAGTTTGGCTGCACAGGGGAAGCGTCGTTACGACCGGAAACAATCCGGTTACGGTGGTCAGACC 173
RL44-3 AAGGATAGTTTGGCTGCTCAAGGGAAGCGACGTTACGATCGCAAACAATCAGGTTATGGTGGTCAGACC 207
RL44-5 AAGGATAGTTTGGCTGCTCAAGGGAAGCGACGTTACGATCGCAAACAATCAGGTTATGGTGGTCAGACC 207
K D s L A A O G K R R Y DR K Q S G Y G G Q T 53

X X X
RL44-1 AAACCAGTGTTCCACAAGAAGGCAAAGACCACCAAGAAGATTGTGCTAAGGCTGCAATGCCAAGGTTGC 246
RL44-2 AAACCAGTGTTCCACAAGAAGGCAAAGACCACCAAGAAGATTGTGCTAAGGCTGCAATGCCAAGGTTGC 242
RL44-3 AAACCAGTCTTCCACAAGAAGGCAAAGACCACCAAGAAGATTGTGCTAAGGCTGCAATGCCAGGGTTGT 276
RL44-5 AAACCAGTCTTCCACAAGAAGGCAAAGACCACCAAGAAGATTGTGCTAAGGCTGCAATGCCAGGGTTGT 276
K P V F H K K A K T TXK K I VL RULQCQ G C 77

X X X X X
RL44-1 AAGCACGTTTCACAACATCCGATCAAGAGGTCGCAAGCACTTTGAGATTGGTGGAGACAAGAAGGGGAAA 315
RL44-2 AAGCACGTTTCACAACATCCGATCAAGAGGTGCAAGCACTTTGAGATTGGTGGAGACAAGAAGGGGAAA 311
RL44-3 AAGCATGTCTCACAGCATCCGATCAAGAGGTGCAAGCACTTTGAAATTGGTGGAGACAAGAAGGGGAAG 345
RL44-5 AAGCATGTCTCACAGCATCCGATCAAGAGGTGCAAGCACTTTGAAATTGGTGGAGACAAGAAGGGGAAG 345
K H vs Q¢ H P I K R CXKXK HF E I G G D K K G K 100

X X
RL44-1 GGAACATCTCTGTTTTAAACGTGTTATTCATGGTATCTTGTTATGTTT------------------ GCT 366
RL44-2 GGAACATCTCTGTTTTAAACGTGTTATTCATGGTATCTTGTTATGTTT------------------ GCT 362
RL44-3 GGAACATCACTTTTCTAGATGTGATGATATTCATGTCAAATTTTATGTTATGGGTTTTTACTTGGAACT 414
RL44-5 GGAACATCACTTTTCTAGATGTGATGATATTCATGTCAAATTTTATGTTATGGGTTTTTACTTGGAACT 414

G T s L F

RL44-1 TTACTTTATATGGAGT------ - AGTTTG:- - ----====-=-crcmssmmmocomaa o 388
RL44-2 TTACTTTATATGGAGT------ - AGTTTG: - 7= = -cssc-ssssccssccsoscooossononns 384
RL44-3 TAACGCAGAATGGAGTTTTGTTAAGTTTGGTATTAGTATTCTAATGTTGTTTTTAAGAGGATATTGTGT 483
RL44-5 TAACGCAGAATGGAGTTTTGTTAAGTTTGGTATTAGTATTCTAATGTTGTTTTTAAGAGGATATTGTGT 483

RLAG-1 === mmmmm o mm s so s o st ooloooooooooooiiiiioae.o- 388
I R R 384
RL44-3 TTTTTAAGGTTAATGGCATTGGTCACACTCATCGATAGCAATTGTCATTGGTCCTGTATATATCAATAT 552
RL44-5 TTTTTAAGGTTAATGGCATTGGTCACACTCATCGATAGCAA- - ===t ccsomemonnoo 524
RL44-1 ------ AACTTACAAGACTGTAATGGAATTTTGTTA - - - ===~ --=-s=s-=----cecceeun 418
RL44-2 ------ AACTTACAAGACTGTAATGGAATTTTGTTA - - - = - -c--=s-==+ --<oc-<sooos 414
RL44-3 CTTGTTAGCTCGCATCACTTCCTTGAGATCTTGTAGGTCAACGCCCTAACGAAGAAACTTCATCGAATC 621
O R e EEEEEREEE 524
13 R R T R 418
R R R e e R R 414
RL44-3 AATAGCAATAAGGCCTGTTTGAAGAGGCTCATAAACGGAACGTCTCGAAATAATACCTGGGGCAGAAGA 690
3 T 524
RL44-1 -~ -AATTTGCTTAGTTTCT - = - - -t rrmmessoommmmmannoo i 434
RL44-2 - - - AATTTGCTTAGTTTCT - - === = n = ce o trcocacoeoonoononoeoooomaaooaans 430
RL44-3 TTCAATTAACCGAGATTCAGAAGCTGAAATTTCACCCTGACCGTCAATAGGCTTAGCCAGGGCATTTAT 759
Y T T S e 524
RLA4-1 - vormmmms s o R PR 437
I TCTGATGAAGTTTTGCAGTTTTCT - - - - =~ - - - - - 454
RL44-3 AACACGACCCGAAATAAGCCTCCCTCATTGGTATCTGAGTAAATTTTTCTTGTTGCTTTTACAGAAACT 828
Y T 524
T R R AAA,, 454
RL44-2 =---=-=--=--- AACAAR- -+ - ccr s ttccesee st AAAAAAARR,, 485
RL44-3 TCCCTCTTGTATCATCAAACCGTCACCCATTAATATAACACCAACATTATTTGATTCCAAATTTAAAA,, 913
3 T S LT a,, 541

FIG. 1. Nucleotide and the deduced amino acid sequences of ribosomal protein RL44 from cotton. In the nucleotide
sequence, the ATG start sites and the termination sites are underlined. In the amino acid sequence the bipartite nuclear
targeting sequence is underlined.
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Gh MVNVPKTKKTYCKSKECRKHTLHKVTQYKKGKDS LAAQGKRRYDRKQSGYGGQTKPVFHKKAKTT 65

Cm -..I...RN....G.G..... I....... S.RA..F. it iivi i [ 64
Ct -..I...RN....G.G..... Iooovvn A.RA. .F.... it & 64
Kl S R..... G.vvnun AQ....... ALA Y. i Fo.oo.u QL. ....... 64
Km e e R..... G.A....SQ....... A A Y o i Foo... QL. ....... 64
Pg e RR....G.D..... Qe AL LA LF. i Foviiniinnnnn, 64
Sc R R..... G.T..... [ A.A..F..... ..o N 64
So e Ro.... Gevennn Qe ALALLP.. i Revevnnn QL. ........ 64

% _Ident % Simil Tot. AA
Gh KKIVLRLQCQGCKHVSQHPIKRCKHFEIGGDKKGKGTSL-F 100 0 105
Cm ..... K.E.TV..TKK.L.L..... I.L..E..Q..QA.Q. 74 9 105
[0 2N K.E.TV..TKK.L.L..... I.L..E..Q..QA.0Q. 74 9 105
KX v E.MS..TKT.LAL....... L..E..Q..QA.Q. 75 10 105
Km ..V....E.MS..TKT.LAL....... L..E..Q..QA.Q. 74 10 105
Pg .V....E.VV,.TKA.LSL....... L..... Q..QA--- 77 9 102
Sc \Y E.VK..TRA.LTL....... L..E..Q..QA.Q. 77 8 105
So v E.VV..TKA.LSL....... L.o.... Q..QA.Q. 76 8 105

FIG. 2. Comparison of ribosomal protein RL44 from cotton and yeast. Residues which are identical to the cotton
sequence are denoted with dots **."" and gaps are denoted with ** -’ and inserted in the sequence to achieve maximum
identity. Organisms from which the sequences were derived are listed: Gh, Gossypium hirsutum; Cm, Candida maltosa;
Ct, Candida tropicalis; Kl, Kluyeveromyces lactis; Km, Kluyeveromyces marxianus; Pg, Pichia gilliermondii; Sc,
Saccharomyces cerevisiae; and So, Schwanniomyces occidentalis. The percent identity, similarity and total proteins
are also listed.

increased ploidy; ribosomal proteins L3 (25) and S11 (4) are two examples of multiple forms
from a diploid plant. It is not understood how differences in primary structure of ribosomal
proteins effect the biogenesis of ribosomes, or how structurally distinct ribosome populations
differ in their ability to trandate protein. Plants may regulate multiple forms of a ribosomal
protein differently. Differential expression patterns were reported for ribosomal protein S14
in maize tissues (3), however, usualy al three forms were expressed at a given time. The
multiple forms of RL44 genes from cotton would not add to the formation of heterologous
populations of ribosomes since the two subfamilies encode identical proteins. Further work is
needed to characterize RL44 gene origins, along with their developmental regulation. Differ-
ences in ribosomal protein structure, e.g., RL44, between plants, yeast, and animals could give
us new insights on the importance of specific regions of ribosomal proteins.
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