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ABSTRACT
The gene encoding ribosomal protein L25, a primary
rRNA-binding protein, was Isolated from the protozoan
parasite Trypanosoma brucel. Hybridization studies
indicate that multiple copies of the gene are present
per T.brucel haplold genome. The C-terminal domain
of L25 protein from T.brucei is strikingly similar to L23a
protein from rat, L25 proteins from fungal species, and
L23 proteins from eubacteria, archaebacteria, and
chloroplasts. A phylogenetic analysis of L23/25
proteins and the putative binding sites on their
respective LSU-rRNAs (large subunit rRNAs) provides
a rare opportunity to study molecular co-evolution
between an RNA molecule and the protein that binds
to it.

INTRODUCTION
The ribosomal protein L25 is highly conserved, binds tightly to
the LSU-rRNA (28S/23S large subunit rRNA), and may be
situated near the peptidyl transferase site in the ribosome[ 1-3].
It is a 'primary rRNA-binding protein', in that it is one of the
first to be assembled on the rRNA during ribosome biosynthesis,
and its binding does not depend on other protein factors[4].
Identifying the homologs of prokaryotic ribosomal proteins in
eukaryotes is often problematic, but L25 is one of the rare
examples where the conservation of protein sequence has been
sufficient to allow cross-identification of ribosomal protein
homologs in a variety of organisms (in eubacteria and chloroplasts
the L25 homologs are named L23; homologs of the protein will
be denoted L23/25 in this paper)[5, 6]. On the LSU-rRNA, the
L23/25 binding site has been mapped in eukaryotes and
prokaryotes, and is also highly conserved[7, 8]. The different
L23/25 homologs, and their respective rRNA binding sites,
therefore present an excellent opportunity for the study of
molecular co-evolution[9] between interacting macromolecules.
The gene encoding ribosomal protein L23/25, whose homolog

in the kinetoplastid species Trypanosoma brucei is described in
this manuscript, has been isolated and sequenced from at least
15 other eukaryotes, prokaryotes, or chloroplasts. In addition
to segments that are well conserved in all L23/25 proteins, the
eukaryotic homologs encode an N-terminal sequence directing
locWalization to the nucleus[10, 11]. The structural domain required

for binding of the L23/25 protein to the LSU-rRNA has been
determined for the L25 protein of Saccharomryces cerevisiae, and
consists of approximately 80 amino acids near the C-
terminus[ 12]. Remarkably, the RNA-bining domains of L23/25
proteins are sufficiently conserved that the L25 protein from
Saccharomyces cerevisiae will bind to the Escherichia coli 23S
rRNA; conversely the E.coli L23 protein will bind to the
S.cerevisiae 26S rRNA[8].
During an analysis of poly A+ mRNA-binding proteins in

T.brucei, a cDNA clone encoding ribosomal protein L25 was
isolated fortuitously. The identification of the clone as a
trypanosomal homolog of L25 was achieved by comparison of
the predicted protein sequence with the NBRF-PIR database.
Comparisons between the predicted sequence of the T.brucei 125
protein and its eukaryotic homologs identified a domain which
was likely to function as a nuclear localization sequence at the
N-terminus of the protein, and an rRNA-binding domain near
the C-terminus. Additional phylogenetic comparison of the
binding sites in the LSU-rRNA from many of these organisms
is consistent with molecular co-evolution of the protein and its
rRNA target.

MATERIALS AND METHODS
Bloodstream-stage cells of Trypanosoma brucei (subspecies
brucei), strain 1.1, were propagated by serial passage in mice
and rats, while procyclic-stage cells were propagated in BSM
medium supplemented with 10% fetal bovine serum and penicillin
(250 u/ml).

Antisera to RNA-binding proteins were prepared by passing
a cytoplasmic extract of T.brucei (supernatant of 10,000xg
centrifugation of trypanosomes lysed with NP-40) over a poly(A)
sepharose column, removing loosely bound proteins by washing
the column with buffer A (0.1 M NaCl, 0.03 M Tris-Cl pH 7.5,
0.015 M 2-mercaptoethanol and 0.001 M EDTA) supplemented
with 10 jg/ml poly(C), and eluting the remaining proteins with
buffer A supplemented with 7 M guanidine HCI. The eluted
proteins were dialyzed against buffer A, concentrated and mixed
with Freund's incomplete adjuvant, and injected as an immunogen
into Balb/c mice. The mice were boosted with the same
immunogen, mixed with Freund's complete adjuvant, at two
intervals of 3 weeks, and then bled for antibodies. A cDNA
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library, cloned in the vector Xgtl 1 (Promega, Inc.), was screened
by the method described in the Molecular Cloning Manual[13].
For the purposes of Southern blot analysis, DNA was prepared

from bloodstream-stage cells[ 14], and dialyzed against TE (0.01
M Tris-Cl, 0.001 M EDTA, pH 7.5) at 4°C. Restriction
endonucleases were purchased from New England Biolabs Inc.
(Beverley, MA), and endonuclease digestions were performed
under the recommended salt conditions for each enzyme. pBSII
was obtained from Stratagene, Inc. (LaJolla, CA).
Electrophoresis and Southern blot analyses were performed, as
described in the Molecular Cloning Manual[13].
DNA sequence was obtained using an ABI-370 DNA sequencer

apparatus, and reagents from Applied Biosystems Inc. (Foster
City, CA). The nucleotide sequence of T.brucei L25 has been
assigned the GenBank accession number: L21172. Phylogenetic
analyses of RNA and protein sequences were performed using
the Doolittle program[15-17] of EuGene (Molecular Biology
Information Resource, Baylor College, Houston, TX). In this
program, a multiple protein sequence alignment was constructed
by the Needleman and Wunsch algorithm, which maximizes
similarities. Starting with the pair of species with the highest
similarity score, the program inserted neutral elements to fill gaps,
preserving the gap structures during the progressive alignment
of additional species (the rRNA sequences were pre-aligned by
the Ribosomal Database Project, as described later). From the
resulting percentage difference matrix, the branching order and
branch lengths were calculated for tree construction. For the tree
of protein sequences, the branch lengths were derived from
-ln(S), where S is the amino acid similarity between a protein
species and its hypothetical ancestral species. In the case of the
nucleic acid sequence tree, the distances represent the number
of simple base replacements separating the species from its
hypothetical ancestor. To analyze coincident variation between
protein and RNA sequence, we constructed a computer program
that compares the columns of aligned sequences for any similarity
in the patterns of variation between species. In the algorithm of
this program, the pattern of variation was determined at each
column of aligned residues (either RNA or amino acid), and
patterns matching in both the protein domain and rRNA site were
tabulated. For these analyses, sequence alignments of L23/25
protein were developed using the Doolittle program, while LSU-
rRNA sequences and alignments were derived from the
Ribosomal Database Project[ 18] on the anonymous ftp server at
Argonne National Laboratory in Argonne, Illinois (Ver 2.1,
May 1993). From an alignment with parameters of
SEQUENCE-POSITIONS = E. coli: [1280- 1430,1570-
1635], the following columns were included: [15-96, 187-239,
324-327, 396-408, 453-461, 482-492, 539-574]. These
columns of the alignment were chosen to satisfy two criteria;
they correspond to regions of the S.cerevisiae LSU-rRNA
protected by L25 binding from T1-nuclease attack, and at least
3 of the 11 species have overlapping sequence.

RESULTS AND DISCUSSION
A cDNA clone, X13, was isolated from a X library by antibody
screening, as described in the Materials and Methods. This clone
consisted of (from 5' to 3'): 16 nt. of the 3' end of the T.brucei
spliced leader[ 19], 28 nt. of 5' untranslated sequence, an open
reading frame of 492 nt. and a 3' untranslated sequence of 160
nt. Comparison of the predicted protein sequence encoded by
the X613 clone with the NBRF-PIR database, indicates that the

X613 open reading frame encodes a homolog of the ribosomal
protein denoted L23a or L25 in eukaryotes, and L23 in most
prokaryotes. As shown in the sequence alignment in Figure 1,
the similarity is highest between the T.brucei homolog and the
rat L23a sequence[20] (46% identity over 148 amino acids) and
lower between the T.brucei sequence and its L23 homolog in
E.coli[21] (30% identity over 82 amino acids).
To determine the number of copies of the L25 gene in the

T. brucei genome, agarose gel electrophoresis and Southern blot
analyses were performed on bloodstream-stage trypanosome
DNA, as shown in Figure 2. Digestion of T.brucei DNA with
restriction endonucleases Bam HI, Eco RI, Kpn I or Hind III
(lanes 3-6, respectively of Figure 2) resulted in a single band
hybridizing to a plasmid clone of the X613 insert. A
reconstruction experiment with 20 pg and 2 pg (lanes 1-2 of
Figure 2) of digested pBSll vector DNA indicates that each
trypanosome genome equivalent contains approximately 2-4
copies of the L25 gene. Digestion of T.brucei DNA with Stu
I results in three principal bands (lane 7, Figure 2). A 0.24 kbp
fragment spanning two internal sites in the L25 gene was too
small to appear on this gel. The remaining bands are therefore
consistent with at least two copies of the L25 gene per genome.
Additional mapping and sequence analysis of a genomic clone
confirmed that two tandem copies of the L25 gene are present
per haploid genome[22]. Although rehybridization of the blot with
a T.brucei ,3-tubulin probe showed no evidence of partial digestion
products (data not shown), the faint hybridizing band at 1.1 kbp
may indicate incomplete digestion with Stu I, or alternatively a
restriction site polymorphism in a fraction of the genomic copies.
Pulse-field gel and Southern blot analysis of undigested T.brucei
DNA indicates that the L25 gene copies are all contained either
on a single chromosome with a size range of 2-5 Mbp, or on
multiple chromosomes with indistinguishable electrophoretic
mobilities (data not shown). Further study of the genomic
structure of the L25 locus is currently in progress.
The minimal subset of L23/25 amino acid sequences

responsible for rRNA binding has been localized in the
S. cerevisiae homolog[10, 12]. This region is highly conserved
in T.brucei and other eukaryotic L23/25 proteins, as shown by
the alignment (positions 84-161) in Figure 1, and the
phylogenetic comparison in Figure 3A. As shown in Figure 1,
this binding domain is highly similar between rat and
trypanosomes; when conservative amino acid substitutions are
included, the sequences are 85 % similar over 65 residues. The
prokaryotic L23/25 proteins also share sequence features with
their eukaryotic homologs, particularly at positions 114-118
(KTEIK motif), 132-135 (VNTL motif) and 155-161
(KKAYIRL motif) (see Figure 1). The archaebacterial and
eukaryotic L23/25 proteins can be distinguished from eubacterial
and chloroplastid homologs, however, by the absence of 13 amino
acid residues (at positions 142- 154 in Figure 1) in the C-terminal
region of the protein[23]. This segment of the eubacterial and
chloroplastid L23/25 homolog is variable, but usually contains
numerous basic residues. The L23/25 proteins of Gram-positive
bacteria and chloroplasts have an additional amino acid deletion
(position 101 in Figure 1) in comparison with Gram-negative
bacteria, archaebacteria and eukaryotes, while S. cerevisiae has
a unique deletion at positions 128-132. All prokaryotic L23
proteins lack an amino-terminal extension, which in eukaryotes
varies in length between 61 amino acids in yeast, and 83 amino
acids in T.brucei. The N-terminus of the S.cerevisiae125 protein
(Figure 1, positions 23-63) promotes import into the nucleus
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T . brucei MPAKAASAAASKKNSAPKSAVSKKVAKKGAPAAAAKPTKVVKVTKRKAYTRPQFRRPHTY

R.norvegi .-------- MAPKAKKEAPAPPKAEAKAKALKAKKAVLKGVHSHKKKKIRTSPTFRRPKTL
S . cerevis ---------------------- MAPSAKATAAKKAVVKGTNGKKALKVRTSATFRLPKTL
H.jadinii ---------------------- MAPSTKAASAKKAVVKGSNGSKALKVRTSTTFRLPKTL
M.vanniel.------------------------------------------------------------
H.marismo.---------------------------- ---------------

E.coli ------------------------------------------------------------

Y.pseudot.------------------------------------------------------------
B.stearot.------------------------------ -------------- ---------------

M.caprico.-----------------------------------------------------------
CZ.mays ------------------------------------------------------------

CO.sativ. ----------------------------__________
CN.tabac. ------------------------------------------------------------

CM.polym . ------------------------------------------------------------

70 80 90 100 110 120
* *

T . brucei RRPATVKPSSNVSAIKNKWDAFRIIRYPLTTDKAMKKIEENNTLTFIVDSRANKTEIKKA

R . norvegi . RLRRQPKYPRKSAPRRNKLDHYAIIKFPLTTESAMKKIEDNNTLVFIVDVKANKHQIKQA
S . cerevis . KLARAPKYASKAVPHYNRLDSYKVIEQPITSETAMKKVEDGNILVFQVSMKANKYQIKKA
H. jadinii KLTRAPKYARKAVPHYQRLDNYKVIVAPIASETAMKKVEDGNTLVFQVDIKANKHQIKQA
M.vanniel.------------------ MDAFDVIKTPIVSEKTMKLIEEENRLVFYVERKATKEDIKEA
H .marismo .-------------------MSWDVIIKHPHVTEKAMNDMDFQNKLQFAVDDRASKGEVADA
E . coli ------------ MLAIREERLLKVLRAPHVSEKASTAMEKSNTIVLKVAKDATKAEIKAA
Y .pseudot .---H-----------MIREERLLKVLRSPHVSEKASAAMEKNNTIVLKVAKDATKAEIKAA
B. stearot .-----------------MKDPRDIIKRPIITENTMNLIGQ-KKYTFEVDVKANKTEVKDA
M. caprico .------------------ MHITEVLKKPVLTEKSFAGHKD-NVYTFLVDKKANKVQIKKT
CZ.mays --------------------- MDGIKYAVFTEKSLRLLGK-NQYTFNVESGFTKTEIKHW
CO. sativ. --------------------- MDGIKYAVFTEKSLRLLGK-NQYTFNVESGFTKTEIKHW
CN.tabac.---------------------MDGIKYAVFTDKSIRLLGK-NQYTSNVESGSTRTEIKHW
CM.polym. - --------------------MNQVKYPVLTEKTIRLLEK-NQYSFDVNIDSNKTQIKKW

130 140 150 160 170
* * *

T . brucei IRKLYQVKTVKVNTLIRPDGL-------------KKAYIRLSASYMGLV

R. norvegi .VKKLYDIDVAKVNTLIRPDGE------------- KKAYVRLAPDYDALDVANKIGII
S . cerevis .VKELYEV-----NILVRPNGT------K-------KKAYVRLTADYDALDIANRIGYI
H. jadinii VKDLYEVDVLAVNTLIRPNGT-------------KKAYVRLTADHDALDIANKIGYI
M. vanniel. IKQLFNAEVAEVNTNITPKGQ-------------KKAYIKLKDEYNAGEVAASLGIY
H .marismo . VEEQYDVTVEQVNTQNTMDGE ------------- KKAVVRLSEDDDAQEVASRIGVF
E . coli VQKLFEVEVEVVNTLVVKGKVKRHGQRIGRRSDWKKAYVTLKEGQNLDFVGGAE
Y .pseudot .VQKLFEVEVEDVNTLLVKGKSKRHGQRVGRRSDWKKAYVTLKEGQNLDFIGGAE
B. stearot .VEKIFGVKVEKVNIMNYKGKFKRVGRYSGYTNRRKKAIVTLTPDSKEIELFEV
M. caprico . FEEIFEVKVESVRTINYDAKEKRLGKYVGKKPSYKKAIITLKEGQKLDVLSDL
CZ .mays VELFFGVKVVAVNSHRLPGKGRRMGPILGHTMHYRRMIITLQPGYSIPLLDRETN
CO. sativ. VELFFGVKVVAVNSHRLPGKGRRMGPILGHTMHYRRMIITLQPGYSIPLLDREKN
CN .tabac. VELFFGVKVIAMNSHRLPGKSRRMGPIMGHTMHYRRMIITLQPGYSIPPLRKKRT
CM.polym. IELFFNVKVISVNSHRLPKKKKKIGTTTGYTVRYKRMIIKLQSGYSIPLFSNK

Figure 1. Amino acid sequences of L23/25 homologs. Species names are
abbreviated at the left, and are respectively: Trypanosoma brucei, Rattus
norvegicus[20], Saccharomyces cerevisiae[29], Hansenula jadinii[30],
Methanococcus vannielii[31], Halobacteriwn marismortui[23], Escherichia
coli[21], Yersinia pseudotuberculosis[32], Bacillus stearothermophilus[33],
Mycoplasma capricolum[34]; and chloroplasts from Zea mays[35], Oryza
sativa[361, Nicotiniwn tabacum[37], and Marchantia polymorpha[38]. Position
numbers in the alignment are indicated above the sequence. Positions 1-80 are
unaligned, whereas gaps (hyphens) are introduced in the remaining sequence to
maximize alignment. Asterisks refer to points of coincident variation, referred
to in Figure 3C. Between the R.norvegicus and T.brucei sequences, identical
residues are indicated by a colon, and conservative substitutions are indicated
by a period.

by the presence of sequence motifs KKAVVK and KKALK
(Figure 1, positions 33 and 43, respectively)[10, 11]. The rat
L23 has similar motifs at its N-terminus (KKAVLK and AKALK
at Figure 1 positions 33 and 27, respectively), as does the
T.brucei L25 (KKVAKK at position 23). These short motifs are
likely to also be nuclear localization sequences in rat and T.brucei.

Since the analyses presented in this paper, and in previous
studies[5, 6, 20, 23, 24], indicate that the L23/25 homolog is
partially conserved in a wide variety of organisms, an
evolutionary comparison of the LSU-rRNA sequences was also
performed, to determine whether their putative L23/25 binding
sites are similarly conserved (see Figure 3B). The segments
chosen for analysis can be aligned with the L25 binding site in
the S.cerevisiae LSU-rRNA, which was mapped by TI-nuclease
protection studies[2]. Evolutionary comparisons were limited to

Figure 2. Southern blot of T.brucei DNA, probed with cloned T.brucei L25
cDNA. 2.5 Ag of T.brucei DNA was digested with the restriction enzymes Bam
HI (lane 3), Eco RI (lane 4), Kpn I (ane 5), Hind HI (ane 6) or Stu I (lane
7). A reconstruction with 20pg Oane 1) or 2pg (lane 2) of linearzed vector (pBS11
digested with EcoRI) is included as a hybridization control. DNA markers (X
DNA restricted with Hind I) are shown at right (ori. = gel origin).

regions where LSU-rRNA sequences from at least three species
could be aligned, thus eliminating several large expansion
segments from the alignment. The lengths of the phylogenetic
tree branches represent distance measures (statistical similarities)
between the pre-aligned sequences. A comparison of the trees
in Figures 3A and 3B indicates that the binding site within the
rRNA varies significantly among eukaryotes, in comparison to
the cognate L23/25 domains which are relatively similar. The
branching orders of the rRNA and L23/25 sequences are nearly
identical in the two comparisons. The only exceptions to this are
the slightly different arrangements of R. norvegicus, which is
grouped either with fungi in the rRNA tree, or with trypanosomes
in the protein tree; and M.vannielli, which is grouped with
H. manismortui in the rRNA tree but not grouped in the protein
tree. The slight difference in the phylogeny of N.tabacum
chloroplasts may not be statistically significant, given the short
branch lengths separating these nodes of the trees. Other than
these few differences, the similarity in branching order is
consistent with co-evolution of the protein domain and rRNA
binding site.

If the L23/25 domains and their respective rRNA binding sites
have evolved in concert, the nucleotide/amino acid interactions
may be different in many of the species indicated in Figure 3.
As an example, S. cerevisiae L25 and E. coli L23 each bind the
LSU-rRNA of the other species, and RNase-Tl protected
fragments are similar in both homologous and heterologous
binding complexes. However, both S. cerevisiae L25 and E. coli
L23 fail to bind the LSU-rRNA of mice[8]. This incompatibility
has been ascribed to the differing expansion segments in the
rRNA of each species, or to the non-conservation of specific
residues.

In order to extend our understanding of non-conserved elements
of the L23/25 domain and rRNA binding site, we designed a
computer program to search for points of coincident variation
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A. Binding domains in L25/23 proteins B. Binding sites in LSU-rRNAs
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C. Coincident variation between LSU-rRNAs and L23/25 proteins
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Figure 3. A) Phylogenetic tree of the L23/25 binding domain. The alignment shown in Figure 1 (positions 84-161) was used as the basis for the distance tree,
as described in Materials and Methods. Species names are indicated in the legend to Figure 1. B) Phylogenetic tree of the L23/25 binding site in LSU-rRNA. The
alignment used as a basis for the tree was derived from the Ribosome Database Project (see Materials and Methods). C) Position of coincident variations between
LSU-rRNA and L23/25 proteins are indicated on the E. coli LSU-rRNA sequence. Single arrowheads indicate a mutation from the E. coli sequence coincident with
(double arrowheads) a mutation in the L23/25 sequence (large boxes). Species with each respective mutation are tabulated by their initials, as indicated immediately
outside of the large boxes (note that Ch4 = all four chloroplast species). Amino acid numbers refer to position numbers in Figure 1. Numbers on the LSU-rRNA
refer to the E.coli sequence numbers. Stippled lines indicate extensions of sequence that lie outside the L23/25 binding site. Protein and rRNA sequences from the
extreme halophile H. marismortui were not included in this analysis, however, due to the unusual acidity and salt-resistance of its ribosomal proteins[39].

between protein and LSU-rRNA. Coincident variation is defined
as follows: For any nucleotide in the LSU-rRNA and for any

amino acid residue in the L23/25 protein, if a mutation of the
specified nucleotide between any two species is always
accompanied by a non-conservative change in the specified amino
acid residue (and vice-versa), the nucleotide and amino acid are
said to vary coincidentally. Such cases of coincident variation
may arise by chance, but may also include pairs of residues where
a biologically significant interaction between rRNA and protein
requires that a mutation in one of the macromolecules be
accompanied by a compensatory change in the other.
A coincident variation analysis of the species indicated in

Figure 3B are shown in Figure 3C, with mutations indicated on
theE. coli LSU-rRNA. Amino acid residue numbers refer to the
alignment shown in Figure 1, and the amino acids referred to

in Figure 3C are highlighted in Figure 1 with an asterisk. The
coincident variations fall into two classes: either the gain or loss
of an acidic or basic amino acid side group, or a variation between
aliphatic and aliphatic hydroxyl amino acids. As shown in
Figure 3C, mutation of the 1304A-1624U pair to G-C or C-G
coincides with a mutation of 122Gln to a Arg/Lys or Glu residue
respectively; mutation of 1629U to G or C coincides with a
mutation of l64Gly to an Asp/Glu or Ser residue, respectively;
mutation of 1584U to an A, or its deletion (A), coincides with
a mutation of 93Lys to an Asn or a Ser/Thr residue respectively;
mutation of 1382G1383A to AC coincides with a mutation of
lO5Val to Ser/Thr; and mutation of 1606C to G coincides with a

mutation of 134Ser to Ile. Coincident variations that fall along
well established evolutionary boundaries (such as eukaryote/non-
eukaryote, eubacteria/non-eubacteria and chloroplast/non-

oT- bruceil
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chloroplast) were detected in this analysis, but are not shown.
The coincident variations indicated in Figure 3C cannot be
ascribed to a single evolutionary change (such as the distinction
between eukaryotes and non-eukaryotes), and may therefore be
significant as examples of molecular co-evolution.
One interesting question is how compensatory mutations can

be established in functionally important residues, without strong
selection against the initial (non-compensated) mutation. In the
case of this ribosomal protein-rRNA interaction, the
establishment of compensatory mutations may be facilitated by
the fact that the rRNA is encoded by a multigene family [25-27].
For example, a rRNA mutation affecting the L23/25 binding
function might be detrimental, were it not buffered by wild-type
rRNA gene copies. Compensatory mutations in the L23/25 gene
that restore binding function to the mutated rRNA could then
develop in a background that was adaptively neutral, thus fixing
the original rRNA mutation in the population. Conversely,
molecular drive within the rDNA family may first amplify the
mutant rRNA gene to the point where individual fitness is
affected, analogous to the model proposed by Dover for rDNA
and pol I genes[25].
Although it is premature to state that the coincident variations

represent direct or compensatory linkages between protein and
rRNA, they may serve as a basis for experimental dissection of
the binding site. Complementation analysis between mutants of
L23/25 protein and LSU-rRNA (which to date have been studied
individually[ 12, 28]) may be useful in leading to an understanding
of this conserved macromolecular interaction. Only such
experimental dissection can establish that coincident variations
seen in evolution are actually compensatory.
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