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ABSTRACT

We have determined the complete nucleotide sequence of Xenopus laevis 28S
rDNA (4110 bp). In order to locate evolutionarily comserved regions within
rDNA, we compared the Xenopus 28S sequence to homologous rDNA sequences from
yeast, Physarum, and E. coli. Numerous regions of sequence homology are
dispersed throughout the entire length of rDNA from all four organisms. These
conserved regions have a higher A+T base composition than the remainder of the
rDNA. The ZXenopus 28S rDNA has nine major areas of sequence inserted when
compared to E. coli 23S rDNA. The total base composition of these inserts in
Xenopus is 837 G+C, and is generally responsible for the high (66%) G+C
content of Xenopus 285 rDNA as a whole. Although the length of the inserted
sequences varies, the inserts are found in the same relative positions in
yeast 26S, Physarum 26S, and Xenopus 28S rDNAs. In one insert there are 25
bases completely conserved between the various eukaryotes, suggesting that
this area is important for eukaryotic ribosomes. The other inserts differ in
sequence between species and may or may not play a functional role.

INTRODUCTION

RNA comprises a major portion of the mass of prokaryotic and eukaryotic
ribosomes; yet the function of most ribosomal RNA (rRNA) is unknown. Certain
regions within rRNA are likely to be involved in interactions with ribosomal
proteins, other RNAs, or cofactors necessary for protein synthesis. The idea
that RNAs were the only components of the original protein synthetic machinery
and that proteins were a subsequent addition may have merit (1-3). If this is
the case, then it seems plausible that RNA-RNA associations may be at the
heart of the mechanism of protein synthesis, with ribosomal proteins assuming
structural and/or functional roles later in evolution.

To identify areas within rRNA that may be involved in specific
interactions necessary for ribosome structure or function, we have undertaken
a comparative sequence analysis to locate evolutionarily conserved regions
within rDNA; one would expect natural selection to favor the retention of
rRNA gene sequences that maintain effective ribosomal function.

The existence of evolutionarily conserved regions within rDNA was first
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detected by heterologous hybridization experiments (4) using rBRNA from
Xenopus laevis and DNA from a variety of other eukaryotes. Later experiments

showed that this heterologous hybridization was due to a comserved subset of
sequences within rDNA (5, 6), and these conserved regions were subsequently
mapped by Southern blot hybridization (7, 8). Remarkably, three regions were
found to be conserved between Xenopus and E. coli rDNA (7). The conserved
nucleotide sequences between such diverse organisms should identify the most
likely candidates for functionally important regions.

Only with direct sequence analysis and comparisons of sequence data from
various species could the conserved regions be mapped unambiguously and rRNA
structure be explored in detail. Xenopus rDNA was the first eukaryotic gene
to be cloned (9) and much sequence data are already available: the external
transcribed spacer (10, 11), 185 rDNA (12), internal transcribed spacers with
the 5.8 rDNA (13, 14) and the nontranscribed spacer (15-17). We have
completed the entire nucleotide sequence of ZXenopus laevis 285 rDNA. In

addition, we present evolutionary comparisons made by aligning nucleotide

sequences 80 as to maximize homology between the Xenopus laevis 285 sequence

and other complete non-organellar rDNA sequences which have been published:

E. coli 23S (18), yeast 26S (19, 20) and Physarum polycephalum 26S (21).

MATERIALS AND METHODS
DNA

Xenopus laevis 28S rDNA was prepared as described by Brand and Gerbi (22)
from plasmids containing portions of the rDNA repeat. 90Z of the 28S rDNA is
in clone pXlrll, and the remainder is in clonme pXlrl2 (Fig. 1). The
construction of these Col El clones has been described previously (23).
Subclones in pBR322 were provided by Drs. B.E.H. Maden and R. Reeder;
subclones M3 and R20 contain rll fragments C+E and A+D, respectively (Fig. 1).
NIH Guidelines were followed for recombinant DNA work.

Enzymes And Nucleotides

Restriction enzymes were purchased from New England Biolabs, BRL, or NEN;
some Eco RI was kindly provided by Dr. H. Biumlein. E. coli DNA polymerase I
(large fragment) and terminal transferase were obtained from NEN. T4
polynucleotide kinase was from NEN and P-L Biochemicals, Inc. DNase I was
32py _atP (NEN:

average specific activity, 3000 Ci/mmol or the less expensive and more

from Worthington. The following nucleotides were used:

effective ICN crude preparation: average specific activity, 9000 Ci/mmol) for
5' end kinase labeling; 3'-dATP [a-32P] from the 3' end labeling kit from
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NEN; deoxyNTPs and dideoxyNTPs (P-L Biochemicals, Inc.).
DNA Sequencing

5' or 3' labeled ends were usually separated by secondary restriction
digestion. Occasionally strand separation (following alkaline denaturation of
the DNA at room temperature) on neutral polyacrylamide gels was used to obtain
singly labeled fragments.

Primarily the chemical modification/cleavage method of Maxam and Gilbert
(24), with five reactions and standard gel conditions, was used (25).
Occasionally a rapid enzymatic technique utilizing DNA polymerase, DNase I,
deoxyNTPs, and dideoxyNTPs was employed as outlined by Seif et al. (26) with
the following modifications: 0.5 pl of DNase I (10-2 pg/ml) was added to the
5 Ul reaction mixture (previous experiments had shown that our DNA polymerase
lacked sufficient nicking activity); 0.5 pul of DNA polymerase I (5 U/ul) was
sufficient to complete the reactions; reactions were carried out in 1.5 ml
Eppendorf tubes instead of capillary tubes. "Forward" and "Backward" reactions
for each particular nucleotide were usually combined and run in ome slot on
the sequencing gel. The enzymatic method could only be used for double
stranded fragments having one labeled end as strand separated fragments lack a
template for polymerase to fill in on the opposite strand. Generally sequence
information started about 15 bases from the 5' labeled end. With the Maxam
and Gilbert method up to 15 bases were often illegible from the 3' labeled
end, in contrast to the legibility from 5' labeled ends.

At times, gel conditions were varied to cope with band compression on one
strand of the DNA. To maximize DNA fragment denaturation, high gel
temperatures were generated using 1X or 1.5X Peacock's buffer (27) rather than
0.5X Peacock's Buffer (J. Leong, personal communication). This method was
usually adequate to resolve compressed areas on gels. In addition, xylene
cyanol/formamide (0.1% w/v) dye mixtures instead of xylene cyanol/urea (0.1%
in 7M w/v) helped to relieve the compression problem (28).

Computer Analysis
The interactive version (29) of the Queen and Korn program (30) was used

for restriction site analysis and sequence aligmments.

RESULTS
Strategy For Sequence Determination
A detailed restriction map of Xenopus laevis rDNA was published

previously (13, 15); additional sites were mapped in the current study by the

method of Smith and Birnstiel (31) or by double digestion. Portions of the
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Xenopus laevis 28S rDNA had been determined previously: the 5' terminus (14),
parts of fragment rll-D (see Fig. 1; 25, 32), and the 3' terminus (16).

Our sequencing strategy is shown in Fig. 1. Using this approach, we were
able to generate sequence data on both strands for 95% of the length and to
overlap restriction enzyme sites. In the few areas where the sequence was
obtained on only one strand, experiments were repeated several times to
confirm the single stranded sequence. As a measure of the quality of our
data, we compared a computer-generated restriction map resulting from our
sequence data with the experimentally-derived restriction map. Overall, omly
about 1% ambiguity remains in the sequence.

Features Of The 28S rDNA Sequence

The sequence of the gene for Xenopus laevis 28S rRNA is 4110 base pairs
long. Our calculated G + C content for Xenopus 28S rRNA is 66Z, which is
slightly greater than the previously determined values of 63% (33) or 65%
(34). This value correlates well with the observation that there is an
increase in the G+C content especially of the large rRNA of the large subunit
in plants and animals of the higher taxa (35, 36). Due to the high G+C nature
of Xenopus 285 rDNA and secondary structure effects resulting in extreme band
compression on sequencing gels, certain areas of the sequence were difficult
to determine. In one instance, ten G's appeared as one band. However, with
the use of special conditions (see Methods), one could reduce or eliminate the
compression problem. A representative sequencing gel is depicted in Fig. 2;
note the G+C richness of the sequence.

There are a few minor differences in nucleotides in our DNA sequence
(Fig. 3) compared to the partial sequence of another rDNA clone previously
published (16). Nucleotide polymorphism between rDNA repeat units within a
single individual most likely accounts for these differences.

Comparison Of Xenopus 28S rDNA With Other Homologous rDNAs
The nucleotide sequences of Xenopus laevis 28S, yeast 26S, Physarum

26S,and E. coli 23S rDNAs were aligned to maximize homologies in primary
structure. Aligmment of the nucleotides was accomplished by matching
sequences at least 12 bases long with greater than 75% homology (Fig. 3). In
addition, previously published secondary structure models for yeast (19) and
E. coli (40-42) were taken into account for the primary sequence aligmments.
Table 1 shows the overall degree of homology for each species relative to
Xenopus rDNA resulting from the alignments. As expected the extent of homology
with Xenopus rDNA is greater for the eukaryotes than for E. coli. It is
noteworthy, however, that E. coli 23S rDNA is 472 homologous to Xenopus 28S
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Figure 2. Sequencing gel showing the
gt t = separation of Xenopus 285 rDNA bases 2696 -
2737 (bottom strand). This stretch of sequence
emphasizes the predominance of G's and C's in
the overall sequence: here there are 28 C's,
11 G's, 2 T's, and 1 A. Standard gel
conditions, except with 1X Peacock's buffer,
were used.

D00
0 00000 paiels

0 0 00 O000ONKOOOO 000000002838

rDNA; this degree of homology is far greater than was previously detected
using fairly stringent hybridization conditions (7).

Specifically, fourteen areas of high homology between all four species
were identified (Fig. 4). These conserved segments are distributed throughout
the entire length of the rDNAs, although the majority are clustered within the
first and last thirds of the rRNA genes. Compared to the bulk of the rDNA,
the conserved regions have a higher A + T base composition (Table 1). There
appears to be a particular bias in sequence conservation in these areas. Of
the 933 bases comserved in all four species, 64.4Z are purines; in particular
the dinucleotide AA and the trinucleotides GAA and AAA are over-represented in
conserved regions (as are GAAA, AAAA, and GAAAA). Not all poly-purine tracts

are conserved since, for example, AGA is under-represented. Localization of
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e A T....

eescccssce

CTC....G.A
1300

1950
AAGAGATGGG

DR Y

.+.C.TCAA.

T.AG.CGA..

2010
TCGAAAGGGA

sececcscce

G...C..A..

eeee~T.ane

2070
CCCCCCCGAC

1720
GICGGGCCCA
«.GTTA..T.
AGT.CAA...
CAT.CA..G.

1780
TGAGTAGGAG
~eesassCA
CeveeessGC

Y e PPN N

1840
CGCGGGTIGCA
T.TAeeose
«.G..CA...
.AGAA....G

1900
TGGAGAAGGG
eesGoo AL,

RN

GACC-.....

1960
CGAGCGCCGT
GA...T....
G..AAC.TAG

...AA.G...

2020
GTCGGGTTCA
A..C....A.
AG......A.

AA.A....A.

2080
GCCTCGCGGC

1730
TACCCGGcCG
.. T.TA...

ceee=eesdA

AG.TGC.G.A

1790
GGCCCCGGCG
«+.GTG.AG.
.+.ATA.CC.A

A. .GTTCTGT
1200

1850
GATCTTGGTG

eececcccse

cesscacsdA

A..GC..ACA

1910
TTCCATGTGA
eeeesCecCe
««..TCAAC.

«e+.TGTCC.

1970
TCGGAAGGGA
.TCA. .——=
GTTA.CCTCG

e T——

2030
GATCCCCGAA
S N ¢ F
T..T..T.C.

T..T..T.T.
1400

2090
GGCGGGGGGG

1740
TCGCCGGCGC

AG. .TCTTAT

1800
GTGGGCGCGG
TCA.TGA..A
«GTC.G.TT.

AA.CCT..-.

1860
GTAGTAGCAA

TA....A.G.

1920
ACAGCAGTTG

eesscccccce

..GIT.A.C.

1980
CGGGCGATGG
G.CCT...TIT
G.CT.TCGIC

2040
CCCGGAGTGG
..T...TAT.
.T.AACTC.A

JIT..T..TA

2100
CGGGGGCGTC

GATT
T.TG

.IT.C

~=—=ACA..G

o M oo oo M [ LR oM g oed D4
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2110
CAGTGCGGCG
.TTCA...TA
GGCGA.CTTA

2120 2130
ACGCGACCGA TCCCGGAGAA
eeesTA..T.. ATGT.....C
«A....TATC CGAAACCAGT

2170
CTTTTCTTTG
eseeeessCT
TCCC..C...

GACGGT.G.C

2230
GCCgTTGGAA

==eCe0uss

A.TCC.C..G
CTGAGGC.TG

2290
ATCCGGGGGA
«ee.ACA...
.G.T..CA..

.G..-TCTA.

2350
CAAGGTGAAC

ececsscsee

eeesA...G.

«.G.TA..GA

2410
TCCGTAACTT

sescccccce

eTeeeenans

Geveeonons

2470
GCGGGGCIGG
..A.C.GGC.
CGC...A..T

2180 2190
TGAAGGGCAG GGCCGCCCTP
«—..CA..T- TAT.A...CG
.T.C...AGT TAA.TG.TCT

CCGGTTTA.. C.TGTAGGCT

2240 2250
AGCGTCGCGG TTCCGGCGGC
GAG.C.AGCA CCTTT..T.G
«s«A.GT..T .CTTC.AT.T
-TGACGAG.C ACTAC.GT..

2300 2310
GAGGGTGTAA ATCTCtGCGC
AG.AA--..- G.T.TCAT..

-Teeo.sA.. G..CT.CG.T
CGTGTT
CATCA-~— -~ GGTAA.AT

2360 2370
AGCCTCTGGC ATGTTAGAAC
ceceeesAT =, A.....T
eeTeceeees =GCAL..ene

.TA.CAA... -GC..GAG.G

2420 2430
CGGGATAAGG ATTGGCTCTA

e0ccccccees scccccccce

@ecececcee cesccccccce

eeeesGeeos CAC-...———
1700

2480 2490
GCCGCGCCGC GGCTGGACGa

2140
GCCGSGSGGG
.T..G-C.C.
.A. .TAACT.
«GG.GAC..A

2200
GAATGGGTTC
eeesTees.T
.GTAA.C..G

.GT.TTCCAG

2260
GTCCGGTGAG
CeveeredCe
«.T..CG.TC
TGAA.CAACA

2320
CGGGCCGTAC
AA..T.....
T.AA......

CAAAT.....
1600

2380
AATGTAGGTA

esesecdA.,

Y T

«.CT.G...G

2440
AGGGCTGGGT
eeesTCoue
TAeeeonons

2500
aGGCGCCcCC

2150
AGSCCCGGGa
eeCeeTavns
G.AA...T..
GAAGG.TATG

2210
GCCCCGAGAG
AT..G....T
CATTGTGC. .

« +AAATCCG.
1500

2270
CTtCTCGCTG
«e+G.-.AC.
TCCT..CG.T
AA.GC.CTGC

2330
CCATATCCGC
TG...A....

eTemeeaees

..CA.A...A

2390
AGGGAAGTCG

eeesesTees

A....C.A.

2450
CGGTCGGGCT
A.TGA....C
GTCG.. ...«

mn

A...GA..TC

2510
GtGGCGCtCt

2160
GAAGAGTTCT
G..T--.A.
«.G.GA-.T.
TTG.CCGGGC

2220
AGGGGCCCGC
G...T.TTAT
.T.CC.AGCT
GCAAC
AAAT.AA.G

2280
GCCCTTGAAA
P ¢ P

FERIRY - PN

TT..AG....

2340
AGCAGGTCTC

eecsccsccce

ecsssccscce

CA.....GGT

2400
GCAAGTCAGA
.+« AAT...
eeessC.G..

«e« AATG.T

2460
GGGGCGCGAA
TT..TCA..C
««.TAAG.CT

CCT-.. .=

2520
TTCCCTCCTC

TG.T

oo M oo o M g ed e oo M (B -]
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2530
ccGeeccceT

2540
CTCTCTCCGG

2550
CCCCCCCTCG

2560
CGGGGGGCCG

2570 2580
CGGGGGCGGG GGGGCGCGGG

2590
GGGCCGGGAG

2600
CGCCCGGCGG

2610
CGGCGACTCT

2620
GGACGCGCGC

2630 2640
CGGGCCCTTC CTGTGGATCG

2650
CCCCAGCTGC

2660
gGCGCGCGCC

TAATG..CGA

2670
TCTCCCCCGC
AC.G.TTG.T
GGCG.TTTCG

2680
GCCGTCCCCC
«GG.CTTG.T
.GT.C.GAGA

2690 2700
tCCTGCGCCT CCCCCCGTCA
CTGCTA.G.G GA.TA.T.GC
G.G..AA.GG G..G.TCGGG

2710
GGGGACGGGG
.T.CCTT.TT
.CT..AAACT

2720
CGCGWGCSGC
GTA.ACGGC.
A.ATCATT..

2730
GGGGCGGCCG
TT..TA.GTC
«.A.GIT.GC

2740
GGGCGGGCCC
TCTT.TAGA.
CC.A.T.GIG

2750 2760
GGCCTCGGCC GGCGCCTAGC
C.T.G.TTG. TA.AAT..A.
AAAAG....A CA.CG...A.

2770
AGCTGACTTA
GATCA.....
eeesA..G..

ceseee——A,

2830
GCGAAGGCCC
eeesT..T.A
TT.TT..TG.
.T.C.AA.A.
1800

2890
AGTGAAGAAA
.A..GC....
«+C.e...CIC

2780
GAACTGGTGC
I
eees.TACAA
TC.G.C.AAG

2840
GAGGCGGGTG
«+AAGT.A..
C.AA-.C...
. .AAGT. .AC

2900
TTCAATGAAG
eeeesCC...
.C...CC...
«.G.TC....

2790
GGACQAPGGG
.+e.A.G...
A.G.T.G...
AT..C.GCT.

2850
TTGACGCGAT
eeessesAl,
+AA...AATC
G.-.TA..G.

2910
CGCGGGTAAA

T
.C.C......
1900

2800
AATCCGACTG

eeeeTecees

cecesAle.

GC.G.A....

2860
GTGATTTCTG

ecccccccae

+++.CGC...

2920
CGGCGGGAGT

ceceas ccC..

GGAT.G

2810 2820
TTTAATTAAA ACAAAGCATC
eCovenanne veeTeee. T
Acieeeeee oo T.. .GAT

eeeT.Aee. ,..C....CT
YN

2870 2880
CCCAGTGCTC TGAATGTCAA

eeccccccce ccsccsccccse

eeeesssces ooGooo.Te

eeeGeeeoeCG G.TTA.CGC.
Jpd - TTA- G

2930 2940
AACTATGACT CTCTTAAGGT

ecceccseee scccsccscce

eeccccccce sscccscsse

eessesAiG G..C.Le.
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2950
AGCCAAATGC

eeeccsccce

seesccccce

eeeG... T,

3010
GTCCCTACCT

eessesaTes

«..T.C...C
2000

3070
GGAAAGAAGA

esssccsccce

seccccccce

.ACGGA....

3130
TAGGATAAGT
eedhoicanne

eeeCee.G..

[ e

3190
ACTCTTATCG
«.CT....A.
...T.CGA.A
CT.TAATGTT

3250
CTTCTGGACC
G....A. IT

o

TAAAATCGG.

2960
CTCGTCATCT

eseccscsee

TP

«.T...GGG.

3020
ACTATCTAGC

GAG.CTC..T

3080
CCCTGTITGAG

scescsccase

eecccccsee

«+.C..GA.C

3140
GGGAGGCCCC
eees o CTT.~

RN ¢ B

eeseees TIT

3200
TTTTTTCACT
R N
.CGC..TG..
.GA.G.TCTA

22

3260
CAAGCGCSCG
eessGT.C.-

. TCTGTGGGC

2970 2980
AATTAGTGAC GCGCATGAAT

e0ce0s00es cscsccccccce

eeeeTieies connnennas

..6.TCC... CT...C....

3030 3040
GAAACCACAG CCAAGGGAAC

ssesesssse coccccscne

©eeesesc0es cecccccccse

«+«.TTGA.C_.GCT.T...G
™

3090 3100
CTTGACTCTA GTCTGCAACT
eseesesess o.T..AC.T.
esesscsaes «G.ATAG. .-
eeeToc.A.. .CT..AC...

3150 3160
CGCGCTCGTC GCAAAGGGGC

ATG
GAA.TGT.AG T.TGCAT..A
GACGCC

3210 3220
TACCCGGTGA GGCGPPGGGG
«.TT.AA, ., =———-=.C..
A.TG.T..A. C.AACGAAC.
ACGTT.ACCC .TA

2990
GGATGAACGA
eeeeToenes
eeeoT..Tee
..CGT..T..

3050
GGGCTTGGCG

cessecesdA

cesecsesdA

AT..AGT.TA

3110
GTGAAGAGAC
.C..G.T..T
.AAC.TT..G
2100

3170
GCCGCCGGTG
.G....A...
C...T.AA..
«+e.A.CT..

3230
CGAGCCCCGA
A.CTGGAATT
GA.C.G.GTIC

3000
GATTCCCACT

ecescccsce

ssesccccce

TGGC.AGG. .

3060
GAATCAGCGG
CeeeTevnnn
CCCG.G. .AA

3120
ATGAGAGGTG
. .AGAG....
TCT.A.....
CCTT..T...

3180
AAATACCACT

ceseeeseslC

R

3240
GGgGCTCTCG
CATTT. .CAC
CCTCTCAC. .

00

3270 3280
GCCCCCGCGC CGGGCGCGAC
======ATT. G....-T..T

TT.ATGC.CG GTACGTAATT

3310
GGTGGGGAGT

I

PR A

3320
TTGACTGGGG

Y ¢ PR
Y ¢ PP

.T

3330 3340
CGGTACACCT GTCAAACCGT
eeeCee.Tee ..T....GA.
eesA.A.~-.. .CT.C..G.C
eeee=eToe. CCT...GA..

3290
CCGCTCCGAG
«+«GGTT..A

G..TGTA.CA

«+«GGTT.C.

3350
AACGCAGGTG
eseccedd..
«+++GCA..C
N e Y W

3300
GACAGTGGCA
eeesTel T

«+.TA.CTAT

eeeseesT.T

3360
TCCTAAGGCG
[P e N
cessecessIC
CA.G....TT
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3370 3380 3390 3400 3410 3420
AGCTCAGGcG AGCGACAGAA ACCTCCCGTG GAGCAGAAGG GCAAAAGCTC GCTTGATCTT
GeeesoTe=e eo=Aiceeee Tooi AL A CALALLe WTeeeeelCo CovenelTe
CAceeoeA=, C-uveveee oG Toe A o A-T. AL o0eeeo . TGG ... .A.CTCG
G...A.TC-C T.-.T.G..C .T.AGGA.GT T..TGC..T. ...T....CA ......CIGC

2300

g P4

3430 3440 3450 3460 3470 3480
GATTTTCAGT ATGAATACAG ACCGTGAAAc GCGGGWGCCT CACGATCCTIT CTGACTTITT
ceseeseese GevevewooA (LAl o= JT.Te-.... AT........ TA,T.CC.CG
Ceeeeseses oGT...GTGA .G.AA....- TT.C.-..T. A..ccce.eo.. AGCGGCGGG.
..6CG.G.CG GC.CGAG... —GT.C....- ..A..-T.A. AGT.....GG TG.TTC.GAA

2400

[ B

3490 3500 3510 3520 3530 3540
GGGTTTTAAG CAGGAGGTGT CAGAAAAGTT ACCACAGGGA TAACTGGCTT GTGGCcGGCC
WBAAL.G.G. TAceeeeeC cuvucnceae coecncncee socscncnes ooeee—AT.
«CCAGCC,C. TTeeeeeeA Geevcesnse consecnsees ovsssncess saoaea=Cous

2
T..AAGEQFA TC.CTCAACG G.T.....G. ..TC.G.cee cec.A..e.G A.AC.~.C.. E

G

oo M

3550 3560 3570 3580 3590 3600
AAGCGTTCAT AGCGACGTCG CTTTTTGATC CTTCGATGTC GGCTCTTCCT ATCATTGTGA

ceecccecee sseeesATe cocieieeeT teeietncer ceencncees ceeal ACC,.

cecsecseee ceveceeele ceeececres ceecssctes cseasescas soee AC.A,
eeehiceees sTeeeesGor GGoeooGCA .Civvvveee ooessA..AC ...C.G.G.C
2500

=Y

3610 3620 3630 3640 3650 3660
AGCAGAATTC ACCAAGCGTT GGATTGTTCA CCCACTAATA GGGAACGTGA GCTGGGITTA

eoeesccene GGTeeeeces cececncees concscsces socscacscs sonsnscscs

eoe=esesse GTeeeTeee cocecosoee eoeTeeTeme covuencace covcnncans

T.Av.T.GGT CoveeeGooA ToGCoeooeG ¢ ATT. . AG TeeTeeeCue ceveecnnns

g B

3670 3680 3690 3700 3710 3720
GACCGTCGTG AGACAGGTTA GTTTTACCCT ACTGATGATG TGTTGTCGCA ATAGTAATCC

eeeseseaee ecescccses sescscsscse soescsesAm ceelACiiie ceenee TG

e eeeses secececsns sescsssene C..AC.?%\. GIG..C.CTG ......GAT.

oo M

weAieesees oeeeesT.CG ..CCCTAT.. G.C.TG.GGC ..GA.AACTG .GG.GGGCTG E
2600 o

3730 3740 3750 3760 3770 3780
TGCTCAGTAC GAGAGGAACC GCAGGTTCAG ACATTTGGTG TATGTGCTTG GCTGAGGAGC
AA..Teeeee coesesescA ,TTCA...G. .T.A.....T .T..C.GC.. T....TC..G
ACT.veeees sessossoss AGT.A..... ..CAA..... ..A.C...GC T.GA.C.G.-
CT.CTeeeee eoesessC.G .AGT.GA.GC .TCAC..... .TC.G.T.GT CA..CCA.TG

2700

morg o M
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3790
CAATGGGGCG
..T..CC...
.+.GA.C.CTA
GC.CT.CC..

3850
CCTAAACGTG

GuvogorsC.
<

G...G.TAG.

..CCG.GA..

3910
CCCCCCCGGG

TTA..ATCAA

3800
AAGCTACCAT
G.veeso=G.
GTAGCTAA. .

3860
ACGATACCGC
GT...TT.TIT
GGACGT.GCA

.GTTCT..CT

3920
GGGCGCCGGC
-T.T.G..T.

CA..CAGTCA

3810

CTGTGGGATT

.C.CT.....

I SO

GC.G.A...A
iR

3870
AGCGCCGCGG
T..T..A.AC
.T.AAA.ATA

GA.C.TT---

3930
GGGCAGAGCC
.CTG.ACCAT

ACTG. .CAGG

3820
ATGACTGAAC
eesGerenen
A.G...G.A
.GTG.....A

3880
AGCCTCGGTC
ATA.A.A.-

C..T.GCT.T

3830 3840
GCCTCTAAGT CAGAATCCCC
cesessscns ssseses AT
.Ac..e..C .C...G..AT
«A......C AC...A.TTG

3890 3900
GGCCTCGGAT TAGCCGGCgC
..ATA..A.. A..G..T.CT

TAAG..T.GC A...G.T.TT
o

3940
GCTCGCCTCG
AGCA.G. .A.

A.G..ATG.A

3950 3960
GGACCGGAGC GCGGACGAAA
CA..GT.CA. TT..CG....
€

AAGAG.TC.A C.C.TAA...
AATTA

3970
GGGGGCCGCC
«+CCTTG.GT
..TCAGT...

3980
TCTCTCCCGG
G..TG.TG.-
. .GT.AAGCC

3990
AGCGCACCGC
--..A.TT..
GC.C.CA..G

4000
ACGTTCGIGG
ATG..A.TT
GG.CATCAAC

4030
TCGTAGACGA
S SR S
A,.C.T....
N

.T.A....ee

4090
GATCTATTGA
ceessGC...
AT.GCGAGAC
.TA...A...

4040
CCTGATTCTG
.T.AGA.G.A
.TGTGCGTA.

.GACG. .GAT

4100
AAGTCATCCC
G.T.A.G..T
GCTGAGC.AG
. CCGTGAGG.

4050
GGTCAGGGTT
CAA.G....A
C.GA.AT.G.

A.G.C....G

4110
TTGGCCAAGC
«« « TTGTCTG
«GTTTIGCGTIT
«.AA..TT
2900

4010 4020
GGAACCTGGT GCTAAATCAT
Te==.G...G Acevcnnee
..CG.TCC.C CT....C..C

8
-T..GGGTCC TGA.GGAACG

2800

4060
TCGTGCGTAG
.T..AA.C..
GITA.T.ATC

+.GTAAGCGCA

ATTTGT
TTTTTGTCGG

4070 4080
CAGAGCAGCT ACCTCGCTGC
T....T...C TTG.T.T.A.
A..CTGGCTG G..GTCTA..

GC..TGC.T. GAGCTAACCG

C
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G(A)n and A(A)n oligonucleotides on a secondary structure model for Xenopus
28S rRNA (43) reveals that 85% of these bases are in single stranded regionms.
The stretches of homologous sequences in the three eukaryotes are separated by
segments of sequence which differ in length and overall base composition
between species but occur in the same positions (Fig. 4, Table 1). Within the
coding region for the mature rRNA of Xenopus, the 28S rDNA has nine major
tracts of DNA sequence not found in the E. coli 23S rDNA. There are a few
small inserts only found in yeast and/or Physarum (Fig. 4). The base
composition of the inserts varies significantly between species. The base
composition of the Xenopus inserts is 83% G+C, resulting in the high (66%) G+C
content of Xenopus 28S rDNA as a whole.

Figure 3. DNA sequence aligmment of large subunit rDNA sequences. "X"
represents Xenopus laevis 285 (this paper); "Y" represents yeast 26S (19);
"P" represents Physarum 26S (21); "E" represents E. coli 23S (18). Sequence
is from the RNA-like strand in all cases. Numbering at the top refers to the
Xenopus sequence. Numbering at the bottom refers to the E. coli sequence;
last digit of a number appears under the specified base. The E. coli sequence
begins at base 158 due to the presence of 5.8S-like sequences at the 5' end of
E. coli 23S (37-39). The following symbols are used; ambiguities account for
only about 1Z of the sequence:

P = purine S=Gor C "." = gsame base as Xenopus

Q = pyrimidine V=Aor C "-" = base missing relative to Xenopus

R=Aor T W=Gor T lower case = unclear if base is present or
absent

A single digit beneath a sequence indicates long DNA sequences not
present in Xenopus 28S rDNA:

Number Organism and Coordinates # bases
1 Yeast 450~ 476 27
2 Physarum 452~ 479 28
3 Physarum 1405-1421 17
4 Physarum 1564-1694 31
5 E. coli 1847-1861 15
6 Physarum 2726-2872 147
7 Physarum 3315-3339 25
8 Physarum 3659-3678 20

Short DNA sequences not present in Xenopus are shown directly in the figure.
There are no differences between our sequence and the 5' 118 bases determined
by Hall and Maden (14). The following six differences were found with the 3'
263 bases determined by Sollner-Webb and Reeder (16): position 3850 is a G in
this paper, an A in their paper. Bases 3891, 3892, 3897, and 3899 are not
present in their sequence. An extra base (A) is inserted between bases 4103
and 4104 in their determination.
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E.COLI 23s |L lIIIl II .Il I

YEAST 5.8S 26S I I I ._I.JT'
1 0 3 A4 sAﬁ As °
[
PHYSARUM 5.8S & 28S I I l .J_AIZI
LA Dﬂ A ) 9
2 [ 7 8
A‘ g 9

Figure 4. Comparison of known eukaryotic large sub-unit rDNA structure with
E. coli showing conserved, non-conserved and inserted regions relative to
E. coli. Black areas indicate regions of > 12nt with > 75 conservation
between all four organisms according to the aligmment of Figure 3. The second
conserved region from the 5' end represents 3 areas of conservation separated
by 10 and 6 bases, respectively, that could not be resolved in this figure.
White areas represent non-conserved regions. Triangles represent inserted
sequences > 20 bases relative to E. coli. Inserts are numbered with respect
to Xenopus, for ease of reference. Roman numerals at the top refer to
secondary structural domains I-VII of E. coli (40, 41). The eukaryotic 5.8S
molecule is shown as corresponding to the 5' end of E. coli 23S based on
primary and secondary structure comservation (37-39).

XENOPUS 5.8S & 28S

Table 1: Percentage homologies and base compositions were calculated from
the aligmments in Figure 3.

Xenopus Yeast Physarum E. coli

% Homology to Xenopus 100 68.6 52.9 46.9

G+C Base Composition:

Total 65.6 47.9 53.5 53.4

Conserved Regions 49.4 46.2 47 .2 53.5

Non-conserved Regions 58.7 46 .9 52.9 53.4
Inserted Regions 82.8 51.3 60.3 -
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DISCUSSION
Conserved Primary Sequence

We have determined the entire primary structure of Xenopus laevis 28S
rDNA; this constitutes the first completed nuclear 28S rDNA sequence from a
multicellular organism. The Xenopus 28S rDNA sequence, coupled with the
previously determined Xenopus sequences of the 185 rDNA (12), some tRNAs
(44-48), 55 RNA (49-51), and 5.85 rDNA (13, 14), yields a complete array of
RNA sequences for this model system of the eukaryotic translational machinery.
Our direct sequence analysis of Xenopus 28S rDNA has identified evolutionarily
conserved areas not mapped by our previous heterologous hybridization studies
(7). Fourteen areas of 28S primary sequence are highly conserved even in the
distant taxonomic comparison of the prokaryote E. coli and the vertebrate
Xenopus. This figure of fourteen is not absolute, as it represents only the
number of areas fulfilling our definition of homology: shorter stretches of
homology also may occur and may be of functional significance.

Areas of sequence conservation between such diverse organisms most
likely play vital functional roles; mutations within such areas would be
deleterious or lethal and not perpetuated during evolution. One of the
earliest notions was that the role of rRNA was only structural, to act as a
scaffold for ribosomal proteins during ribosome biogenesis or recomstitution.

A dozen E. coli ribosomal proteins can interact directly with E. coli 23§

rRNA, and some of these have been mapped to discrete locations (reviewed by

52). E. coli ribosomal protein L1 is the only one which also binds to a

eukaryotic rRNA, and the L1 binding site in Dictyostelium 26S rRNA also shares
both primary and secondary structure homology with the same region in Xenopus
28S rRNA (Xenopus 28S coordinates 3096-3180, including a conserved region in
Fig. 4) (32). Other areas of rDNA sequence conservation may also function to
bind ribosomal proteins.

However, in addition to binding ribosomal proteins, the large subunit
large rRNA has been implicated in other functions. Using the sequence
alignment shown in Fig. 3, and by comparison to the models proposed for E.
coli 235 (40-42) and yeast 26S rRNA (19), we have been able to derive a

secondary structure model for Xenopus 28S rRNA (43). Conserved areas are

described in our model which are candidates for regions of functional
significance: the GTPase center, A and P sites for tRNA binding, 5S RNA
binding site, and the peptidyl transferase center. Many of the conserved
regions (fig. 4) fall outside the putative areas for the functions listed

above, and may play roles for other functions not yet localized.
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Insertions in rDNA

As shown in Fig. 4, the increased size of eukaryotic 28S rRNA relative
to E. coli 23S rRNA can be accounted for largely by blocks of inserted
sequence in the former. Generally these inserts occur at the same position in
all known eukaryotic rDNAs, but their size and sequence vary. However, in one
case, at the 3' end of insert 2, there is conservation of sequence in all
three eukaryotes (Fig. 3). This region corresponds to Xenopus 28S rDNA
coordinates 952-976, and suggests that these 25 completely conserved bases,

present in all known rDNAs of eukaryotes but absent in E. coli and organelles,

may play a function common to eukaryotic ribosomes.

Similarly, the lack of sequence comservation for all the other inserts
in eukaryotic 28S rDNA raises the possibility that they play no role at all,
but are not deleterious for ribosome function, and hence are tolerated and
allowed to remain in the mature rRNA. Although Xenopus 28S rRNA has not been
sequenced directly, the lack of Sl nuclease cuts in rRNA-rDNA hybrids at the
insert positions (22, 53) suggests that transcripts of the inserts form part
of the mature 285 rRNA. In some groups of organisms, however, there may have
been sufficient negative pressure to cause removal of the insert from the
final rRNA product. Specifically, the bases have been localized in the fungus
fly which are cut out during processing, thereby dividing 28S rRNA into the
o and B halves (R. Renkawitz, personal communication), and the bases which are
removed include insert 6. In a second example, eukaryotic insert 9 appears to
be treated like a "spacer" in chloroplast rDNA of higher plants and is not
present in mature rRNA. The nucleotides 3' to this "spacer" are found as a
4.5S RNA; they are homologous to the 3' end of E. coli 23S rRNA but are no
longer covalently bound to the bulk of the large ribosomal RNA (54-56; 39).

These observations on eukaryotic rDNA inserts can be extended to suggest
that they form a subclass of the DNA sequences inserted into rDNA. The
subclasses are defined by the RNA processing fates of the insertions. The
first subclass of insertions are what we have called "inserts" above. Except
for the insect and chloroplast cases above, transcripts of the eukaryotic 28S
rDNA inserts shown in Fig. 4 appear not to be removed by processing cuts, and
presumably are present in the mature 285 rRNA. The transcribed intervening
sequences found in the rDNA of some non-dipteran species represent a second
class. They represent insertion sequences whose transcripts may interfere
with ribosome function, and therefore are removed by splicing events from the
rRNA. 1Indeed, the areas in which intervening sequences are found are highly

conserved in primary sequence (reviewed in 57), implying that a functional
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site has been interrupted by such an insertion.

The internal transcribed spacer 2 (ITS 2) which separates 5.8S from 28S
rDNA falls within a third class of rDNA insertions. 5.8S RNA is homologous to
the 5' end of E. coli 23S rRNA (37-39); the ITS 2 insertion, which separates

5.85 from the remainder of the large ribosomal RNA, is cleaved out during

processing. However, unlike the intervening sequence class of insertions, the
processing cuts are not followed by a splicing ligation. Perhaps it is not
necessary for 5.85 RNA to be covalently joined to 28S rRNA, because both of
the 5.8S RNA termini are already hydrogen bonded to 28S rRNA (58, 59).

The three classes of rDNA insertions generally do not have the sequence
properties of IS elements, but this could simply be a reflection of mutational
change over evolutionary time. Nonetheless, it is satisfying to think of
these classes of rDNA insertions as foreign DNA sequences which have
integrated into rDNA. Depending on their site of integration within rDNA,
their transcripts may be handled differently during rRNA maturation, and

thereby define the three subclasses of rDNA insertions as discussed above.
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