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ABSTRACT

The genomic arrangement and sequences of S. 2Qmbe 5S RNA genes are
reported here. The 5S gene sequences appear to be dispersed within the
genome, and are found independently of other rRNA genes. The sequences of
two 5S genes examined show identical coding regions of 119 base pairs but
have widely varying flanking sequences. A tRNAAsP gene is found in the 3'
flanking region of one of the 5S genes. The tRNAAsP gene is faithfully
transcribed in an X. laevis .j vitro system, while the 5S genes are not
transcribed in this system.

The phylogenetic position of S. Dombe is examined through com-
parison of 5S RNA sequences.

INTRODUCTION

In eukaryotes the rRNA genes are organized as clusters of tandem

repeats that are transcribed by RNA polymerase I (1). Transcription of the

repeating unit results in a single precursor, which in turn is processed to

form the mature rRNA species. Usually the 5S RNA genes (5S genes) are

organized as separate gene clusters but in Dictvostelium and S.

cerevisiae the 5S genes are closely linked with the genes for the large
ribosomal RNAs (1). Since 5S genes are transcribed by RNA polymerase III 5S

RNA formation is 'independent' of transcription of the other rRNA genes.
RNA polymerase III is also responsible for the formation of tRNA (Roeder,
1976).

The clustered arrangement of 5S genes may have evolutionary con-
sequences (2,3). However, the evolutionary mechanism may not be a common
one in that the 5S genes of NeurosDora crassa are not tandemly repeated

(4).
In an effort to learn more about the components of the translation

machinery of the fission yeast S osch and as part of our

interest in understanding the transcription of eukaryotic tRNA genes by RNA
polymerase III, we initiated a study of the arrangement and nucleotide
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sequence of the 5S genes of this organism.

Our results suggest that the 5S genes of S. pombe do not display

tandem repetition and are not a component of the large rRNA gene unit.

Rather the 5S genes of S. pombe are apparently dispersed throughout the

genome and in this respect more closely resemble the organization observed

for eukaryotic tRNA genes. The nucleotide sequence of a. pombe 5S RNA

differs markedly from that of S. cerevisiae. Comparative analysis of the 5S

RNA sequences according to Hori (5) suggests that the evolutionary position

of S. Dombe may be somewhat removed from the other yeasts (6).

MATERIALS AND METHODS

General. Restriction enzymes, T4 DNA ligase, T4 RNA ligase and T4

polynucleotide kinase were obtained commercially. (y-32P)ATP was prepared

by the procedure of Walseth and Johnson (7). (a-32P) nucleotide triphos-

phates and (5'-32P)pCp were commercial products. The plasmids pYM3 and

pYM3.1 contain the same S. DoMbe HindIII insert in pBR313 and pBR322,

respectively.

DNA rearation. .ombe DNA was prepared by modifications of

the procedure of Cryer et al . (8). S. Dombe strain ade 6 SUD 3-704 was

grown in YEA broth at 300C to late log phase and harvested. The yield was

10 g wet weight/l. The fresh cells (per 10 g) were washed with 30 ml of 50

mM EDTA, pH 7.5, treated with 20 ml of 0.3 M 2-mercaptoethanol - 50 mM EDTA

for 30 min at 250C and washed again with 20 ml of 1 M sorbitol - 0.1 M

EDTA, pH 7.5. The cells were resuspended in 20 ml of sorbitol-EDTA, and 5

mg of zymolyase (dissolved in 2 ml of sorbitol-EDTA immediately before use)
were added and the mixture incubated for 30 min at 370C. The resultant

spheroplasts were harvested, washed with 20 ml of sorbitol-EDTA, then re-

suspended in 20 ml of 0.15 M NaCl - 0.1 M EDTA - 50 mM Tris-HCl, pH 8.0 and

lysed by adding 10 mg of proteinase K (in 2 ml of the same buffer) and 1 ml

of 25% SDS. The mixture was incubated at 370C for 3 hrs and then at

650C for 30 min. The resulting lysate was deproteinized twice with an

equal volume of phenol. The nucleic acids in the aqueous phase were pre-

cipitated with 2 volumes of ethanol. The pellet was resuspended in 10 ml of

0.1 x SSC and the solution was brought to a final concentration of 2 x SSC.

After addition of RNase A (final concentration of 0.1 mg/ml), Ti RNase

(final concentration 100 units/ml) and a-amylase (final concentration 0.1

units ml) the mixture was incubated for 1 hr at 370C. After phenol ex-

traction and ethanol precipitation, RNase treatment was repeated. The DNA
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was further purified by banding twice in CsCl gradients using a mean CsCl
density of 1.699 g/cm3. The DNA fraction was dialyzed overnight against

10 mM TrisHCl pH 7.5 - 1 mM EDTA. The yield was approximately 0.1 mg DNA/g

of wet weight cells.

Plasmid DNA was prepared by chloramphemicol amplification of the

host E. coli HB101 and purified by CsCl-ethidium bromide density gradient

ultracentrifugation according to Clewell (9).

.Dombe clone bank. ,. Dombe DNA was cleaved completely with

HindIII and ligated to HindIII digested pBR322 DNA. After transformation of

E. coli C600 SF8 (10) AmpRTetS clones were selected and screened (11)
with j& vivo labeled -S. 2ombe (32p)-5S RNA (12).

Restriction Enzyme HMaing. Restriction enzymes were obtained

commercially and used according to the suppliers' recommendations. Digested
DNA was analyzed by agarose gel electrophoresis (13,14) using the mapping

method of Smith and Birnstiel (15). DNA was transferred from agarose gels
to nitrocellulose membranes according to the method of Southern (16).

D Seguence Analysis. 5'-end group labeling and DNA sequence
analysis were performed according to the procedures of Maxam and Gilbert

(17).
. Labelin. RNA. 5S RNA was labeled at the 3'-terminus using

T4 RNA ligase by the method of Bruce and Uhlenbeck (18). 5'-terminus

labeling of 5S RNA was performed as follows: RNA (20-60 pmoles) in 0.005 ml

50 mM Tris-HCl, pH 8.3 was dephosphorylated at 370C for 30 min using 0.005

units of nuclease-free calf alkaline phosphatase (19). The reaction was

terminated by the addition of 0.005 ml 0.1 M potassium phosphate, pH 9.5.

To this mixture were added 0.001 ml of a solution which contained 0.1 M

MgC12, 20 mM spermine and 1 M KCl, 0.05-0.25 mCi (Y-32P)ATP and 4
Richardson units of T4 polynucleotide kinase for a final volume of 0.01 ml.

The reaction was performed at 370C for 30 min. 5'-and 3'-terminus labeling

reactions were loaded directly on to 12% acrylamide thin-gels (20) for

purification of the labeled RNA.

5U RNA Seguence Analysis. Enzymatic RNA sequencing was performed
using 5'- or 3'-labeled 5S RNA as described (21).

I& vitro TranscriDtion of Plamil MA. Xenopus germinal vesicle
extracts were prepared and transcriptions performed as described previously

(22).
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RESULTS AND DISCUSSION

Isolation and analvis_ of 5 clones. A clone bank containing

HindIII S. Qombe DNA fragments in pBR322 was prepared as described in

Materials and Methods. This bank of 4500 clones was screened with uniformly
32P-labeled 5S RNA and 14 independent clones were selected for further

characterization. This selection represents only a fraction of the total

number of 5S genes contained in the genome. Southern analysis of genomic

DNA digested with HindIII showed that at least 30 different DNA fragments

hybridize to 5S RNA while only one contains sequences complementary to 5.8S

RNA (Fig. 1).

The 5S clones were characterized with respect to their insert

sizes and a Southern analysis was done. RNA sequence analysis indicated the

presence of a PstI site within the 5S RNA gene. This Pst I site was used in

the examination of the clones selected. DNA was digested with HindIII and

PstI, separated by agarose gel electrophoresis, and transferred to a

nitrocellulose filter. Transferred DNA was hybridized to a mixture of 5'-

(32p)-5S RNA and 3'-(32p)-5S RNA to determine which fragments contain 5S

A B Fig. 1. Whole genome Southern hybridizations of
I. combe DNA cleaved with HindIII.
Lane A - hybridized to nick translated
pYM3 insert DNA containing the 5S gene;
Lane B - hybridized to uniformly 32p_
labeled 5.BS RNA

10.4kb- ., j,

6.lkb-

4l4kb-

a2kb-

1.3kb- ^
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RNA genes and to determine the number of 5S RNA genes within each HindIII

insert (Fig. 2). Since two bands, representing the 5'- and 3'-halves of the

gene, from the HindIII/PstI digest of each plasmid hybridized, a single 5S

gene is present within each HindIII insert which hybridized to 5S RNA. The

fragments resulting from HindIII and HindIII/PstI digestion of the 5S clones

and the bands positive for 5S hybridization are tabulated and presented in

Table 1.

Hybridization of tRNA species to the 14 5S clones proved negative

except for the hybridization of a tRNA species to pYM116. Hybridization of

5.8S RNA to the 5S clones was uniformly negative. 5S and 5.8S RNA do not

hybridize to the same genomic DNA fragments (see Fig. 1). Therefore the 5S

RNA genes of S. Dombe are not contained on a repeated DNA fragment together

with the genes for the other ribosomal RNAs. A similar conclusion was

reached by analysis of the X. Domb ribosomal repeat (J. Barnitz & J.

Kramer, personal communication).

Nucleotide Sequence of S RNA genes and of SS IN. DNA sequence
analysis was performed on the 5S gene and its flanking regions from pYM3 and

on the 5S gene, the tRNA gene, and their flanking regions from pYM116. The

kb kb
- 28

9.5- _ 9_
6.7-_ - 67

1292-2|.2

C' - RO

Fig. 2. Southern blot analysis of each of the S. rombe 5S RNA hybridizing
plasmid DNAs. Each of the pYM clones as designated was digested
with HindIII/PstI and separated on a 1% agarose gel (left half) for
transfer to nitrocellulose. An autoradiograph of the hybridization
pattern to a mixture of 5'-32P-5S RNA (lighter bands) and
3'-32P-5S RNA (darker bands) is displayed (right half). pYM78 is
the same clone as pYM79. The results displayed in this figure are
suzmmarized in Table 1.
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Table 1.
Characterization of §. Dombe 5S clones

(Summary of hybridization results of Figure 1.)

pYM HindIII HindIII
clone NA fragments (kb) PstI (kb)

3 2.0* 1.05+ , 0.950

10 2.20 1.15', 0.6, 0.45

17 5.6* , 5.0 (no PstI) 2.9' , 1.6' , 1.1

21 3.0' 2.05', 0.95'

36 2.45' 1.55*, 0.9'

58 4.55', 2.5 (no PstI) 1.75, 1.25, 0.75
0.6#, 0.2

78 (=79) 5.8* , 2.9 (no PstI) 4.2', 1.6*

91 2.0* , 2.0 (no PstI) , 0.85 1.1 , 0.6# , 0.3

102 5.5* , 0.56 (no PstI) 3.1', 2.2', 0.25

1114 2.7' 2.25' , 0.45*

116 2.7 (no PstI) , 2.1' 1.41 , 0.7'

124 2.45* 1.5', 0.95'

133 (=36) 2.45* , 0.59 (no PstI) 1.55' , 0.9'

'hybridizing fragment
+this fragment did not hybridize, but is known from
to contain the 5'-half of the 5S RNA gene

#only one HindIII/PstI fragment hybridized

DNA sequencing

nucleotide sequences of the relevant portions are shown in Figures 3 and 4.

The locations of the mature coding region of the 5S genes and of the tRNA

gene are indicated. The boundaries of the 5S gene were determined by
sequence analysis of isolated 5S RNA (data not shown) using the enzymatic
rapid gel sequencing methods (21). The main conclusions of this sequence

analysis are: (i) the 5'-terminus is pppGU; (ii) the RNA does not contain

modified nucleotides; and (iii) the 3'-terminus is GGCUOH. The 5S RNA is

119 nucleotides long and agrees with a recently published §. Dombe 5S RNA

sequence (23). Comparison of the gene sequences shows that the mature

coding regions in both genes are the same. Apart from the oligothymidylate
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10 20 30 40 50 60
GTTAACCTACTTGAATAACAGAATAAATACTATTATTTAACACAACAAAGTACTACGGCC
CAATTGGATGAACTTATTGTCTTATTTATGATAATAAATTGTGTTGTTTICAGATGCCGG

70 80 90 100 110 120
ATACCTAGGCGAAAACACCAGTTCCCGTCCGATCACTGCAGTTAAGCGTCTGAGGGCCTC
TATGGATCCGCTTTTGTGGTCAAGGGCAGGCTAGTGACGTCAATTCGCAGACTCCCGGAG

130 140 150 160 170 180
GTTAGTACTATGGTTGGAGACAACATGGGAATCCGGGGTGCTGTAGGC TCCTTTTATTC
CAATCATGATACCAACCTCTGTTGTACCCTTAGGCCCCACGACATCCGSIAGGAAAATAAG

190 200 210 220 230 240
TTTTTGCTTTTTCTGCTTTATTTTAATTCCTCGTTTTCGACATCAAATCAGTCATACTAT
AAAAACGAAAAAGACGAAATAAAATTAAGGAGCAAAAGCTGTAGTTTAGTCAGTATGATA

250 260 270 280 290
AATGAATGGTTATTTCTCATGCGAGTTAGATTTCCCATCTGTAAAACTAAGCCCTTT-3'
TTACTTACCAATAAAGAGTACGCTCAATCTAAAGGGTAGACATTTTGATTCGGGAAA-5'

Fig. 3. DNA sequence of the 5S RNA gene regions of pYM3.

transcription terminators adjacent to the 3'-end of the coding region

significant homologies between the DNA sequences of these clones have not

been observed in a computer search (24).

Analysis of the DNA sequence of the tRNA gene from pYM116 in-

dicates that this gene codes for a tRNAAsP which recognizes the codon GAC.

Comparison of the primary sequence of this tRNA with that of the corre-

sponding tRNA species from S. cerevisiae shows a large sequence divergence

(45%) between these tRNAs (Fig. 5). This is in line with current knowledge

(6) that the tRNA sequences of these two yeasts differ drastically.

,TL vitro anscription P.YM1l6 M. In the absence of an S.

20mkbe transcription system we used pYM3.1 and pYM116 DNA as templates in a

XenoDus germinal vesicle extract (22). In agreement with earlier results

(25) neither 5S RNA gene supported transcription in the XenoDus extract

(Fig. 6), whereas homologous (26) and Triturus (27) 5S genes are efficient

templates in this extract. The tRNA gene contained in pYM116 DNA was

efficiently transcribed, however. This may indicate that the Xenopus factor

necessary for 5S transcription (28) does not recognize 5S genes from lower

eukaryotes, while tRNA genes from lower eukaryotes are recognized by the

appropriate Xenopus factors.

The autoradiogram of the gel electrophoretic separation of the

transcripts shows several bands in the precursor region (Fig. 6). This

indicates that transcription termination occurs as expected at various

positions within the oligothymidylate stretch at the 3'-end of the gene.

Structue of I. Dombe 5E RNA. The 5S RNA sequences of three

yeasts, S. Dombe, S. cerevisiae and T. utilis, and that of D.
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Fig. 5. The cloverleaf structure of I. ponbe tDNAAsP. The boxed nucleo-
tides differ from those in S. cerevisiae tRNAAsP (38). The arrow
indicates the position of an additional nucleotide in this S.
cerevia tRNA.

melanogastfr are compared in Fig. 7. Q. Dombe 5S RNA differs in 38 nucleo-

tides from the 5S RNA sequence of X. gerevisiae, in 37 nucleotides from T.

utilis 5S RNA, and in 36 from D. melanogast_r 5S RNA. Nevertheless, there

are regions in these four 5S RNAs which show considerable conservation of

primary structure.

Figure 8 shows the S.. 2gmbe 5S RNA sequence arranged in the

secondary structure model proposed by Stahl et al. (29). This model is

based on an earlier structure proposed by Fox and Woese (30). Results from

Raman (31) and IR-Spectroscopy (32) suggested higher degrees of base pairing

in pro- and eukaryotic 5S RNAs than expected from Watson-Crick base pairs

alone. In this new 5S RNA model non-Watson-Crick base pairs are included.

The existence of such non-Watson-Crick pairing in 16S rRNA has been dis-

cussed (33). As shown in Fig. 8, the S. Dombe 5S RNA secondary structure

has 41 base pairs of which 14 are A:U, 20 are G:C, 5 are G:U and 2 are G:A

pairs.

Figure 8 also indicates nucleotide positions which are conserved
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pYM Fig. 6. Autoradiogram of an polyacrylamide gel
electrophoresis of RNA transcription

3.1 116 product from pYM3.1 and pYM116. The

0i) positions of precursor and mature
tRNA and of a 5S RNA marker are
indicated.

-5S RNA

precursor
with 3' end
difference

_S mature tRNA

in the primary structure of all four 5S RNAs compared. Nucleotides that are

conserved in three out of the four 5S RNA species are underlined. With the

exception of nucleotide 88, the most variable positions occur in base paired

1 10 20 30 40 50 60
S. POM. PPPGUCUACGGCCAiJACCUAGGCGAAAACACCAGUUCCCGUCCGAUCA CUGCAGUUAAGCGU
S. CER. PPP-GU-G--------U---CCA----G----GU--------------A---N--------UG
T. UTI. PPP-GU-G--------U----CA----G----GU-CU-----------A---U--------UG
D. MEL. PPP-C-A---A-------AC-CU---U---U-G-----U---------- ---A-A------AG

70 80 90 100 110 120
S. POM. CUGAGGGCCUCGW AGUACUAIJGGUUGGAGACAACAUGGGAAUCCGGGGUGCUGUAGG CUOH
S. CER. G-A--A----GACCG----G-G-A--G--U---C-U-C-C---A-UCA-------C-AU--
T. UTI. --A--A----GA-CG----G-G-A--G--U---C-U-C-C---A-UCA-------C-AU --
D. MEL. -GUC----GCG--- ------UA-A-G--G---CG-U------CA-C-C---U---U--C--

Fig. 7. Comparison of the sequence of four 5s RNAs. The 5S RNA sequence
from .. Dombe is shown. Positions being different between X.
cerevisiae, .1. utilis, or D.. melanoraster towards S. Dombe are
written out. The numbering is based on the sequence of X.
gerevisiae and T. utilis 5S RNAs (121 nucleotides), while D.
melanogaster has 120 and l. 2D2be 119 nucleotides. Gaps were in-
troduced in the alignment in order to match up homologous se-
quences.
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Fig. 8. Sequence of . Dombe 5S RNA arranged in the model by Stahl et al.
(29). Shaded areas represent nucleotides that are conserved within
the four compared species. Dotted areas represent homology in
three out of four species.

and stacked regions, while the nucleotides surrounding the base of the fork

in the model and the nucleotides in loops around nucleotide positions 40 and

90 seem to be highly conserved (342).
Evolution of S. Dombe 5 RN. In order to help determine the

position of S. Dombe in the phylogenetic tree of yeasts, we calculated the

Knuc values (5) for the four different 5S RNAs presented in Fig. 7. These

data, completed by a comparison of the percent sequence homology within the

four 5S RNAs, are shown in Figure 9. Utilizing Hori's phylogenetic tree of

5S RNAs (5) we have placed X. Dombe closest and S. cerevisiae farthest of

the three yeasts from D. melanogaster.
Based on the sequence comparison of S. Dombe 5S RNA, we suggest

that 1. Dombe may have split somewhat later from the evolutionary line

leading to L. melanogaste than did the yeasts T. utilis_ and S.
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conserved nuclotides
67

(% homology)
70

r ~~58.3%
83

69.7%

115 84 84
r 95 % 70.5% 70.5%

species S.c. T.u. S. D.m.
nucleotides 121 121 119 120

K(nc 0.043 J ' 0.373 . 0.402
0.387

0.616

0.635

Fig. 9. 5S RNA sequences of S. cerevisiae (S.c.), .. utilis (T.u.), A.
Dombe (S.p.), and D. melano (D.m.) are compared. The number
of conserved nucleotides and the degree of homology between species
is shown. Knuc values were calculated by the method of Hori (5).

cerevisiae. A similar analysis of the phylogeny of tRNAPhe species (35)
supports this conclusion. The sequence of cytochrome C (36) and the organi-

zation of the pathways of tryptophan biosynthesis (37) suggests that S.

Dombe is closer to Nros.ora than to .. cerevisiae. Sequence data on other

genes are needed to establish more securely the evolutionary relationships

among lower eukaryotes.
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