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ABSTRACT

Sequence Specific Termination of Transcription

by RNA Polymerase III

by Louis James DeGennaro

When a cloned EcoRI fragment of yeast DNA containing the 5s rRNA

gene is transcribed in vitro by yeast RNA polymerase III, two major

transcripts are synthesized. The transcripts constitute 18–20% of the

total RNA synthesized, are 108 and 103 bases long respectively, and

do not contain sequences homologous to 5s rRNA. We have investigated

the initiation and termination of these transcripts at the level of

nucleotide sequence. Hybridization to restriction endonuclease subfrag

ments of the DNA template indicates that the products are transcribed

from one of the termini. Analysis by two-dimenstional "fingerprinting"

of T1 oligonucleotides reveals that transcription is initiated at the

first base pair beyond the EcoRI single stranded end and terminates at

two specific sites within a short region of the template. This region

is characterized by an AT rich primary structure 32 base pairs long in

which the A residues occur predominantly in the coding strand. The two

transcripts are produced in equal amounts when the transcription reaction

contains Mn” as the divalent cation. In contrast, Mg” enhances the

termination at the first site such that the shorter transcript consti

tutes 75–80% of the RNA synthesized as these two products. Thus, puri

fied yeast RNA polymerase III is capable of recognizing and terminating

transcription at specific base sequences in the DNA template.



Introduction

Gene expression in eucaryotes requires the transfer of genetic

information from deoxyribonucleic acid (DNA) to ribonucleic acid mole

cules (RNA), the direct templates for protein synthesis (1). This tran

scription of genetic sequences is mediated by DNA-dependent RNA polymer

ase. This enzyme catalyzes the initiation, elongation and termination of

polyribonucleotide chains employing ribonucleoside triphosphates as sub

strates (2). In the current model for the selective transcription of

gene sequences, initiation and termination of RNA transcripts is dictat

ed by specific signals on the DNA template that are recognized and trans

lated into biochemical events by the transcription apparatus. It is at

the level of the recognition of these signals that the regulation of the

synthesis of a given transcript is thought to be effected.

The complexity of the overall transcription process makes it essen

tially impossible to study individual steps precisely, or to ascertain

the effect of various factors (alteration of assay conditions, stimula

tory factors, etc.) by simply measuring the total amount of RNA formed

in a given amount of time (3,4). To obtain an unambiguous result, it is

necessary to follow each step of the reaction and to know the size and

properties of all the transcription units on the DNA template. Therefore,

a detailed study of transcription requires its reconstruction in vitro

from purified molecular components. Such in vitro analysis of transcrip

tion in higher eucaryotic cells is seriously hampered by two character

istics of these systems. First, as a consequence of their genetic com



plexity, the concentration of a particular gene sequence in transcripts

from isolated DNA or chromatin is very low. Second, the concentration

of the transcriptive enzymes in higher cells is relatively low (5,6),

making purification of these enzymes in sufficient quantities for de

tailed biochemical studies difficult.

In an attempt to circumvent these problems we have chosen to develop

the yeast, Saccharomyces cerevisiae as a model eucaryotic system in

which to study the mechanisms of transcription. Yeast, a unicellular low

er eucaryote, is a appealing organism for the study of transcription.

Yeast can be obtained in large quantities and at little cost. The gene

tics of yeast are well understood (7), and a large number of mutants de

fective in RNA synthesis are available (8,9). The haploid yeast genome

contains 6.5–9.2 x 109 daltons of DNA. This represents a genetic complex

ity only three times that of the bacterium, Escherichia coli. Thus, the

effective concentration of a gene sequence in the yeast genome is at

least 100 times greater than that of a unique gene in a vertebrate genome.

This low genetic complexity has facilitated the isolation of recombinant

DNA molecules containing specific yeast genes which can be employed as

templates in studies of transcription (see below).

Yeast contains multiple forms of DNA-dependent RNA polymerase which

are similar in structure and properties to those of higher eucaryotic

cells (10–12). These enzymes, originally designated I, II, and III by

Roeder and Rutter (13), can be distinguished by their subunit structure,

behavior on ion-exchange chromotography, cellular location, and sensiti

vity to the inhibitor O-amanitin (reviewed in ref. 14). This division of



enzyme forms is reflected likewise in a division of functional roles in

the cell. It has been shown that RNA polymerase I synthesizes ribosomal

RNA (15–17), polymerase II synthesizes heterogeneous nuclear RNA (15),

and polymerase III is involved in the synthesis of 5s ribosomal RNA and

transfer RNA (17, 18). Each form of RNA polymerase has been purified in

large quantity from yeast, and these enzymes have been characterized at

the level of general enzymatic properties (12).

As indicated above, the use of a well defined template in studies of

transcriptive specificity is important to the precise definition of the

processes of initiation and termination. Previous attempts to reconstruct

specific transcription using complex templates have met with limited suc

cess. For example, reports from our laboratory (19) and other (20) have

described some degree of selective transcription of yeast ribosomal

genes by purified RNA polymerase I when total yeast DNA was the template.

Investigation of specificity in these systems was limited, however, by

incomplete knowledge of the sites of initiation and termination of tran

scription in the ribosomal genes. Therefore, in order to obtain well char

acterized DNA templates suitable for detailed studies of transcription,

we have isolated by molecular cloning the ribosomal RNA genes of Saccha

romyces cerevisiae, and analyzed their structural organization (21,22).

This dissertation describes the isolation and characterization of these

genes, and the use of one of them in a detailed study of transcription

by purified yeast RNA polymerase III.

Analysis of the cloned yeast ribosomal DNA (rDNA) indicates that it

is composed of tandemly repeating head-to-tail units of 5.8 x 10% daltons



(9300 base pairs). Each unit contains a single gene of each of the rRNA

species: 5s, 5.8s, 18s, and 25s. The physical structure of the cloned

rDNA repeating unit was determined by restriction endonuclease digestion

and is described in Appendix 1. Locations of the 5s, 5.8s, 18s, and 25s

rRNA coding regions within the repeating unit were determined by hybrid

ization of each purified rRNA species to the isolated DNA restriction

fragments using the procedure of Southern (23). Positions of the 5s and

5.8s rRNA coding regions have been confirmed by DNA sequence analysis

(Appendix 1 and 2). The primary structure of these genes has established

the polarity of transcription of the 5s rRNA and high molecular weight

rRNA precursor. The polarity of the high molecular weight precursor is

5'-18s, 5.8s, 25s-3". This analysis also demonstrated that 5s rRNA and

the rRNA precursor are transcribed from DNA strands with opposite polar

ity, as previously suggested by the hybridization results of Aarstad and

Oyen (24).

The 121 base pair 5s rRNA coding sequence is contained within a

1.6 x 10° dalton (2500 base pair) Eco RI restriction enzyme subfragment

of the yeast rBNA repeating unit (Appendix 1). The primary sequence of

yeast 5s rRNA has previously been determined by Miyazaki (25). A signifi

cant fraction of the molecules synthesized in vivo were shown to possess

a 5'-terminal triphosphate. This fact, and analyses of 5s rRNA biosyn

thesis in vivo (26,27), suggest that 5s rRNA is a primary transcription

product. Thus, the control regions (sites of initiation and termination

of transcription) for its biosynthesis should be adjacent to the DNA

sequences from which it is transcribed. Therefore, the 1.6 x 10° dalton



yeast DNA fragment should contain the structural and flanking gene se–

quences recognized and transcribed by RNA polymerase III in vivo. Based

on this premise, we have utilized the 1.6 x 10° dalton DNA fragment and

purified yeast RNA polymerase III, to reconstruct an in vitro transcrip

tion system. Our goal was to establish the basal level of specific tran

scription by RNA polymerase III on this template. Whereas purified RNA

polymerase III exhibited no obvious transcriptive specificity of the 5s

rRNA gene sequences in this system, we have defined a region of DNA which

is recognized by RNA polymerase III for chain termination, and have iden

tified the exact site at which transcription terminates.
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SEQUENCE SPECIFIC TERMINATION OF TRANSCRIPTION

BY RNA POLYMERASE III



The use of a well defined template in studies of transcriptive

specificity is important to the precise definition of the processes of

initiation and termination. We have previously attempted to reconstitute

specific transcription using purified components. . This approach has met

with 1jimited success in experiments utilizing purified RNA polymerase

with total genomic DNA as template. For example, reports from our labor

atory (1) and others (2) have described some degree of selective trans

cription of the yeast rRNA genes by purified RNA polymerase I when total

yeast DNA was the template. Investigation of specificity in these

systems was limited, however, by incomplete knowledge of the sites of

initiation and termination of transcription in the ribosomal genes.

Conflicting reports exist in the literature concerning the level of

transcriptive specificity exhibited by purified RNA polymerase III from

higher eucaryotes. Parker et al. (3,4) have reported no selectivity

toward 5s rRNA synthesis by Xenopus laevis polymerase III on total or

cloned Xenopus DNA. In contrast, Ackerman and Furth (5) have recently

reported a 10 to 100 fold selectivity for 5s synthesis by calf thymus

RNA polymerase III over E. coli polymerase on calf thymus DNA.

We report here a detailed study of the products of transcription by

purified yeast RNA polymerase III utilizing a cloned fragment of yeast

DNA as template. This DNA fragment contains the structural and flanking

gene sequences for the 5s species of yeast ribosomal RNA which is tran

scribed by RNA polymerase III in vivo. The fragment is 2.5 kilobase

pairs in 1ength and has been extensively characterized at the level of

DNA base sequence (6). The fragment also contains the intergenic regions

before and after the 35s ribosomal RNA precursor gene (). Our goal has

been to establish the basal level of specific transcription by RNA poly

merase III on this template. Whereas purified RNA polymerase III exhibits
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no obvious transcriptive specificity for the 5s rRNA gene sequences in

this system, we have defined a region of DNA which is recognized by RNA

polymerase III for chain termination, and have identified the exact

site at which transcription terminates.
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EXPERIMENTAL PROCEDURES

Purification of 2.5 kb Yeast DNA Fragment

pSF2124, a colicin El-a-pleulin resistant plasmid (8) containing

the 2.5 kb EcoRI fragment of yeast ribosomal DNA was maintained in a

derivative of E. coli K-12, DG-75 (an F derivative of DG-73 (9)). The

plasmid DNA was isolated as described by Meagher et al. (10). After EcoRI

digestion the 2.5 kb yeast insert was separated from the bacterial plasmid

vector by two successive sucrose gradient centrifugations (20 hr at 20°c

in a SW27 rotor) through 5–20% w/v linear sucrose gradients prepared in

1M NaCl, 25mm Tris-HCl, pH 8.0, 1mM EDTA. Removal of sucrose and concen—

tration of fragment was accomplished by ethanol precipitation (2 volumes

at −20°C, overnight).

Purification of Yeast RNA Polymerase

RNA polymerase III was purified as described by Valenzuela et al. (11)

After RNA-cellulose chromatography, fractions containing enzyme activity

were pooled and dialyzed against Buffer A; 50% glycero1, 0.4M KC1, 1mM

PMSF. The enzyme was stored under liquid nitrogen at a concentration of

2 mg/ml in this buffer. Final specific activity was 100–140 units/ml

depending on the preparation used.

Transcription Reactions and RNA Purification

All glassware was siliconized and baked at 350°C overnight before

use. A typical transcription reaction contained 50mM Tris-HC1, pH 8.0,

0.5mM ATP, CTP and GTP, 0.1mM UTP, 10 JCi of a -ºp-UTP, 10mM 2-mercapto

ethanol, 50mM KC1, 2 pig of the 2.5 kb yeast fragment, 2 Ug yeast RNA

polymerase III, and 1.3mM Mnclz or 8.3mm Mg Cl2 as indicated. Reactions,
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assembled on ice, were started by the addition of RNA polymerase and

were incubated at 30°c for 20 min. Preparative reactions were scaled

up 10 fold. In experiments with same-ºr-labeled nucleoside triphos

phates 10 kuCi of the indicated isotope were utilized. Concentrations of

the remaining triphosphates were as indicated for the typical reaction.

Reactions were stopped by the addition of an equal volume of stop

buffer which contained 0.2M Na OAC, 10mM EDTA, 0.5% SDS, pH 5.0. Incor

poration of a-ºe-ure was assayed by applying an aliquot of the reaction

directly onto a Whatman DE-81 filter disc which had been pre-wet with

stop buffer. The filters were washed seven times with 5% Nagiro, 10mM

Na-pyrophosphate, twice with water, twice with ethanol and dried. Radio

activity was measured in a liquid scintillation counter after immersing

the discs in a solution of 4 g/1 Omnifluor (New England Nuclear) in

toluene. Reactions were then extracted with an equal volume of phenol

saturated with 0.2M NaOAc, lmM EDTA, pH 5.0. After centrifugation at

4000xg for 10 minutes RNA was precipitated from the aqueous phase by the

addition of two volumes of ethanol and stored overnight at –20°c. After

centrifugation at 27,000xg for 30 minutes the precipitates were resuspended

in sample buffer, heated at 65°C for 60 seconds and applied to a poly

acrylamide gel as described by Rubin (25). Analytical gels were 1.5 mm

thick, preparative gels were 3.0 mm thick. Electrophoresis was at constant

120 volts for 5 hr. Gels were then either dried under vacuum or wrapped

in Saran wrap and placed on No-Screen Medical X-ray film. RNA products

were located on preparative gels by using the autoradiogram as a template.

The bands were excised, crushed and extracted twice for two hr. in 10mM

Tris-HC1, pH 7.5, 20mM MgCl, 0.5M. NaCl. Salt removal and concentration

of extracts were achieved by ethanol precipitation.



13

Hybridization Analysis

The 2.5kb fragment purified as described above was immobilized on

47-mm diameter nitrocellulose filters (12) from which 6.5-mm diameter

filters were punched. Each filter contained 6.6-7.7 lig of 5s DNA. DNA

containing filters as well as blank filters were prehybridized for 16 hrs.

at 50°C in 200 ul of 5x ssc (ssc is 0.15M Naci, 0.015M solium citrate),
50% formamide, and purified yeast 5s RNA. After prehybridization,

filters were washed twice for 10 minutes at 50°C in 5x SSC, 50% formamide,

then washed twice at room temperature in 2x SSC. Hybridization was per

formed under the same conditions described above with 4000–20,000 cpm of

in vitro synthesized *r-labeled RNA and *-labeled 5s rRNA standard

included. Reactions were performed in duplicate. Filters were washed

as described above and then incubated for 1 hour at room temperature in

2x SSC and 20 pg/ml RNase A. Filters were washed again twice in 2x SSC,

dried, and counted in toluene/omnifluor.

Restriction Endonuclease Reactions and Southern Hybridization

Restriction endonucleases were obtainedd and reactions were carried

out as previously described (7). Restricted 2.5 kb yeast DNA was

fractionated on 2% agarose gels. The separated fragments were trans

ferred to a nitrocellulose filter according to Southern (13), and

hybridized with *p-in vitro RNA (7). Approximately 2x10° cpm of RNA

was used per filter.

RNA Sequencing

Ribonuclease T1 and pancreatic ribonuclease A digestions of in vitro

RNA, and two dimensional fractionation of oligonucleotides were performed

according to Brownlee (14). An enzyme to substrate ratio of 1:20 in a
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buffer containing 0.01M Tris-HC1, pH 7.4, 1mM EDTA was used for both

ribonuclease T1 and ribonuclease A digestions. Thin layer homochroma—

tography was on DEAE-cellulose plates (1:7. 5 DEAE – cellulose: cellulose,

Analtech, Inc., Neward, Delaware) using homomixture b.
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Results

Gel Electrophoretic Analysis of Transcription Products – The EcoRI

fragment was transcribed by RNA polymerases I, II and III as described

in Experimental Procedures. As illustrated in figure 1, RNA synthesized

from this template in the presence of manganese is polydisperse, ranging

in size from 8s to less than 4s when displayed by polyacrylamide ge1

electrophoresis. RNA synthesized with magnesium as the divalent cation is

also heterogeneous but there is a notable increase in size.

Superimposed on the polydisperse products in the reactions contain

ing polymerase III are two discrete transcripts (I, II) approximately

the size of 5s yeast rRNA. Quantitative analysis of transcription products

of RNA polymerase III was performed by determining the 32, incorporated

into different regions of polyacrylamide gels similar to those shown in

figure 1. It was found that the two discrete products (I, II) represented

18–20 percent of the total RNA synthesized in the presence of either

divalent cation. Transcripts I and II occured in equivalent amounts when

the transcription reaction contained manganese. However, when magnesium

was used as the divalent cation, the shorter transcript (II) constituted

80 percent of the RNA found in these two discrete species. Transcripts

which were larger than the discrete species I and II represented 45 percent

of the total, while transcripts smaller than I and II contained approxi

mately 30–35% of the total RNA synthesized.

Competition Hybridization Analysis of RNA Products - To test for the

presence of 5s rRNA transcripts the reaction products were hybridized to

the 2.5 kb fragment in the presence and absence of competing yeast 5s RNA.

Hybridization analysis was performed with the discrete polymerase III

transcripts (I and II), and on total RNA synthesized in the presence of

manganese or magnesium (table 1). In each case, except for the transcrip
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Fig. 1. Gel electrophoresis analysis of RNA synthesized from the

2.5 kbp yeast DNA fragment by yeast RNA polymerases. RNA was synthesized

under standard reaction conditions in the presence of magnesium or manga

nese. Electrophoresis was as described in Procedures. a,b RNA polymerase
++ ++ ++

I. Mn , Mg' '. c, d RNA polymerase II Mn”, Mg e, f RNA polymerase III
++ ++

Mn , Mg . In reactions containing polymerase III a total of 0.4 nmoles

of UTP was incorporated in the presence of manganese; 2.5 nmoles was incor

porated with magnesium. Positions of purified yeast 5.8s, 5s and 4s markers

are indicated.
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º

TABLE
1.

HybridizationAnalysis
ofRNAPolymeraseTranscriptsfrom2.5KbDNAFragment

ContainingtheYeast5srRNAGene

5sRNA

32cpmHybridizedHybridization
*pcpmin5sRNA

RNADivalent
P
InputEfficiency
* PolymeraseCationcpm-5sRNA+5SRNAŽ

total
%
input I,totalMn6,40081652988.63235.0 I,totalMg9,58134924787.51131.1 III,totalMn14,85055439487.41831.2 III,totalMg6,71025119688.3620.9 III, Transcript

I+IIMn4,80029523777.5741.5
*

Calculatedfromtheefficiency
of
hybridization
ofan
internal*H-labeled
5sRNAstandard.
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tion products of RNA polymerase I with magnesium as the cation, 5s RNA

sequences comprised a smaller fraction of the input RNA than that (2.4%)

expected from random-transcription.

Location of Template Coding Sequence for Transcripts I and II — The

location of the DNA sequences which code for transcripts I and II was

determined by hybridization of these RNA products, after isolation from

preparative polyacrylamide gels, to restriction endonuclease sub-fragments

of the 2.5 kpb template. Template DNA was treated with the endonucleases

Hae III, Hincll and HindIII. Resulting restriction fragments were separated

by agarose gel electrophoresis, transferred to a nitrocellulose filter as

described by Southern (13), and hybridized to transcript I or II RNA.

Figure 2 depicts the hybridization results using *r-labeled transcript II.

Lanes marked (a) show the restriction endonuclease subfragments of the 2.5

kbp template DNA visualized under ultraviolet light after staining with

ethidium bromide. Lanes marked (b) are the respective nitrocellulose

hybridization filters. Transcript II hybridizes to undigested template

DNA in each case. In addition hybridization can be detected to the 1.1 kbp

Hael II subfragment, the 0.298 kbp Hincll subfragment, and the 0.166 kbp

HindIII subfragment.

This hybridization data locates the coding sequence for transcript II

at the left end of the 2.5 kbp template. The coding sequences must lie

primarily within the terminal 166 base pairs at the left end since no

hybridization is detectable to the large (approximately 2.4 kbp) HindIII

subfragment. Similar hybridization experiments utilizing transcript I

as the probe give the same result. Thus, the coding sequences for both

transcripts are located within the 166 bp HindIII subfragment.
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Fig. 2. Agarose gel electrophoresis of the 2.5 kb fragment digested

with Hae III, HincII and HindIII and localization of sequences complementary

to polymerase III transcript II. Fragments were separated by gel electropho

resis in 2% agarose. Columns marked (a) show the ethidium bromide staining

pattern. Columns marked (b) show autoradiograms of hybridization with 32p

labeled transcript II after transfer from gel to a nitrocellulose filter. (13)
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Determination of Transcript Base Sequence

Incorporation of x_*p Nucleoside Triphosphates – Nucleoside

triphosphates labeled in the gamma phosphate position were utilized to

determine the initiating triphosphate at the 5'-end of transcripts I

and II. Figure 3 shows the polyacrylamide gel analysis of transcription

products from reactions which contained y-ºr-labeled ATP, CTP, or GTP,

compared to the reaction products from synthesis utilizing o – P-UTP.

Both transcripts I and II are specifically labeled only by Y- *r cytidine

triphosphate. y-ºr-tre (data not shown) was not incorporated into

either transcript I or II. Transcription of both products is therefore

initiated by RNA polymerase III with cytidine triphosphate.

Direct RNA Sequence Determination - Further RNA sequence information

was obtained from transcripts I and II by two dimensional oligonucleotide

mapping (fingerprinting) after ribonuclease T1 digestion. A comparison of

the RNAse T1 fingerprints of transcripts I and II is shown in Figure 4.

The simplicity and similarity of these patterns suggest that the transcripts

represent discrete molecular species which are identical within the analy

tical range of this resolution system. Spots 1–8 were cut from the finger

prints and the relative molar yield of 32, for each oligonucleotide was

determined by Cerenkov counting. The oligonucleotides were then eluted

from the DEAE-paper and subjected to further sequence analysis by electro

phoretic fractionation after alkaline hydrolysis or digestion with RNAse A.

Table 2 contains a summary of the data obtained.

In order to increase the resolution of material which appears at the

second dimension origin of the fingerprints, T1 digests of transcripts I

and II were fractionated by homochromatography on DEAE-cellulose plates.

Figure 5 shows a comparison of the T1 oligonucleotides separated by homo

mixture b. Again numbered spots were eluted and analyzed after alkaline
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-

Fig. 3. Gel electrophoresis of polymerase III transcription products

**p-Utp, y_32p ATP, CTP or GTP. Rna was synthesized under stanutilizing 0

dard conditions in the presence of manganese. Gel electrophoresis was as

described in Procedures. The right-most lane displays a-*P-labeled yeast

marker RNAs.
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Fig. 4. RNAse T1 oligonucleotides from a-”P-labeled transcripts I and

II synthesizes by RNA polymerase III with the 2.5 kb fragment as template.

Bands corresponding to transcripts I and II were excised from preparative

gels as described in Procedures. The extracted RNA was digested by RNAse T1

and the resulting oligonucleotides were separated by the standard finger

print method (14). Identity of the numbered oligonucleotides was confirmed

by digestion with RNAse A or alkaline hydrolysis and subsequent electro

phoresis on paper (Table 2, (14)).
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Fig. 5. RNAse T1 oligonucleotides from transcripts I and II displayed

by homochromotography on DEAE-cellulose plates. Homomixture b was used

(14). Numbered oligonucleotides were further analyzed by RNAse A digestion

or alkaline hydrolysis after recovery from the plates (Tables 2 and 3, (14)).
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TABLE 2

RNAse Tl Digestion Products of In Vitro Transcripts I and II

Spot Tl Oligo– Average Number Mole Ratio Mole Ratio
Number nucleotide Phosphates Pancreatic RNAse Alkaline Hydrolysis

Redigestion Products
Products

Predicted Obtained Predicted Obtained Predicted Obtained

l Gp 2.03

2 AGp l. 12

3 UGp 3.04

4 AUGp 2. 31

5 AUAGp l. 62 l AU 0.84 l G l.0
l AG l. O l A l. 25

6 AUCCGp l. Ol

7 UAUUGp 2. 67 l G 1.0 l U l. 3
2 AU 2.3 l G l. C

l A 1.7

8 pppCUAUGp l. 8 l pppC l. lS l C l.0
l AU l. O l A 1.29

ll, 21 UAUAUAUCUAUUA 8. 8 l C O. 89 l U 1.06
UAAUAUACGp 7 AU 6.98 7 A 6.7

l A2U l. lg. l C l. O

12, 22 UACCAUUUACUAU 6.25 2 U l. 84 4 U 3. 83
UUGp l AC l. O 2 A 2. O9

2 AU 2.03 l C O. 98

l3, 23 UAAAAACAUGp l. 8 l G l.0 l G l.0
l AU l. 07 l A 1.09
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TABLE 3

3' Terminal RNAse T1 Products of In Vitro Transcripts

Spot Pancreatic RNAse Alkaline Proposed
Number Redigestion Products Hydrolysis Sequence

Products

Obtained Proposed Obtained Proposed

Transcript I

14 U 8.1 8 U 11.3 11 UCUUUUUAUU
C 1.0 1 A 1.2 2 UUUUAUUU-OH
AU 2.0 2 C 1.0 1

Transcript II

24 U 6. 10 6 U 7.8 8 UCUUUUUAUUU
C 0.92 1 A 1.06 1. UU-OH
AU 2.0 2 C 1.0 1
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hydrolysis and RNAse. A digestion. The data obtained is summarized in

Tables 2 and 3.

Comparison of the RNA sequence data to the DNA base sequence of the

left end of the 2.5 kbp fragment (shown in figure 6, also Ref. 7) esta

blishes the complete sequence of transcripts I and II. Both transcripts

initiate at the first base pair adjacent to the single stranded EccRI

terminus of the left end of the template. Chain initiation occurs with

cytidine triphosphate and elongation then continues until a signal for

termination is reached. Table 3 shows the fingerprint analysis and pro

posed sequence of the 3'-terminal oligonucleotides of transcripts I and

II. Both products terminate within a short AT-rich region of the template.

The DNA base sequence of this region consists of a run of 31 AT base pairs

broken by a single GC pair. The adenosine residues occur predominantly

in the coding strand. Transcript II terminates in a run of five uridy

lates after transcriptionn has proceeded 11 residues into the AT-rich

region. Transcript I terminates in a run of three uridylates at the

sixteenth residue into the AT-rich region.
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Fig. 6. Nucleotide sequence of polymerase III transcripts I and II,

and DNA template sequence. Major RNAse T1 oligonucleotides (Tables 2 and 3)

are indicated by underlining. Terminal sequences for the yeast 5s rRNA

and tRNA* genes are also presented. Sequences are aligned with respect to

the first T of the T cluster in which termination occurs.
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AATTCTATGATCCGGGTAAAAACATGTATTGTATATATCTATTATAATATACGATGAGGATGATAGTGTG GATACTAGGCCCATTTTTGTACATAACATATATAGATAATATTATATGCTACTCCTACTATCACAC pppCUAUGAUCCGGGUAAAAACAUGUAUUGUAUAUAUCUAUUAUAAUAUACGAUGAGGAUGAUAGUGUG
(8)(6)(13,23)(11,21)

80100120
TAGAGTGTACCATTTACTATTTGGTCTTTTTATTTTTTATTTTCTTTTTTTTTTTTTTCCTTGCAAAGAT.
.

ATCTCACATGGTAAATGATAAACCAGAAAAATAAAAAATAAAAGAAAAAAAAAAAAAAGCAACGTTTCTA.
..

UAGAGUGUACCAUUUACUAUUUGGUCUUUUUAUUUUU-OH
Transcript
II

(12,22)

UCUUUUUAUUUUUUAUUU-OHTranscript
I

5*

...TCAGGTGCTGCAATCTTTATTTCTTTTTTTTTTTTCTAGTT.

..3" 3'
...

AGTCCACGACGTTACAAATAAAGAAAAAAAAAAAAGATCAA.
..
5'

5'
...

UGCAAUCU-OHYeast5SrRNA
5"...

CAGAATTCGCATTAATTTTTTTTACTTTTCATTCGTTTTGG.
..3" 3'

...

GTCTTAAGCGTAATTAAAAAAAATGAAAAGTAAGCAAAACC.
..
5'

5'
...

AAUUCGCA-OHYeasttRNA*

...
3" 5:
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Discussion

In eucaryotes, the functional definition of DNA base sequences and

their interaction with eucaryotic RNA polymerases remain unclear. In

order to obtain information concerning these interactions, we have

reconstituted an in vitro transcription system from purified, homologous

components. Thus, a cloned fragment of yeast DNA which contains the 5s

ribosomal RNA structural gene and the intergenic regions before and after

the 35s ribosomal RNA precursor gene was used as a template for transcrip

tion by purified yeast RNA polymerase III. We report here the detailed

analysis of the products of transcription in this system.

Transcription of 5s rRNA - Competition hybridization data presented

in Table 1 indicate that transcription of the 2.5 kb yeast DNA fragment

by purified yeast RNA polymerase I or III does not result in the selective

synthesis of 5s rRNA. Indeed, 5s gene transcription by polymerase III is

below that expected from random transcription. This result may reflect

the initiation properties of that enzyme. Analysis of transcripts I and

II conclusively shows that polymerase III is capable of initiation at a

free end of the linear DNA template. The 5s rRNA coding sequence is

approximately 1400 base pairs from the free end of the coding strand.

Thus, preferred end initiation followed by a high probability of termina

tion before the 5s sequences are encountered may lead to the apparent

discrimination against 5s RNA synthesis. Initiation at free ends and

single strand breaks (nicks) in DNA templates has often been inferred

(15–17), and is now confirmed as an operational characteristic of puri

fied yeast RNA polymerase III in the absence of additional factors.

Termination of transcription by RNA polymerase III – Purified yeast

polymerase III synthesizes two predominant products as the result of

specific termination at a site on the 2.5 kb fragment (fig. 1). These
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transcripts represent 18–20% of the RNA synthesized, and are 108 and 103

bases long, respectively. RNAse T1 two-dimensional fingerprint analysis

indicates that these products are simple and discrete molecular species

(fig. 4). Southern hybridization (fig. 2) and RNA base sequence analysis

(tables 2, 3; fig. 6) have been used to define the location of the coding

sequence within the template, and the actual sequence of these transcripts.

Thus, RNA polymerase III initiates transcription at the 1eft end of the

linear DNA template. Incorporation begins at the first base pair available

and cytidine triphosphate is the initiating nucleotide. Incorporation

continues until the polymerase encounters a signal for chain termination.

Transcription terminates within a run of 31 AT base pairs in which the

adenine residues occur primarily in the coding strand. Three deviations

from this sequence pattern, at base pairs 98, 105 and 110, occur in the

AT run. Termination of transcription to produce the discrete products

occurs two base pairs 5' to the pattern deviations at position 105

(TA pair), and position 110, (CG pair), indicating that these pattern

interruptions may help signal termination. The efficiency of the more

proximal termination site is markedly dependent upon the divalent cation

present (fig. 1). Whereas the ratio of product II to product I is approxi

mately one in the presence of manganese, magnesium increases that ratio to

4:1 or greater. The locus of cation interaction which is pertinent to

termination remains unclear. However, evidence from procaryotic systems

suggests that the effect may be on the stability of potential stem-loop

structures in the transcript or helical regions in the DNA template (18–22).

The DNA base sequence at the 3'-end of the yeast 5s rRNA gene (6)

and the yeast tRNA* gene (23), both transcribed by RNA polymerase III

in vivo, are presented in figure 6 for comparison. It can be seen that

their general structure is remarkably similar to the termination site
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recognized by polymerase III defined here. These similarities include

the run of AT pairs and the TA and CG interruptions. Because of the

location of the sequences which signal termination in this system, we

have previously postulated that they may represent the termination site

for the 35s ribosomal RNA precursor synthesized by polymerase I in vivo.

(7). The fact that this region is recognized by RNA polymerase III, and

the previously established similarities in subunittstructure of poly

merase I and III (24, 25), suggest that such regions may represent a

general structure required to signal transcription termination. Finally,

data presented here indicate that the functional ability to recognize

sequence specific sites and terminate transcription is an inherent

property of purified yeast RNA polymerase III.
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The organization of the ribosomal DNA repeating unit
from Saccharomyces cerevisiae has been analyzed. A cloned
ribosomal DNA repeating unit has been mapped with the
restriction enzymes Xma I, Kpn I, HindIII, Xba I, Bgl I +
II, and EcoRI. The locations of the sequences which code
for 5 S, 5.8 S, 18 S, and 25 S ribosomal RNAs have been
determined by hybridization of the purified RNA species
with restriction endonuclease generated fragments of the
repeating unit. The position of the 5.8 S ribosomal DNA
sequences within the repeat was also established by se
quencing the DNA which codes for 83 nucleotides at the 5'
end of 5.8 S ribosomal RNA. The polarity of the 35 S
ribosomal RNA precursor has been established by a combi
nation of hybridization analysis and DNA sequence deter
mination and is 5'-18 S, 5.8 S, 25 S-3'.

In the yeast, Saccharomyces cerevisiae, as in other eukary
otes, the rRNA genes are highly reiterated. Hybridization
analysis suggests that there are approximately 140 cistrons
for 18 S and 25 S rRNA per haploid DNA complement (1) and
that at least 70% of these are located on chromosome I (2).
Other studies have indicated that there are approximately
equal numbers of cistrons for 5 S, 5.8 S, 18 S, and 25 S rRNA
and that the 5 S rRNA cistrons are interspersed with those
for the other rRNA species (3, 4). 5.8 S, 18 S, and 25 S rRNA
are derived from a high molecular weight (35 S) precursor. In
contrast, 5 S rRNA is synthesized independently, apparently
as a primary transcript (5, 6). 35 S rRNA precursor and 5 S
rRNA also appear to be transcribed from opposite DNA
strands (7). These studies suggest a model for the yeast rDNA
cistrons in which the 5 S and 35 S rRNA genes are present in
blocks of tandemly repeating units, the basic unit of which
contains a single gene for each of these RNA species.

In order to probe the structural organization of this DNA in
more detail, we have cloned a yeast rDNA repeating unit as
well as fragments of this unit. This paper reports a restriction

* This work was supported by a grant from the National Institutes
of Health. The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be
hereby marked "advertisement” in accordance with 18 U.S.C. Section
1734 solely to indicate this fact.

# Present address, Cetus Corporation, Berkeley, Calif. 947 10.

endonuclease cleavage map for the yeast rBNA repeating
unit, the location of the 5 S, 5.8 S, 18 S, and 25 S rRNA
coding sequences within the framework of this restriction
map and the polarity of the 35 S rRNA gene.

ExPERIMENTAL PROCEDURES

Purification of Saccharomyces cerevisiae DNA and RNA – Yeast
DNA was isolated from commercial yeast and an auxotrophic tetra
ploid strain 5178 10° x 2B4, obtained from L. Hartwell (University
of Washington, Seattle, Wash.), as described by Holland, et al. (8)
and Bell et al. (9), respectively. 18 S and 25 S rRNAs were prepared
from spheroplasts of yeast strain A364A by phenol extraction as
described by Udem and Warner (5). The individual rRNA species
were resolved by sucrose density gradient centrifugation as described
by Rubin (10). Electrophoresis in formamide-polyacrylamide gels
indicated that the extent of cross-contamination of the purified
RNAs was less than 5%. The low molecular weight rRNAs, 5 S and
5.8 S, were prepared by phenol extraction of whole yeast cells, strain
A364A, as described by Rubin (10). 5 S and 5.8 S rRNA were sepa
rated by chromatography on Sephadex G-100 as described by Monier
(11). Polyacrylamide gel electrophoresis indicated that the 5S rRNA
was apparently homogeneous, while the contamination of 5.8 S
rRNA by 5 S rRNA and other low molecular weight RNA species
was less than 5%.

Cloning – Yeast DNA, prepared from a commercial strain of
yeast, and pSF2124 DNA, a colicin E1 ampicillin-resistant plasmid
(12), were digested with Xma I or EcoRI, ligated, and then used to
transform a derivative of Escherichia coli K-12, DG75 (an F
derivative of DG73 (13)). Recombinant clones were selected by
ampicillin resistance and inability to produce colicin E1. Yeast
rDNA-containing recombinants were selected by analysis of individ
ual colonies for those containing yeast DNA insertions with the
molecular weight of the Xma I (Xanthomonas malvacearum) or
EcoRI (Escherichia coli RY13) generated rBNA fragments and by
hybridization to yeast rRNA. Plasmid DNA was purified by the
method of Meagher et al. (14). All experiments were conducted in a
P2 facility using precautions outlined in the "NIH Guidelines for
Recombinant DNA Research.”

In Vitro Labeling of DNA and RNA — DNA was labeled with ly
*P|ATP and polynucleotide kinase as described by Maxam and
Gilbert (15). RNA was labeled with Na’” I according to the procedure
developed by Tereba and McCarthy (16).

Enzyme Digestions — Restriction endonuclease EcoRI (Escherichia
coli RY13) was purified and assayed according to Greene et al. (17).
Xma I (Xanthamonas malvacearum) was purified according to
Roberts' and assayed in 6 mm MgCl2, 7 mm 2-mercaptoethanol, and
6 mm Tris/HCl, pH 7.9. Kpn I (Klebsiella pneumoniae OK8), HindIII
(Haemophilus influenzae Ri), Bam HI (Bacillus amyloliquefaciens
H). and Bgl I + II (Bacillus globiggi) were obtained from New

| R. Roberts, unpublished procedures.
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England Biolabs (Beverly, Mass.). Kpn I, HindIII and Bam HI were
assayed in 0.06 M NaCl, 7 mm MgCl2, 7 mm 2-mercaptoethanol, and
7 mm Tris/HCl, pH 7.4. Bgl I + II mixture was assayed in 0.10 M
NaCl, 10 mM MgCl2, 7 mm 2-mercaptoethanol, and 10 mM Tris/HCl,
pH 7.4. Xba I (Xanthamonas badrii), Pst I (Providencia studrfii
164), and Alu I (Arthobacter luteus), provided by W. Brown of this
department, were assayed in 60 mM. NaCl, 7 mm MgCl2, 7 mm 2
mercaptoethanol, and 7 mm Tris/HCl, pH 7.4; 50 mm NaCl, 5 mM
MgCl2, and 100 mM Tris/HCl, pH 7.5; and 7 mm MgCl2, 7 mm 2
mercaptoethanol, and 10 mM Tris/HCl, pH 7.6, respectively. Sal I
(Streptomyces albus 6), provided by F. Bolivar of this department,
was assayed in 0.15 M NaCl, 6 mm MgCl2, 8 mm Tris/HCl, pH 7.6,
and 50 mg/ml of bovine serum albumin. Digestions were generally
performed in a final volume of 0.020 ml and contained 0.5 to 1.0 pig
of DNA. After 3 h at 37°, the digestions were terminated with 10 pul
of a solution of 25% glycerol, 5% sodium dodecyl sulfate, and 0.025%
bromphenol blue. Samples were heated at 65° for 5 min prior to
electrophoresis.

Gel Electrophoresis — Samples were loaded on agarose (SeaRem)
slab gels (10 x 14 x 0.3 cm) utilizing 40 mM Tris/acetate, pH 8.1,
20 mM sodium acetate, and 2 mm disodium ethylenediaminetetra
acetate (18). Electrophoresis was at 25 or 50 mA, constant current,
as indicated. Gels were stained with 1 ug/ml of ethidium bromide
and photographed (18). Before autoradiography, agarose gels were
dried onto DE81 filter paper (19).

Hybridization – After electrophoresis, DNA was transferred to
nitrocellulose filters (Millipore) as described by Southern (20). The
filters were rolled and placed in a test tube (1.5 x 15 cm) containing
5 x SSC (SSC is 0.15 M NaCl, 0.015 M Sodium citrate), 50%
formamide, and approximately 1 to 5 x 10" cpm of *I-rBNA. After
24 h at 50°, the filter was removed, washed twice with 250 ml of 5 x
SSC and 50% formamide at 50° for 30 min each, rinsed twice in 250
ml of 2 × SSC at room temperature for 10 min each, wrapped in
Saran Wrap, and placed on No-Screen x-ray film.

Sequencing of the 5' End of the 5.8 S rRNA Coding Region – One
milligram of pHD4 DNA, which contains the yeast rDNA repeat,
was digested with EcoRI and the resulting fragments were separated
in a preparative 5% polyacrylamide slab gel as described in Valen
zuela et al. (21). The 375,000 fragment which contains part of the 5.8
S rRNA coding sequences, was eluted from the gel and labeled at
the two EcoRI sites with ly-” P|ATP and polynucleotide kinase as
described by Maxam and Gilbert (15). The *P-labeled fragment was
digested with Alu I which generates three fragments with approxi
mate molecular weights of 210,000, 150,000, and 10,000. The 210,000
and 10,000 fragments were *P-labeled. The sequence of the 210,000
fragment, which contains the 5.8 S rRNA coding sequences, was
determined from the *P-labeled EcoRI site using the chemical
method of Maxam and Gilbert (15) as described by Valenzuela et al.
(21). The*P-labeled oligonucleotides obtained by base-specific cleav
ages were separated by electrophoresis in a 20% acrylamide, 7 M
urea slab gel.

Results

Restriction Endonuclease Cleavage of Yeast DNA and
Cloning of Ribosomal DNA Fragments —EcoRI digestion of
yeast DNA and y-DNA, a nuclear fraction which has a unique
density and contains the rRNA genes, generates discrete
fragments (22, 23), as shown in Fig. 1A, columns 1 and 2.
Three prominent fragments with approximate molecular
weights of 1.85 x 10", 1.60 × 10", and 1.30 x 10" are evident
on digestion of yeast DNA. These fragments hybridize with
25 S, 5 S, and 18 S rRNA, respectively, and are therefore
generated by digestion of the reiterated rBNA cistrons (data
not shown; Refs. 22 and 25). In addition to these three high
molecular weight fragments, four smaller ones with molecular
weights of 375,000, 325,000, 200,000, and 150,000 are also
produced during EcoRI digestion of the rRNA genes (23).
Several of these EcoRI fragments have been cloned in the
plasmid vector pSF2124 as shown in Fig. 1A and in Cramer et
al. (26), and also in bacteriophage A (27). Of these cloned
fragments of the rDNA repeating unit, the 1.6 x 10" fragment
which hybridizes with 5 S rRNA, has been the subject of a
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FIG. 1. Agarose gel electrophoresis of restriction endonuclease
digested yeast and plasmid DNA. A., EcoRI-digested DNA and
purified cloned yeast rDNA fragments. 1, undigested yeast DNA,
strain 5178 10’ x 2B”; 2, EcoRI-digested yeast DNA; 3, purified,
cloned 1.60 x 10" yeast EcoRI-rDNA fragment; 4, purified, cloned
1.30 x 10" yeast EcoRI-rDNA fragment; 5, purified, cloned 1.85 x
10° yeast EcoRI-rDNA fragment; 6, HindIII-digested A-DNA. Elec
trophoresis was in 1.0% agarose for 10 h at 25 mA. B., Xma I
digested yeast DNA and Xma I and Xma I-Kpn I-digested yeast
rDNA repeat containing plasmid pHD4. 1, undigested yeast DNA,
strain 5178 10’ x 2B”; 2, Xma I-digested yeast DNA; 3, Xma I
digested pHD4 DNA; 4, Xma I-digested pSF2124 DNA; 5, Xma I
Kpn I-digested pHD4 DNA; 6, HindIII-digested A-DNA. Electropho
resis was in 0.7% agarose for 10 h at 25 mA. The discrete, low
molecular weight DNA fragments present in undigested yeast DNA
are presumably different allomorphs of 2-um plasmid DNA (24).
The 2-um DNA is a substrate for EcoRI but apparently not for Xma
I.
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detailed primary structural analysis, the results of which are
presented in Valenzuela et al. (21).

Cramer et al. (23) have reported that digestion of purified
yeast rRNA genes with Sma I (Serratia marcescens Sb,)
produces a single discrete fragment. Thus, Sma I digests the
tandemly repeated rRNA genes into monomer units. When
yeast DNA was digested with an isoschizomer of Sma I, Xma
I, a large fraction of the DNA appeared to remain intact as
shown in Fig. 1B, columns 1 and 2. However, this enzyme did
generate a fragment of approximately 5.8 x 10" which is the
molecular weight predicted for the rDNA repeating unit (23).
This suggested that this Xma I-generated fragment from
yeast DNA was the rDNA repeating unit. Therefore, this
DNA fragment was cloned in a bacterial plasmid. Yeast and
pSF2124 DNA were digested with Xma I, ligated, and used to
transform Escherichia coli. Ampicillin-resistant and colicin
E1-nonproducing transformants were selected and the Xma I
digestion pattern of the plasmid DNA from each clone was
determined by agarose gel electrophoresis. A plasmid (pHD4)
containing a fragment of 5.8 x 10" was obtained as shown in
Fig. 1B, columns 3 and 4. Subsequent hybridization analysis
indicated that this DNA-encoded yeast 5 S, 5.8 S, 18 S, and 25
S rRNAs.

Restriction Endonuclease Map of the Yeast rBNA Repeat
ing Unit —The physical structure of the cloned yeast rDNA
repeat was determined by restriction mapping. This DNA
fragment was a substrate for the enzymes Kpn I, Xba I, Bgl I
+ II, HindIII, and EcoRI, as indicated in Fig. 1B, column 5
and Fig. 2, but not for Sal I, Pst I, or Bam HI. The vector
DNA, pSF2124, was digested by Bgl I + II, EcoRI, Pst I, and
Bam HIbut not Kpn I, Xba I, HindIII, or Sal I. The molecular
weights of the fragments generated by these enzymes on

|º
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FIG. 2. Agarose gel electrophoresis of restriction endonuclease
digested Xma I-cleaved yeast rDNA repeat containing plasmid
pBD4 and plasmid DNA vector pSF2124. 1, Xma I-EcoRI-digested
pBD4 DNA; 2, Xma I-EcoRI-digested pSF2124 DNA; 3, Xma I
HindIII-digested pHD4 DNA; 4, Xma I-Xba I-digested pBD4 DNA;
5, Xma I-Bgl I + II-digested pHD4 DNA; 6, Xma I-Bgl I + II
digested pSF2124 DNA; 7, HindIII-digested A-DNA. Electrophoresis
was in 2% agarose for 4 h at 50 mA.
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digestion of the yeast rBNA repeat are summarized in Table
I. The positions of the sites for these enzymes within the
rDNA repeat were determined by analyzing the products of a
partial digest of this DNA as described by Smith and Birnstiel
(19) and by combined enzyme digests.

Xma I-digested pHD4 DNA was terminally labeled with ly
*P|ATP and polynucleotide kinase as described under “Exper
imental Procedures.” The labeled DNA was then digested
with Kpn I, which has a single site within the rDNA repeat,
producing two fragments of 3.5 and 2.3 × 10° daltons (pSF2124
DNA is not a substrate for this enzyme). Following prepara
tive electrophoresis in a 1% agarose gel, the radioactive Kpn
I-generated fragments were located by autoradiography and
excised using the autoradiogram as a template. The DNA
was eluted from the agarose using the freeze-squeeze proce
dure of Thuring et al. (28). The purified rBNA fragments,
labeled at the Xma I site, were used for restriction mapping
analysis. The two Kpn I fragments were incubated with
EcoRI for varying intervals of time and the pattern of radio
active partial digestion products analyzed by electrophoresis
in a 2% agarose gel. The results are shown in Fig. 3. The
molecular weights of the radioactive partial digestions were
determined graphically using HindIII-EcoRI-digested A-DNA
standards (29). The positions of the EcoRI sites from the
radioactive end of the fragment were inferred from the molec
ular weights of the labeled partial digestion products. There
were three EcoRI sites in the 3.5 x 10" fragment at approxi
mately 1.45 x 10", 1.8 × 10", and 2 x 10° daltons from the *P-
labeled Xma I site and four sites in the 2.3 x 10" fragment at
150,000, 300,000, 1.6 x 10", and 2.0 x 10" daltons from the
Xma I site. The 150,000 EcoRI fragment, Fig. 3, column 1, is
in fact a doublet as indicated in Table I. It was thus possible
to order the eight EcoRI-derived fragments within the ribo
somal unit. The order of the EcoRI fragments within the
repeat is 150,000, 150,000, 1.30 x 10", 375,000, 1.85 x 10",
200,000, 325,000, and 1.45 x 10°. This is indicated schemati
cally in Fig. 4. The assignment of the EcoRI fragments within
the Kpn I fragments was confirmed by digesting the Kpn I
derived rBNA fragments to completion with EcoRI and then
comparing the molecular weights of the fragments obtained
with those from an EcoRI digest of Xma I-digested pHD4

TABLE I

Molecular weight and length of restriction fragments from Xma I
generated yeast DNA segment containing the coding sequences for

5 S, 5.8 S, 18 S, and 25 S rRNAs
Enzyme Fragment

1. Undigested 5.80 × 10” (9300)."
2. Kpn I 3.50 x 10" (5600); 2.30 x 10” (3700)
3. HindIII 4.05 x 10° (6500); 1.35 x 10° (2200); 4.10 × 10°

(660)
4. Xba I 2.80 x 10° (4500); 2.35 x 10” (3800); 6.30 x 10°

(1000)
5. Bgl I + II 2.70 x 10° (4300); 2.15 x 10” (3400); 7.85 x 10°

(1300); 1.85 x 10” (300)
6. EcoRI 1.85 x 10” (3000); 1.45 x 10° (2300); 1.30 x 10"

(2100); 3.75 x 10% (600); 3.25 x 10° (520); 2.00
x 10” (320); 1.50 x 10° (240); 1.50 x 10° (240)

* Numbers in parentheses indicate the approximate length, in
base pairs, of the fragments.

* These two fragments cannot be resolved by electrophoresis in a
2% agarose gel but can be separated by electrophoresis in a 5%
acrylamide gel.
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DNA. The results of this analysis, shown in Fig. 5 and
summarized in Table II, indicate that the 3.5 x 10" Kpn I
fragment contains the 1.45 x 10", 325,000, and 200,000 EcoRI
fragments as well as an additional fragment of approximately
1.55 × 10°. The smaller 2.3 × 10° Kpn I fragment contains the
1.3 × 10", 375,000, and the two 150,000 EcoRI fragments as
well as a fragment of 300,000. These results confirm that the
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FIG. 3. Autoradiogram of an incomplete EcoRI digestion of puri
fied Kpn I-digested yeast rDNA fragments *P-labeled at the Xma I
site. The *P-labeled rBNA fragments were incubated with EcoRI
for the indicated times. The partial digestion products were resolved
by electrophoresis in a 2% agarose slab gel (28 x 14 x 0.3 cm) for 10
h at 50 mA. The gel was dried onto DE81 paper as described by
Smith and Birnstiel (19) and placed on No-Screen x-ray film.
Terminally labeled HindIII and HindIII-EcoRI-digested A-DNA frag
ments were included as standards. The 3.5 x 10°-dalton Kpn I
fragment is contaminated with a small amount of the 2.3 x 10°
dalton Kpn I fragment. A, 3.5 x 10" Kpn I-yeast rBNA fragment; B,
2.3 x 10" Kpn I-yeast rBNA fragment.
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Kpn I site is within the 1.85 x 10" EcoRI fragment as
indicated by the analysis of partial digestion products and
validate the relative positions of the EcoRI fragments. The
positions of the three Bgl I + II sites were also determined by
an analysis of partial Bgl I + II digests of the two Kpn I
rDNA fragments (data not shown). Fig. 5 also shows complete
Bgl I + II digestion products of the two Kpn I fragments. The
molecular weights of these fragments are summarized in
Table II. The *P-labeled terminal fragments are also indi
cated. Comparison of these values with those obtained on
complete digestion of Xma I-digested pBD4 DNA supports the
designated positions of the Bgl I + II sites determined from
an analysis of partial digestions. The positions of the two Xba
I sites were deduced from an analysis of the molecular weights
of the digestion products of the two Kpn I fragments and the
identification of the *P-labeled terminal fragments, Fig. 5
and Table II. The positions of the two HindIII sites shown in
Fig. 4 were determined from an analysis of the molecular
weights of the rDNA-derived fragments produced on digestion
of Xma I-digested pHD4 with HindIII and Kpn I, Xba I, and
Bgl I + II (data not shown). The orientation of the HindIII
sites was confirmed by isolating the terminal 410,000 and 1.35
x 10" HindIII fragments and digesting them with EcoRI. As
expected, digestion of the 410,000 fragment produced the two
150,000 fragments and a fragment of 110,000. There were no
EcoRI sites in the 1.35 x 10" fragment. Fig. 4 summarizes the
results of the restriction mapping of the yeast rDNA repeat.
The order of the EcoRI fragments presented in Fig. 4 has also
been obtained by Cramer et al. (26) and Petes et al.”

A comparison of the molecular weights of the three large
EcoRI-generated fragments produced on digestion of yeast
DNA or y-DNA with those produced from cleavage of the
cloned rDNA repeat suggested that the Xma I site was within
the 1.60 × 10°-dalton EcoRI fragment which hybridizes with 5
S rRNA (described previously). Thus, Xma I digestion pro
duces two fragments with molecular weights of 1.45 x 10"
and 150,000. The former fragment hybridizes with 5 S rRNA.
The presence of the Xma I site within the 1.60 × 10° EcoRI
fragment has also been established by restriction mapping
and sequence analysis of this fragment (21). The correspond
ence of the restriction sites and fragment molecular weights
within the 1.60 × 10" EcoRI rDNA fragment and the 1.45 x
10° and 150,000 EcoRI fragments derived from the cloned
rDNA repeat proves that there is only a single Xma I site
within the yeast rBNA repeat and that no low molecular
weight Xma I-derived fragments are unaccounted for. This is
consistent with the yeast rBNA repeating units as tandemly
repeating "head-to-tail” units as proposed by Cramer et al. (23).

Localization of 5 S, 5.8 S, 18 S, and 25 S rRNA Coding
Regions within the Yeast rBNA Repeating Unit and Polarity
of 35 S rRNA Precursor – Having developed a restriction
map for the yeast rDNA monomer, it was now possible to
identify the DNA fragments which coded for each of the
rRNAs by hybridization of the labeled rRNA species with
isolated restriction fragments. Previous experiments using
EcoRI-digested yeast DNA, and plasmids or A phage contain
ing EcoRI-generated fragments of yeast rDNA, demonstrated
that the 1.85 × 10°-dalton fragment hybridized with 25 S
rRNA, the 1.60 × 10°-dalton fragment with 5 S rRNA and the
1.30 × 10°-dalton fragment with 18 S rRNA (22, 25, 27). In
addition, analysis of the sequence of 5.8 S rRNA (30) indicated

* T. D. Petes, L. Hereford, and K. G. Skryabin, personal commu
nication.
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Fig. 4. Restriction map of yeast rBNA repeating unit generated with the endonucleases Xma I, EcoRI, HindIII, Kpn I, Bgl I + II, and
Xba I. The approximate positions of the 5 S, 5.8 S, 18 S, and 25 S rRNA coding regions are also indicated. The 5' end of 18 S rRNA appears to
be between the Xba I and Bgl I + II sites. The exact positions of the 5' and 3' ends of 18 S and 25 S rRNAs have not been determined.
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FIG. 5. Agarose gel electrophoresis of restriction endonuclease
digests of purified Kpn I-generated rDNA fragments. 1, 3.5 x 10°
dalton Kpn I fragment, undigested; 2, 2.3 x 10°-dalton Kpn I
fragment, undigested; 3, EcoRI-digested 3.5 x 10°-dalton fragment;
4, EcoRI-digested 2.3 x 10°-dalton fragment; 5, Xma I-EcoRI-di
gested pHD4 DNA; 6, Xba I-digested 3.5 x 10°-dalton fragment
(reaction is incomplete); 7, Xba I-digested 2.3 × 10°-dalton fragment;
8, Bgl I + II-digested 3.5 x 10°-dalton fragment; 9, Bgl I + II
digested 2.3 x 10°-dalton fragment; 10, HindIII-EcoRI-digested
A-DNA. Electrophoresis was in 2% agarose for 4 h at 50 mA.

TABLE II

Molecular weights of DNA fragments generated on restriction
endonuclease digestion of Kpn I fragments of yeast rDNA unit

Enzyme Fragment

A. Undigested 3.5 x 10°
EcoRI 1.55 x 10"; 1.45 x 10”; 325,000; 200,000
Bgl I + II 2.70 x 10"; 820,000
Xba I 2.8 x 10”; 660,000

B. Undigested 2.3 × 10°
EcoRI 1.30 x 10"; 375,000; 300,000; 150,000; 150,000"
Bgl I + II 1.30 x 10"; 790,000; 185,000"
Xba I 1.65 x 10"; 630,000"

**P-labeled terminal fragment.

that the DNA coding for this RNA species would be cut by
EcoRI. Xma I-digested pHD4 was incubated with EcoRI and
the resulting fragments separated in a 2% agarose gel and
then transferred to nitrocellulose filters by the technique
described by Southern (20). Identical filters containing Eco
RI-digested DNA and an undigested control were then hybrid
ized with **I-labeled 5 S, 5.8 S, 18 S, and 25 S rRNA. The
results are presented in Fig. 6. The 5 S rRNA hybridized to
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Fig. 6. Hybridization of “I-labeled 5 S, 5.8 S, 18 S, and 25 S
rRNA to EcoRI fragments of the yeast rDNA repeat. The hybrid
plasmid, pHD4, containing the yeast rBNA repeating unit was
digested with Xma I to excise the inserted yeast DNA fragment and
then with EcoRI. The DNA digest was analyzed in a 2% agarose
gel. The separated fragments were transferred to nitrocellulose
filters as described by Southern (20) and then hybridized with **I-
labeled rRNA as indicated under "Experimental Procedures.” A,
photograph of the ethidium bromide-stained agarose gel. In each
case, a denotes the EcoRI-digested rDNA repeat and b is an undi
gested control for hybridization. In column a, the largest unlabeled
DNA fragment and the 820,000-dalton fragment are derived from
pSF2124 DNA. Also, as described in the text, the 150,000-dalton
fragment is a doublet. B, autoradiographs of the nitrocellulose
filters after hybridization with the indicated, purified "I-labeled
rRNA species.

the 1.45 x 10" fragment, 5.8 S rRNA hybridized predominantly
with the 1.85 x 10° and 375,000 fragments and to a lesser
extent with the 1.45 x 10" and possibly the 1.30 × 10"
fragments. The small amount of hybridization to these later
two fragments probably represents hybridization of contami
nating 5 S and 18 S rRNA, respectively. The 18 S rRNA
hybridized to the 1.30 x 10° and 375,000 fragments. The
hybridization to the 1.85 x 10° fragment is presumably due to
contaminating 25 S rRNA. The 25 S rRNA hybridized predom
inantly with 1.85 x 10°, 325,000, and 200,000 fragments.
There was a very small amount of hybridization to the 1.30 x
10° fragment, probably due to contaminating 18 S rRNA.
There was no observed hybridization of any of the rRNA
species to the 150,000 fragments.

When the order of the EcoRI fragments within the rDNA
repeating unit, Fig. 4, and the hybridization data are consid
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Fig. 7. Autoradiogram of the electrophoretic separation of *P-
labeled oligonucleotides obtained by base-specific cleavages of the
portion of the 375,000 EcoRI fragment containing the 5.8 S rRNA
coding sequences. The columns A, G, C, and T indicate wells loaded
with products from reactions partially specific for adenine, guanine,
cytosine, and thymine, respectively, at 0, 12, and 24 h, from left to
right. The reading of bases 3 to 12 from the *P-labeled 5' end is
illustrated. At the second base from the 5' end, adenine is just
apparent at the bottom of the gel. The first A from the 5' end,
determined from the specificity of EcoRI (31), ran off the gel. The
sequence determined is complementary to the 5' end of 5.8 S rRNA.
The cytosine reactions also produced a more slowly migrating
"ghost" in the autoradiogram probably due to incomplete phosphate
elimination.

ered together, they are consistent with a model in which 5 S
rRNA hybridizes with the 1.45 x 10" fragment, 5.8 S rRNA
with the 375,000 and 1.85 x 10" fragments, 18 S rRNA with
the 375,000 and 1.30 × 10° fragments, and 25 S rRNA with the
200,000, 325,000, and 1.85 × 10° fragments. The relative
positions of the sequences coding for each of the rRNA species
are schematically presented in Fig. 4. The position of the 5S
rRNA gene near the middle of the 1.45 × 10° fragment has
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UAUUAAAAAC. . .

ºccuºvº
5' . . . AAATTTAAAATATTAAAAACTTTCAACAACGGATCTCTTGGTTCTCGCA
3' . . . TTTAAATTTTATAATTTTTGAAAGTTGTTGCCTAGAGAACCAAGAGCGT

UCGAUGAAGAACGCAGCCAAAUGCGAUACGUAAUGUGAA/UGCACAAUUC. . .

TCGATGAAGAACGCAGCGAAATGCGATACGTAATGTGAATTGCAGAATTC. . . 3'
AGCTACTTCTTGCGTCGCTTTACGCTATGCATTACACTTAACGTCTTAAG. . . 5'

Fig. 8. Nucleotide sequence of 5' end and adjacent regions of 5.8
S rRNA gene. The sequence of yeast 5.8 S rRNA is in italics. The 5'
ends of each of the RNA species are indicated (32). The major
species, comprising 90% of the cellular 5.8 S rRNA, has the 5’
sequence of pa/AAC.

been established by more detailed hybridization analysis and
nucleotide sequence determination (21). To further confirm
the presence of the 5.8 S rRNA gene within the 375,000
dalton EcoRI DNA fragment and also to establish the polarity
of the 35 S rRNA precursor, part of this DNA fragment was
sequenced. The sequence obtained, which is shown in Fig. 7
and 8, includes 83 nucleotides which code for the 5' end of the
major 5.8 S rRNA species (30) and 16 nucleotides from the
adjacent transcribed spacer of the 35 S rRNA gene. Skryabin
et al.” have also sequenced part of this 5.8 S rRNA gene. This
DNA sequence analysis confirms the RNA sequence and
hybridization analyses which predicted an EcoRI site within
the 5.8 S rRNA gene. The polarity of the 35S rRNA transcript,
5'-18 S, 5.8 S, 25 S-3', is also established from this sequence
analysis and the hybridization data described above. The 5.8
S rRNA sequence deduced from the DNA sequence agrees
exactly with that determined by Rubin (30) for the major 5.8
S rRNA species. The DNA sequence presented here also
contains sequences which code for the two minor 5.8 S rRNA
species which differ only at their 5' ends from the major RNA
species (32). Thus, the presence of these three 5.8 S rRNAs is
probably attributable to differences in the processing of a
single molecular species of 35 S rRNA rather than to three
distinct 35 S rRNA precursors. The presence of 5.8 S rDNA
sequences between those coding for 18 S and 25 S rRNAs has
also been observed in Dictyostelium and vertebrates (33, 34).
The data presented in Fig. 6 indicate that 18 S and 25 S
rRNAs hybridize predominantly with the 1.30 x 10" and 1.85
x 10" EcoRI fragments, respectively. Therefore, these frag
ments probably contain most of the DNA sequences coding
for these two rRNA species. The localization of the domains
for the 18 S and 25 S rRNA genes within the EcoRI fragments
which hybridize with these RNAs has not been determined
by more detailed hybridization or nucleotide sequence analy
ses. However, preliminary experiments suggest that the 5’
end of 18 S rRNA is between the Xba I and Bgl I + II site as
indicated in Fig. 4. The relative sizes of the regions which
code for these RNA species have been deduced from a com
parison of their molecular weights (5) and the hybridization
data.

* K. G. Skryabin, A. Maxam, and W. Gilbert, personal communi
cation.
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DISCUSSION

The yeast rDNA repeating unit consists of a single gene for
5 S rRNA and the 35 S rRNA precursor. The units are joined
in a "head-to-tail” arrangement to generate tandemly re
peated arrays. The data presented here and in Valenzuela et
al. (21) indicate the positions of the coding sequences for 5 S,
5.8 S, 18 S, and 25 S rRNAs within the rDNA repeating unit.
Furthermore, the data establish that the 5 S, 18 S, and 25 S
rRNA coding sequences are linked as suggested by Rubin and
Sulston (3) and that the 5 S rRNA gene is approximately 1.2
× 10" daltons (1900 base pairs) and 8 × 10° daltons (1300 base
pairs) from the 5' end of the 18 S rRNA and 3' end of the 25 S
rRNA coding sequences, respectively. Of course, the 5 S
rRNA gene is even nearer the ends of the 35 S rRNA precursor
coding sequences.

The molecular weight of the yeast 35 S rRNA precursor is
uncertain, but several estimates suggest that it is approxi
mately 2.5 to 2.8 x 10" (5, 35). The rDNA repeating unit has
a molecular weight of 5.8 x 10" which suggests that 86 to 96%
of the repeating unit codes for the 35 S rRNA precursor. The
5 S rRNA coding sequence comprises 121 base pairs (6) or
approximately 1% of the rDNA repeating unit. Thus, 3 to 13%
of the repeat is nontranscribed DNA or has as yet undeter
mined function(s). This nontranscribed DNA must contain the
control sequences for the synthesis of 5 S and 35 S rRNAs.

The data presented here establish that the polarity of the
35 S rRNA precursor is 5'-18 S, 5.8 S, 25 S-3'. The same
polarity for the 35 S rRNA precursor has also been deduced
from a kinetic analysis of rRNA synthesis in yeast (36). Thus,
the polarity of the high molecular weight rRNA precursor is
the same for yeast and vertebrates (37, 38). The sequence of 5
S rDNA and adjacent regions has been determined by Valen
zuela et al. (21) and, therefore, establishes the strand of the
rDNA repeat unit from which 5 S rRNA is synthesized. Their
results indicate that 5 S and 35 S rRNAs are synthesized from
DNA strands with opposite polarity, that is, from complemen
tary strands. This also confirms the results of Aarstad and
Oyen (7) who observed that 5 S rRNA and 18 S and 25 S
rRNA hybridized to complementary strands of yeast rBNA.

The yeast, Saccharomyces cerevisiae, rDNA repeating unit
with a molecular weight of 5.8 x 10" is approximately 50%
larger than an E. coli rRNA precursor gene (39) but is the
smallest rBNA repeating unit described for a eukaryote. It is
smaller than those of Tetrahymena, Physarum, and Dictyos
telium which have molecular weights of approximately 6.2 ×
10", 19.5 x 10", and 25 x 10", respectively (40–44), and also of
higher eukaryotes. For example, Drosophila melanogaster,
Lytechinus variegatus, Xenopus laevis, and Bos taurus have
rDNA repeat molecular weights of 7 to 11 x 10", 8 x 10", 6.8
to 10.5 x 10", and 21 x 10", respectively (45–48). The signifi
cance of this difference in size of the rDNA repeating units of
eukaryotes is unknown. The yeast rBNA repeating units also
seem to be homogeneous (23) like those described from Tetra
hymena (40) and Dictyostelium (44), but unlike those from
Drosophila (45), Lytechinus variegatus (46), and Xenopus
laevis (47, 49). In the latter three species, chromosomal, sex
linked, and individual differences in the structure of the
units have been observed.

In yeast as in bacteria, the 5 S rRNA gene is linked with
the genes for the large rRNA species. In yeast, however, the
5 S and large rRNAs are synthesized independently (5) and
are not part of a common precursor as they are in E. coli (50).
The E. coli rRNA precursor gene also contains a tRNA gene
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between the 16 S and 23 S rRNA genes. We have been unable
to detect any trèNA genes within the yeast rBNA repeating
unit by hybridization with yeast trNA or comparison of the
known yeast trèNA sequences with the sequences we have
obtained for several rBNA spacer segments. The 5 S rRNA
genes are also linked with those for the large rRNAs in
Dictyostelium (43) but are unlinked in other eukaryotes which
have been examined, including Tetrahymena (41), Drosophila
(51), and Xenopus (52). The significance of the linkage of the
5 S and large rRNA genes in some lower eukaryotes is not
understood. It is possible that the linkage and opposing
polarities of the yeast 5 S rRNA and 35 S rRNA precursor
genes allows these two genes to share certain regulatory
elements but still permits them to be transcribed indepen
dently.

The cloned yeast rBNA repeat is an appropriate template
with which to study the in vitro transcription of 35 S and 5 S
rRNAs by RNA polymerases I and III, respectively (53, 54).
The structural analysis of the rDNA repeating unit presented
here now allows us to design more incisive experiments to
probe the interaction between RNA polymerase and its tem
plate.
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A DNA fragment containing the structural gene for the 5
S ribosomal RNA and intergenic regions before and after
the 35 S ribosomal RNA precursor gene of Saccharomyces
cerevisiae has been amplified in a bacterial plasmid and
physically mapped by restriction endonuclease cleavage and
hybridization to purified yeast 5 S ribosomal RNA.

The nucleotide sequence of the DNA fragments carrying
the 5S ribosomal RNA gene and adjacent regions has been
determined. The sequence unambiguously identifies the 5 S
ribosomal RNA gene, determines its polarity within the
ribosomal DNA repeating unit, and reveals the structure of
its promoter and termination regions. Partial DNA sequence
of the regions near the beginning and end of the 35 S
ribosomal RNA gene has also been determined as a prelimi
nary step in establishing the structure of promoter and
termination regions for the 35 S ribosomal RNA gene.

The 5 S, 5.8 S, 18 S, and 25 S rRNA genes of Saccharomyces
cerevisiae are closely linked in a unit with a molecular weight
of approximately 5.8 x 10" which is repeated 140 times per
haploid DNA complement (1–3). The physical structure of the
rDNA repeating unit has been determined and the approxi
mate positions of each of the rRNA genes mapped (3–5).
These studies localized the 5S rRNA gene in a 2.5-kb (kilobase
pairs) EcoRI-generated DNA fragment which hybridizes with
this rRNA, but not with 5.8 S, 18 S, or 25 S rRNAs.

The 121-bp (base pairs) 5 S rRNA from S. cerevisiae, whose
sequence has been determined by Miyazaki (6), possesses a
5'-terminal triphosphate. This and the analysis of its biosyn
thesis (7) suggest that this RNA is not derived from a larger
precursor. Thus, the control regions for its biosynthesis should
be adjacent to the DNA sequences from which it is transcribed
and would, therefore, also be expected within the 2.5-kb DNA
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National Institutes of Health. The costs of publication of this article
were defrayed in part by the payment of page charges. This article
must therefore be hereby marked "advertisement" in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

# On leave from Departamento de Biologia Celular, Universidad
Catolica, Santiago, Chile.

§ Recipient of a National Institutes of Health International Fel
lowship.

fragment. In contrast, 5.8 S, 18 S, and 25 S rRNAs are
produced from a high molecular weight (35 S) precursor. The
domain of the 35 S rRNA precursor is unknown, but a
comparison of the amount of DNA required to code for this
RNA, approximately 5 × 10° daltons (8), and the size of the
yeast rDNA repeating unit, 5.8 x 10° daltons, suggests that
the coding regions for the 3' and 5' ends of this molecule may
also be within the 2.5-kb EcoRI fragment.

Therefore, we have initiated a detailed analysis of this
region of the rDNA repeating unit. We have determined
precisely the position of the single 5 S rRNA gene within this
fragment by hybridization with 5 S rRNA and subsequently
by DNA sequence determination. The sequence of the DNA
flanking the 5 S rRNA gene was also determined in order to
elucidate the structure of the promoter and terminator regions
of a eukaryotic gene. The sequences at the ends of the 2.5-kb
DNA fragment have also been examined since these may
contain the signals for initiation and termination of transcrip
tion of the 35 S rRNA gene. A comparison of the DNA
sequences for these intercistronic regions with those from the
vicinity of the 5 S rRNA gene indicated the presence of a
sequence which was similar to one at the termination region
(5' end of the coding strand) of the 5 S rRNA gene. Therefore,
the 2.5-kb DNA fragment appears to contain the termination
region for the synthesis of the 35 S rRNA precursor. We have
not been able to localize the promoter region of the 35 S
rRNA precursor.

Preliminary accounts of the sequence of the 5 S rRNA gene
have been reported by Valenzuela et al. (9) and Maxam et al.
(10).

experiment AL Procedures

Restriction Endonucleases – Endonucleases Hae III (Haemophilus
aegyptius), Hha I (Haemophilus haemolyticus), and Hpa II (Hae
mophilus parainfluenzae) were obtained from New England Biolabs,
Beverly, Mass. Alu I (Arthrobacter luteus), HindII (Haemophilus
influenzae), and Hpa I were gifts from W. Brown and H. M. Good
man of this department. Dpn II (Diplococcus pneumoniae) was a gift
from F. W. Studier, Brookhaven National Laboratory, Upton, N. Y.
Taq I (Thermus aquaticus YT1) was purified and assayed as de
scribed by Sato et al. (11). Alu I, Hae III, Hha I, Hpa I, and Hpa II
were assayed in 6 mm MgCl, 6 mm NaCl, 7 mm 2-mercapto
ethanol, and 10 mM Tris/HCl, pH 7.4. HindII was assayed in 6 mm
MgCl2, 60 mm NaCl, 7 mm 2-mercaptoethanol, and 10 mm Tris/HCl,
pH 7.5. Dpn II was assayed in 6 mm MgCl, 20 mm NaCl, 7 mm 2
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mercaptoethanol, 5 mM Tris/HCl, pH 7.5, and 50 ug|ml of bovine
serum albumin. EcoRI (Escherichua coli RY13), Xma I (Xantha
monas malvacearum ), Kpn I (Klebsiella pneumoniae), HindIII, Bgl
I + II (Bacillus globuggi), Xba I (Xanthomonas badril 1, Pst I
(Providencia stud rtil 1, Bam Hl (Bacillus amyloitguefaciens H), and
Sal I (Streptomyces albus G) were obtained and assayed as described
in Bell et al. (3).

Isolation of Yeast rBNA Fragment Containing 5 S rRNA Gene –
The EcoR1-generated yeast 2.5-kb rDNA fragment containing the 5
S rRNA gene was cloned using pSF2124 as vector as described in
Bell et al. (3). Plasmid DNA was isolated as described by Meagher
et al. (12). After EcoRI digestion, the yeast 2.5-kb insert was
separated from the bacterial vector DNA by sucrose gradient cen
trifugation. Five to twenty per cent (w/v) sucrose gradients were
prepared in 1 M NaCl, 25 mM Tris/HCl, pH 8, and 1 mM EDTA.
Centrifugation was for 20 h at 20° in an SW27 rotor.

DNA Labelung – DNA fragments were dephosphorylated by incu
bation with bacterial alkaline phosphatase (Worthington) and then
labeled at their 5' ends using polynucleotide kinase (P-L Laborato
ries) and [y-*P|ATP as described by Maxam and Gilbert (13).

Gel Electrophorests – Analytical and preparative electrophoreses
of restriction fragments were performed in 5% or 8% acrylamide slab
gels in 50 mM Tris/borate (pH 8.3) and 1 mM EDTA buffer (13) at
constant 10 V/cm. Samples were applied in 2% sodium dodecyl
sulfate, 12% glycerol, 5 mM EDTA, and 0.50% bromphenol blue.
Electrophoretic DNA strand separation was performed in 8% acryl
amide gels at constant 10 V/cm. The samples were applied in 0.3 M
NaOH, 10% glycerol, 1 mM EDTA, 0.05% xylene cyanol, 0.05%
bromphenol blue. Electrophoretic fractionation of oligonucleotides
for DNA sequence was carried out as described by Maxam and
Gilbert (13) in 20% acrylamide gels containing 7 M urea, 50 mM
Tris/borate (pH 8.3), 1 mM EDTA at constant 20 V/cm. Agarose gel
electrophoresis was performed as described in Bell et al. (3). DNA
in gels was visualized by fluorescence after staining with 1 ug. ml of
ethidium bromide or by autoradiography with Kodak No-Screen
medical x-ray film.

Purification of Restriction Fragments — Preparative amounts of
restriction fragments were obtained by digesting 50 to 200 ug of
DNA with the appropriate restriction enzyme. The products were
fractionated by preparative acrylamide gel electrophoresis. After
visualization, the DNA bands were excised, minced, and extracted
three times with 500 mM ammonium acetate, 10 mM magnesium
acetate, 0.1 mM EDTA, and 0.1% sodium dodecyl sulfate. Salt re
moval and concentration of the extracts were achieved by ethanol
precipitation (3 volumes, -70°, 15 min).

DNA Sequencing — The chemical method of Maxam and Gilbert
(13) was used. Preferential cleavage at guanine was achieved by
methylation with 50 mM dimethylsulfate (10 min, 21°), ring opening
and displacement at neutral pH, and phosphate elimination by 1 M
piperidine (60 min, 90°). Cleavage at adenine was achieved by
methylation with dimethylsulfate (23 min, 21°), depurination in 0.1
N HCl (120 min, 0°), and phosphate elimination by 0.1 N NaOH (30
min, 90°). Modification and cleavage at cytosine and thymine resi
dues was achieved by treatment with 15 M hydrazine (20 min, 21°).
Cleavage at only cytosine was achieved by performing the reaction
in 2 M NaCl (25 min, 21"). In both cytosine and thymine reactions,
phosphates were eliminated by treatment with 1 M piperidine (60
min, 90°). Aliquots of the products from the four reactions were
loaded on a 20% acrylamide, 7 M urea gel at times 0, 12, and 24 h.

Hybridization – Restricted 2.5-kb DNA was fractionated on a 2%
agarose gel. The separated fragments were transferred to a nitrocel
lulose filter (14) and hybridized with **I-labeled 5 S rRNA as
described in Bell et al. (3).

RESULTS

Restriction Endonuclease Cleavage Map of Yeast EcoR1
DNA Fragment Which Contains 5 S rRNA Gene – As dis
cussed in the accompanying paper (3), digestion of yeast DNA
with EcoRI produces a number of discrete fragments. One of
these fragments with a molecular weight of 1.6 x 10" (approx
imately 2500 base pairs) hybridizes only with 5 S rRNA. This
rDNA fragment was cloned in an Escherichua coli plasmid
and a restriction endonuclease cleavage map was constructed
as a prerequisite to localizing the 121-bp 5 S rRNA gene. This

81.27

map, deduced from the experimental evidence described be
low, is presented in Fig. 1.

The yeast fragment was separated from the bacterial vector
DNA and incubated with a number of restriction endonucle
ases. The results of these digestions are shown in Fig. 2 and
Table I. The 2.5-kb fragment was cleaved by Alu I, Hae III,
Hha I, HindII, Hpa I, HindIII, Hpa II, Taq I (not shown in
Fig. 2), and Xma I but was not digested by Sal I, Pst I, Bgl I
+ II, Dpn II, Bam HI, Kpn I, and Xba I. As expected from
previous results (3), HindIII cleaves this fragment only once,
166 bp from one end of the EcoRI fragment, and Xma I cuts it
235 bp from the other end. Hpa I, Hha I, Hae III, Alu I, Taq
I, and Hpa II cleave the 2.5-kb fragment at 1, 1, 2, 5, 3, and 5
sites, respectively. The sizes of the DNA fragments produced
by these enzymes are summarized in Table I. The order of the
various restriction fragments was determined by an analysis
of partial digestion products of the 2.5-kb fragment labeled at
the end with *P (16). The DNA was labeled at both 5' ends
with [y-*P}ATP and polynucleotide kinase and then digested
with HindIII. Since the smaller *P-labeled HindIII fragment
could be readily identified, it was not separated from the
larger fragment before the following analysis. The *P-labeled,
HindIII-digested 2.5-kb fragment was incubated with Alu I,
Hae III, and Hpa II for various times. The *P-labeled partial
digestion products obtained are shown in Fig. 3. There are
four Alu I sites within the larger, 2.4-kb, HindIII fragment at
approximately 0.19, 1.41, 1.57, and 2.25 kb from the *P-
labeled EcoRI site. The fifth Alu I site is within the HindIII
site. There are two Hae III sites at 0.88 and 1.40 kb, and
three Hpa II sites at 0.24, 1.01, and 1.72 kb from the EcoRI
site. The smaller, 166-bp, HindIII fragment was not digested
by Alu I or Hae III but was cleaved by Hpa II. The position of
this site was subsequently determined by nucleotide sequence
to be 12 bases from the EcoRI site (HindIII side). An addi
tional Hpa II site, 2.32 kb from the EcoRI site (Xma I side) of
the 2.4-kb fragment, was also detected. This site was not
detected in the analysis of the partial digests because the 2.4-
kb and 2.32-kb fragments were not resolved by the electropho
retic analysis employed. The position of the cleavage sites
and the order of the restriction fragments was inferred from
the molecular weight of the partial digestion products except

TABLE I

Molecular weight and length of restruction endonuclease digestion
fragments from the EcoR1-generated yeast DNA segment containing

the 5 S rRNA gene
The length of the fragments in base pairs is indicated between

parentheses. Values are approximate except those obtained directly
from sequence data which are italic. The fragments are arranged in
the order (from left to right) in which they occur in Fig. 1.

Enzyme Fragments

Undigested 1,600,000 (2,500)
HindIII 104,000 (166); 1,500,000 (2,400)
Alu I 105,000 (168); 71,000 (114); 430,000 (680); 103,000

(165); 770,000 (1,200); 110,000 (174)
Taq I 600,000 (950); 258,000 (412); 750,000 (1,200); 13,000

(21)
Hae III 710,000 (1,100); 328,000 (524); 560,000 (880)
Hpa II 7,500 (12); 113,000 (181); 380,000 (600); 444,000

(710); 490,000 (770); 148,000 (236)
Xma I 1,450,000 (2,300); 147,000 (235)
Hha I 1,350,000 (2,160; 215,000 (344)
HindIIIHPa I 1,400,000 (2,200); 186,000 (298.)
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FIG. 1. Restriction endonuclease cleavage map of the yeast 2.5-
kb DNA fragment containing the 5 S rRNA gene. A, cleavage map;
B, scheme indicating the positions of the sequenced regions.' a,
fragment EcoRI-2.50 (a DNA fragment is named by the enzyme(s)
used to produce it and its size in kilobase pairs) was labeled with
*P at both ends and then digested with HindIII. The EcoRI-HindIII
0.16 fragment was isolated and sequences of 78 and 80 bp (two
experiments) were determined from the EcoRI end. Alternatively,
fragment HindIII-0.16 was labeled at both ends, strand-separated,
and a sequence of 101 bp from the EcoRI end was determined, b,
fragment HindIII-2.40 (Table I) was labeled with *P at both ends
and digested with Hae III. The HindIII-Hae III-0.94 fragment was
isolated and a sequence of 130 bp was determined from the HindIII
site. c, fragment Hae III-0.52 (Table I) was labeled with *P at both
ends and digested with Hpa II. The Hae III-Hpa II-0.38 fragment
was isolated and sequences of 60 and 90 bp (two experiments) were
determined from the Hae III site. Alternatively, fragment Hae III
0.52 was labeled with *P at both ends and digested with Taq I. The
Hae III-Taq I-0.30 fragment was isolated and a sequence of 105 bp
was determined from the Hae III site. d, fragment Hae III-0.88
(Table I) was labeled with *P at both ends and digested with Hha I.
The Hae III-Hha I-0.53 fragment was isolated and a sequence of 23
bp was determined from the Hae III site. e., fragment Xma I-0.24
(Table I) was labeled with *P at both ends and then strand
separated. A sequence of 144 bp was determined from the Xma I
site. f fragment HindIII-0.16 was labeled with *P at both ends and
then strand-separated. A sequence of 78 bp was determined from
the HindIII end. g., fragment Hae III-1.10 (Table I) was labeled with
*P at both ends and digested with Hpa II. The Hae III-Hpa II-0.30
fragment was isolated and a sequence of 116 bp was determined
from the Hae III end. h., fragment Hae III-0.52 was labeled with *P
at both ends and digested with Hpa II. The Hae III-Hpa II-0.14
fragment was isolated and sequences of 60 and 80 bp (two experi
ments) were determined from the Hae III end. i., fragment Xma I
2.30 was labeled with *P at both ends and digested with Hae III.
The Xma I-Hae III-0.64 fragment was isolated and sequences of 90
and 112 bp were determined (two experiments) from the Xma I end.

j, fragment EcoRI-2.50 was labeled with *P at both ends and
digested with Xma I. The resulting EcoRI-Xma 1-0.24 fragment was
isolated and sequences of 95 and 100 bp (two experiments) were
determined from the EcoRI end. Alternatively, fragment EcoRI
Xma I-0.24 was labeled with *P at both ends and strand-separated.
A sequence of 135 bp was determined from the EcoRI site. k,
fragment Alu I-0.68 (Table I) was labeled with *P at both ends and
digested with Hpa II. After isolation of the Alu I-Hpa II-0.56
fragment, a sequence of 33 bp was determined from the Alu I end, l,
fragment Alu 1-0. 16 was isolated from the Hpa II-0.71 fragment
(Table I) and labeled with *P at both ends. After strand separation,
a sequence of 105 bp was determined from one of the Alu I sites. m.,
fragment Alu I-0.68 was labeled with *P at both ends and digested
with Hpa II. After isolation of the Alu l-Hpa II-0. 11 fragment, a
sequence of 74 bp was determined from the Alu I end. n, fragment
Alu 1-0.16 was isolated from the Hpa II-0.71 fragment and labeled
with *P at both ends. After strand separation, a sequence of 97 bp
was determined from one of the Alu I sites. o, fragment Hpa II-0.71

'The primary data (films of sequence gels) will be available to
interested scientists for a period of 3 years after publication of this
paper.
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for the Taq I fragments which were ordered as indicated by
Maxam et al. (10) and later confirmed by our nucleotide
sequence.

Secondary restriction endonuclease digestions were em
ployed to confirm the arrangement of the Alu I, Hae III, and
Hpa II fragments obtained from partial digestion experiments
and also to correlate these data with those from total diges
tion. Fragments obtained by total digestion of the 2.5-kb
DNA fragment with Alu I, Hae III, and Hpa II were isolated
by preparative gel electrophoresis and subjected separately to
the action of a second restriction endonuclease. The results of
this analysis are shown in Fig. 4. The number and the
molecular weight of the DNA fragments obtained on second
ary digestion were in complete agreement with the physical
order inferred from partial digestions, except in one instance.
Secondary digestion of Hae III-1.1 (a fragment is named by
the enzyme that is used to produce it and its size in kilobase
pairs) by HpaII generated three fragments of approximately
0.60, 0.32, and 0.18 kb. This revealed the additional Hpa II
cleavage site near to the HindIII site which was not detected
by the partial digestion experiments discussed above.

Localization of 5 S rRNA Cistron within the 2.5-kb Frag
ment — The sequence of S. cerevisiae 5 S rRNA (6) predicts
the presence of an Hae III site near the beginning (3’ end of
the coding strand) of the 5 S rRNA gene and an Alu I site 49
bp from the Hae III site towards the middle of the gene.
Inspection of the restriction map of Fig. 1 shows that an Alu I
and Hae III site are close together only once, near the center
of the 2.5-kb fragment. The relative positions of these two
sites predict that the 5 S rRNA gene is transcribed from right
to left of Fig. 1. The presence of the 5 S rRNA gene within

was labeled at both ends with *P and digested with Alu I. After
isolation of the Hpa II-Alu l-0. 11 fragment, a sequence of 49 bp was
determined from the Hpa II ends. Alternatively, fragment Hpa II
Alu I-0.11 was labeled with *P at both ends and then strand
separated. A sequence of 92 bp was determined from the Hpa II site.
p, fragment Hae III-0.52 was digested with Hpa II. The Hae IIl-Hpa
II-0.14 fragment was isolated and labeled with *P at both ends.
After strand separation, a sequence of 120 bp was determined from
the Hpa II end, q, fragment Hpa II-0.60 (Table I) was labeled with
*P at both ends and digested with HindII. After isolation of the Hpa
II-HindII-0.49 fragment, the sequence of 58 bp was determined from
the Hpa II end, r, fragment Hpa II-0.71 was labeled with *P at
both ends and digested with Hae III. The Hpa II-Hae III-0.38
fragment was isolated and a sequence of 80 bp was determined from
the Hpa II site. s, fragment Hpa II-0.77 was labeled with “P at both
ends and digested with Hae III. After isolation of the Hpa II-Hae
III-0.63 fragment, a sequence of 51 bp was determined from the Hpa
II site. t, fragment HindII-EcoRI-2.20 (Table 1) was labeled with *P
at both ends and digested with Hpa II. The HindII-Hpa II-0.49
fragment was isolated and a sequence of 70 bp was determined from
the HindII site. u, fragment Taq 1-0.41 (Table I) was labeled with
*P at both ends and digested with Alu I. After isolation of the Taq
I-Alu 1-0.14 fragment, sequences of 82 and 87 bp (two experiments)
were determined from the Taq I site. v, fragment Taq I-1.20 (Table
I) was labeled with *P at both ends and digested with Hae III. The
Taq l-Hae lll-0.30 fragment was isolated and sequences of 89 and 92
bp (two experiments) were determined from the Taq I site. w,
fragment EcoRI-HindII-0.30 (Table I) was labeled with *P at both
ends and digested with Hpa II. After isolation of the Hindll-Hpa II
0.10 fragment, a sequence of 48 bp was determined from the HindII
end. x, fragment Taq 1-0.95 (Table I) was labeled with “P at both
ends and digested with Hpa II. The Taq l-Hpa II-0.14 fragment was
isolated and sequences of 77 and 103 bp (two experiments) were
determined from the Taq I end. y, fragment Taq 1-0.41 was labeled
with *P at both ends and digested with Hae III. After isolation of
the Taq l-Hae II 1-0.22 fragment, a sequence of 130 bp was deter
mined from the Taq I site.
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Fig. 2. Acrylamide gel electrophoresis of total restriction endo
nuclease digests of the yeast 2.5-kb DNA fragment containing the 5
S rRNA gene. Electrophoresis is in a 5% acrylamide slab gel as
described under "Experimental Procedures.” The approximate size
of the DNA fragments was obtained by comparison with an EcoRI
+ HindIII digest of phage A-DNA (15).
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Fig. 3. Autoradiograph of partial endonuclease cleavage products
of terminally labeled yeast 2.5-kb fragment. Electrophoresis is in
2% agarose. The size of the DNA fragments was determined as
indicated in Fig. 2.
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this region was confirmed by hybridization of 5 S rRNA to
Hae III and Alu I restriction fragments. These fragments,
separated by agarose gel electrophoresis, were transferred to
a nitrocellulose filter as described by Southern (14) and
hybridized with *I-labeled yeast 5 S rRNA. The fragments
containing sequences homologous to 5 S rRNA were visualized
by autoradiography, as shown in Fig. 5. The Hae III-1.1, Alu
I-1.2, and Alu I-0.16 fragments hybridized to 5 S rRNA. The
difference in hybridization detected between the Alu I-1.2 and
Alu I-0.16 fragments may reflect less efficient absorption of
the smaller fragment during transfer of the DNA from the
agarose gel to the nitrocellulose filter as well as preferential
loss of the small fragment from the filter during the hybridi
zation. No hybridization to the Hae III-0.52 fragment was
detected. This is explained by the inability of the 8 bp of the 5

i ~

FIG. 4. Acrylamide gel electrophoresis of secondary restriction
endonuclease digests of restriction fragments derived from the yeast
2.5-kb DNA. 1, 2, and 3, digestion of Hae III-1.1, Hae III-0.88, and
Hae III-0.52 fragments, respectively, with Hpa II; 4, digestion of
Hae III-0.52 with Hha I; 5, digestion of Hae III-1.1 with Hpa I; 6,
digestion of Hpa II-0.71 with Alu I; 7, digestion of Hpa II-0.77 with
Hae III; 8, digestion of Alu I-0.68 with Hpa II. The gel was 5%
acrylamide. The size of the DNA fragments was determined as
indicated in Fig. 2.
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Fig. 5. Hybridization of restriction fragments derived from the
2.5-kb DNA with I*-labeled yeast 5 S rRNA. 1, 2, and 3, undigested,
Alu I and Hae III DNA fragments, respectively, visualized by
staining with ethidium bromide; 4, 5, and 6, autoradiograph of the
same DNA bands after hybridization with yeast “I-labeled 5 S
rRNA. Electrophoresis is in 2% agarose.



51

8130

S rRNA gene present in this fragment to form a stable hybrid
(17).

Nucleotide Sequence of the 5 S rRNA Gene and Flanking
Regions —The primary structure of most of the 5 S rRNA
gene was obtained from the Hae III-1.1 fragment (Fig. 1,
Table I). This fragment was purified by preparative gel
electrophoresis, labeled at the 5' ends with [y-*P]ATP and
polynucleotide kinase, and digested with Hpa II. A fragment
of approximately 300 bp, labeled with *P at the Hae III site,
was isolated and sequenced by the method of Maxam and
Gilbert (13). The results are shown in Fig. 6a.

The nucleotide sequence of the first 8 bp at the beginning of
the gene and the immediately adjacent spacer region which
should contain the promoter, were obtained from the Hae III
0.52 fragment (Fig. 1, Table I). This fragment was labeled
with *P at the 5' ends and cleaved by Hpa II into two
approximately 140- and 380-bp segments, each labeled at
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FIG. 6. Autoradiogram of the electrophoretic separation of *P-

labeled oligonucleotides obtained by base-specific cleavage of frag
ments containing the 5S rRNA gene. a, partial sequence of the 300
bp fragment obtained by Hpa II digestion of the fragment Hae III
1.1 (see Fig. 1, Table I); b, partial sequence of the 400-bp fragment
obtained by Hpa Il digestion of the fragment Hae III-0.52 (Fig. 1,

Nucleotide Sequence of Yeast rBNA

their Hae III site. Both fragments were isolated and se
quenced. The sequence gel of the 380-bp fragment which
contains part of the 5 S rRNA gene and the promoter region
is shown in Fig. 6 a. Extension of the sequence of the promoter
region was obtained by digesting the fragment Hpa II-0.71
with Taq I, labeling with *P, digesting with Hae III, and
sequencing the resulting *P-labeled fragments from their
Taq I site (Fig. 1B).

The primary structure of the region after the 5 S rRNA
gene was obtained by sequencing the Alu I-0.16 fragment
from this region (Fig. 1, Table I). Since there are two Alu I
segments of this molecular weight, we first isolated Hpa II
0.71 containing the entire 5 S rRNA gene and treated it with
Alu I. As expected, three fragments of approximately 0.11,
0.16, and 0.44 kb were obtained. The Alu I-0.16 fragment was
isolated and labeled with *P. The strands were separated by
gel electrophoresis and sequenced. Fig. 7 shows the gel from
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Table I). The columns A, G, C, and T indicate wells loaded with
products from reactions partially specific for adenine, guanine,
cytosine, and thymine, respectively. The reading of the first 10
bases is illustrated at the right of each autoradiogram. The first two
oligonucleotides of the labeled 5' end of fragment b ran off the gel
and were determined from the specificity of Hae III (18).
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which the sequence of the termination region was derived.
Extension of the sequence in this region was obtained by

isolating the fragments Hpa II-0.60 and Hpa II-0.71 (Fig. 1,
Table I), labeling with *P at both ends, and digesting with
Alu I. Sequence around the Hpa II site separating the 0.60
and 0.71-kb Hpa II fragments (gels not shown) defined the
primary structure of a 273-bp segment at the end of the 5 S
rRNA gene.

By similar strategy, we have sequenced (gels not shown)
the region around the Hae III site separating the 0.52- and
0.88-kb Hae III fragments and the region around the Hpa II
site separating the 0.71- and 0.77-kb HpaII fragments (Fig. 1B)

The complete nucleotide sequence of the 5 S rRNA gene
and adjacent regions is shown in Fig. 8.

Nucleotide Sequence of Regions at Ends of 2.5-kb DNA
Fragment — The ends of the 2.5-kb fragment may contain
portions of the 35 S rRNA gene and its control regions. To
sequence these regions, the 2.5-kb fragment was successively
digested with Xma I and HindIII. Three fragments of 166,
235, and 2100 bp were obtained. They were labeled at their 5'
ends with *P and digested with Hae III. As expected from the
restriction map, Fig. 1, this enzyme cleaves the 2100-bp
fragment at two sites, generating a 940-bp fragment (HindIII
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FIG. 7. Autoradiogram of the electrophoretic separation of *P-
labeled oligonucleotides obtained by base-specific cleavages of a
fragment containing the region adjacent to the 5' end (coding
strand) of the 5 S rRNA gene. This DNA corresponds to the
electrophoretically faster moving strand from a 167-bp fragment
obtained by digestion of Hpa II-0.71 with Alu I. Other conditions
are the same as indicated under Fig. 6.
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Hae III-0.94) labeled with *P only at the HindIII site, an
unlabeled 520-bp fragment (Hae III-0.52) and a 640-bp frag
ment (Xma I-Hae III-0.64) labeled with *P at the Xma I site.
The four labeled fragments were then isolated. The HindIII
0.16 and Xma I-0.24 fragments were sequenced after strand
separation. The sequence gels of the HindIII-0.16 strands are
shown in Fig. 9. The isolated HindIII-Hae III-0.94 and Xma I
Hae III-0.64 fragments were also sequenced from their labeled
HindIII and Xma I ends, respectively (gels not shown).

To sequence the region at the right of the Hpa I-HindII site
(see Fig. 1), the Alu I-0.68 fragment was isolated, labeled
with *P, and digested with Hpa II. The larger fragment
(approximately 0.56 kb) was isolated and sequenced from the
Alu I site (gel not shown). Fig. 10 summarizes the available
sequence data for both ends of the 2.5-kb fragment.

DISCUSSION

In bacteria, gene expression is regulated in part by the
primary structure of regions adjacent to the gene (reviewed
by Gilbert, Ref. 19). From an examination of the sequence of
a number of prokaryotic promoters, it has been possible to
deduce some general features of their structure and to identify
RNA polymerase and regulatory protein binding sites. Regu
latory proteins appear to bind to DNA regions which possess
complete or partial 2-fold symmetry. In contrast, RNA polym
erase binding sites have been more difficult to identify but
they do not appear to involve palindromic sequences.

In eukaryotes, the identification of the structures involved
in regulation of transcription has not been achieved. Recent
advances in techniques for cloning eukaryotic DNA fragments
in bacterial plasmids have facilitated the isolation of genetic
segments whose structure and function can be studied in
detail. We have used these techniques for studying the rRNA
genes of Saccharomyces cerevisiae.

The 5 S rRNA is apparently an unprocessed transcript (6,
7); therefore, the control sequences for transcription initiation
and termination should be adjacent to the 3' and 5' ends of
the gene itself. By restriction endonuclease mapping and
hybridization, we have located the 5 S rRNA gene near the
center of a 2.5-kb EcoRI fragment. The nucleotide sequence of
the 5 S rRNA gene reported here establishes its polarity and
confirms that the 5 S gene is transcribed in opposite direction
to the 35 S rRNA precursor gene (20).

The sequence of most of the 5 S RNA from S. cerevisiae has
been reported by Miyazaki (6). However, a small region
around the 35th position (from the 5' end) remained uncertain.
Our results establish the sequence of this region and confirm
the remainder of Miyazaki's results.

The region before the 5 S rRNA gene must contain the
promoter. Pribnow (21) has observed that several prokaryotic
promoters have a related AT-rich heptanucleotide sequence
centered 9 to 10 bases before the transcription initiation site.
In the lac operon, mutations in this region that convert GC to
AT pairs result in increased promoter activity (19). We
detect an AT-rich sequence GTTTAAC similar to the "Pribnow
heptanucleotide” centered about 8 bases prior to the 5 S gene.
This AT-rich region, located about one double helical turn
before the start of transcription, may facilitate local denatur
ation by RNA polymerase. The yeast promoter region does
not possess sequences homologous with TTGA and GTTG
found in prokaryotes in a region about 35 bases from the start
of the gene or palindromes that have been identified as
binding sites for regulatory proteins in some prokaryotic
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380 360 340 320 300 280
- º

5* . . .ccaaaacaaaacgattatccotagaacaaacgcakatocaccaaacAGAAAcaakaccGoactorrrrrrrrrrrtotagawatatoccaccatatattorttaracaratcakotagtag
3"...GCTTCTCCTTTCCTAATAGGCATCTTCTCTCCCTTTACCTCCCTTCTCTTTGTTTTGGCCTCACAAAAAAAAAAAACATCCTTATAGCCTTCCTCTATAACAAACATGTATAGTTCATCATC

Hpa II -

260 240 220 Oo 80 60
I º }cancCCAATGAGºataATGGAGTGCTTAActe■ tcagAAGAAGAGTGcAGct&GATAGTGcGAATTTTTCrokatcGAATCGTAGGTTAGTtktocGATTTAccAtacaaacéc AAGAAACTAGA

artocartactcGrattacctescCartagaacter■ cretcaccrºaccTarcacccrrawadacrragº■ taccatccastcºataccetaxatcGratccriccarterr■ carct
Alu I Taq I

opcuAAccuccuccacucAAAccocavaccadvoccucAvoucaucacccAguccGAGAAucouccAAUUGAUGUCAAcuAccouccccuuucccaccAA
140 120 100 80 60 40

AAAAAAAAAAAAAAAAAAAGAAATAAA&ATTGCAccaccTGAGTTTC&cGTATGGTCAccCActacAëtactcGotcagocrettacéAGCTTAActacAGTTGAtcéoacGGGAAAcGGTGct
TTTTTTTTTTTTTTTTTTTCTTTATTTCTAACGTCGTGGACTCAAAGCGCATACC AGTGcGratatatgaoccagtecCadastgatºgaartaatgtcaactAccoroccorrtoccacca

Alu I

Acaccaucuavaccooccuucsºn,
20 -20 -40 -60 -80 - 100

TotoGTAGAtarcocc ccAAccataGTTTAAccCAAAcockGGTGatatgagggcAGGGrécAGAcatortcAGTACGTC&GAGTGAGAGGTGttatcGG+GGAGGAcAATTTTTAttatatt
AGAccatctataccacc GTTGGCTATCAAATTGCCTTTGCGTCCACTATACTCCCGTCCCAGGTCTGTACAAGTCATCCACCCTCACTCTCCACAAtACCCACCTCCTGTTAAAAATAATATAAA

Hae III

- 120 -140 -160 -130 -200 -270
cTCTAATAGcATAGGTATGTGAGGTGTAAAGCAAAA&cAATAGTGcATTGTGATGT&GTGAATAAGGTGcataccataAAAAAGGTGATTTGTCATTACAAGAGGTAGGTCGAAAéAGAAcAtg
GAGATTATCGTATCCATACACTCCACATTTCGTTTTCGTTATCACGTAACACTACAccACTTATTccAccTATGCTACTTTTTCCACTAAACAGTAAATGTTCTCCATCCAGCTTTGTCTTGTAC

Taq I

-240 -260 -28O -390 -330 -340
AGAGTTGGrcºtagoroccatocacAGGTA&TTTCAAGGTGACAGGTTAT&AAGATATGGTGcAAAGTCAAATGGAtcGTGGCAGCCATA&taaaatcatCGTGTGGAAGAcataGatoctatt
TCTCAAccAGCCATccAccotAccTcTccATCAAAGTTccACTGTccArtAct TCTATAccAcGTTTCAGTTTAcctaccAccotccCTATCATTTTACTACCACACCTTCTGTATCTACCATAA

-360 - 380 -400 -420 -440 - 460
tattrºcarrraccacaccecato&ccataATGAccoqaagašATTTAGTAGTATGTGGGAckgaartcoccaccactartèacaccatoacactaccamatataagtetaxacortott
AcAAAAcGTAAATGccCTGGccTAcoccoccTATTACTGccCTTCTCTAAATCATCATAcAccotcTCTTAAAGCCGCCGTCATAACTCTGGTACTCTCATCGTTTGCATTCAGATTTCCAACAA

Hpa II

-480 -500 -520
ITHATAGTAGTTAGGAtcTAGAAAATGTATTccCATAGGCCATTTTACATTTGGAGGGAcGG ... 3"

AatatoatcaatcctacatcTTTTACATAAGGCTATccGGTAAAATGTAAAccTccCrocc ... 5'
Hae III

Fic. 8. Nucleotide sequence of Saccharomyces cerevisiae 5 S ribosomal RNA gene and adjacent regions. The sequence of the corre
sponding 5 S rRNA is shown in italics. The underlining indicates a region where the sequence is not fully confirmed.

promoters (21). There is no obvious relationship between the
primary structures of the yeast 5 S rRNA promoter and the
promoter region of Xenopus laevis oocyte 5 S rRNA gene.”
The sequence relationships which determine transcription
promotion in eukaryotes are currently difficult to perceive.

There is a long run of adenosines in the coding strand at
the end of the 5 S rRNA gene. This unique structure could
represent a termination signal or a processing sequence. We
believe it is the former since no precursors of 5 S RNA have
been detected in any system, and in vitro transcription exper
iments carried out in this laboratory suggest that RNA
polymerase III terminates at poly(A) regions." Termination
regions in other systems appear to contain adenosine-rich
sequences. For example, short runs of uridines have been
found at the 3' end of 4 S RNA of A phage (22), a small RNA
from phage p80 (23) and the attenuator region of tryptophan
mRNA of Escherichia coli (24). In Xenopus, Denis and Weg
nez (25) have found that a small fraction of newly formed 5 S
RNA molecules are slightly longer and contain extra nucleo
tides at the 3' end. These ends are uridine-rich of the type
CUU, CUUU, and CUUUU. Brown and Brown (26) have
demonstrated a short AT-rich region immediately after the
Xenopus laevis 5 S rRNA gene and postulated the sequence
TTTT

-

AAAA as Part of the termination signal.

* N. Fedoroff and D. D. Brown, personal communication.
* L. J. DeGennaro, unpublished results.

In most of the examples cited above, part of an adenosine
rich sequence is transcribed giving rise to RNAs with uridine
rich 3' termini. In yeast, the majority of the 5 S RNA
transcripts end with a single uridine. Whether a small per
centage of these molecules have additional uridines is not
known. These adenosine-rich regions could facilitate the de
tachment of the enzyme from the DNA or serve as a distinctive
recognition site for other molecules which influence termina
tion.

In contrast to the 5 S rRNA gene, it is more difficult to
identify the control regions for the 35 S rRNA precursor gene.
This RNA, like trNA and several eukaryotic mRNAs, is
derived from a large precursor. A comparison of the sizes of
the rDNA repeating unit and the 35 S rRNA suggest that
control regions of this gene may be within the 2.5-kb fragment
(3). Partial nucleotide sequence of the regions between the 5
S and 35 S rRNA genes are shown in Fig. 10. At the HindIII
end of the DNA, the nucleotide sequence of 355 bp has been
determined. At a distance of 96 bp from the EcoRI cleavage
site, there is a long run of 31 AT pairs interrupted once by a
GC pair. This region is strikingly similar to that found at the
termination of the 5 S rRNA gene, except that it is in the
opposite DNA strand. The homology includes a sequence of 18

AAAGAAAAAA
TTTCTTTTTT

This justifies the hypothesis that the adenosine

bases that is exactly the same in both regions:
AAAAAAAA
TTTTTTTT.
rich segment near the HindIII site is part of the termination
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region of the 35 S rRNA gene. Determination of the nucleotide
sequence at the 3' end of the 35 S rRNA will be necessary to
test this.

At the Xma I end, we have determined the sequence of 349
bp as a preliminary step in our attempts to locate the 35 S
rRNA promoter. The exact determination of this site must
await determination of the nucleotide sequence at the 5' end
of the precursor RNA. A striking feature in this region of the
DNA is a peculiar 60-bp sequence starting 6 bases at the

- -
CGTATTTTCCGCT

º of the Hha I site. The sequence GCATAAAAGGCGA
AG " repeated sequentially four times. Repeated units
similar to this one have been described in the intergenic
region between the 5 S genes in X. laevis oocytes (27). The
biological significance of this interesting structure is yet to be
determined.

Cramer et al. (4) have examined the topology of the DNA
sequences of the yeast rBNA repeating unit by partial dena
turation mapping. They observed that more highly denatured
AT-rich segments occurred in the intercistronic regions. This
includes the transcribed spacer segments of the 35 S rRNA
precursor and the nontranscribed spacer between the 5 S and
35 S rRNA genes. The most highly denatured regions observed
under their conditions occurred in the 2.5-kb EcoRI fragment.
In particular, two regions near the Xma I and HindIII sites
were more extensively denatured than elsewhere in the rDNA
repeating unit. Our DNA sequence of these regions demon
strates their high AT character. In addition, two less promi
nent AT regions are located between the Xma I and HindIII
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sites (4). The DNA sequence suggests that these probably
occur on both sides of the 5 S rRNA coding sequences. One
region corresponds to the AT-rich sequence immediately after
the 5 S rRNA gene and the other to an AT-rich region
approximately 100 bp from the beginning of the 5 S rRNA
gene. The present data and that of Maxam et al. (10) suggest
that these AT-rich regions might be involved in identifying
the 5 S rRNA gene. We propose that the AT-rich regions
centered at the Xma I and HindIII sites in the 2.5-kb EcoRI
fragment identify the limits of the 35 S rRNA gene. Wensink
and Brown (28) have observed more easily denatured regions
at the ends of Xenopus laevis 40 S rRNA precursor coding
regions. The tandemly repeated 5 S rRNA genes of X. laevis
are also separated by AT-rich spacers, a short region after
the gene and a much longer region before the 5S rRNA gene
(26). The presence of AT-rich regions adjacent to the rRNA
genes could well be a common feature of these genes. Whether
such regions are a characteristic of all genes remains to be
determined.

The AT regions found at the beginning of the gene differ
from those at the terminal regions. At the beginning, most of
the adenosines are in the noncoding strand, or are mixed
apparently randomly with thymine residues, whereas the
adenosines after the gene are present in the coding strand.
The similarity in sequence and opposite orientation of the
adenosine-rich strand at the HindIII site and after the 5 S

rRNA gene are consistent with the suggested role for these
sequences in the termination of transcription. There are two
other AT-rich regions within the rDNA repeating unit that
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Autoradiogram of sequence gels from the 165-bp DNA fragment located between the EcoR1 and HindIII sites, a, electropho.
retically slower moving strand; b, electrophoretically faster moving strand. Other conditions are as indicated under Fig. 6.
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EcoRI HpaII
!

5* . . GAATTCTATGATCCGGGTAAAAACATGTATTGTATATATCT
3" . . CTTAAGATACTAGGCCCATTTTTGTACATAACATATATAGA

ATTATAATATACGATGAGGATGATAGTGTGTAGAGTGTAC
TAATATTATATGCTACTCCTACTATCACACATCTCACATG

CATTTACTATTTGGTCTTTTTATTTTTTATTTTCTTTTTT
GTAAATGATAAACCAGAAAAATAAAAAATAAAAGAAAAAA

TTTTTTTTCGTTGCAAAGATGGGTTAAAAGAGAAGGGCTT
AAAAAAAAGCAACGTTTCTACCCAATTTTCTCTTCCCGAA

Hind III | Hpa II
TCACGAAGCTTCCCGAGCGTGAAAGGATTTGCCCGGACAG
AGTGCTTCGAAGGGCTCGCACTTTCCTAAACGGGCCTGTC

Alu I

TTTGCTTCATGGAGCAGTTTTTTCCGACACCATCAGAGCG
AAACGAAGTACCTCGTCAAAAAAGGCTGTGGTAGTCTCGC

GCAAACATGAGTGCTTTTATAAGTTTAGAGAATTGAGAAA
CGTTTGTACTCACGAAAATATTCAAATCTCTTAACTCTTT

Alu I | Hpa I./Hind II
AGCTCATTTCCTATAGTTAACAGGACATGCCTTTGATATG
TCGAGTAAAGGATATCAATTGTCCTGTACGGAAACTATAC

AAAAAAAATACTACGAACTACGATTTTACTAAGAA. . .3"
TTTTTTTTATGATGCTTGATGCTAAAATGATTCTT. ...5"

Nucleotide Sequence of Yeast rDNA

al■
5* . ~£ºccurrecºrcºre
3' . . AGGGCGCGCAAAGGCATAAAAGGCGAAGGCATAAAAG

CGCTTCCGTATTTTCCGCTTCCGTATTTTCCGCTTCCGCT
GCGAAGGCATAAAAGGCGAAGGCATAAAAGGCGAAGGCGA

xma I | Hpa II
TCCGCAGTAAAAAAAAGTGAGGAACTGGGTTACCCGGGGC
AGGCGTCATTTTTTTTCACTCCTTGACCCAATGGGCCCCG

ACCTGTCACTTTGGAAAAAAAAAAGAAAAAAATATACGCT
TGGACAGTGAAACCTTTTTTTTTTCTTTTTTTATATGCGA

Alu I
AAGATTTTTGGAGAATAGCTTAAATTGAAGTTTTTCTCGG
TTCTAAAAACCTCTTATCGAATTTAACTTCAAAAAGAGCC

CAGAATACGTAGTTAAGGACGACGCGGGGCAGAAGTAGAT
GTCTTATGCATCAATTCCTGCTGCGCCCCGTCTTCATCTA

TGTTGTAATGGAGGGGGTTAGTCATGGAGTACAAGTGTGA
ACAACATTACCTCCCCCAATCAGTACCTCATGTTCACACT

GGAAAAGTAGTTGGGAGGTACTTCATGCGAAAGCAGTTGA
CCTTTTCATCAACCCTCCATGAAGTACGCTTTCGTCAACT

Taq I | EcoRI
AGACAAGTTCGAAAAGAGTTTGGAAACGAATTC. .. 3"
TCTGTTCAAGCTTTTCTCAAACCTTTGCTTAAG. . .5°

*

25S 5S 18S
Fig. 10. Summary of partial nucleotide sequence of the regions between the 5 S and 35 S rRNA genes of Saccharomyces cerevisiae. The

solid underlining indicates a 60-bp region comprised of a 15-bp sequence repeated four times. The dashed underlining indicates a region
where the sequence is not fully confirmed. The arrows in the lower portion of the figure indicate the position of EcoRI sites in the vicinity
of the 2.5-kb fragment.

have been observed by denaturation mapping (4) and sequence
analysis." One is before the 18 S rRNA gene and the other
between the 18 S and 5.8 S rRNA genes. These AT-rich
regions may play a role in RNA processing.

Our sequence studies have rendered the 2.5-kb EcoRI frag
ment an appropriate template for studying transcription. By
analogy with vertebrates (29), yeast RNA polymerases I and
III probably transcribe the 35 S rRNA and 5 S rRNA genes,
respectively. Although these enzymes have been extensively
purified and characterized (30–32), a study of their role in
transcription has been limited due to the lack of a suitable
assay. Using this fragment as a template, initiation and

termination of 5 S rRNA and 35 S rRNA synthesis can now
be directly tested by hybridization and RNA sequencing.
Thus, the molecular requirements for transcriptive specificity
can be directly monitored.

Acknowledgments — We thank A. Maxam and W. Gilbert
for providing a detailed DNA sequence protocol prior to
publication.
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Nucleotide sequence of the
yeast 5S ribosomal RNA gene
and adjacent putative control regions
IN bacteria, the sequence of several promoters has been
determined and some of the features of their interaction
with RNA polymerase, repressors and other regulatory
molecules are beginning to be determined”. In eukaryotes,
however, the isolation and analysis of the DNA structures
involved in the regulation of transcription has not yet been
achieved. Recent advances in techniques for cloning
eukaryotic DNA in bacterial plasmids” have allowed the
isolation of genetic segments whose structure and function
can be studied in detail. Using these methods we have
isolated a DNA fragment containing the 5S ribosomal
RNA gene. The 5S RNA seems to be a primary tran
script in yeast"; therefore the flanking regions of the 5S
gene should contain the putative promoter and termination
regions. We report here the nucleotide sequence of
Saccharomyces cerevisiae 5S DNA and these flanking
regions.

Yeast DNA and the plasmid vector pSF2124 (ref. 7) were
digested with EcoRI, ligated, and used to transform a
derivative of E. coli K12, DG-75 (a FT derivative of DG73
ref. 8)). Recombinant clones were selected by ampicillin
resistance and inability to produce colicin E1. Recom
binants containing 5S rRNA were selected by hybridisation
with purified yeast 5S rRNA. A clone (pDB25) containing
a 2,520 base pair yeast DNA fragment which hybridises
with 5S rRNA was obtained.

The tentative position of the 5S rRNA gene within the
2,520 base pair fragment was determined by restriction
mapping with endonucleases Hael II, Alu I and HpaII and
by hybridisation of the restriction fragments with **I-
labelled yeast 5S rRNA (P.V. et al. in preparation). The
Sequence of 5S RNA of S. cerevisiae' and of the related
Species, S. carlsbergensis’, predicts a Hael II site eight base
pairs from the 3’ end of the gene. Therefore as indicated
in Fig. 1, we isolated the two Hae III fragments (1,120 and
520 base pairs, respectively) which encompass the 5S rRNA
gene, labelled them at their 5’ ends with y-*P-ATP and
polynucleotide kinase, and digested them with HpaII. Two
fragments, each containing a complementary portion of the
5S RNA gene, of 300 (a) and 400 (b) base pairs were
isolated by preparative gel electrophoresis and partially
sequenced from their “P-labelled Hae III ends. DNA was
Sequenced by using the chemical cleavage technique
developed by Maxam and Gilbert”. Figure 2 shows an auto
radiogram of the electrophoretic separation of oligonucleo
tides resulting from base specific cleavages of fragments
a and b. The sequence can be directly read from the auto
radiogram as exemplified in the figure for the first 10
nucleotides. The experiment with fragment a (Fig. 2a)
generated a sequence comprising 112 bases from the 5S
rRNA gene and 61 bases from the region adjacent to the
5' end (termination region). An Alu I fragment of 160 base
pairs containing this region was also sequenced (P.V. un
published). The sequence of fragment b (Fig. 2b) furnished
a sequence of 68 base pairs, 8 from the 5S gene and 60
from the region adjacent to its 3' end (initiation region).
The complete sequence of the 5S RNA gene and adjacent

2,520 bp
Hael II Hae[II EcoRI

{ +– }

1,120 bp p32
frº-ºr-paz

HpaII
º HpaII

300 bp
H p32

sequence
-*.

b rººt.
sequence
Hº

Fig. 1 Strategy for isolation and sequencing of yeast DNA
fragments containing the 5S rRNA gene. The 2,520 base pair
yeast DNA insert containing the 5S RNA gene was excised from
the hybrid plasmid, pIDB25, by digestion with EcoRI and pre
paratively separated from the bacterial vector by sucrose gradient
centrifugation (5–20% sucrose, 20 h, SW-27 rotor, 20 °C). The
Hael II fragments were prepared by digestion of 100 ug of the
yeast DNA insert with Hae III and separated by preparative slab
gel electrophoresis (5% acrylamide, 50 mM Tris-borate (pH 8.3),
1 mM EDTA, at constant 10 V cm−"). After elution from the gel,
the isolated fragments were labelled at their 5’ ends (T4 poly
nucleotide kinase and *P-ATP (ref. 9)) and digested with HpaII.
Fragments a and b were separated by preparative gel electro
phoresis (as above) and sequenced from their labelled 5' ends.

regions is shown in Fig. 3. The sequence of other regions,
comprising about 70%, of the 2,520 base pair fragment
has been completed and will be reported elsewhere.

The sequence of most of the 5S RNA from S. cerevisiae
has been reported by Miyazaki". However, a small region
around the 35th position (from the 5’ end) remained un
certain". The sequence we have determined for the 5S RNA
gene confirms Miyazaki's results and establishes the
sequence of this region. Comparison with the sequence of
5S RNA from S. carlsbergensis” indicates small differences.
Some may be due to species differences while others are
probably due to minor errors in the proposed RNA
sequence. Four of these changes occur in a region where,
according to Hindley and Page’, the sequence was
uncertain.

The nucleotide sequence of the 60 base pairs adjacent to
the 3’ end of the 5S gene should contain the site where
RNA polymerase attaches to DNA to initiate transcription
and possibly the sites for other regulatory molecules. This
region may be compared with the known promoter regions
of prokaryotes. Pribnow" has observed that several pro
karyotic promoters contain an AT-rich heptanucleotide
centred 9 to 10 bases before the transcription initiation site.
Mutations that increase promotion in the lac operon are of
the type GC to AT and occur in these regions or the
immediate vicinity'. The putative promoter in yeast contains
an AT-rich sequence, GTTA AAC, centred 8 bases from the
start of 5S RNA transcription and bears some similarity
to the ‘Pribnow box”. The yeast promoter does not possess
the general sequence homology (TTGA and GTTG) found
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-- - - T - - -

* - " - -- - - * * -
- - --

- -- - A - -
tº -- * -- - - - - -

- - - - - - = -

Fig. 2 Autoradiogram of the electrophoretic
separation of *P-labelled oligonucleotides
obtained by base-specific cleavages of frag
ments a and b. Both fragments (prepared
as indicated in Fig. 1) were chemically de
graded for sequence analysis as indicated
by Maxam and Gilbert”. Preferential cleavage
at guanine was achieved by methylation
with 50 mM dimethylsulphate (10 min,
22 C), ring opening and displacement at
neutral pH and phosphate elimination by

2. 1 M piperidine (60 min, 90 C). Cleavage
T at adenine was achieved by methylation
GA with dimethylsulphate (23 min, 22 C),
IA depurination in 0.1 N HCl (120 min, 0 C)
G and phosphate elimination by 0.1 N NaOH
C C (30 min, 90 C). Modification and cleavage

A at cytosine and thymine residues were ob
A tained by treatment with 15 M hydrazine

C (20 min, 22 C). Cleavage only at cytosine
was achieved by performing the reaction

G in the presence of 2 M. NaCl (25 min, 22 C).In both instances, phosphates were elimina
ted by treatment with 1 M piperidine (60

C min, 90 C). Aliquots of the products fromthe four reactions were loaded on a 20°o
acrylamide–7 M urea gel" at times 0, 12
and 24 h. Electrophoresis was carried out

C in 50 mM Tris-borate (pH 8.3), 1 mM EDTA
at constant 20 V cm−". Both fragments were
isolated and sequenced twice. The columns
A, G, C and T indicate wells loaded with
products from reactions partially specific

for adenine, guanine, cytosine, and thymine, respectively. The reading of the first 10 bases is illustrated at the right of each autoradiogram.
The first two nucleotides of the labelled 5' end of fragment bran off the gel and are determined from the specificity of Hael II. Fragment a is at

the left, fragment b is at the right.

in prokaryotes in a region centred about 35 bases from the
start of the gene, nor palindromes which in some pro
karyotic promoters have been identified as binding sites for
regulatory proteins”. Fedoroff and Brown (personal com
munication) have recently determined the structure of the
promoter region for Xenopus oocyte 5S RNA genes. There
is no obvious relationship between the structures of this
region and the region we have sequenced. The fundamental
structural relationships which determine transcription
promotion in eukaryotes are as yet difficult to perceive.

In contrast, at the end of the 5S gene there is a striking
stretch of As in the coding strand (Fig. 3). We believe this
to be a termination signal for RNA polymerase. Termina
tion in other systems may be related to A-rich regions. For

180 160 140
! I i

example, variable runs of Us have been found at the 3’
end of 4S (ref. 11) and 6S (ref. 12) RNAs of A phage,
a small RNA from phage ºpS0 (ref. 13) and the attenuator
region of tryptophan mRNA of E. coli". There is no
evidence for transcription of this A region in yeast; how
ever, transcription and rapid processing has not been
eliminated. In eukaryotes, Brown and Brown" have found
a much shorter AT-rich region at the 5’ end of the Xenopus

5S RNA gene and postulated the sequence AAA's as part
of a transcription termination signal.

RNA polymerase binding and in vitro transcription
experiments will be necessary to determine the role of these
sequences in selective gene transcription.

60
º

Fig. 3 Nucleotide sequence of S. cerevisiae
5S rRNA gene and adjacent regions. The corres
ponding 5S rRNA sequence is shown in italics.

Hae III

–60

5' . . . ATGGGATTTAGCATAGGAAGCCAAGAAACTAGAAAAAAAAAAAAAAAAAAAAAGAAATAA
3' . . .TACCCTAAATCGTATCCTTCGGTTCTTTGATCTTTTTTTTTTTTTTTTTTTTTCTTTATT

officuAACGUCGUGGACUCA44GCGCA UACCAGUGGGUGAUGUGAUGAGCCAGUCCGAGAAUGG

130 100 80I t

AGATTGCAGCACCTGAGTTTCGCGTATGGTCACCCACTACACTACTCGGTCAGGCTCTTACC
TCTAACGTCGTGGACTCAAAGCGCATACCAGTGGGTGATGTGATGAGCCAGTCCGAGAATGG

UCGAAUUGAUGUCAA.CUAGCCUGCCCUUUGCCACGAAAGACCAUCUAUACCgºvº,
40 2O

I I
AGCTTAACTACAGTTGATCGGACGGGAAACGGTGCTTTCTGGTAGATATGGCCGCAACCG

Tºrresto■ cawcrºcerºccºrrºccacciºsaccarcrºtºcºcºrrect
Alu I

-20 -40
t

ATAGTTTAACGGAAACGCAGGTGATATGAGGGCAGGGTCCAGACATGTTCAGTAGGTGG. ... 3"
TATCAAATTGCCTTTGCGTCCACTATACTCCCGTCCCAGGTCTGTACAAGTCATCCACC. . . 5'
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