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ABSTRACT
As a first step in the analysis of the transcription process in
the African trypanosome, Trypanosoma brucei, we have started to
characterise the trypanosomal RNA polymerases. We have
previously described the gene encoding the largest subunit of
RNA polymerase II and found that two almost identical RNA
polymerase II genes are encoded within the genome of T.brucei.
Here we present the identification, cloning and sequence
analysis of the gene encoding the largest subunit of RNA
polymerase III. This gene contains a single open reading frame
encoding a polypeptide with a Mr of 170 kD. In total, eight
highly conserved regions with significant homology to those
previously reported in other eukaryotic RNA polymerase largest
subunits were identified. Some of these domains contain
functional sites, which are conserved among all eukaryotic
largest subunit genes analysed thus far. Since these domains
make up a large part of each polypeptide, independent of the RNA
polymerase class, these data strongly support the hypothesis
that these domains provide a major part of the transcription
machinery of the RNA polymerase complex. The additional domains
which are uniquely present in the largest subunit of RNA
polymerase I and II, respectively, two large hydrophylic
insertions and a C-terminal extension, might be a determining
factor in specific transcription of the gene classes.

INTRODUCTION

Eukaryotic transcription is regulated by three DNA-dependent RNA

polymerases, classified as I, II and III. Each of these enzymes

is responsible for synthesising different classes of RNA and

differ in their sensitivity to the potent RNA polymerase

inhibitor, alpha-amanitin (for review see 1,2). In recent years

considerable progress has been made in understanding the

transcription process in eukaryotes at the molecular level.

Although other proteins play a major role in the initiation of

this complex process (3,4), the RNA polymerases can be

considered the constant entity of the transcription process.
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The transcription process of kinetoplastid flagellates,
such as Trypanosoma brucei, is rather unique among eukaryotes
and characterised by a number of biochemical peculiarities, such

as discontinuous transcription and trans-splicing (for review

see 5-7). One of the first steps in the characterisation of the

transcription process in this group of protozoan parasites has
been the analysis of the DNA-dependent RNA polymerases. Initial

characterisation of kinetoplastid RNA polymerases has resulted

in conflicting biochemical observations. In vitro transcription
assays with isolated nuclei of T.brucei in the presence of

various concentrations of alpha-amanitin showed that transcrip-
tion of the genes for rRNA, tubulin and 5S RNA is, repectively,
insensitive, sensitive and intermediately sensitive to alpha-
amanitin (8,9), as would be expected for transcription of these
genes (1,2). This suggested the presence of RNA polymerase I, II

and III in T.brucei. However, separation of individual enzyme

activities by DEAE-sephadex chromatography, the standard

technique used to separate eukaryotic RNA polymerases, resulted

in at most two RNA polymerase activity peaks in T.brucei, one

sensitive and one insensitive to alpha-amanitin (10-13).
Another, unexpected, outcome of the nuclear run-on

experiments mentioned above was that transcription of surface

antigen genes is not inhibited by alpha-amanitin and showed a

profile identical to that of the rRNA genes (8,9). This

phenomenon has been observed in each trypanosome variant

analysed thus far (8; 14-19). The nature of the RNA polymerase
transcribing the surface antigen genes is unknown. There is,
however, evidence in favour of RNA polymerase I, which normally
only transcribes the rRNA genes (18,19). Alternatively, an

additional RNA polymerase may exist for the transcription of
this specific class of genes (20).

Taken together, these observations suggest that transcrip-
tion in trypanosomes does not follow the classical eukaryotic
pattern, in which three RNA polymerases, I, II and III, are

responsible for synthesising the different RNA classes (1,2). In

order to determine how many RNA polymerases are present in
T.brucei and which RNA polymerase transcribes VSG genes, we

started to analyse the trypanosomal RNA polymerases. We have
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isolated the genes encoding the largest subunits of RNA
polymerases by heterologous hybridisation with yeast and
Drosophila probes. Here, we report the isolation and complete
sequence of the trypanosomal gene encoding the largest subunit
of RNA polymerase III. In this paper, we also report a

comparative analysis of the primary sequence of trypanosomal and
other eukaryotic genes. Unique sequence motifs that enable the
three classes of RNA polymerases to be readily distinguished
have been identified. Moreover, our analysis not only allows us

to refine the previously described homology regions, but also
enables us to identify important functional domains. The most

important conclusion is that the conserved domains of the
largest subunit of eukaryotic RNA polymerases probably provide a

large part of the transcription machinery of the enzyme complex,
while the RNA polymerase I and II-specific domains might be

involved in determining the specificity of the RNA polymerase
complex.

EXPERIMENTAL PROCEDURES
Materials
Restriction enzyes and modifying enzymes were purchased from
Pharmacia-LKB. P-labeled nucleotides were purchased from
Amersham. Sequence analysis was performed with TtMhe program
described by Queen and Kan (21; Microgenie , Beckman
Instruments). Recombinant clones carrying the largest subunit
genes of yeast RNA polymerase I (pA4; 22), III (pC4; 23) and
Drosophila RNA polymerase II (DmRpII215; 24) were kindly
provided by, respectively, Dr. A. Sentenac and Dr. A. Greenleaf.
Trypanosomes
The cloned variant antigen type Mitat l.lc (14) and an uncloned
population 1.1cR (R for relapse) from T.brucei were used.
Trypanosomes were grown in rats to a density of 109 parasites
per ml of blood and purified from blood elements by anion
exchange chromatography (25). Procyclic culture form
trypanosomes were grown in the semi-defined medium described by
Brun and Schonenberger (26).
Nucleic acid isolation
Total RNA was prepared from isolated trypanosomes by LiCl-Urea
precipitation (27). DNA was removed from the preparations by
incubation with RNase-free DNase. Poly(A) + RNA was purified by
oligodeoxythymidilate-cellulose column chromatography (28).
Trypanosomal DNA was isolated by standard procedures (21).
Plasmid DNA was isolated by the alkaline lysis procedure (30).
DNA and RNA manipulations
Restriction endonuclease digestions were done under the
conditions specified by the manufacturer. Electrophoresis and
transfer of DNA to nitrocellulose filters were performed as
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described (31,32). RNA (northern) blots were performed according
to the formaldehyde procedure (33). Southerns and northerns were
prehybridised as described (32), and hybridised with nick-
translated (70) 32P-labelled probes as described by Jeffreys and
Flavell (34), with the addition of 10% dextran sulphate to
increase the efficiency of hybridisation (35). All post-
hybridisation washes were to a final stringency of O.lxSSC, 0.1%
SDS at 650C (lxSSC = 0.15M NaCl, 0.015M sodium citrate, pH 7.0)
or as indicated in the text. Dot blot analysis was essentially
performed as described (36). 200ng DNA was bound to
nitrocellulose and hybridised with lmg total RNA in lOml as
described above, washed posthybridisationally to 0.3xSSC, and
s3sequently hybridised 'th a kinased 22mer mini-exon probe
( TCTTGTCAAAGACATGATATAA ) at 300C as described (37). Non-
specifically bound activity was removed by washing in 3xSSC at
350C.
Isolation of pTrp28
The recombinant plasmid pTrp28 was isolated from a library
containing HindIII-restricted genomic DNA of T.brucei. This
library was constructed in the vector pBR322 using E.coli DH1 as
the host (38). Three plasmids were isolated using the 2.8 kb
EcoRI fragment of pC4 as a hVbridisation probe under low
stringency conditions (3xSSC at 65 C).
Pulsed field gradient gel electrophoresis
Trypanosomes were prepared for PFGE according to standard
procedures (39), separation of the chromosomes was performed
according to the modifications and specifications of Johnson and
Borst (40). The separation shown in Figure 6 was obtained with a
0.5% agarose gel and a run of 24 hr at 160C, and the electric
field (190 V) was switched every 260 sec.
DNA sequencing
The 6.0 kb EcoRI/PvuII fragment of pTrp28 (Figure 2) was
isolated from the genomic clone and subcloned into pGEM-3.
Restriction fragments of the resulting plasmid, pTrp6, were
subcloned into pEMBL 8/9. Cloning and preparation of template
DNA was performed using standard protocols (33,41). DNA
sequencing was performed using the dideoxy method (42) with
modifications described by Biggin et al. (43); both strands were
sequenced.

RESULTS

Cloning of the largest subunit gene of RNA polymerase III

The coding region of the trypanosomal largest subunit gene of

RNA polymerase III was identified by hybridising Hind III

digested genomic DNA of T.brucei with a yeast RNA polymerase III

probe. At reduced stringency conditions (3xSSC at 65°C) a 28 kb

fragment was detected which did not hybridise with probes

encoding the largest subunit gene of yeast RNA polymerase I and

Drosophila RNA polymerase II. This fragment, pTrp28, was

isolated from a Hind III genomic library of T.brucei in pBR322

(Figure 1, lanes A-C). Southern analysis using different
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Figure 1. Identification and isolation of the largest subunit
gene of RNA polymerase III of T.brucei. Four ug of DNA from
variant l.lc was digested with HindIII, size fractionated on a
0.7% agarose gel, and transferred to nitrocellulose. The blots
were probed with nick-translated probes encoding the largest
subunits of Drosophila RNA polymerase II (9.5 kb XbaI fragment
from clone DmRpII215, (24)) (lane A) and yeast RNA polymerase
III (2.8 kb EcoRI fragment from clone pC4, (23)) (lane B). The
arrow indicates the single 28 kb fragment that cross-hybridises
to the yeast RNA polymerase III probe at low stringency
conditions. An identical blot was hybridised with the insert of
the isolated plasmid pTrp28, containing the 28 kb HindIII
genomic fragment, at high stringency conditions (lane C). The
chromosomal location of the trypanosomal RNA polymerase III gene
was determined using PFGE (lanes D and E) . Lane D shows the
ethidium bromide-stained gel; the chromosomes were blotted onto
nitrocellulose filters and the blot was hybridised with the
gene-internal probe B (lane E).

restriction enzymes, of pTrp28 and genomic DNA, showed that the

clone had not undergone rearrangements; heterologous
hybridisation experiments showed that the cross-hybridisation
signal of the yeast RNA polymerase III gene is confined to the

6.0 kb EcoRI/PvuII fragment (data not shown; Figure 2).
Sequence analysis
The 6.0 kb EcoRI/PvuII fragment of pTrp28 was subcloned into the
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Figure 2. Restriction maps of pTrp28 and pTrp6. The coding
region of RNA polymerase III largest subunit is indicated by a
black box. Probes originating from the genomic clone are
indicated below the map and are marked by capitals A-C. Vector
DNA is indicated by dashed lines. Only those sites necessary to
interpret the data are presented. Abbreviations of restriction
enzyme sites: B = BamHI, C = ClaI, E = EcoRI, H = HindIII, P =
PvuII and X = XmnI.

pGEM-3 vector, resulting in plasmid pTrp6 (Figure 2), which was

used for further analysis. A continuous 5245 bp stretch of DNA

downstream of the EcoRI site in pTrp6 was sequenced by

subcloning restriction fragments into pEMBL 8/9, and sequencing
both strands by the dideoxy method of Sanger et al. (42). This
sequence revealed a single open reading frame extending from

nucleotide 271 (amino acid 1) to nucleotide 4861 (amino acid
1530) (Figure 3).

A comparison of the deduced amino acid sequence with all

other eukaryotic RNA polymerase largest subunit sequences
reveals an extensive conservation of residues. Eight homology

blocks named A to H are evident; these have been found to be a

general characteristic of all largest subunits of eukaryotic RNA

polymerases (Figure 4, see also below). The presence of these

homology blocks indicates that pTrp6 carries the coding region
of an RNA polymerase largest subunit gene. Three lines of

evidence identify the Trp6 coding region as the gene most

closely resembling the largest subunit of RNA polymerase III.

First, the highest degree of sequence conservation is found with

yeast RNA polymerase III, as shown by direct comparison using
dot matrix analyses (Figure 5, panel C versus A, B and D).
Second, and more importantly, the gene lacks the carboxy-
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terminal extension which is uniquely present in the largest
subunit of RNA polymerase II, as has been observed in yeast
(44,45), mouse (46), hamster (47,48), Drosophila (48,49) and in
a modified form also in T.brucei (20). Third, the gene lacks the

two hydrophylic domains of about a hundred residues uniquely
present in the N- and C-terminal region of yeast RNA polymerase
I (22). Moreover, the lowest degree of conservation is found

between yeast RNA polymerase I and the pTrp6 coding region: only
the highly conserved motifs within the general homology blocks

are present in the yeast RNA polymerase I (Figure 4 and 5).
These results strongly indicate that the identified open

reading frame encodes the largest subunit of RNA polymerase III
in T.brucei. The predicted molecular weight of this subunit,
based on the sequence data, is 170.290 daltons which is within
the size range of other eukaryotic RNA polymerase III largest
subunits (reviewed in 1,50).
Conserved motifs in the largest subunit of RNA polymerase III of
T. brucei

Our comparative analysis shows that the trypanosomal RNA

polymerase III shares eight homology blocks with genes encoding
the largest subunit of other eukaryotic RNA polymerases (Figure
4; 2,44; Jokerst, Weeks, Zehring and Greenleaf, personal

communication).
The main characteristic of the amino-terminal block A is

the presence of regularly spaced cysteine and histidine
residues; the intermittent amino acid residues are less well
conserved. Homology block B is characterised by a high proline
content in the first half of the domain, followed by paired
acidic residues in the second half of this domain. Block B of
yeast RNA polymerase I contains an insertion of 18 amino acid
residues between the two halves of this domain.

The subsequent five homology blocks, with the exception of
block E, all cover a relatively large fragment of the protein.
Although the trypanosomal RNA polymerase III domains C-G show a
high degree of conservation with the homologous domains in yeast
(I-III), Drosophila (II), mouse (II) and trypanosomes (II), the
highest degree of conservation is observed in a direct
comparison with yeast RNA polymerase III. Each of these blocks

is characterised by the presence of higly conserved sequences.
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120
GAATTCTTGTCCAGTCTGCTTATTTTTCCTCCTTTAT TTCTCCCCCTTGTGTGGGGTATAGTTACACMACCC TTCCTCTTTTTGTCTTCTTATGCCTGCACGTCGGCACAACCATTGTTG

240
AGTATTGTCTCGT TGCTGTACTCCTCTATGGCTTACTTGCCTGTGATATCAAGTACCTTCATAGCGGTTGTCTCCCCT CTGTCGAAGGAAGGAGAAAAMAGAGGGGTAACAT TACACAT T

360
ACCGGGAATATTCACACCGTTTCTTAACCGATGCTAAMAGGAAGTAGCAGTACAT CT TTCCTGCTTCCGCAGCAGT TTGTTGAACCGCTTCCTCACGCACCT GTAGAGATTAGTGCACTA

M L K G S S S T S F L L P Q Q F V E P L P H A P V E I S A L
480

CACTACGGCCT TCTTTCTCGTAACGAT GTGCATCGTCTTTCCGTACTTCCATGTCGCCGTGTTGTTGGTGATGTTAAAGAGTACGGAGT CAATGACGCCCGTCTTGGCGTATGCGACCGT
H Y G L L S R N D V H R L S V L P C R R V V G D V K E Y G V N D A R L G V C D R

600
CTTTCCATCTGCGAAACT TGCGGACTCAACAGCATCGAGTGTGTTGGACACCCGGGTCACATTGACCT CGAGGCACCAGTT TTTCATCTTGGT TTCTTCACCACAGTGTTGCGAATTTGC
L S I C E T C G L N S I E C V G H P G H I D L E A P V F H L G F F T T V L R I C

720
CGTACTATATGCAAACGCT GCTCGCATGTGTTACTAGATGATACTGAAATCGAT TATTATAAGAGGCGT TTGTCGTCTTCATCCCTCGAACCGCTGCAGCGCACGATGCTCATTAAAACG
R T I C K R C S H V L L D D T E I D Y Y K R R L S S S S L E P L O R T M L I K T

840
ATACAAACGGATGCATATAAGACACGTGT GTGCCTTAAGTGTGGCGGTCTGAACGGCGTAGTACGGCGTGTGCGACCAATGAGGCT TGTTCACGAAMAATATCACGTGGAGCCTCGCCGT

I 0 T D A Y K T R VC CC G GL N G V V R R V R P M R L V H E K Y H V E P R R
960

GGTGAGGGGCCTAGGGAGAACCCTGGTGGTT TCTTTGACGCTGAGCTGCGAACTGCATGTGCT TACAACAAGGTCGTCGGCGAGT GTAGAGAG TTCGTCCACGACT TCCTTGACCCCGTA
G E G P R E N P G G F F D A E L R T A C A Y N K V V G E C R E F V H D F L D P V

1080
CGTGTCCGGCAGCTAT TTCTTGCGGTTCCACCTGGGGAAGTCATACTGTTAGGCCTAGCTCCTGGAGT TAGTCCTACGGATCTACTCAT GACAACACTTCTTGTGCCTCCCGTGCCCGTG
R V R Q L F L A V P P G E V I L L G L A P G V S P T D L L M T T L L V P P V P V

1200
CGGCCACGAGGGTGT GCGGGGACAACGACCGTTCGCGAT GATGATCTCACAGCTCAGTACAACGACATCCTGGTCAGCACAGATACCATGCAGGACGGAT CTCTTGATGCCACTAGGTAT
R P R G C A G T T T V R D D D L T A Q Y N D I L V S T D T M Q D G S L D A T R Y

1320
ACGGAGACGTGGGAGATGT TGCAGATGAGGGCAGCGAGGCTACTTGAT TCGAGTCTTCCGGGGTTTCCACCAAMTGTCCGTACCAGTGATTTGAAATCATATGCTCAAAGACTAAAGAGC
T E T W E M L Q M R A A R L L D S S L P G F P P N V R T S D L K S Y A Q R L K S

1440
AAACATGGCAGGTTCCGCTGTAACCTCAGTGGGACGTGTAGACTACTCGGGTCGCTCCGTCATTTCACCCGACCCATCTTGAT GTGGATGAGCTCGCAGTGCCCCTTCATGTTGCC
K H G R F R C N L S G K R V D Y S G R S V I S P D P N L D V D E L A V P L H V A

R V L T Y P Q

TCAAAGAAGTCCCTCAAGAACI
S K K S L K N

TCGCTTCATCGTGTTTCAATC
S L H R V S M

GTGCATTTTGTTCAAACCGAAJ
V H f V Q T E

GCCGCTGCATACCTTGTAACAl
A A A Y L V T

AAACCCGTAGAGCTATGGACGt
K P V E L W T

CACGACTGTGCAGAGGAGGGCI
H D C A E E G

ATTGCTGGGGGTGGGTACACAG
I A G G G Y T

AACAAACAGAAAGCAGCAGTTC
N K Q K A A V

GCGCGTCTCAATACGGAGTTG1
A R L N T E L

GCCCTGAACATTGCTCAAATGA
A L M I A Q M

GCAGCCCGTGGGTTTGTGGCTA
A A R G F V A

R V F K

GAGCGGGACCGA
E R D R

ATGGCCCATCGT
M A H R

AAGGCTCGGGCA
K A R A

TCTCGCGATGTTI
S R D V

GGAAAACAGTTG
G K 0 L

TATGTGGCATTC
Y V A F

GCGCGTGTTATGI
A R V M

CTAGCGCGCTCT
L A R S

TCGAAGGTGCGT(
S K V R

TGGCCTGCGTGI
M A C V

ACTCGTTTTACI
N S F Y

A N H E L M R R L V R N G P

CACCGCCTGGCAGCACGCCTTGCAGTTGGAGACATTGTTGAG(
H R L A A R L A V G D I V E

GCTCGAGTGCTGCCTTTCCGCACGTTTCGTTTCATGAGTGTA
A R V L P F R T F R F N E C

GAAGCTCTTCAACTTATGTCCACCGCGAGGAACATCATTTCAI
E A L L M S T A R N I I S

rTTTTTGACCGTGGCGAGTTCTCGCAGATGGTGTCGCATTGGC
F F D R G E F S Q M V S H W

rTTGAACTCATTGTACGCCCCTCACCTGAGGTGGATGTACTGI
F E L I V R P S P E V D V L

:TTGATTCCTGTTTTATATCAGGCCGCCTCGACAAGAAGTTAT
L D S C F I S G R L D K K L

rCTCGCATTGCACAGTTCACTTCACGGTACCTAACAAATTATG
S R I A Q F T S R Y L T N Y

aTAGAGGTATGTGATGGTTTAATCAAATCAGCGAAGACGGGSG
V E V C D G L I K S A K T G

NiACGAGTGCGGTACCGCAGCCGTGCAAACACTTTCCATCCACA
D E C G T A A V Q T L S I H

;GCCAGCAGACTGTAAGTGGGAAGCGTATTTTGGACGCCTTTCC
G QO T V S G K R I L D A F

'CTGGCCTCTCCCCGACAGAGTTTTTCTTTCACACAATGGCAG
S G L S P T E F F F H T M A

H V H P G A T T

iCGACATGTGATGAATGGTGACTTGC
R H V M N G D L

TGTTGCGCACCTTATAATGCTGAT'
C C A P Y N A D

GCGAAAAATGGTGAGCCAATTATTI
A K N G E PE I

CTCGGCCCAGTAACGCAATTTAGAI
L G P V T Q F R

TTGAGTTTTGAGGCTCCAACAAAG
L S F E A P T K

TTAGGTGGAGGAGCAAAGGATGGAC
L G G G A K D G

GGGTTTAGCCTGGGCCTCGGCGATG
G F S L G L G D

CGGATGATACCCCTTCCGGGTCTTA
R M I P L P G L

kACAATACGCCACTGATCATGGTGC
N N T P L I M V

CAGGACCGCTCGCTCCCACATTTCC
O D R S L P H F

3GACGTGAGGGI'C7.GTCGATACGG
G R E SI. V D T

1560

GTTTACCTGGCGCAGGAAGGC
V Y L A Q E G

1680
GTTTTATTTAATCGCCAACCT
V L F N R Q P

1800
TTCGATGGTGACGAAATGAAT
F D G D E M N

1920

GCGTGTACACAAGATTTTTTG
A C T 0 D F L

2040
CTGCCCATTCCCGCTATATTG
L P I P A I L

2160

TTCTACACGAGGAAGGGTAAG
F Y T R K G K

2280
CTTTTTGCACGGCTGCACACC
L F A R L H T

2400
GTTGCGCCAACCCCAGAGTTG
V A P T P E L

2520
kCTGTCAAGCAATCACTGGAG
T V K Q S L E

2640
CAATCGGGTAGTAAAGGTAGT
Q S G S K G S

2760
:ACCGTTTTGAAGAGGCACCT
H R F E E A P

2880
SCAGTCAAGACGGCAGAAACG
A V K T A E T

8760

kcrTl.T

XiTXIJ,

AlClrGI

ciArGiII

OciMCA'
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G Y I Y R R L

CCTCAGCTCATGGAGGGTAAT
P Q L M E G N

GACGGAAATGCAATACGAGAT,
D G N A I R D

TGTGAGGAACAGGAGTCTCGAI
C E E E S R

AAAGTTTGCAGTAGAAAGTTC)
K V C S R K F

GGGGGAGGTGACAATAGTGGG
G G G D N S G

CTTCAGACCGAACTACTTCCG
L T E L L P

CAATCTGTTGGTGAGCCAAGC
Q S V G E P S

AATATTGCTACACCCGTTGTC)
N I A T P V V

CGTGAGGTTGTGTCCGAAATTI
R E V V S E I

CAGCGCATTCTTGCGGCCGCT
O R I L A A A

TGGGTTCACTTTAGTCTCCGA
U V H F S L R

GCGGAGCTGCGTGCCGTTATG
A E L R A V M

GAGATACAAAACATACTCAAG
E I O N I L K

AMATGAACTTCMACGTTCTT

K M N F N V L

GGGAAACCTGTCCCATTAGGG
G K P V P L G

M K A M E N L S V R Y D G T

kGCGGCACACCTCTGAACTTGGAGCAGGAATGGCTTAGTGTTI
S G T P L N L E Q E W L S V

kATGAAAATTACTTTAACGAGTTTATTTCGATGCTTCCAACAI
N E N Y F N E F I S M L P T

AAGATGCTTTGCATAACAGCAACGGGAAAACTAATGATAGGI
E D A L H N S N G K T N D R

AAGATGATATCCAAGACTTCTTCGTGAAAAAGGTGAGGGAAC
K D D I a D F F V K K V R E

:CTATTGCAATAAGAGAACCAAAAAGAGAGCACCGTCACTSJ
P I A N K R T K K R A P S L

:TGACACGCGGAATGGTAACACGATTCATTGCTCAATGCGOC
L T R G M V T R F I A C C A

kCCCAGATGACTTTGCGTACCTTTCACTTTGCTGGTGTGGCCJ
T Q M T L R T F F A G V A

*CAGCTCCAGTACTACTTATGGAAGGCGAGGAAAACCATTGCI
T A P V L L M E G E E N H C

sTGGAGGTGTGCAGTGACACTGAATTTTACCTCCGTGTGCACI
V E V C S D T E F Y L R V H

GGGCATACCATGTCTCCCCTTCGGATGCTAAACGAGGATTGT,
G T M S P L R M L N E D C

CGCATCCTCGGGTTACTCCCCGACGTTGTAGTTGGGGGCATC
R I L G L L P D V V V G G I

4ATCTTTGGGGTGTCGACTCTACTCGGGTGGTCTGTAATCAC
N L W G V D S T R V V C N H

3CATACAGTCTAAGCATTGACGTTCGGCACGTGTACCTCCTT(
A Y S L S I D V R H V Y L L

kCCATGGCTTCATTTGAGCGCACCACGGACCATTTGTACAATC
T M A S F E R T T D H L Y N

CAACATCCTTCGATCTCTTGTTAGACGGTTCCATAAGCMAC
T T S F D L L L D G S I S N

;GA

C

rA

rc

V R N T K G D V I

:GAGCGGCGTATGCACGTTGGGTCGTG
R A A Y A R W V V

'AGGGACCTTCGTTTGTAGAAGCGTGC
E G P S F V E A C

;AGAGCAGGCCACGTACAGGAAGACTGI
E S R P R T G R L

AGCAACGGATCCGCAACCTGCTCAACC
a a R I R N L L N

LAGGTCAAAGACAGCAAAGAAGGGGGAJ
K V K D S K E G G

iGCAAGTATCTGCGTAAGGCATGTGAG(
S K Y L R K A C E

iGCATGAGCATTACGCAGGGTGTTCCTC
S M S I T Q G V P

;AAATATTCAGGAAGCGGGCACGGTTCI
E I F R K R A R F

:TTAATATGTCCGTTATTACAAAACTGC
L N M S V I T K L

kTAGAGGTATTCAGCCTCGACACACTC
I E V F S L D T L

;GAGGCATTAACCGTGCGATGATATCC
G G I N R A M I S

;TGGCCGTGGTGGAGCGTGTGCTGGGT,
V A V V E R V L G

pCGGATCTCATGACTCAACGAGGTGTG
A D L M T Q R G V

;CCGCAGCCACTCAACGAGTTGACCGG
A A A T Q R V D R

ATATTCTCCCTCCTCAGCGTTGCGTGA
D I L P P Q R C V

O L R F G E D G

;GACTGCTTGCTGGAAGTAAGACG
G L L A G S K T

TGAATGGGGATCAAGAGGCGCTA
L N G D Q E A L

:GTCGGGCAGTGTTAATTTCCCATC
R R A V L I S H

:TTCCCAACACGAGTCGTGSGCGAJ
L P N T S R E R

kGGGTTTCCGAGTTGCGGGACCTTC
R V S E L R D L

:CTGGTACCCCGTGCGGCGCCATT(
P G T P C G A I

:GACTAGTGGAGGTCATCAACGCC)
R L V E V I N A

;TGAAGGCCCAAATTGAGCGCGTGI
V K A Q I E R V

:ATCTACCCATCAACGCCATCACCI
L P I N A I T

;CTGTATATCCCCACTTTCAGGAT
A V Y P H F Q D

rCAAACGGCACTGAAGTGTTGGCA

S N G T E V L A

TTGAAGCTGCGCGCCGTGTGATC
I E A A R R V I

;TGCTTGGAATTACGCGATACGGCU
V L G I T R Y G

;ATCTCAGTGTGTCAGACAGTATT,
D L S V S D S I

AACGCGGGATGGGCCCCAACTTC

K R G M G P N F

GCAAAACGACATCATCTGGTACCTCT TGCCGCTGAGGGTGT TTTTCGTTTGGATCTTT TTTAAACGTTTTCAAGG&MCGAAMTGGCAATAACGGTGAT GATGACGGAAACAAA.ATMAGTA
A K R H H L V P L A A E G V F R L D L F *

5040
AAAGGTTGAAGTTATGTGTGGGCAGGTGAT TGTGGTCGCGCGCATATGGGCGAGTACT TTGCCTAATGTTAGTATCTTCTTGAGGGATGAGAGGGGAGAATGAAGCTGTGTAT TTCTTTA

5160
CACACACAAGCCAGTGGAGTtGTGTGACTGATGGTGGTGCTTGTAAGGTGCCAGTTGCATGGGCTGGCGT TGGAAMCGTGTTGAATATTACGTGTAACGGTGCT TAATTGCCATGCTGAA

GCATGTGGCGTATCCAAAGGAAGATAGTTGGGGAAGTGACGGGAGTGTGGGGAAAATGTTTTACTTTATTTTCTGCTCCTGGTAC

Figure 3. Nucleotide sequence of the trypanosomal RNA polymerase
III largest subunit gene. The predicted amino acid sequence is
displayed beneath the nucleotide sequence. The determined
nucleotide sequence of 5245 bp starts at the EcoRI restriction
site indicated in Figure 2.
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I . tryp poi III 55 V KEYG6V N SA NLG6VC DIt L S ECTICGL N SIE CVG8PG6AI SLEKA P V F ALGF FTT FVLRIN CRATIC KRACS AVL L 1 DTEIDK8 128
2. yeast potIII 48 P.AN.AL.PKN..SSSSLE.A..NG.LAS.. F. LK.AL. . ..I Y1 KATIO.L0G6. . .N .AI.S E.0KR121
3. tFrp poLIii 50 0SGEASNiCVAVPLTSN.A .. ..NRKNP.P.FY.EAE. ..NI.V.DL..LVLKC V..TG6A L.N TR..123
4. yeast potIi 48 AIG.L..P. . .SI.NLK.0..EGNN.P.F.....AK. . ..V..IAKIKKV.ECV.NS.GKI.. . EANEL 121
5 . dros poi Ii1 48 P LG L.IN .P a TF. RI.N ..AG6 NIT..P F.....A K. .KAT IK .L.C V .FY K " V S FPANPFKA 121
6. mou.se ptIi 53 P.LG.LN.P.0 E T.GR1 0. AG.NT. P. F. .E.AK. .V. LVKTNKVL CCV. FF KI. V .SIINPK 125
7. yestl poL 43 NPFV S GLYDLFIALGA6F LRNN L S SEKKF .P .0. .EK.P V .CYFN PL. N S YIYF LI.A S L F .A FRA K S V .VH 116

IF. tryp psi III 254 5 PT1 511NTITL IVPFP V PVRN P*GC AG6TFFTTV NSDDLTIA AYFN S IV STI ItF 300
2. yeast psi III 252 R ETYKI WRY .P A C P5VFMN 055P A SNEK V KLTE .VAWTSSL 299
3.Stirp psi Ii1 237 R.E.VL V.P. . .PS.. .AISFGGLN-S. .E..N. INS.VKRNNN L285
4 yNSNt psi Ii1 230 NR EWANIFL .C P .P. .SIFSF NEKS SRGEK. .F KLIA K ANIFS L 274
5.dros psi I 236 R DWANIV.VP. .LA. AVVNFGAAKNS. .NKLS. IKANNE L282
6. mAouse ptIi 244 R EWANIVVP. .LS. AVVNAGSARNN . .NKLA. VKINN L 290
7.7yeast8poL 351 KADSFF.SV V.V.. I.T .F LPSKLGEEVNENSS... . .SKLQK .KVSLE .R R417

(.C.) helixA J tuin helix K
1. tisp psi III 346 0QNRIK SK NGRNFRNCN L SiKINtV0YSGFS NS VIFS P 5P AIL0VDKL A V PL AV RANVIFFTY 6 VF KA N A 404
2. yeast psi iii 355 .G QS G.6..P..... T.F...S..S V S R .K..K. K TRYRNIN413
3. tryp psi ii 334 KE .. 6.G YF G...N . F A TTG.I1 IS VG F.. S ..NTI F K.E NTFV .K 392
4. yeaNst psi ii 327 A G E IG..6. N.F. V.F A T G. .EL QSVG6 .K S KTI K V T.1P Y 38

5. dros pstil 333 A .G EIGK N . . ..F .A T T.. . RN QSVG6 RNSI.0 N F KEL TIP F 391

6. mous psi It 341 6G E ..V G.6. N.F...F A T T..... S Q.SVG R.NS A VN .F AEKI TP.FPP 399
7.y.tootpsi5 458 .A.EK EK LFRKNNN. .NFAA........ .. KIEN IG5. PVFVK ... .KEP TA18 1. 516

1. lisp psi III 464 V LF NRNCPSL NRNV S NN A NRNARV LPFRFRNINF NEKC C CA P IN A SFP G6 5KEN V NF V 0TEK ARNAEKA 523
2. yeast psi III 472.. . I SL S Y KIRSW.NA LV.T.LI . I... VV P K . 531

3. tisp psi It 448 ..... IT .N. .GS .V. .NYFS. .LL IS .TTII L.V P .SLILTIK .L 587

4. yeast psi It 42 .......... K N. VS..V FYS .LLS.INVTFS......... ..I. V P S .ETI. .L1581
S. dros psi ii 448S I. I.K..TK 6.G V K AWS. . .N L S.TIS. ....I. V PSLNP K IT. V507
6. m ps ipo i1 456 I. . I .KT K 6.G V.IS. .WAS L.L S VTTII .. .. . I L PSLLP KLET. 515
7. yeast pot 1 587 N . .1 .KA. .G.KV . . NEKKTIIANYANTGA...........N.P.N.N.....647

1. lis psi III 585 PI5P A IL KP VEKLWATG6KSL FEKLISVit PSPEKV SVL LS 617
2. yeast psi III 593 P. N .YYI..F.. V.S .LISK .N N N SP .VI5N 625
3. tryp psi It 565..N..RP.V...V S ..IPEKV N NPA6 1PQ 597
4. yeast psi 11 561 TI I. K P .S .I1LSV AISP NGSIN L 0 NFP K 593
5. drls psi 11 567 .C .RNP .S S 5PGoN V N NSNI TN 599
6. sine psi if 575 a..N..P. i..I PG6NISN CIS TNFN 6607
T. yealst io 715 Li.T.FP Y.P..i..IITTVLLNVTPP.NPGi 747

(W)PrO
1. tryp psi III 782 N VQSS65KGS A L NIAQSN NA C VG5 TV S AKRNISLDSAFP0 NSL PAPNF NRPFEEKA P AARG6F V AN SFP SG6L S PT EK FP FpNTINA
2. 79e88 psi III 794 ATIC.. .V S .V .V. .IIS. N .V P.GS. . .... P KN SKTI.Q8S5K A F.F. ... P L ..AISS
3. tryp psi 11 749 IEKA .TI C IA VFP. N A .S PFpG RRNN TI. NLD55FGEKTIS .NA NRNGY1V KE .K 8.
4. y.ost psi 11 746 A.N ... F .S.. S.SE A..AFG V. SK 5 FS EKS K .EK YL RIN .. A G6
5. dios psi It 761 V. . m S vIS . .K.P. 6.N..E.i.PYGRK T S..IKKYGE ILA.EYL A S .YI 6A G

6. NNuse psi It 769 .. V .A K .S VIS. V N E.K. P FGA K N T.I.. SIK 5 YG1 EKS .EYK A.ILA . 6A
7. yeast pot 928 AL A8. NV.VS ISCLL. . .ALE.A.VPVNVSGKT. S.KPY.TDSAN.G.Y .KGRN. I K OFIY C.

G tEGNKLV 0 AVVK TAKEITFiINYNRL NK A NKENL SVNF86 NTkN T KG0VSI0 LNRPFGKESGL D P QLNE6GN SGTP L 922
............ NS....SLD.C0.N. ..T SA N GIV.PFTY.6G ...LKE. . .. A0P VN934

.I..... 55. .. .L1QK.IL...V NAA. AN8KL..A PFNFY. N.601..RIGaF 889

.I........... .Q V.L.i N .N. .N . T. .S L .N. ..PiIY. . ..N .AA NIK a. L IS 886

.I...........N... i. . S VN.N.....ISV .L. .1.Y .S .NRNILVKEP0. NP .V K 901

.S ......0. ..I.S . .SVN. K .. A. . . .SIN Q.V...Y.. ..AGKES V .PF0NILA T. 909

..5.18..S SLS. C. .0TL. GVN .S . . NS I . S8D. T LV .PFN Y. G.A I ITKKES N NT 0PF 1068

I1. t iyp psi III 1129 0 C AS KYFLRNK ACEGTCGKpAIApc81 A605VG6EKP T 0NTILNIt PFN F A6VA S NS T0G6V P*L VEKV IN 1187'
2. yeaNst psi II[ 1073 A LF .NK A NL AIS. .G6. G6 .K. .NV. KiNL K 1131

3. tiyp psi I 1669 KEIRT SLTTNE0I..IF .KN ... C .A.6.N. N. IS .K NVF L..L..L L L 1127
4. yeast psi I 1048 N IEKAQFP. .S VV N E..KN V V L. .IS. A.....N. .K... K V S..... K iIL 1186
5. dioS psi I 1862 KE KIENTPFN AGQAN ENV..KNF LL A.A .N. S K N VK V L. K.K 1128
6. *XRS psi Ii 1071 KESIK..FPK AIA58N E..KN V L.. .L. .A.8.N. Y.F. SA K N V L. .. K L.I 1129
7. yeast pot 1169 LNOL. N.SLIN EAV S.S..8. .........N......NGAANV.L I.. .NR IVN 1227

I1. t iyp psi III 1434 F NVITINASFEPKN T1T8NLYFN A A ATQRV8RNLVSSNS 85IIVG0K P VP LG6TTS F L L L 8GS 1488
2. 7008 psi III 1381 S .0 L K.p..F F NK K.A VEKG E.KC ..L QT0 NSIS.. K .V KG6T5N 1435
3. tiyp psi Ii1 1421 SG6P .NRNC K.E V K V.N A SFGEPKC.P VRNG .A NL V L N 0A NV G..0L V N NA 1475
4.s.yNt potIii 1394 TGA.NNC. . .E VEI FEG..SAEL DCICEO.NV.L. NA.I G.A ..VPII.EE1448
5.dros psi I 1415 TGANRC. .E V V.S.ND. .NAET PNRG EKN N. LPKN G.C...... AKE1469
6. iau* psi I 1 1424 TG0P 1.NK C. .EK.V.V .NEK. NG6EKS P NKG6 E NN IL NL A .A GC6C . K.A 1478
7. yeastpoti 1607 TSSPNKN1Y.-T.CQFTIK.FL8NKENELD.PAR.V. . .LNNVG.. . .V.AKVP1661

Figure 4. Comparisons of homologous amino acid sequence motifs
of all analysed eukaryotic RNA polymerase largest subunit genes.
Amino acid positions are given at the beginning and end of each
sequence. Sequence motifs discussed in the text are overlined.
Identical residues with the Trp6 coding sequence (RNA polymerase
III) are indicated by points.
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Figure 5. Dot matrix comparison of the largest subunits of
eukaryotic RNA polymerases. The Trp6 coding region was compared
with the amino acid sequences of the largest subunits of yeast
RNA polymerase I (panel A; (22)), II (panel B; (44)) and III
(panel C; (44)) and of trypanosomal RNA polymerase II (panel D;
(20)). Dots were generated in the matrix whenever four residues
in a stretch of six amino acids were identical between the
compared sequences. A similar degree of conservation (panels B
and D) was observed when the trypanosomal RNA polymerase III
gene was compared with the largest subunit genes of RNA
polymerase II of mouse (55) and Drosophila (kindly provided by
Dr. A. Greenleaf).

Block C is centred around the consensus sequence

GKRVdfsaRtVIspDPN. Block D is characterised by the motif
YNADFDGDEMN, this motif is the longest conserved region which is
universally present in all largest subunits (2). Homology block

E covers only about 30 amino acid residues and is centred around
the motif LWtGKQ. The longest conserved sequence motifs in block

F and G shared between the trypanosomal RNA polymerase III and
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the other largest subunits are, respectively, GREGLiDTAVKTaetGY

and TQMTLnTFHfAG. The carboxy-terminal block H shows the lowest

degree of conservation; only short amino acid stretches can be

found that are common to all polypeptides.
Copy number and chromosomal location

Quantitative hybridisation experiments have demonstrated that

all analysed RNA polymerase subunit genes are present as a

single copy within eukaryotic genomes (reviewed in 2). One

striking exception is the RNA polymerase II largest subunit gene

from African trypanosomes, here two almost identical genes have

been identified (20). To determine whether the gene encoding RNA

polymerase III is present in one or more copies, we prepared a

Southern blot from genomic DNA of T.brucei digested with eleven

different restriction endonucleases; the blot was subsequently
hybridised with probe B, spanning the 5' coding region (Figure
2). All but one of the endonucleases resulted in single
hybridising fragments. Only MluI generated two hybridising
fragments. Since trypanosomes are diploid organisms (51-53) and

none of the restriction enzymes used cut within the probe (B),

we can conclude that the RNA polymerase III gene is a single
copy gene present in the two allelic forms, which can be

discriminated by the MluI restriction site (data not shown).

To assign the chromosomal localisation of the trypanosomal

RNA polymerase III largest subunit gene and to determine whether

this gene is linked to the RNA polymerase II genes, we prepared

blots of T.brucei karyotypes. Trypanosomal chromosomes were

fractionated by pulsed field gradient gel electrophoresis (PFGE,

(31,40)) and blotted to nitrocellulose. These blots were

hybridised with nick-translated probes specific for the largest

subunit of RNA polymerase III. The polymerase III-specific probe

hybridised to material remaining in the slot (Figure 1, lanes D

and E). We have previously shown that the RNA polymerase II-

specific probes hybridise to the large resolved chromosomes (2

Mb region; (20)).

In summary our results strongly suggest that the

trypanosomal gene encoding the largest subunit of RNA polymerase

III is a single copy gene which is not physically linked to the

two RNA polymerase II largest subunit genes.

8764



Nucleic Acids Research

A B C
BF CF BF BF

kb

1. PGK
9.5 -
7.5-

* 5
2.4-

_ _ ~~~~3.potI

*} 4. poln
1.4-

* 5. poIl

Figure 6. Northern blot analysis of pTrp28. About 6 ug poly (A)+
RNA from bloodstream form (BF) and culture form (CF)
trypanosomes were separated in a 1% formaldehyde agarose gel.
RNA was transferred to nitrocellulose, and blots were hybridised
with the gene-internal probe B (panel A; panel B lane 1) and
with the 28 kb insert of pTrp 28 (panel B, lane 2).
Trypanosomal RNA polymerase mRNAs contain a mini-exon (panel C).
Fragments of the clones indicated were used for a sandwich dot-
blot hybridisation (36). Dotted fragments, approximately 200 ng
DNA/fragment, were used to select their homologous mRNA, and the
hybrid was then hybridised to a labeled mini-exon probe. DNAs
spotted were: 1, 4 kb HindIII fragment from clone pTgPGK-2 (68);
2, 0.7 kb PstI fragment from clone p5S-2 (Kooter and Borst,
unpublished and (69)); 3, probe A (Figure 2); 4, 0.5 kb HincII
fragment from clone pTrp4.8 and 5, 0.6 kb HincII fragment from
clone pTrp5.9 representing the 5'ends of the two RNA polymerase
II genes (Evers et al., unpublished and (20)).

Northern analysis of pTrp28

As is obvious from the map provided in Figure 2, we cloned

sequences in addition to the coding region of the largest
subunit gene of RNA polymerase III, approximately 14 kb at the

5' end and 9 kb at the 3'end. To characterise these areas in
more detail, we isolated poly(A)+ RNA from bloodstream form and

procyclic trypanosomes, prepared northern blots and *hybridised
two identical strips with either the complete insert of pTrp28
or the gene-internal probe B. The gene-internal probe hybridises
to a 5.5 kb mRNA (Figure 6, panel A); the DNA sequences adjacent
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to the RNA polymerase III gene recognize at least four
additional mRNAs with sizes of approximately 4.0, 2.7, 2.0 and
1.0 kb. The two adjacent genes were mapped more precisely. The
gene encoding the 2.7 kb mRNA, which is the most dominant RNA
species recognized by pTrp28, lies 5' of the RNA polymerase III
coding region since it is recognized by probe D. The coding
region of the 4.0 kb mRNA must be located immediately downstream
of the polymerase III gene, because it hybridises with probe C.
This probe, which is 3 kb in size, contains 1.5 kb of the
carboxy-terminus of RNA polymerase III (Figure 6, panel B and
data not shown).

All trypanosomal mRNAs analysed thus far start with an

identical 39 nt long leader sequence, coined mini-exon or
spliced leader. This sequence is added to the 5' end of the main
exon by trans-splicing (reviewed in 5-7). In order to test
whether the mRNAs of the RNA polymerases carry the mini-exon
sequence, we performed sandwich dot-blot hybridisations (36). In
this experiment total RNA was first hybridised with polymerase
gene-specific probes and the resulting hybrid was probed with a
kinased mini-exon probe. Gene-specific fragments of
phosphoglycerate kinase (PGK) and 5S RNA served as, respec-
tively, the positive and negative controls. No hybridisation
could be detected to the 5S RNA genes. The PGK and the
polymerase-specific fragments resulted in positive signals
indicating that both RNA polymerase II and III mRNAs carry a
mini-exon (Figure 6, panel C).

DISCUSSION
RNA polymerases in T.brucei
Separation of different RNA polymerase fractions by conventional
chromatography (10-13) has resulted in the identification of an
alpha-amanitin sensitive and an alpha-amanitin resistant RNA
polymerase activity in T.brucei. We have previously reported the
isolation of the genes encoding the largest subunit of RNA
polymerase I and II (20). The experimental findings presented in
this paper show the identification of the largest subunit of RNA
polymerase III. These experiments thus indicate that T.brucei
possesses the normal eukaryotic complement of RNA polymerases I,
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II and III, and contrast with the previously reported
chromatographical data. Our findings are also consistent with
the reports of Kooter and Borst (8) and Laird et al. (9), which
indicated the presence of RNA polymerase I, II and III, and

possibly a fourth RNA polymerase activity (see also 2), based on

template specificity and sensitivity to alpha-amanitin in in
vitro run-on assays.

Our northern analysis shows that the relative abundance of

the RNA polymerase III mRNA is equal in both procyclic- and

bloodstream trypanosomes (Figure 6, panel A and unpublished

data). This implies that the expression of the RNA polymerase

III gene is not developmentally regulated within the life cycle

of T.brucei, as we observed previously for both trypanosomal RNA

polymerase II genes (20). Tittawella (13), however, provided
some evidence for a developmental regulation of the RNA

polymerase enzyme levels. If this observation turns out to be

correct, it would imply that stage-specific regulation of RNA

polymerase levels occurs at the translational level or by enzyme

(in)activation (cf. 54).

Subunit structure and functional significance
Various groups have reported the structure and sequence of genes

encoding the largest subunits of the different eukaryotic RNA

polymerases: I (yeast, (22)), II (yeast, (44); mouse, (55);

Drosophila, (24) and Jokerst et al., personal communication) and

III (yeast, (44)). A comparative analysis of the sequences

encoding the largest subunits of RNA polymerase I, II and III

from evolutionarily distinct organisms shows two characteristic
features among all these polypeptides. First, eight homology
regions are conserved. Second, class-specific additional domains
are present in RNA polymerase I and II.

The molecular weight of the largest subunits of RNA

polymerase I and II are significantly higher than that of RNA

polymerase III (1,50). As is evident from the sequence analysis,
the higher molecular weight of RNA polymerase II is essentially
due to the presence of a C-terminal extension. The C-terminal
extension is characterised by a very unusual repeat structure,
consisting of 26-52 tandem repeats of the heptapeptide YSPTSPS

(44-46, 48, 55, 56, Jokerst et al., personal communication).
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Since the repeat structure was found to be present in yeast,

Drosophila, mouse and hamster it has been postulated to be a

general feature of eukaryotes. In contrast with this, we have

shown that the trypanosomal RNA polymerase II subunit lacks this

repeat structure (20), although a C-terminal extension that is
rich in serine and tyrosine residues is present. The larger

molecular weight of RNA polymerase I originates from two

additional domains between homology blocks A and B and between

blocks G and H, each consisting of approximately 100 mainly
hydrophylic residues (22). Analogous domains are absent in the

RNA polymerase II and III largest subunits.

The highly conserved domains contain sequence motifs which

probably determine general functions of the largest subunits.

For example, the arrangement of cysteine and histidine residues

in the N-terminal block A is identical to the "Zinc finger"
motif of the C2H2 class, Cys-X2-Cys-X9-His-X2-His (57). This

"Zinc finger" is characteristic for trancription factors and

other DNA-binding proteins (57-59). It is worth noting here

that, in contrast to the latter proteins, the "Zinc finger" is

not repeated in the RNA polymerase genes. It is rather striking
that the trypanosomal largest subunit genes encoding RNA

polymerase II lacks the conserved C2H2 motif, since the second

histidine residue is substituted by tyrosine. However, a "Zinc

finger" of the Cx class (57) lies immediately 3' to the mutated

"Zinc finger" and most likely substitutes its function. "Zinc

finger" motifs have also been observed in the second largest
subunit gene of yeast and Drosophila RNA polymerase II (2, 60,

61). Since RNA polymerases are known to contain tightly bound Zn

atoms, which is a prerequisite for the formation of a functional
enzyme (reviewed in 62), this motif is very likely to be the

metal chelating domain.
Blocks C and D contain sequences that possess homology to

the helix-turn-helix motif in the DNA binding domain of E.coli
DNA polymerase I and T7 DNA polymerase (44). Two other conserved

domains which might be involved in DNA template binding were

identified: a 28 amino acid stretch containing a high percentage

of alternating basic and hydrophobic residues preceeding the

helix-turn-helix motif in block C, and the 3' end of domain F,
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in which a stretch of 15 amino acid residues shows 60% homology

with the 3' end of a DNA binding protein of SV40 (63).

In block D another striking motif was identified, the motif
YNADFDGDEMN (2). This motif, with unknown function, is the

longest absolutely conserved domain universally present in all

largest subunits. The same sequence is found in archaebacterial

RNA polymerases (Zillig, personal communication) and, when

restricted to the heptapeptide NADFDGD, also in E. coli (64),

vaccinia virus (65) and chloroplast (66) RNA polymerases. The

strict conservation of this motif among all RNA polymerase

subunits, and the absence of this motif in any of the sequences

contained in the NBRF protein sequence data bank (release 13),

indicate that the conservation of this motif in RNA polymerases

is the result of stringent functional constraint.

Sequence analysis of blocks E-H did not reveal any known

functional properties. Block F of RNA polymerase II, however,

might contain the binding site for the RNA polymerase inhibitor
alpha-amanitin, since the mutation conferring resistance to this

toxin has been mapped within this domain. In mouse a single

point mutation, giving rise to an asparagine-to-aspartic acid
substitution, resulted in a mutant gene resistant to alpha-

amanitin (67).

Another striking feature we observed was the even spacing
of the regions separating the homology blocks, except for a

marked difference in length of the amino acid stretches

separating blocks F and G. Moreover, the stretches seperating F

and G are characterised by the lowest overall homology between

the individual subunits. This is exemplified most drastically
between mouse and Drosophila RNA polymerase II where this

represents the only major difference between these otherwise

very homologous subunits.
In summary, we have identified and cloned the largest

subunit gene of RNA polymerase III of T.brucei. The gene is

characterised by eight homology regions, which are shared with

other eukaryotic largest subunit genes. The rather strict

conservation of these domains, some of them with known

functional motifs, suggest that they reflect functional entities

adding general properties, such as DNA template binding and
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catalytic functions, to the enzyme core. Interactions of the

largest subunits with the smaller subunits of the RNA polymerase

complex are, most likely, mediated by more complex structural

domains, which are not identified by simple sequence

comparisons. However, our sequence analysis has shown that the

absence or presence of hydrophylic insertions or the C-terminal

extension determines the RNA polymerase class among eukaryotes.

These domains might, therefore, be responsible for directing
gene-specific transcription, either directly or indirectly

trough interactions with the class-specific smaller subunits of

the RNA polymerase complex.

ACKNOWLEDGEMENTS
We wish to thank Dr. Arno Greenleaf (Duke University, USA) and
Dr. Andrd Sentenac (C.E.N.S., Paris, France) for providing,
respectively, the Drosophila and yeast probes. We thank Dr.
Carol Gibbs for valuable comments on the manuscript, Mr. Klaus
Lamberty for artwork and Ms. Carmen Muller for photography and
Ms. Brigitte Wall for preparing the manuscript. The work was
supported by Bundesministerium fur Forschung und Technologie
grant 0318885 and an research award of the Erna and Victor
Hasselblad Foundation to Albert W.C.A. Cornelissen.

*To whom correspondence should be addressed

References
1. Sentenac, A. (1985) CRC Crit. Rev. Biochem. 18, 31-90.
2. Cornelissen, A.W.C.A., Evers, R and Kock. J. (1988) Oxford

Surveys Euk. Gen. 5, in press.
3. Dynan, W.S. and Tjian, R. (1985) Nature 316, 774-778.
4. Struhl, K. (1987) Cell 49, 295-297.
5. Boothroyd, J.C. (1985) Ann. Rev. Microbiol. 39, 475-502.
6. Borst, P. (1986) Ann. Rev. Biochem. 55, 701-732.
7. Van der Ploeg, L.H.T. (1986) Cell 47, 479-480.
8. Kooter, J.M., and Borst, P. (1984) Nucl. Acids Res. 12,

9457-9472.
9. Laird, P.W., Kooter, J.M., Loosbroek, N., and Borst, P.

(1985) Nucl. Acids Res. 13, 4253-4266.
10. Kitchin, P.A., Ryley, J.F. and Gutteridge, W.E. (1984) Comp.

Biochem.Physiol. 77B, 223-231.
11. Earnshaw, D.L., Beebee, T.J.C. and Gutteridge, W.E. (1985)

Biochem. Biophys. Res. Comm. 131, 844-848.
12. Earnshaw, D.L., Beebee, T.J.C. and Gutteridge, W.E. (1987)

Biochem. J. 241, 649-655.
13. Tittawella, I. (1988) FEBS Lett. 227, 122-126.
14. Cornelissen, A.W.C.A., Johnson, P.J., Kooter, J.M., Van der

Ploeg, L.H.T., and Borst, P. (1985) Cell 41, 825-832.
15. Kooter, J.M., van der Spek, H.J., Wagter, R., d'Oliveira,

8770



Nucleic Acids Research

C.E., van der Hoeven, F., Johnson, P.J. and Borst, P. (1987)
Cell 51, 261-272.

16. Murphy, N.B., Guyaux, M., Pays, E. and Steinert, M. (1987)
In: Molecular Strategies of Parasitic Invasion (Agabian, N.,
Goodman, H. and Nogueira, N. eds.), Alan R. Liss Inc., New
York, 449-469.

17. Shea, C., Gwo-Shu Lee, M., and Van der Ploeg, L.H.T. (1987)
Cell 50, 603-612.

18. Alexandre, S., Guyaux, M., Murphy, N.B., Coquelet, H., Pays,
A., Steinert, M. and Pays, E. (1988) Mol. Cell. Biol. 8,
2367-2378.

19. Shea, C. and Van der Ploeg, L.H.T. (1988) Mol. Cell. Biol.
8, 854-859.

20. Evers, R., Hammer, A., Kock, J., Jess, W., Borst, P., Mdmet,
S. and Cornelissen, A.W.C.A. (1988) submitted.

21. Queen, C. and Kan L.J. (1984) Nucl. Acids Res. 12, 581-599.
22. Mdmet, S., Gouy, M., Marck, C., Sentenac, A. and Buhler, J.-

M. (1988) J. Biol. Chem. 263, 2830-2839.
23. Riva, M., Memet, S., Micouin, J.-Y., Huet, J., Treich, I.,

Dassa, J., Young, R., Buhler, J.-M., Sentenac, A. and
Fromageot, P. (1986) Proc. Natl. Acad.Sci. USA. 83, 1554-
1558.

24. Biggs, J., Searles, L. L. and Greenleaf, A. L. (1985) Cell
42, 611-621.

25. Lanham, S.M. and Godfrey, D.G. (1970) Exp. Parasitol. 28,
521-534.

26. Brun, R. and Schonberger, M. (1979) Acta Trop. 36, 289-292.
27. Auffray, C., and Rougeon, F. (1980) Eur. J. Biochem. 107,

303-314.
28. Hoeijmakers, J.H.J., Borst, P., Van den Burg, J., Weissmann,

C., and Cross, G.A.M. (1980) Gene 8, 391-417.
29. Van der Ploeg, L.H.T., Liu, A.Y.C., Michels, P.A.M., De

Lange, T., Borst, P. Majumder, H.K., Weber, H. and van Boom,
J.H. (1982) Nucl. Acids Res. 10, 3591-3604.

30. Birnboim, H.C. and Doly, J. (1979) Nucl. Acids Res. 7, 1515-
1523.

31. Southern, E.M. (1975) J. Mol. Biol. 98, 503-517.
32. Bernards, A., Van der Ploeg, L.H.T., Frasch, A.C.C., Borst,

P., Boothroyd, J.C., Coleman, S., and Cross, G.A.M. (1981)
Cell 27, 497-505.

33. Maniatis, T., Fritsch, E.F., and Sambrook, J. (1982)
Molecular cloning. (Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory).

34. Jeffreys, A.J., and Flavell, R.A. (1977) Cell 12, 1097-1108.
35. Wahl, G.M., Stern, M. and Stark, P.G.R. (1979) Proc. Natl.

Acad. Sci. USA 76, 3683-3687.
36. Guyaux, M., Cornelissen, A.W.C.A., Pays, E., Steinert, M.

and Borst, P. (1985) EMBO J. 4, 995-998.
37. De Lange, T., Liu, A.Y.C., Van der Ploeg, L.H.T., Borst, P.,

Tromp, M.C., Van Boom, J.H. (1983) Cell 34, 891-900.
38. Kooter , J.M., Winter, A.J., d'Oliveira, C., Wagter, R. and

Borst, P. (1988) Gene, in press.
39. Van der Ploeg, L.H.T., Schwartz, D.C., Cantor, C.R. and

Borst, P. (1984) Cell 37, 77-84.
40. Johnson, P.J. and Borst, P. (1986) Gene 43, 213-220.
41. Messing, J. (1983) Meth. Enzymol. 101, 20-89.
42. Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl.

8771



Nucleic Acids Research

Acad. Sci. USA. 74, 5463-5467.
43. Biggin, M.D., Gibson, T.J. and Hong, G.F. (1983) Proc. Natl.

Acad. Sci. USA 80, 3963-3965.
44. Allison, L. A., Moyle, M., Shales, M. and Ingles, C. J.

(1985) Cell 42, 599-610.
45. Nonet, M., Sweetser, D. and Young, R.A. (1987) Cell 50, 909-

915.
46. Corden, J. L., Cadena, D. L., Ahearn, J. M. and Dahmus, M.

E. (1985) Proc. Natl. Acad. Sci. USA 82, 7934-7938
47. Ingles, C. J., Moyle, M., Allison, L. A., Wong, J. K.-C.,

Archambault, J. and Friesen, J. D. (1987) UCLA Symp. Mol.
Cell. Biol. 52, 383-393.

48. Allison, L.A., Wong, J.K.-C., Fitzpatrick, V.D., Moyle, M.
and Ingles, C.J. (1988) Mol. Cell. Biol. 8, 321-329.

49. Zehring, W.A., Lee, J.M., Weeks, J.R., Jokerst, R.S., and
Greenleaf, A.L.(1988) Proc. Natl. Acad. Sci. USA 85,3698-
3702.

50. Paule, M.R. (1981) Trends Biochem. Sci. 5, 128-131.
51. Tait, A. (1980) Nature 287, 536-538.
52. Borst, P., Van der Ploeg, M., Van Hoek, J.F.M., Tas, J. and

James, J. (1982) Molec. Biochem. Parasitol. 6, 13-23.
53. Gibson, W.C., Osinga, K.A., Michels, P.A.M. and Borst, P.

(1985) Molec. Biochem. Parasitol. 16, 231-242.
54. Bateman, E. and Paule, M.R. (1986) Cell 47, 445-450.
55. Ahearn J. M., Bartolomei M. S., West, M. L., Cisek, L. J.

and Corden, J. L. (1987) J. Biol. Chem. 262, 10695-10705.
56. Bartolomei, M. S., Halden, N. F., Cullen, C. R. and Corden,

J. L. (1988) Mol. Cell. Biol. 8, 330-339.
57. Evans, R.M. and Hollenberg, S.M. (1988) Cell 52, 1-3.
58. Berg, J.M. (1986) Science 232, 485-487.
59. Klug, A. and Rhodes, D. (1987) Trends Biochem. Sci. 12, 464-

469.
60. Sweetser, D. Nonet, M. and Young, R.A. (1987) Proc. Natl.

Acad. Sci. USA 84, 1192-1196.
61. Falkenburg, D., Dworniczak, B., Faust, D.M. and Bautz,

E.K.F. (1987) J. Mol. Biol. 195, 929-937.
62. Wu, F.Y.-H. and Wu, C.-W. (1981) Adv. Organic Chem. 3, 143-

166.
63. Jay, G., Nomura, S., Anderson, C.W. and Khoury, G. (1981)

Nature 291, 346-349.
64. Ovchinnikov, Y.A., Monastryrskaya, G.S., Gubanov, V.V.,

Guryev, S.O., Salomatina, I.S., Shuvaea, T.M., Lipkin, V.M.
and Sverdlov, E.D. (1982) Nucl. Acids Res. 10, 4035-4044.

65. Broyles, S.S. and Moss, B. (1986) Proc. Natl. Acad. Sci. USA
83, 3141-3145.

66. Ohyama, K., Fukuzawa, H., Kohchi, T., Shirai, H., Sano, T.,
Sano, S., Umesono, K., Shiki, Y., Takeuchi, M., Chang, Z.,
Aoto, S.-i., Inokuchi, H. and Ozeki, H. (1986) Nature 322,
572-574.

67. Bartolomei, M.S. and Corden, J.L. (1987) Mol. Cell. Biol. 7,
586-594.

68. Osinga, K.A., Swinkels, B.W., Gibson, W.C., Borst, P.,
Veeneman, G.H., van Boom, J.H., Michels, P.A.M. and
Opperdoes, F.R. (1985) EMBO J. 4, 3811-3817.

69. Lenardo,M.J., Dorfman, D.M., Reddy, L.V. and Donelson, J.E.
(1985) Gene 35, 131-141.

70. Rigby, P.W., Dieckmann, M., Rhodes, C., and Berg, P. (1977)
J. Mol. Biol. 113, 237-251.

8772


