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Eight positive plaques were identified, which fell into two
classes by restriction pattem. The larger of the classes (five
members) encodes a protein with homology to yeast pyro-
phosphatase and is described elsewhere (15). The remaining
two clones, XTopl04 and ATop115 (see Fig. 1), overlap at
their ends as shown by Southern analysis and DNA sequenc-
ing (data not shown), and represent a 25-kb stretch of Ara-
bidopsis genomic DNA. The inserts from subclones pTop140
and pTopl42 (Table I, Fig. 1) were used to isolate four
random hexamer-primed cDNA clones and a single poly(A)-
primed cDNA clone, maps of which are shown in Figure 2.
The clones span a stretch of approximately 3 kb. This is the
size anticipated for a TOPI cDNA, assuming a protein with
a molecular mass of approximately 100 kD, which is the mol
wt of topoisomerase I from most other eukaryotes (29, 30),
although topoisomerase I purified from broccoli has a molec-
ular mass of 80 kD (14). The inserts from these X clones were
subcloned into the vector pKS- and sequenced.
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Sequence of TOPI cDNA

The nucleotide sequence and predicted protein sequence
of the 2748-bp open reading frame is shown in Figure 3.
There are four methionine codons in frame within the first
150 amino acids at the start of the open reading frame. The
first two, at nucleotides 85 and 115, match the consensus
sequence for plant translational start sites fairly well (Pu
A/C A/C AUG GC, with GC at +4, 5 the most critical; 17).
Because it is not clear which one is the authentic start codon,
we have assumed the first in further analysis. Upstream are
90 bp that have no extended open reading frame in any of
the six frames and presumably represent an untranslated
leader. Downstream of the stop codon is a 180-bp purine-
rich stretch with a poly(A) tail at the 3' end. The predicted
protein is highly basic and has an estimated molecular mass
of 104 kD. The type I topoisomerase purified from broccoli
is also very basic, although the purified protein is only 80
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Figure 4. A dot matrix analysis comparing the predicted Arabidopsis TOPI amino acid sequence with that of the S. pombe TOPM gene. A,
The dotplot comparing the S. pombe (vertical axis) with the Arabidopsis TOP1 (horizontal sequence) predicted amino acid sequences using
the dot matrix analysis program from the University of Wisconsin Genetics Computer Group set at a stringency of 18 and a window of 30 is
shown. The region of homology extends from approximately amino acid 200 to the end of the gene. (Fig. 4B on facing page.)
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B
Arab. 1 MGTETVSKPVMDNGSGDSDDDKPLAFKRNNTVASNSNQSKSNSQRSKAVPTTKVSPMRSPVTSPNGTTPSNKTSIVKSSMPSSSSKASPAKSPLRNDMP
Human 1 MSGDHLHN ------------------DSQIEADFRLNDSHKHKDKH- --------------------------------------------------

pombe 1 MS-----------------------------SSDSVSLSIRRRQR- -----------------------------------------------------

cer. 1 MT-----------------------------IADASKVN------------------------------------------------------------

Arab. 103 KDRSQLQKDQSECKIEHEDSEDDRPLSSILSGNKGPTSSRQVSSPQPEKKNNGDRPLDRASRIIKDESDDETPISSMFRKKIDSGMSGGNQLSNDEKK
Human 29 KDREHRHKEHKKEKDREKSKHSNSEHKDS-EKKHKEKEKTKHKDGSSEKHKDKHKDRDKE- -------------------------------------

pombe 17 --RGSSKRISMKESDEESDSSENHPLSESLNKKSKSESDEDDIPIRKRRASSKKNMSNSS- -------------------------------------

cer. 11 ----------HELSSDDDDDVPLSQTLKKRKVASMNSASLQDEAEPYDSDEAISKIS- -------------------------------------

Arab. 205 KLHQNGSTVKNEVPNGKVLGKRPLEKNSSADQSSLKKAKISASPTSVKMKQDSVKKEIDDKGRVLVSPKMKAKQLSTREDGTDDDDDDDVPISKRFKS
Human 87 -------------------- KRKEEKVRASGDAKIKKEKENGFSSPPQIKDEP------EDDGYFVPPKEDIKPLKRPRDEDDVDYK-----PKKIKT
pombe 75 -------------------- SKKRAKVMGNGGLK---- NGKKTAVVKEEE------- DFNEIAKPSPKHKRVSKANGSKNGA-----KSAVKK
cer. 58 -------------------- KKKTKKIKTEPVQS------SSLPSPPAKKS------------------ ATSKPKKIKKEDG--DVK-----VKTTKK

Arab. 307 SNTSSAKPKAVKLNSTSSAAKPKARNVVSPRSRAMTKNTKKVTKDSKYSTSSKSSPSSGDGQKKWTTLVHNGVIFPPPYKP--HGIKILYKGKPVDLT
Human 159 KE------KKRKLEEEEDGKLKKPKNKDKDKKVPEPDNKKKKPKKEEEQKWKWWEEERYPEGIKWKFLEHKGPVFAPPYEPLPENVKFYYDGKVMKLS
pombe 137 TD------DSVPLRAVSTVSLT-PYKSELPSGASTTQNRSPNDEEDEDEDYKWWTSENIDDTQKWTTLEHNGVIFAPPYEPLPKNVKLIYDGNPVNLP
cer. 110 NE------KK---------------KRE-------EEEEEDKKAKEEEEEYKWWEKENEDDTIKWVTLKHNGVIFPPPYQPLPSHIKLYYDGKPVDLP

Arab. 407 EVATMFAVMRETDYYTKPQFRENFWNDWRRLLGK------KHVIQKLDDCDFTPIYEWHLEEKEKKKQMSTEEKKALKEEKMKQEEKYMWAVVDGVKE
Human 255 EVATFFAKMLDHEYTTKEIFRKNFFKDWRKEMTNEEKNI ---- ITNLSKCDFTQMSQYFKAQTEARKQMSKEEKLKIKEENEKLLKEYGFCIMDNHKE
pombe 233 EVAGFYAAMLETDHAKNPVFQDNFFRDFLKVCDECN---FNHNIKEFSKCDFTQMFHHFEQKREEKKSMPKEQKKAIKEKKDEEEEKYKWCILDGRKE
cer. 185 EVAGFFAALLESDHAKNPVFQKNFFNDFLQVLKESGGPLNGIEIKEFSRCDFTKMFDYFQLQKEQKKQLTSQEKKQIRLEREKFEEDYKFCELDGRRE

*** * * ** * * **** * * * * * *

Arab. 503 FRVEPPGLFRGRGEHPKMGKLKKRIHPCEITLNIGKGAPIPECPIAGERWKEVKHDNTVTWLAFWADPINPKEFKYVFLGAGSSLKGLSDKEKYEKAR
Human 353 FKIEPPGLFRGRGNHPKMGMLKRRIMPEDIIINCSKDAKVPS-PPPGHKWKEVRHDNKVTWLVSWTENIQ-GSIKYIMLNPSSRIKGEKDWQKYETAR
pombe 332 FRIEPPGLFRGRGEHPKTGSLKRRVYPEQITINIGEGVPVPE-PLPGHQWAEVKHDNTVTWLATWHENIN-NNVKYVFLAAGSSLKGQSDLKKYEKSR
cer. 287 FKVEPPDLFxGRGAHPKTGKLKRRVNPEDIVLNLSKDAPVPP-APEGHKWGEIRHDNTVQWLAMWRENIF-NSFKYVRLAANSSLKGQSDYKKFEKAR

* *** ** *** *** * ** * * * * * * * * *** * ** * * ** * * ** * * * *

Arab. 605 HIDNIRTTYTKNFTAKDVKMRQASVATYLIDKLALRAGNEKDDDE-ADTVGCCTLKVGNVECIPPNK-----IKFDFLGKDSIQYVNTVEVEPLVYKA
Human 453 CVDKIRNQYREDWKSKEMKVRQRAVALYFIDKLALRAGNEKEEGETADTVGCCSLRVEHINLHPELDGQEYVVEFDFLGKDSIRYYNKVPVEKRVFKN
pombe 432 YIDDIRKGYRKDLKNELTVERQRGTAMYLIDVFALRAGNEKGEDE-ADTVGCCSLRYEHVTLKPPRT-----VVFDFLGKDSIRYYNEVEVDPQVFKN
cer. 387 YIDAIRRDYTRNLKSMVMLERQKAVAIYLIDVFALRAGGEKSEDE-ADTVGCCSLRYEHVTLKPPNT-----VIFDFLGKDSIRFYQEVEVDKQVFKN

* ** * ** * * ** ***** ** * ******* * * ********* * * * *

Arab. 702 -QAGKSKTDDLFDELDTSKLNAHLKELVPGLTAKVFRTYNASITLDEMLSQET-KDGDVTQKIVVYQKANKEVAIICNHQRTVSKTHGAQIEKLTARI
Human 555 MEN-KQPEDDLFDRLNTGILNKHLQDLMEGLTAKVFRTYNASITLQQQLKELTAPDENIPAKILSYNRANRAVAILCNHQRAPPKTFE --------

pombe 529 KRPPKKEGDLIFDRLSTNSLNKYLTSLMDGLSAKVFRTYNASYTMAEELK-KMPKNLTLADKILFYNRANRTVAILCNHQRSVTKNHDVQMERFAERI
cer. 484 KRPPKQPGHQLFDRLDPSILNKYLQNYMPGLTAKVFRTYNASKTMQDQLD-LIPNKGSVAEKILKYNAANRTVAILCNHQRTVTKGHAQTVEKANNRI

* ** * ** * ** ********** * * ** * ** *** ***** *

Arab. 801 ------KEVLKELKTNLDRAKK- -----------------------------------------G GKPP------- LEGSDGKKIRSLEPNAWEK
Human 642 -------KSMMNLQTKIDAKKEQLADARRDL- ---------------------KSAKADAKVM-----------------------------KDAKTK
pombe 630 YQRMRLRKMMLNLEPKLAKSKPELLAKEEGITDSWIVKHHETLUELEKEKIKKKFDRENEKLAAEDPKSMLPESELEVRLKAADELK-KALDAELKSK
cer. 585 WQKIRCKRAILQLDKDLLKKEPKYFEEIDDLTKEDEATIHKRIIDREIEKYQRKFVRENDKRKFEK-EELLPESQLKEWLEKVDEKK-QEFEKELKTG

Arab. 843 QSA---------KIEKMERDMHT----- KEDLKTVALGTSKINYLDPRITVAWCKRHEVPIEKIFTKSLLEKFAWAMDVEPE-YRFSRR
Human 683 ------VESKKKAVQRLEEQLMKLEVQATDREENKQIALGTSKLNYLDPRITVAWCKKWGVPIEKIYNKTQREKFAWAIDMADEDYEF ---
pombe 730 -PGRSSMEQLEKRLNKLNERINVMRTQMIDKDENKTTALGTSKINYIDPRLTYSFSKREDVPIEKLFSKTIRDKFNWAADTPPD-WKE---
cer. 686 KSSWNSVEKIKAQVEKLEQRIQTSSIQLKDKEENSQVSLGTSKINYIDPRLSVVFCKKYDVPIEKIFTKTLREKFKWAIESVDENWRF ---

***** ** *** * ***** * ** **

Figure 4. B, Comparison of various TOP1 amino acid sequences. The predicted amino acid sequences of the Arabidopsis (Arab.), human, S.
pombe (pombe), and S. cerevisiae (cer.) were aligned with the University of Wisconsin Genetics Computer Group clustal program. An asterisk
(*) indicates that the amino acids are identical across all species; a dot (-) indicates that the sequences are conserved.
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Figure 5. Nucleotide sequence of the up-
stream region of the Arabidopsis TOPI gene.
Two possible TATA regions are indicated in
bold, an upstream intron is underlined, and a
purine-rich stretch is italicized. The start of the
cDNA sequence is shown. The nucleotides are
numbered on the left, with the start of the
cDNA corresponding to +1.

-814
-754
-594
-534
-474
-414
-354
-294
-234
-174
-114
-84
-24
27

kD, a discrepancy that may be due to proteolysis of the
broccoli enzyme.
The protein sequence has striking homology to other se-

quenced TOPM genes (Fig. 4). The predicted amino acid
sequence is 45% homologous to the S. pombe gene. Homology
is extended throughout the carboxyl two-thirds of the genes,
whereas the amino terminus is variable, with the Arabidopsis
gene showing approximately 100 extra amino acids (depend-
ing on which AUG is the correct start codon). The Arabidopsis
gene also has a deletion of approximately 60 amino acids just
before the conserved carboxyl region. The tyrosine residue
shown in yeast to be covalently linked to DNA as an inter-
mediate in the topoisomerase I reaction (18) is presumed to
be at position 840 in the Arabidopsis enzyme, as judged from
conservation of the residues surrounding it.

i Sj H t; i

AATAATAATT CAGGTTAATA ATATTAAGAA TTATACATAA AATGGTAGTA CCT[TCTTTA
ATCTATATAC TATGGATGAT TAATAAGTTT ATGCATTAAG TAATGAAAAT TTTTAAGTTT
TITrG=TGAC AAAATTCATT TTAACCTTTT TTAGTACTTG AAATAACTTT AATAATTTAC
AAATTAACTT TCAAATGGTT AAAAGTTTTG ATGACACATT GTTTCGTATA TCTAAATAGT
ATCTAAATGC TAAATTATCC GTTGATACGT AATTTTATCC CATAAGAATG TGGATATCCA
AATGCTAAAT TATCTATCGA CACGTAAATT TTTCTGATAA AAAATGTTAA GAGAATCCAA
ACGTTAAATT ATTTGATGAT ACATCGGATA AAAAATTGGA TTTCTTTTTA TTTCTGATTT
TATCCCCTAT TTTATTTACT TAAATATGCT TCACAATTTA GTAAATTAAC CGATGAGTCA
AT[GTTTAATC AAlTTTTTCA TCTTAACCCA AAAATTAAGG GGGATTTGGC AATTAAAAAG
TTTACGGTAA TAAGAGTGAA AAAAATTGTC TATGGCGGTA AGATTAAACG ATTTGGCGCG
ACTCAATACG ACGTCGAAAC GAAAACAAAA CCCTCAAGGG GTGAACTCTC TAATCTAAAG
AGAGTCTCCT TATGCCTTAG TCTCCTCGTC CTTAAAACGA TAGA"CCAT CGAAGCAGAA
GAGAAGAGAG AACAGAGAGA CGGA <start cDNA> GGAGAG AGATAGGCTT CGCTAGACAA
TTTCTTCAAT CTCTGGAAGA AGGTAGCTTC TTCAATCCAA CGTCAAATCT CTGAAATTTGA

TTGTATTAAG CTT... (remainder of intron not sequenced) AAGTTGGT
CTGAGCCTTC ATCAACGTTG TTCTTTCGGGA ATG

Upstream Sequence of the TOP1 Genomic Region

Upstream of the portion of the TOPI genomic sequence
(Fig. 5) that corresponds to the start of the cDNA clone (Fig.
3) are two TATA-like sequences (19, 20). No homology to
other plant upstream activating sequences is obvious. Just
before the likely RNA start site and overlapping the cDNA
is a stretch of 45 nucleotides containing 42 purines. The
significance of this sequence, if any, is not clear, although we
have found a similar purine-rich stretch at the start of a
cDNA encoding an Arabidopsis pyrophosphatase enzyme
(15). The 5' untranslated leader sequence appears to contain
an intron, part of which has been sequenced. The intron
donor splice site is consistent with the consensus plant se-
quence (3).

TOP1 Is Present as a Single Copy in the Arabidopsis
Genome

We digested Arabidopsis DNA (ecotype Columbia) with
several restriction enzymes and analyzed it by Southern

j.-

Figure 6. Southern blot of Arabidopsis genomic DNA probed with
TOPI. Total DNA from Arabidopsis ecotype Columbia was cut with
various restriction enzymes, blotted to nitrocellulose, and probed
with the 1.4-kb carboxyl-terminal EcoRI fragment from pTopl 50. S,
Sspl; H, Xhol; K, KpnI; N, Narl; X, Xbal; P, Spel; B, BamHI; and C,
Clal. The sizes of marker DNA fragments are indicated in kb on the
left.

Figure 7. Map of pTopl 70, constructed as described in "Materials
and Methods." The direction of transcription of the genes is shown.
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Figure 8. Growth of various yeast strains in
glucose and galactose medium. Cultures were
inoculated in SD medium containing glucose
or galactose as the sole carbon source to a
starting Klett reading (see "Materials and Meth-
ods") of 20 from a fresh overnight culture grown
in SD plus glucose. The cultures were grown at
30'C with moderate shaking and the Klett
monitored at various intervals. YAB100 carries
pTop170 and YAB101 carries the parent plas-
mid (no insert) pCp125; see Table I for a more
detailed description of the strains.

blotting using the 3' 1.5-kb EcoRI fragment from pTopl50 as

a probe. In most cases, a single band was detected under
moderately stringent conditions (Fig. 6), indicating that the
gene is present as a single copy in the Arabidopsis genome.

Some enzymes (for example XbaI) gave a different pattern of
bands than expected from the restriction map of the TOP1
genomic region (see Fig. 2). This is likely due to the fact that
the restriction enzyme-digested DNA was from ecotype Co-
lumbia, whereas the TOPI clones (from which the probe was
derived) were isolated from a library made with ecotype
Landsberg erecta DNA.

Expression of the Clone in Yeast

A complete copy of the cDNA sequence of TOPI was

constructed in vitro (see 'Materials and Methods') from a

poly(A)-primed cDNA clone (pTopl50) and a random hex-
amer-primed cDNA clone (pTopl52) and placed under the
control of the yeast GAL1 promoter (pTopl 70, Fig. 7). A topl-
strain of S. cerevisiae was transformed with pTopl70. The
transformant, YAB100, proved unable to grow in the pres-
ence of galactose (Fig. 8). This may be due to overexpression
of the Arabidopsis TOP1 gene, although the vector (CEN
origin) should be present in only a few copies per cell. Even
with glucose as the sole carbon source, YAB100 has a slight

Figure 9. Growth of YAB101 (left) and YAB100 (right) on SD agar
plus adenine. Colonies were grown for 2 d at 30'C, then shifted to
4°C for 1 week to help visualize the red sectoring. Dark sectors
indicate Ade- cells due to recombination at rDNA.

growth defect, the colonies being approximately 80% the size
of YAB101 on minimal (SD) plates (J.J. Kieber, E.R. Signer,
unpublished observations). This is evidently an instance of a

more general phenomenon. Both yeast TOP1 (R.K. Johnson,
W.K. Eng, personal communication) and human TOP1 (L.F.
Liu, P. D'Arpa, M.-C. Fann, personal communication), ex-

pressed from plasmids behind the GAL4 promotor, are also
lethal to yeast growing with galactose, but not glucose (or
raffinose), and because that is true as well of mutant yeast
TOP1 in which the active site tyrosine codon has been re-

placed by a phenylalanine codon (9), topoisomerization ac-

tivity appears not to be the cause.

The yeast strain CY185 carries an ADE2 gene inserted into
its rDNA. Recombination between tandem rDNA repeats
loops out ADE2 and makes the cells Ade-. In a wild-type
strain, recombination in this region is repressed and the cells
become Ade- very infrequently (5). However, CY185 carries
an insertion in the TOP1 gene eliminating topoisomerase I
and consequently has increased recombination in this region.
On adenine agar, where wild-type colonies are white and
Ade- colonies are red, this can be visualized as red sectoring
of the white colonies. When pTopl70, but not pCP125 (the

Table II. Arabidopsis TOPI Complements the Phenotype of a Yeast
topI Mutant
Ten independent colonies were scraped from minimal plates

(SD) containing glucose, adenine, and the appropriate supplements
for growth of the strains and suspended in 1 mL of sterile water.
The suspension was diluted appropriately and plated on SD media
containing glucose, adenine, and the appropriate supplements. The
plates were grown for 3 d at 30'C and then shifted to 4'C for 1
week to allow the red color to develop. Approximately 500 colonies
were counted for each original colony, and the mean frequency of
red colonies (adel) is shown.

Strain Relevant Phenotype Frequency of Ade-

CY184 rDNA::ADE2 1.11 x 10-2 ± 0.01
CY185 CY184, topl-7::LEU2 1.19 x 10-1 ± 0.04
YAB100 CY185, pTopl7O 7.3 X 10-3 ± 0.003a
YAB101 CY185, pCP125 1.29 X 10-' ± 0.05
YAB102 YABQ00 cured of pTop170 1.24 X 10' ± 0.04
a These colonies were paler red than the other strains.
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Figure 10. Western blot of extracts from yeast carrying the parent
plasmid pCpl25 (101) or pTop170 (100). Cells were grown in
sucrose-containing SD to mid-log phase, one half of the culture
induced by the addition of 2% galactose (gal) and the other was

not (suc). The cells were extracted as described in "Materials and
Methods," and the protein blot probed with the human antitopo-
isomerase antibody AFCDC9. The sizes of the marker proteins are

shown on the left.

parent plasmid lacking the Arabidopsis TOPI gene), is intro-
duced into CY185, the frequency of Ade- colonies is reduced
approximately 10-fold relative to TOPI+ strains on plates
containing glucose as the sole carbon source (Fig. 9, Table II),
as expected if the Arabidopsis TOPI gene complements the
yeast deficiency and suppresses rDNA recombination. Al-
though glucose represses the GALI promoter, enough Arabi-
dopsis topoisomerase I activity is still presumably expressed.
The failure of the strain to grow in galactose precludes testing
the derepressed condition. The Ade- colonies of YAB100
were much paler in color than the other strains used in this
study. This may be related to the growth defect of this strain.
YAB100 was plated on rich medium and then replica plated

to medium lacking uracil to screen for URA' colonies (which
presumably have lost pTopl70). One such colony was se-

lected for further study (YAB102) and this strain shows a

frequency of Ade- colonies comparable to the topl parent
strain (Table II). This indicates that the suppression of the
sectoring phenotype is linked to pTopl70.

Despite the phenotypic complementation, no topoisomer-
ase I activity was detected in extracts of YAB100 grown with
glucose and then shifted to galactose (not shown). This might
be due to low activity of the Arabidopsis enzyme made in
yeast, or to instability of the protein, either after cessation of
growth in galactose or in the extract. We probed extracts of
YAB101 (no insert) and YAB100 with human antitopoisomer-
ase I antibody (AFCDC9). This antibody recognizes an ap-
proximately 100-kD protein in extracts made from YAB100
cells grown in galactose, but not control extracts made from
YAB101 (Fig. 10). Two other proteins of higher molecular
mass are also detected by the antibody, but these bands are

also present in extracts made from strains carrying the parent
vector plasmid alone. Subsequent blots also showed a 30-kD
band from YAB101 cells grown in galactose (not shown),
indicating that significant proteolysis of the Arabidopsis TOPI
protein takes place under certain conditions, which may
explain the lack of detectable activity in extracts made from
YAB100.

In conclusion, we have cloned and characterized a TOPi
gene from Arabidopsis that is homologous to other eukaryotic
TOP genes, particularly that of S. pombe. When the gene is
expressed in S. cerevisiae, although topoisomerase activity is
not detected in extracts, a phenotypic assay indicated that
the gene product functions to complement a topl mutation
and western analysis indicates that a protein is expressed
from the clone that cross-reacts with an antibody directed
against human topoisomerase I.
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