
most likely a homodimer in solution (8). 
~ntibiotics that are uotent inhibitors of 
bacterial gyrase, such as nalidixic acid, oxo- 
linic acid, and novobiocin, are ineffective or 
effective only at much higher concentrations 

Tandem Regions of Yeast DNA Topoisomerase I1 Share 
Homology with Merent Subunits of Bacterial Gyrase 

The nucleotide sequence for the Saccharmyces cerevhiae gene TOP2, which encodes 
DNA topoisomerase 11, was compared with the sequence for bacterial DNA gyrase. 
The amino and carboxyl terminal halves of the single-subunit yeast enzyme showed 
homologies with the B and A subunits of bacterial gyrase, respectively, at correspond- 
ing positions along the polypeptide chains. Although the two enzymes differ in both 
quaternary structure and activity, the homology between the two proteins indicates 
mechanistic as well as structural similarities, and a probable evolutionary relationship. 

NA TOPOISOMERASES ARE EN- 

zymes that alter the topological 
state of DNA (reviewed in 1, 2). 

Type I1 topoisomerases accomplish this by 
coupling ATP hydrolysis to the passage of a 
duplex DNA through a transient, enzyme- 
bridged, double-stranded break in the DNA 
backbone. Only one such type I1 DNA 
topoisomerase has been found in each eu- 
bacterial and eukaryotic species studied: 
bacterial DNA gyrase in the former and 
eukaryotic DNA topoisomerase I1 in the 
latter. Studies with mutants and specific 
inhibitors show that these type I1 enzymes 
are essential for cell viability (2, 3) .  In 
eukaryotes, the type I1 topoisomerase has 

Fig. 1. Homology matrix 
between the amino acid se- 
quences of DNA topo- 
isomerase I1 of S. ceraisiae 
and the A and B subunit of 
B. subtzlis DNA gyrase. The 
yeast sequence (1429 amino 
acids) is displayed along the 
vertical axis from top to bot- 2 

tom, and the B,  subtzlisgyrB 
(638 amino acids) andgyrA 
(821 amino acids) se- 
quences are displayed in tan- 
dem along the horizontal 
axis from left to right. The 
Pustel computer program 
(International Biotechnolo- 
gies, Inc.) (12) was used in 
the homology search; the 8 
range and scale were set at 8 
and 0.90, respectively, and 
the capital letters A through lo 
Z in the figure signify local 
homology (in strings of 17 
amino acids) in descending 
degrees ranging from 100% 12  
for A to 50% for Z; lower- 
case letters a through d sig- 
nify local homology ranging 
from 49% to 42%. 

been found to be a major component of the 
nuclear matrix and the mitotic chromosomal 
scaffold (4) ,  leading to suggestions for a 
structural role of the enzyme in chromo- 
somal organization in addition to its cataly- 
sis of DNA topoisomerization. Type I1 to- 
poisomerases are also of interest because 
they have been shown or implicated to be 
targets of a number of clinically important 
antibiotics and antitumor drugs (5). 

Bacterial gyrase and eukaryotic topoisom- 
erase I1 show a number of characteristic 
differences. The bacterial enzyme contains 
two subunits in an A2B2 quaternary struc- 
ture (1, 2, 6, 7), whereas the eukaryotic 
enzyme contains a single subunit, and is 

Qyr  6 Q y r  A 

!i i 

when incubated with the eukaryotic enzyme 
(2, 6, 7). Finally, bacterial gyrase can cata- 
lyze the negative supercoiling of DNA, 
whereas eukarvotic DNA touoisomerase I1 
can only relax negatively or positively super- 
coiled DNA. 

We have recently sequenced the Saccharo- 
myces cerevisiae gene TOP2, which encodes 
DNA topoisomerase I1 (9). Biochemically, 
yeast DNA topoisomerase I1 is similar to the 
enzyme purified from other eukaryotes (1 0). 
Furthermore, antitumor drugs act on the 
yeast enzyme in a way analogous to their 
effect on mammalian topoisomerase I1 (1 1 ) . 
Given the differences between the bacterial 
and eukaryotic type I1 topoisomerases de- 
scribed above, it is interesting to find that 
tandem regions of the yeast enzyme show 
homology to different subunits of bacterial 
DNA gyrase. Figure 1 depicts the result of a 
homology search using the computer pro- 
gram of Pustel and Kafatos (12). The amino 
acid sequences of thegyrB andgyrA subunits 
of Bacillus subtilis (13) are displayed in tan- 
dem along the horizontal axis, with the 
821-amino acid gyrA sequence following 
immediately after the 638-amino ac id~yrB 
sequence. The entire 1429-amino acid- se- 
quence of DNA topoisomerase I1 of S. 
cerevzszae (9) is displayed along the vertical 
axis. Regions containing significant homol- 
ogy show a segmented diagonal line (Fig. 
1). This indicates that the amino terminal 
half of the yeast enzyme is homologous to 
the B subunit of bacterial gyrase, whereas 
the carboxyl terminal half of the yeast en- 
zyme is homologous to the A subunit of 
bacterial gyrase. Furthermore, the linear na- 
ture of the homology plot signifies that the 
homologies occur at corresponding posi- 
tions along the polypeptide chains; that is, 
one does not have to add or subtract large " 
blocks of amino acids to make the sequences 
align. This colinearity of the homologies 
strongly suggests an evolutionary and mech- 
anistic relatedness between the two en- 
zymes. The folding of the NH2-terminal half 
of the yeast enzyme is presumably similar to 
the folding of bacterialgyrB, and the folding 
of the COOH-terminal half of the yeast 
enzyme presumably resembles that of bacte- 
rial gyrA. 

Figure 2 displays the aligned yeast DNA 
topoisomerase I1 and B. subtilis DNA gyrase 
amino acid seauences. If one substitutes the 
B. ~ i r  gyrask A subunit sequence with the 
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Escberichia coli DNA gyrase A subunit se- 
quence (14), the of homology are 
not significantly altered. Overall, the bacte- 
rial and eukaryotic type I1 DNA topoisom- 
erase is 22% identical ~ l u s  14% similar in 
amino acids at corresponding positions. The 
conserved tyrosine at position 783 in yeast 
DNA to~oisomerase I1 and ~os i t ion  123 in 
B. subtilis gyrase A subunit is probably sig- 
nificant. For E ,  coli gyrase, it has been shown 
that tyrosine-122 of the E. coligyrA subunit 
is involved in DNA breakage and rejoining, 
and that it becomes covalently linked to the 
5' end of the transiently broken DNA strand 
(15). Since tyrosine- 123 of thegyrA subunit 
of B. subtilis, which corresponds to tyrosine- 
122 of the gyrA subunit of E. coli, is in a 
region that shows homology with the yeast 
enzyme (Fig. 2), tyrosine-783 ofpeast DNA 
topoisomerase I1 is likely to be the active site 
tyrosine involved in DNA topoisomerization. 

Interestingly, although in E. coli the two 
genesgyrA andgyrB are widely separated on 
the chromosome, in B. subtilis they are con- 
tiguous (13) and the two genes are ordered 
in the same way as the corresponding se- 
quences of the yeast TOP2 gene. A number 
of cases are known in which multiple sub- 
units of an enzyme of one organism corre- 
spond to different domains of a single sub- 
unit enzyme of another. A well-known ex- 
ample is fatty acid synthetase (16). In the 
case of the type I1 DNA topoisomerase, it 
appears that gene fusion led to the covalent 
joining of two interactive subunits. The 
catalytic properties of the enzymes were 
significantly altered in the process, since 
eukaryotic DNA topoisomerase I1 is unable 
to supercoil DNA, in contrast to bacterial 
gyrase. In this connection, we note that a 
proteolytic derivative of E, coli gyrase miss- 
ing part of the gyrB subunit has been ob- 

served to relax both positively and negative- 
ly supercoiled DNA but not catalyze DNA 
supercoiling (reviewed in 1,2, 7). The DNA 
topoisomerization activity of this derivative 
is no longer coupled to ATP hydrolysis, 
however, which is not the case with eukary- 
otic DNA topoisomerase 11. 

The relatedness between the bacterial and 
eukaryotic type I1 topoisomerases provides 
new insights into the mechanistic and func- 
tional properties of the enzymes. Because of 
the pharmacological importance of the en- 
zymes the results should also be helphl in 
the search and design of new antibiotics and 
antitumor drugs. Finally, we note that a 
computer homology search (17) between 
the yeast TOP2 sequence and protein se- 
quences other than bacterial gyrase has 
yielded stretches of similar regions. The 
region from amino acid 1200 to 1350 of 
yeast topoisomerase 11, for example, shows 

GYRH 1 niaqLlqr~sy dunqiCiv~l'.@.ul,v rkr  i16,hI 73 &igkup&DsaVyEsMVrMmnyr  DLVdgHGnEs vdQd s 
TOP011 1 n ~ v t e p v s n s d k y q k i s l q o h i l k r p n t y i g s v c ~ t q I . : q ~ U w J y  I e c t d c r o  I 731 E c t a  u ~ E q s L a Q t I I g L ~ ~ g s n n i ~ L  pNGaEtratGgkd 

557 E l l g t l p q t p  Ypgl QRx ~emnAtQLwEttmdpss&&lqvt l eD 
584 Dyel(wreeesh~ftwkQK~~tsl~qEVr&fsnld & & k i f h s l P  

604 amQaQe t f  emLmgdgvEpflRnfIeanaryvknJ&i 
633 gnQkPyidlaFskkgaDd&KewLrqyepgtv U t L K m G D f  InkeL 

GYRA 1 m s e q n t ~ q V R ~ n ~ Q e M r t s F  

GYRA 23 LdYaMsviV~&aLEDyrEL~H&RIuamndlgMtSDkpykksAriqg 
TOP011 682 I l F s L a d n I  &sIEN~l~F~Q&KV~cfkknLkSElkvaqlApyps 

Fig. 2. Homology between the amino acid sequences of yeast DNA 
topoisomerase 11 and the A and B subunits of B. subtilis. Enumeration of all 
polypeptides starts with the first methionine codon whether or not the 
polypeptides are subject to posttranslational processing. Identical amino 
acids at corresponding positions are in capital letters and are underlined; 
amino acids that are similar at corresponding positions are in capital letters 
without underlining. Alignment of the sequences was either by visual 
inspection using the data in Fig. 1 as a guide, or by the use of a computer 

265 pxqVnkaQIekIad1vrPE;kLeg Lt&rDEsQrtgMRiVLeIrrdanA 
915 e x  L LLg Lsg  nBE; IkpwLkQMeEQhQ dnIKfILtLspeemA 

314 mrilnnLxkqtaLqtSfa&LaL9dgqEkvltlg qcLehyLdhQkvv1 
955 k t r k i g F x e r f Q  iz pLsLMnMIafdghgkikr(ynsVneiLs EfyyV 

363 &-rtaxEl&aEara~iLegl~DhlDaJ!islirnsQtaeiaRtgLie 
1002 eyxQk& D H Mse & LQw E 1 eky s f g v k  f iKmi Iek  

511 ~H~vp~pastyrsqkrggkgVqgMgtneQdfvehListsthdtilEF 
1126 T K e r X a l b  kqk qeke te l enLlkLsak  Diwntdkkafev g y q e E  

561 snkgkvyflak@eIpey~rta~ipiiI$,LEvEkgEwinaiipvtefn a 
1172 qrdaea  Eg  Q nVEnkGsktukgkr&VD D eDydpskknkkstark  

709 s h v l i v  tEkgy&RtpaeeyRzqsR&&&kta- 
1314 n tpeq  dDva tgKnqttakKIavKp g L akj&vrkqqkVpeLsgesd 

program of Queen and Korn (17). The results were substantially the same, 
except near the COOH-terminal portions: the computer program appears to 
favor COOH-terminal alignment at the expense of the overall homology. 
Thus, the computer output for the COOH-termini of the 8yvB andgyrA 
sequences was amended by visual inspection to give the results shown in this 
figure. 
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many short similarities several dozen amino 
acids in length with histone H 1  and its 
variants H1° and H5  (17,18). These similar- 
ities typically exhibit 50% identities, and are 
characterized by matching lysine-rich re- 
gions. It is plausible that these similarities 
reflect regions in the different proteins that 
are involved in DNA binding. Additional 
examples of similarities between the yeast 
enzyme and other proteins include (i) weak 
similarity (21% identity) between a 125- 
amino acid region (residues 780 to 905), 
which includes the putative active site tyro- 
sine at 783, and a stretch in the RNA 
vesicular stomatitis virus L-protein that is 
involved in transcription and replication 
(19); (ii) two short stretches (9  and 10 
amino acids in length from positions 252 to 
260 and 1039 to 1048) with 80% similarity 
to sequences in the type I1 regulatory sub- 
unit of the cyclic adenosine monophos- 
phate-dependent protein kinase reported to 
contain a DNA topoisomerase activity (20); 
(iii) a 15-amino acid lysine-rich stretch (res- 
idues 327 to 340) with a 67% similarity to a 
region of human K-rm protein (21); and 
(iv) a 25-amino acid stretch with 48% 

identity with a region of human myc protein 
(22). Further biochemical and genetic infor- 
mation on eukaryotic DNA topoisomerase 
I1 as well as the other proteins is needed, 
however, to provide meaningfil interpreta- 
tions of these similarities. 

REFERENCES AND NOTES 

1. J. C. Wang,Annu. Rev. Bwchem. 54, 665 (1985); 
H:P. Vosbern. Curv. To&. Microbwl. Immunol. 114 - 
19 (1985). 

2. M. Gellert,Annu. Rev. Bwchem. 50, 879 (1981); in 
The Enzymes, vol. 14, P. Bover, Ed. (Academic 
Press, New York, 1981), pp. 345-366; L. F. Liu, 
Crit. Rev. Bwchem. 15, 1 (1983). 

3. S. DiNardo, K. Voelkel, R. Sternglanz, Proc. Natl. 
Acad. Sci. USA. 81, 2616 (1984); T. Goto and J. 
C. Wan , Cell 36, 1073 (1984); T. Uemura and M. 
~ a n a ~ i k ,  EMBO J. 3, 1737 (1984); C. Holm, T. 
Goto, J. C. Wang, D. Botstein, Ce1141, 553 (1985). 

4. W. C. Earnshaw, B. Hall??, C. A. Cooke, M. M. 
S. Heck, L. F. Liu, J. Cel Btol. 100, 1706 (1985); 
W. C. Earnshaw and M. M. Heck, ibid., p. 1716; M. 
Berrios, N. Osheroff, P. A. Fisher, Pvoc. Natl. Acud. 
Sci. U.SA. 82, 4142 (1985); S. M. Gasser, T. 
Laroche, J. Falquet, E. Bo de la Tour, U. K. 
Laemmli, J. Mol. Biol. 188, 213 (1986). 

5. E. M. Nelson, K. M. Tewey, L. F. Liu, Proc. Natl. 
Acud. Sci. U.S.A. 81, 1361 (1984); K. M. Tewey, 
G. L. Chen, E. M. Nelson, L. F. Liu, J. Bwl. Chem. 
259,9182 (1984); J. Minford et al., Bwchemisny 25, 
9 (1986). 

6. L. Klevan and J. C. Wang, Bwchemirhy 19, 5229 
11980). 
\ - -  - -, 

7. N. R. Cozzarelli, Science 207, 953 (1980). 

The Oncogenic Activation of 
Human p2lraS by a Novel Mechanism 

Single amino acid changes were introduced into normal (non-oncogenic) and activated 
forms of the human H-rm protein at a position (residue 116) proposed on structural 
grounds to represent a contact site with guanine nucleotides. Substitutions at this site 
could significantly reduce the ability of both forms to bind and hydrolyze guanosine 
5'-triphosphate; these substitutions, however, did not necessarily diminish the trans- 
forming capacity of activated derivatives. One substitution that severely impairs these 
functions activated the transforming potential of the otherwise normal polypeptide. 

UTATED VERSIONS OF CELLULAR 

rm genes have been implicated in 
the develo~ment of manv human 

tumors of diverse origin (1, 2).  These genes 
encode a polypeptide of 21,000 daltons 
(p21) that is highly homologous to the 
transforming protein encoded by Harvey 
and Kirsten sarcoma viruses. Cellular and 
viral p21's are membrane-associated poly- 
peptides (3, 4) that bind guanine nucleo- 
tides (5)  and possess a weak guanosine 5'- 
triphosphate (GTP)-hydrolyzing activity 
(6, 7). It has been suggested that rm pro- 
teins are involved in transmembrane signal 
transduction-they share structural features 
with other signal-transducers known as G 
proteins (8), and their biological activity 
may be similarly mediated by GTP binding 

(6, 7, 9). We wished to define residues 
important for GTP binding in an effort to 
evaluate the in vivo action of p21's with a 
reduced affinity for GTP. Comparative anal- 
ysis of amino acid sequence has revealed 
several regions of homology between ras 
and other guanine nucleotide-binding pro- 
teins, including bacterial elongation and ini- 
tiation factors, tubulins, members of the G- 
protein family, and yeast RAS proteins (2, 8, 
10). One such region of strong homology is 
represented by residues 110 to 120 of p21 
(10). This region includes AmH6, a residue 
predicted on structural grounds to represent 
a contact site with the pyrimidine ring of 
guanine (1 1 ). To directly evaluate the role of 
this amino acid in the binding of p21 to 
GTP, we used oligonucleotide-directed mu- 

8. T. Goto, P. Laipis, J. C. Wang, J. Biol. Chem. 259, 
10422 (1984); M. Sander and T.-S. Hsieh, ibid. 
258, 8421 (1983); E. R. Shelton, N. OsheroiT, D. 
Brutlag, ibid., . 9530; B. Halli an, K. A. Edwards, 
L. F. Liu, ibidP260, 2475 (19f5). 

9. G. Giaever, R. Lynn, T. Goto, J. C. Wang, ibid., in 
press. 

10. T. Goto and J. C. Wang, ibid. 257, 5866 (1982). 
11. J. C. Wang, unpublished results. 
12. I. Pustel and F. C. Kafatos. Nucleic Acid Res. 10. 

4765 (1982). 
S. Moriya, N. Ogasawara, H .  Yoshikawa, ibid. 13, 
2251 (1985). 
S. L. Swanberg and J. C. Wang, unpublished results. 
D. Horowitz and J. C. Wang, unpublished results. 
A. D. McCarthv and D. G. Hardie, Trend Bwchem. 
Sci. 9, 60 (1984); S. J.  Wakil, J. K. Stoops, V. C. 
1oshi.Annu. Rev. Biochem. 52. 537 11983). 
C.  been and L. J. Korn, ~ u c i e i c ~ c h ~ e s :  12, 581 
(1984). 
D. Doenecke and R. Toenjes, J. Mol. Bwl. 187, 
461 (1986). 
M. Schubert, G. G. Harmison, E. Meier, J. Virol. 
51, 505 (1984). 
K. Takio, S. B. Smith, E. G. Krebs, K. A. Walsh, K. 
Titani, Proc. Natl. Acad. Sci. U.SA. 79, 2544 
11982). 

21. D. J. 'capon et al., Nature (London) 304, 507 
(1983). 

22. W. W. Colby, E. Y. Chen, D. H. Smith, A. D. 
Levinson, ibid. 301, 722 (1983). 

23. Supported by rants from the U.S. Public Health 
Serv~ce ( ~ ~ 2 4 5 4 4 )  and the American Cancer Soci- 
ety (MV-255A). We thank David Horowitz for 
helpful discussions and Doug Melton for the use of 
his computer. 

4 April 1986; accepted 15 May 1986 

tagenesis to alter human H-rm complemen- 
tary DNA's (cDNA's) at codon-116. We 
examined the ability of the variant proteins 
to bind and hydrolyze GTP and promote 
the morphological transformation of Rat-1 
cells. 

We replaced Asn'16 with either of two 
amino acids: glutamine, representing a con- 
servative substitution, and isoleucine, which 
would be expected to have a more radical 
effect on the protein's structure. This was 
accomplished by converting codon-1 16 
from AAC (asparagine) to CAG (gluta- 
mine) or to ATC (isoleucine). The alter- 
ations were detected by hybridization to 
specific oligonucleotide probes and verified 
by direct analysis of DNA sequence. The 
mutated cDNA's were recombined with 
cDNA's containing previously isolated mu- 
tations at codon-12 (6). In this manner we 
assembled cDNA's encoding p21's with gly- 
cine or valine at position 12, and asparagine, 
glutamine, or isoleucine at position 116. 
These cDNA's were introduced into Esche- 
richia coli expression vectors as previously 
described (6, 12). To demonstrate the syn- 
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