US005885813A

United States Patent [ (1] Patent Number: 5,885,813
Davis et al. 451 Date of Patent: Mar. 23, 1999

[54]
[75]

[63]
[51]
(52]

(58]

THERMOSTABLE DNA POLYMERASES WO092/06200  4/1992  WIPO ......ccevvivvvvivvninnnne CI12N 15/54
9405797  3/1994 WIPO .
Inventors: Maria Davis, Twinsburg; R. Bruce
Moffett, Shaker Heights: Carl W. OTHER PUBLICATIONS
Fuller, Cleveland Heights; John J. Barnes, “The fidelity of Tag polymerase catalizing PCR is
Cunniff, Akron, all of Ohio improved by an N-terminal deletion,” Gene 112;29-35
] . . (1992).
Assignee:  Amersham Llfe Science, Inc., Reeve and Fuller, “A novel thermostable polymerase for
Cleveland, Ohio DNA sequencing,” Namure 376:796-797 (1995).
Samols et al., “Thermo Sequenase; a new thermostable DNA
Appl. No.: 648,657 polymerase for DNA sequencing,” Amersham Life Science,
. Editorial Comments 22:29-36 (1995).
Filed: May 14, 1996 Tabor and Richardson, “A single residue in DNA poly-

merases of the FEscherichia coli DNA polymerase 1 family is
critical for distinguishing between deoxy and dideoxyribo-
nucleotides,” Proc. Natl. Acad. Sci. USA 92:6339-6343

Related U.S. Application Data

Continuation-in-part of Ser. No. 455,686, May 31, 1995,

abandoned. (1995).
P Phang et al. (1995) Gene 163:65—68.
Int. CL® .., C12N 9/00; C12N 9/12; Gutman et al. (1993) J. Bacteriol. 175:3581-3590.
C12N 19/34 Asakura et al. (1993) J. Frement. Bioengin. 76:265-269.
US.CL ..o 435/183; 435/194; 435/91.1; Lawyer et al. (1989) J. Biol. Chem. 264:6427-6437.
435/91.2 Akhmetzjanov et al. (1992) Nucl. Acids Res. 20:5839.
Field of Search ........ccooovvvvinennn. 435/183, 194, Kim et al. (1995) Nature 376:612-616.

435/810,91.1, 91.2 . . .
Primary Examiner—Ardin H. Marschel

References Cited Assistant Examiner—Jezia Riley
Attorney, Agent, or Firm—Lyon & Lyon LLP
U.S. PATENT DOCUMENTS
[57] ABSTRACT
4,795,699  1/1989 Tabor et al. .
4,880,818 12/1989 Gelfand et al. . An enzymatically active DNA polymerase having between
5,075,216 12/1991 Innis et al. . 540 and 582 amino acids having a tyrosine at a position
5,079,352 1/1992 Gelfand et al. . equivalent to position 667 of Tag DNA polymerase, wherein
5,436,149 7/1995 Barnes .ooeeeeveeviveviiiienieiiieniinnnen, 435/194 Said polymerase laCkS 51 to 3y eXOHuCleaSe aCtiVity, and

. 435/194
435/194

5,466,591 11/1995 Abramson et al.

5474920 12/1995 Moses wherein said polymerase has at least 95% homology in its

amino acid sequence to the DNA polymerase of Thermus
FOREIGN PATENT DOCUMENTS aquaticus, Thermus flavus or Thermus thermophilus, and
wherein said polymerase forms a single polypeptide band on
an SDS PAGE.

0655506  5/1995 European Pat. Off. .
9206188  4/1990 WIPO .

9012111 10/1990 WIPO .
9109944  7/1991 WIPO . 22 Claims, 12 Drawing Sheets

atg et

aL/1t 6L/21
29 200 L1 a9 1t goc guc cto £Lc cac gag e goe et cte gea aac oo g g ctg g4 gag gee coo tay e cog
£ [ PUK A WP P

41431 12:741
5o g2 99 goc I gl goc ttt gtoctt tcc 20t 909 929 cec
SR P

151/
g0 19 gcc got ctt. okg gec £t gec gec gee 299 gug goc gas

21171 21 /81
Get fat 2aa gec Cic dgg gac €19 249 9a5 gca o9 g9 it cle goc gaa gac et agc gt £lg gec ctg
¥ A ) L A K AL

?Ul 10 331/111
ey L.CC wgC g)r gau cee alg tc ch g Lac cte Clg gac coct tcc 43C 30 acc rr gaq ccg ng grr‘
L A L nor NoT
1/ 361/131 421/]4]
cgg e H g 299 920 mg 35 99 629 909 999 909 e c Lt Lo g0 a9 ctc ttc gec sac ctg tgg 499 999 ctt g9
L
/ 48 / 51 51 1/1 1

te ctt tgg ctl ¢ aC cgg g i gtq qag af‘g ;LC ctt EL gct qtc cty g(‘( rar atg gag gLC acq ggg gta Cgc th
L

9
Lt cle agg gee ttg tec ctg qag ng goe g
L R N A

o
e pac Lo £9 gac cg cla g agg gle cte it
N RD 0 E B
al/2f1
20 40 g g gie 15 gag gec cic b geg geo
§ A LR

8417281
C 320 tac art gac gee g oo gac cte ate gac we
i P

a

1021/341

ga9 atc gec gac cto gg gcc gag gte 1o cac ctg goc g cac o
ATE H P

Sou/E:
905 cta gan ctt cec gec ale g9 gag a0y gag gag acc goc 3ag
1 £ K
781/261
e cec atc 0tg gog 339 3tc cia cog fac o9 909 e gce 339 ot
Q

gac
2

717501
§99 265 90¢ coc Cic gac 3ce € fC asc £ag 40g gec o0y gec 309
N Q T

961/321

931/3 1
cee aac cie cag dac atc cec gic cuc ace ccg clt gog cag agg atc cgo cgg gec tic ate gee ga
Y M Q N & T P L & 0O I ROA F X /gi g a

1051/361

goc 058 gac Lat e gag ta gog cic 999 Lo £t goe cac ctc e gac goe 929 gac cto ate o e
H 0

£081/361 7]
tte an gag ggg cgg gac ?tc cac acg Eag acc gcc ggc ﬁgg ;tg ;tc ggc gtc cce ccg gag gcc gtg gac LCC ctg atg cge cqq ch
3 MR

11717391 1201/401

1231/411

q cC ddg acc JtC dac Ld ggq gtr FLC tac gge atq teg gee cac cge cte 1.CC cag gag r‘fa ch atc cct tac Gag gag cc_ cag gcc
N ¥ oG STA H R L G I r v 3 q

17611421

t

817461

24717491

1291 / 321/4
C at gﬂg cgc tac ttt Ldag gg(‘ ttc CCC aag etg ;gg gec tgg atL gag aag acc ctg gag gaq ggc agg agq ng ggg de qtg gag
T

1 11/471

13 4
e g coc coe e tac gta ea gac cte gag gec co9 gta a0 gec gtg Coa 9ay 909 acc 996 co alg gec e dac atg
ro

1501/501

g1
ee g1c cap goc goc goc gee gan Cic atg dug tly CT a9 gt 09 ctc e coc agy 19 9a0 gaa 3t gog 9cc gag sty ot ci
3

15’31 /‘S

561
£ag gle cac gac gag CLg g c cte gag QCL Eca aaa gag agg gcg gaq qcc gtg gCC Cg; Ctg gcc aaq Qag gtu atg 939 ggq Q tg tau

¥ ono0
1621/*?4]

681/551

551 T
§ec cio gec glo e ety gag gty 909 gta ggg qta 999 a0 gac ftag ctc fec gec 22 g2g L8
Ha

Illumma Ex. 1131

I1lumina v. Columbia
IPR2018-00291, -00318, -00322,
-00385, and -00797 Page 1




5,885,813

Sheet 1 of 12

Mar. 23, 1999

U.S. Patent

A
216

beb

boe

sule)

bee

200

6712

beb

206

612

662

622

d
662

206

206

pee

266

aed

262

112

616

226

obb

232

I
o3e

o3e

Hoe

a0e

20P

obb

616

bbe

666

612

lil3)

667

bbe

3020

N
oee

20D

boe

beb

beb

5712

boe

b67

200

Jbe

220

206

3
beb

662

Bed

bb2

boe

262

20b

639

20p

610

206

Heb

q
opb

0)éle)

aee

]

bee

211

beb

oee

ooe

oeb

206

beb

2 S 1
266 227 270
16€/1501

I 4 0
J1e bbe Bed
12E/196

i 4 1L
271 262 2o
162/1/8

0 1 1
Bed 670 23p
19¢/181

9 I V¥
266 23e 206
1€¢/169

A 3V
216 Beb 226
102/109

W H Y
B6qe 2ed 206
TLT/119

Yy 3 1
206 2171 2730
Iri/1ey

N S d
Jee 521 3102
TTt/1¢ee

) I A
eee 226 270
18/1v¢
TV 1
672 226 6232
16/191

T V¥V
610 226 Bee

1¢/19

H
0]:%)

b66

01:0)

bee

202

beb

jolale]

BbHe

oeb

1190

N

200

v
206

1
330

1
270

3
beb

J
170

230

216

beb

630

666

106

Jbe

1
610

d
[Slole)

Y
262

A
616

)
B6b

d
262

Y
106

S
207}
210

B62

226

Bl
eebH

VI "bLq

A
H316

1
J0P
266
030
e10
206
227
112
oe]
626
6679

1
510

b
bbe

s
202

1
boe

d

320

beb

okl

110

206

20D

beb

bye

130

.
210

A
216

Y
bbe

202

206

210

bee

00N)]

b6

3
beb

200

300

206

113

beb

bbe

913

I 0 S
plp Hed obp
vE/1¢01

I N _ O
21p aee Hed
TIE/1E6

H T 1
JBD 23R 292
18¢/1¥8

I ¥ 1
feb 262 2910
16¢/16¢/

T A Y
210 016 bbe
1¢¢/199

v A 3
206 6316 Beb
161/148

i A 3
feb 616 Heh
191/187

i 9 ¥
beb 666 Hob
T1ET1/16€

W d (@
bie 220 2eb
101/10€

g ¥ 1
oeb Bbe 29730
14/1T¢

A ¥ S
Bee 262 203
/11

3 H 1
Beb 22 270

11/1¢

A
1e]

210

Jeb

22D

eeb

672

662

beb

oeb

206

130

230

a
aeb

oee

b22

beb

510

2]

ook

beb

obb

eee

616

obpe

4
610

222

637

610

bed

631

119

Bop

232

1el

111

0bb

v A
206 676

a S
1eb 2007

d d
222 oeb

AV
216 206

g o
opb 662

Y A
006 bbe

Mo
663 330

M3
661 Heb

d
5233 270

d 3
100 beb

g A
266 B16

R
133 beb

4
P12

16e

o]l

2bp

ope

jel

bbe

266

130

Y
206

Y
306

el
bbe

M

206

3
beb

A
oe]

9
266

S
662

J
bbb

]
beb

9 3
bo6 beb
1€C/166

d 9
bbe 266
10€/106

N
obe Pee
1£2/118

S ¥
2071 262
we/1eL

N 4
Jee 011
112/1€9

A d
516 oeb
18T/1%S

i 9
beb Hb6H
161/15%

<R
262 BbD
121/19¢

ERNRS!
peb Bbe
16/14¢

H A
J00 036
19/181

1 d
peb 622

e/16

T W
610 bHye

/1

Page 2



5,885,813

Sheet 2 of 12

Mar. 23, 1999

U.S. Patent

A A
101 636

1 1
339 9310

W N
bqe ope

3 A
Beb 616

v 0
206 He)d

vy ¥
Bob6 662

-

¥ 3
pby beb
199/1891

J 3 KW A T N v
bbb Heb Hie 216 Heb Hee 206 630
1€5/T651

W o4 Y 9 W 3 I 1
b1e 66e 206 666 G1p eeb Heb 610
105/7061

4 Y W ¥ 3 Vv Vv 3

211 226 H3e 260 bHeb 206 626 Beb
[VAZARN AL
A 4 ¥4 ¥4 9 3 3

or1 B6H H6D BbBe H6e 266 6eb Geb

vy /16T

v 3 3 A d4 I Vv 1
206 beb 6eb 2e1 100 03e 206 1D
1iv/1€ct

d W _ 1 d ¢ AN Vv 13
262 BH3e 630 200 2oeb 636 206 6eb

18e/1v11

b
bee

b62

bbe

662

670

beb

6bH2

Y

g1 "bi4

S 1T M 4 3 9 1 9
203 230 663 oeb Heb HBBL pie HBH
165/14991

AY 3 ¥V 4 3 ¥ d
6316 206 Heb 626 66e Beb pee ©3)
1¢G/1961

i 1T X A W v 1 ¥
011 230 bee H16 B3p 106 610 Bee
T6v/T1iv1

S X A ¥ VY I 71 Q@
obe Bee 636 662 206 Beb eqo oeh
19v/18€1

o3 I M Y d A
Bee Heb 33e 661 206 66> H1b6 Hee
Tev/Tocl

S 1 ¥4 H VYV S W 9
227 230 262 2eD 226 627 Hye 266
10v/10¢1

A 4 W M S Vv 1
236 266 217 B3e 667 o6e 226 Doe

TLE/TTTT

A3
616 Heb

vV 3
206 beb

W
Hre 290

d A
2232 616

d 4
200 o1

Al
207 230

i 1
beb boe

A3 T d
636 Beb B30 22D

L S
212 216 632 6pH

a v v 1
Jeb 2236 206 2op

A d d Y
Jer] 262 260 262

S D 4 &
obe 6ed 133 op}

A9 AN
216 B6b6 opq oeP

H I 4 A
2p2 03P 2oeb HHD

vy 1 d
226 672 222
T75/1291

H A D
o902 216 Bed
116/1€4T

0 A d
beo 016 220
18Y/Tvvl

i 1 1
271 210 22P
T1Sr/16¢€1

3 I A
beb 31p 011
1ev/19¢1

L Xy
J0p bBee 226
16€/T411

i 0 4
beb 6ea 273

19€/1801

Page 3



5,885,813

Sheet 3 of 12

Mar. 23, 1999

U.S. Patent

b
bb2

206

226

bee

2bb

0]

b2

112

616

206

266

d
200

I
Uk

J7e

boe

o))

a0e

b6

b1b

bbe

666

jolale)

b66

M
663

1
B12

o1

206

330

bee

20D

666

bbb

peb

116

bbe

d
222

N
oee

206

boe

beb

beb

B30

6oe

b7

223

Jbe

206

206

3
beb

b62

bed

b62

Boe

262

206

632

J0e

610

206

bep

il
Jeb

262

Jee

oe]

bee

m

beb

Jee

aoe

oeb

206

peb

9
266

2@

o1

bed

066

216

pae

206

oee

eep

630

sile)

S 1 H
221 210 28D
16€/1901

4 0 9
bbe 6ed 666
12€/196

4 L H
262 200 DOPRD
162/148

1T 1
6572 27e bep
192/18/

I ¥ d
29e 206 220
1€2/169

i v 7
beb 226 Heb
102/109

H ¥V 1
202 206 610
TLT/T18

= I
217 2310 bbe
P1/1dh

S d
223 120 oeb
T11/1€ee

vy 1 1
206 212 7110
18/1¥¢

v 1 1
206 670 370
16/141

vy A d
226 Bee 229

1e/19

v
206

115

210

peb

110

230

216

beb

672

666

106

obp

:
b0

622

262

616

666

262

106

201

9712

bbH2

2206

eeb

A
516

1
o]
265
J3e
30
206
207
10
oe]
Hob

567

aple}

Ve DLy

!

1

E|

bbe 010 Heb

d
262

1
boe

d

200

peb

29e

110

206

206

beb

H1p

110

A
216

d

bbe

0)50)]

oeb

beb

200

20D

919

bee

200

266

d
220

200

20D

173

Hep

bbe

bB2

710

[sitle)

beb

911

I
ple

J7e

oed

beb

230

0)e]s)

beb

beb

b1p

oeb

bee

Heb

0 S A
bed obe 1p]
Tve/120T

N D 1
oee bed 2710
11e/186

I 1 4
J1e 230 oeb
182/1%8

4 1 Y
262 230 006
1627142

A M3
216 Bbe eeb
1¢¢/199
A3 T
b1b6 Beb b3>
16T/1.8
A3
516 b6eb 660
191/18%
Y
626 Beb
1€1/16E

d 0 ¢
220 2eb oebh
101/10¢€

4y 1 Y
bbe 292 2026
1L/11¢

d S
262 223 130
v/1¢1

H 1 7
200 2710 230
11/1¢

J
b66

a
oeb

ope

620

beb

b0

221

207

beb

obb

eee

516

2be

1
612

200

611

b12

beo

613

115

poe

200

jel

113

266

v
206

106

200

016

aeb

206

b673

667

boo

192

266

173

A
b6

201
orb
206

b
bbo
bbe

119

4
613

obe

11e

20b

597

010

210

bbb

266

222

211

6312

4
P10

1be

or]

obe

oee

107

bbe

26b

110

206

206

162

M
6b1

ale)

J3®

aoe

210

206

beb

op]

266

bb62

666

eeb

262

eeb

Jed

eeb

b12

ERE!
beb beb
1€€/166

9 1
266 bop
10€/106

X
bee 610
1/¢/118

d
26D bee
ve/12L

3
211 220
112/1€9

a 1
oeb 632
1BT/1¥S

9 4
666 Beb
16T/15y

4 v
660 206
121/19¢

g 1
bbe B30
6/14¢

A A
216 bbo
19/181

d d
622 622

1E/16

V W
106 B)p

1/1

Page 4



5,885,813

Sheet 4 of 12

Mar. 23, 1999

U.S. Patent

y

¥y 3

e6q b6eb bee

196/1891

A 3 W A T N Y 71
616 666 Beb H1e 916 Heb Hee 206 6312 662
1€G/166GT

T W ¥4 ¥V 9 W 3 3 1 ¥
230 b3e bbe 226 B6H Bye peb Heb 630 HHe

10G/7061

N4 ¥V W ¥ 3 VvV v 3 H
ope 537 226 b1e 262 Beb 226 6525 Beb 662
Ty/1T1Pl

A A D ¥4 ¥ ¥4 95 3 3 1
616 oe} 666 660 H6e H6e 266 Beb Heb 510
Tvw /1T

0 v 3 3 A 4 1 V¥V 1 13
6e2 206 beb Heb oeg 720 236 206 ©1D Heb
. TTy/18¢T

d 34 W T 4 0 A V¥V 3 ¥
665 262 63p 630 220 2eb 636 226 Heb 662

18E/T¥1T

v S 1
206 221 270

v A Y
206 636 206

d 4
202 211 210

A S
616 o6p Hee

1l 3 3
200 bee Beb

0 S 1
Bed 021 210

d A D
222 236 066

gz bL4

M g 3 9
667 oeb Beb 666

i Y ¥ 3
beb 626 BBe Heb

I A W Y
bee 616 H3e 106

A ¥ vV 3
616 665 205 Beb

I M VvV ¥
131 667 226 B62

d H V¥V S
262 2e0 226 62]

4 W _ M S
213 61e 667 obe

I 95 A
e1e 666 616
196/1991

A d Y
pee 2D 226
125/1991

T 34 W
610 bee Hae
T6v/1/¥1

T 0 d
P30 26 PID
19%/18€T

A A d
b16 Bee 22D
1ev/16¢1
W9 A
bie 266 ory
10v/1021

vy 1 3
206 22p Heh

TLE/TTTT

3 A 3 71 d
beb 676 6ehH 630 220

i 7 A7 3
beb 232 016 B30 beb

1T 4 v v L
219 2eb 226 226 dop

A Ay Y
626 2p3 2625 262 262

4 S 0 4 A
2317 obe Hed 331 ol

T A 9 A N
230 016 BH6 ov) DPP

I H I @ ¥
boe oed 27e opH 66D

ANy 1 d A
516 206 632 202 1P}
75/1291

d H A 0 1
oeb oed 2316 Hpd 1710
T1G/T€5T

5 D A d W
266 6e2 216 200 Bie

18F/1H11

2 4 1 L 3
266 237 232 2oP BRH
167 /1661

d 3 I 4 ¥
260 BebH 11p 20773 206
Tev/19¢1

I 1 X v Y
271p Joe bee 226 626
T6E/TL11T

9 3 0 4 A
666 Beb 6eo 211 2316

19€/1801

Page 5



5,885,813

Sheet 5 of 12

Mar. 23, 1999

U.S. Patent

.
612

262

192

106

110

6679

oeb

beb

516

oeb

616

bee

v
206

bbb

332

b62

206

beb

b1b

607

Jeb

beb

oeb

219

1
633

beb

4

§fshl

b12

612

262

663

110

oeb

b22

666

Y
206

206

opls

bed

279

626

Joe

oeb

11

v
B2b

bob

206

beb

beb

219

beb

beo

beb

220

beb

11

1
632

566

beb

b10

Bae

poe

622

oe)

111

206

bee

aJe

¢
oeb

Y
1206

3
beb

N
oee
266
fed
269
230
266
662

610

262

A7 7
bee 226 6732
19€/1901

T vV 1
632 226 H32
12£/196

Y V¥V
eob 626 bee
16¢/148

d 1 ¥
222 poe 26D
19¢/184

v 0 1
626 6ed 230
1€2/169

v 1
206 20p Hee
102/109

T 95 A
672 26D 2Je]
TLT/119

g ¥ dq
2eb6 062 oeb
v1/12y

d A 7
220 136 beb
TIT/1€8

9 ¥V
266 Bob Bee
18/1¢

vy X
206 bee 030
16/141

A Y T
o1 206 B30

12/19

I
J1e

110

[See)

262

bee

beb

bee

206

612

el

919

9]

2
ebb

3
beb

9
666

!

bbe

beb

666

beb

100

662

206

obe

Jed

Y
662

Y
206

3
beb

2
bbb

Y
662

I
278

A
o]kl

.
210

A
616

3
beb

A
pep

9
266

ve bid

A
b1b

M
b6

1
612

3
011

4
617

9
266

1
110

I
J7e

4
130

A
oe)

v
206

g
oeb

9
bbb

W
61e

.
219

d
oeb

S
201

A
bee

M
667

hs!
262

9
266

Y
206

4
211

A
b1b

A
pee

d
200

9
266

A
616

d
220

A
616

Y
626

A
616

.
e10
beb

2bb

[s}le)

4
119

3
beb

1
1

beb

bee

bbb

622

beb

919

0] 20]

A
o]h)

1
230

g _d4 1
oeb 6be 630
Ie/1e01

d ¥ S
200 162 o001
11€/1¢6

i H 1
beb 2ed 270
182/1%8

T d 1
B30 202 B0
162/15¢

A D @
b16 Beo oeb
122/199

d- I N
202 2P Jpp
161/1/8

I
20p 21e 67D
191/18Y

A D 3
oe] 666 Beb
TET/168

g A 1
oeb 676 6717
10T/10¢€

d 4 S
262 233 223
1£/112

A Y D
216 626 bed
/121

A ¥ 9
616 262 o066

11/1€

9
066

111

310

oeb

672

186

oe)

bep

beb

220

16

eee

|
pbe

203

obe

108

01%30]

621

b66

peb

bee

206

320

d
222

4
119

111

ebb

oeD

peo

222

3
beb

Y
626

I
OBl

i
bee

3
eeb

3
beb

d
200

266

111

616

m

oeb

199

662

210

206

266

111

1
oeb

4
611

3
beh

0

bed

219

666

8)5¢)

bee

206

oeb

262

219

0
eed

113

611

201

oee

bab

210

206

B30

123

Jbe

200

v
pob

v
10D

b
b6

1315

eeb

612

o3P

4
Shie)

0
peo

A
216

1
208

1

d
665

666

beb

bep

612

206

206

J0e

bb2

A
b6

1
208

W

H 1
180 232
1€E/166

i d
peb 622
10€/106

T4
611 112
1/¢/118

d S
bbo 207
ve/1el

S 9
obe bbb
TTe/TE9

a4 A
662 op3
I8BT/TtS

I 9
J3e 262
161/1Sy

v oo
206 612
121/19¢

d 4
200 111
16/14¢

A A
696 6316
19/181

1T 9
212 266

1€/16

Y W

110 B1p 626 Bje

/1

Page 6



5,885,813

Sheet 6 of 12

Mar. 23, 1999

U.S. Patent

poe 206

210 bBee

eee Hb6

200 2BD

LR
6120 662

A
bee 112

Y A
206 536

A
1el

520
262
518
b6
208
208
Boe
olili)
216
262

666

bb6

beb

bye

612

211

206

210

bee

006

666

beb

beb

d
bbo

beb

[lahe)

oee

200

boe

beb

beb

630

boe

Hee

122

d
662

o]

109

beb

eb2

bed

562

boe

262

206

210

aJoe

y
262

202

oeb

oeb

262

oee

el

pee

ml

beb

a0e

)]

5 3 3
066 beb Heb
1T4/1€12

I S 1
1@ 222 1710
189/1¥0¢
A9 o3
e16 666 eeb
169/1661

9 S 1
666 227 270
129/1981

I ¥ 0
23e 062 Hed
16G/T44T

i 4 1
233 262 oop
196/1897

0 1 1
bes 530 o3e
1€5/T6GT

9 I Y
266 201p 206
T06/104T
AT 3
216 beb Heb
Liv/11v1

W d V¥
bie B62 206
Tvy/12e1

0 4 1
bea 2917 230
TTv/1621

N S d
oee 221 202

18E/Tv1T

.
219

beb

200

or)

266

0)°00]

262

192

3
beb

;
611

d
262

a
Jeb

L
201

b6b

201

206

612

219

q
oeb

.
6579

1
672

A
696

]
beb

1
610

9
B66

S
20)

A
116

1
612

d
300
B62
616
266
Bea

662

206

312

ge "bid

3
beb

:
212

9
266

A
716

1
208
266
a3e
slale)
olike)
207

670

o]

I
jie

d
262

4
013

Y
bb2

u@w
J0P
220
beb
616
10
210

Y
206

M
bb3

H
oed

W
Bae

1
1310

A
616

mmw
o))
oeb
beb
522

206

672

Y
206

Y

20b

b6

beb

202

222

206

111

636

bee

bbe

-

210

4 A
665 626 Hee
10£/101¢

S W 9
221 67e 066
1£9/110¢

S v 1
obe 236 2op
Iv9/1¢61

I 0D S
110 6eo obp
T19/1€81

I N D
31k oee bHed
18G/1¥/1

H A 1
Jed 016 639
186/1991

3 ¥ 1
beb vba 6730
1¢5/1961

T A ¥
210 636 66D
16v/1L11

3 A 3
feb 6716 Beb
19%/18¢C1T

i AN 3
beb 616 Heb
1€y/16<1

i 9 Yy
beb 66b 626
10¥/1021

W d @
B1e 220 oeb

TLE/TTT1

d A
222 2P}

Jp3 210

Bbed 2op

21 oeb

632 oee

206 222

Y 3
226 Beb

ER
beb 672

1T S
6712 201

i A
beb op3

a 4
1eb beh

a 3
oeb beb

S
obe

616

oed

b33

220

b1o

510

bed

210

112

boe

H0)}

0

opb

200

b1b

Jeb

206

b6

bb7

°11

E
M

71

oeb

b36

20]

oeb

206

262

§]%)

119

beb

230

A
o]

Jee

bbe

612

obe

ple

106

097

0310

612

H6b

oeb

d
262

2718

666

616

203

o2k}

obe

aee

opY

262

666

b2

I 4
1ie 213
169/1.0¢2
L3 v
20p bee 206
199/1861

j 0 4
beb Bes 111
1€9/1681
M9 3
B51 266 Beb
109/7081

T ¥ 9
110 bbe 266
TLS/TTLT

1 N 3
Jop oep Bpe
1vS5/1291
LS ¥
20p 227 2b2
115/1€5T

T N A
210 Jee 213
18V /TvPI

Y A 0
206 636 opb
[Sh/15¢E1

i 3 9
peb eeb ebb
1¢7/19¢1

A ¥ Y
e 162 66D
16C/TL11

5 31 ¥
266 beb BH2

19€/1801

3
feb

Page 7



5,885,813

Sheet 7 of 12

Mar. 23, 1999

U.S. Patent

* 3
beq beb
T1€8/16¥¢

M A 9 3 W A I X ¥ T
661 2016 666 Heb Bie 216 Heb Hee 226 B2

108/10v¢

T 17 W ¥ Y 9 17 3 0 1
6317 272 Hie bB6e 626 66D H30 eeb bed 310
14471182

W N 4 ¥ W ¥ 3 V V 1
Bbie 2ee 25771 206 He 260 HGeb 626 HI6 Heb

1vL/1¢ec

J¢ "bid

oy s o1 M g 3 9 1719

Bee 206 221 210 667 oeb beb 666 630 266 616 6eb 616 6eb 612 222 616 Bed £ 23D

1¢8/191¢
VvV V A ¥ 3 ¥V ¥4 a0 X d

A

y

E|

3

A

1

3

A

1

1

d

]

A

d

0

H

1 d

118/1E%¢
A D

106 006 e1b6 Bbe Heb 636 662 2eb Hee 220 206 Heb 210 916 630 Heb oeb sed 636 Hed

T6L/1LEC
d d 4 1T 4 A W ¥ T ¥

W

1

d

Y

Y

1

9}

0

18L/T¥EC
A d

662 200 017 330 660 616 B3 226 630 Bee 610 210 e 296 226 2J 266 Bed 216 HID

19£/18¢¢
d A S A A 34 ¥ N T (@

d

A

A

d

d

J

9

k)

154/15¢¢
1 1

0b2 H36 obe bee 616 660 206 dee 930 Jeb 220 £36 e 262 662 262 266 237 230 2dde

1€L/161¢

1¢L/191¢

Page 8



5,885,813

Sheet 8 of 12

Mar. 23, 1999

U.S. Patent

A
19

!
v

d
330

J
999

d
V9

A
S)'AY

M
091

A
19

d
VI

d
920

A
vl

.
913

v 1. 0 X3 v 1T T 95 d A

339 2L2 Jv9 9vv 209 313 210 099 990 719
18€/1801

J V. OV 1 ¥V X 1 3 ¥V M

991 329 329 913 209 Wwv 11D 9v9H 929 HoL
1¢E/196

v 3 3 1 4 V 4 ¥V 3 7

309 9v9 9v9 912 33D 329 332 2239 9v9 91D
16¢/148

i ¥4 0 4 3 ¥ 9 0 VvV 7

Y9 992 IV9 330 Iv9 993 999 9HvI 209 J1D
19¢/18.

1 7T H v X I X 3 ¥ A

YO OL3 Jvd 239 9wV JLV 9Dyv 9v9 990 019
1€2/169

1T 1 X 1 v 1 3 3 95 1

910 040 9vv J1D J39 JJV DV Hy9H 999 D1V
102/109

0 3 4 ¥ 1 9 A X 3 M

9vJ 9vD 930 99v J1D D099 VL HWW 9vH 991
TL1/118

T 0 A 1 0 ¥ a v L 1

910 Ww¥3 Jvl 313 Jv9 39D J¥H 229 20V 21D
v1/12y

v 3 A 9 4 A 3T T ¥ 1

939 Ov9 JvL 299 332 219 9v9H 010 29D IV
TTT/1¢€€

1l 4 Vv ¥4 9 Vv X A ¥V 3

90V 923 339 99V 999 HIY DYV VL 009 9HvH
18/1¥¢

9 0 3 X 1 v X 1T 1 S

099 VD 99 9wV 913 229 9vv 310 010 09V
16/151

v 4 4 1 84 A ¥V 1T H H

939 J1L 211 J3v 390 Jvl 309 wpwmw%w I

vy "bLd

i 3 1 0 3 1 95 v 7
OvI OV 310 JV9 HVY V1D 999 929 911
wE/120T1

W d 3 4 ¥ S T A 4
91V 232 9v9 332 39) 221 210 919 D11
T1E/1€E6

1T 9 4 3 H 17 1 S 9
910 299 JLL 9v9 J¥3 210 219 29v 299
18¢/1¥8

a A 3 1 4 1 a0 L ¥
IV9 919 Yv9 913 2230 1D IvH IV 29D
19¢/15.

N 3 4 3 A ¥ 0 71 N
OWW W9 VIJ 9¥V V19 990 V9 91D Jwv
1¢2/199

9 X A 9 4 1T N 0 S
J99 9vV D19 999 223 010 WY IvH D01
16T/14S

M 3 4 L I 1T H 9
113 991 9v¥9 933 JJV 21V 210 Jvd 299
191/18y

I 4 A 3 A 95 3 ¥ 3
J1V 290 919 9v9 JvL 999 99 HvY W9
1€1/16€

4 9 1 1T 0 A T 3 N
111 999 913 312 Jv9 9H19H H1I 9vH Hwy
1o01/10¢€

AY 3 H ¥ 4 S 4 ¥
JVL 229 9¥D Jv¥J 290 JLL D201 3239 229
1L/11¢

AV 4 9 A A ¥V D A
OVV 329 JLL 299 Jv¥L 219 929 9vI 919
w/1c1

9 4 A 1T T A ¥ 9 Y
999 Jv9 919 913 21D 019 990 295 vwv
11/1¢

d 0 v v ¥ H A 4 9 0@
933 Jv9 Y39 V29 992 IvI H19 992 199 Iv9
1£€/166

9 A 4V 9 3 4 4 d M
399 919 211 339 999 W9 920 920 32D 991
10E€/106

4 3 1T ¥ 3 7T 4 vV ¥ 1
JLL 9v9 910 99V 9v¥D 910 J1L 229 99V 11D
1Le/118

Ad S 1T 3 7 S T YT
919 992 331 210 9v¥9 911 301 210 99V 210
we/siel

1 17T N 3 7T S 9% M 3
OV 013 310 WV W9 910 J9v v99 991 9v9
[1¢/1€9

d @ 9 A 71 ¥V ¥ 4 0 A
903 Jv9 939 919 312 299 097 JLL I¥9 919
8L/1vS

i 4 H 1 A Y A ¥ 0 S
9v9 003 JvD D10 319 229 219 297 w9 201
[GT/1GY

v X X3 v 1 1L v 1 A 0
939 OVV 9vv 209 913 I3V 229 J1D 1LY Jv9
1¢1/19¢

I 17 v 1. 0 ¥4 4 4 0 13
ALY 312 329 JLD 9¥D 992 230 OLL JvH HvH
16/14¢

v 4d 4 A A 4 AV
vV 009 Jv9 LLL 219 519 211 219 209 9w
19/181

d 3 9 4 S 1L 1 1 9
930 ¥v9 399 990 J9v IV IV 21D 299 9wV
[RVARS

d 3 4 17 d 1T W Vv 3 W
930 w9 L11 31D 930 11D 91V 939 w9 wp<
/T

Page 9



5,885,813

Sheet 9 of 12

Mar. 23, 1999

U.S. Patent

9 4
J99 990 oWV

i 3 A
V9 9vd Jvl

W1 d
91V 919 220

1 N 3
9L JvV wv9

i v
JLL 329 990

v 1L 0
929 9V IV)

T 3 d
313 9v9 990

A0 1
VY YVI 90V

v 1 ¥
929 911 999

9 1 v
999 23V 329

N
VW LD 21D

i 4 1

d

9 3 3 1 1

gy bl
3 L M Y Y A N d 4 S

0

k|

A

d

E|

I

k)

IOV 999 v Iv9 910 D0V vV W9 VIV 991 039 990 919 HYY 220 L1 29Y WD DLL VL 29D Ov¥9 VIV 11t

d
220

d
o9

d
VI

!
390

N
vy

3
ovo

N

T1L/1€Te
I v 1.3 0 S

10£/10T¢
1 4 H VvV S W 5 A 7T A

9

E

N

A

1

),

v

JLV 339 LLD 9v9 9v0 301 0L 99Y LvD 329 JJL 9LV 299 IVL J1D 219 299 J1L J¥V 91D DIV W 209

189/110¢

A R R
919 2339 9v9 930 330 219
199/1561

9 S 1T H v 1
999 201 319 J¥3d 329 210
1¢9/1981

I ¥ 0 9 1 d
JLV 99V 9vJ 299 9Ll 222
16G/14L1T

i 4 1L H 1 ¥
JLL 292 J23v Ivd 310 292
1959/1891

O 1 I X 3 A

1£9/110¢

J 4 W M S v 1 0 1 H
999 OLL 9LV 931 J9v¥ V29 JJV 9vI JIV Iv)
179/1¢61

Ay 1T 3 T 0 S A0 1
919 090 213 9v9 VLIV 9v) 09V 1vL Iv9 919
119/1€81

L 3 A d I N O T N
90V 090 319 332 JLV vV 9¥D HLD vV 22D
185/1pL1

9 L ¥4 d H A 1 S d 17
399 90V 99V 920 IvO 319 J10 29V ¥II JLD
165/1991

I 4 H Vv 3 ¥ 7 v 3 7

IV 010 J1V 9wV 9vD 919 JLV 32D J¥D 029 HY9 990 V1D 229 9v9H 91D

T€G/166T

9 1 Vv 4 1 H
999 OLL 239 220 110 99v
109/T06T

AMd 3 3 T Y
919 9v9 9v9 9v9 01D 090
Ty/TTrl

W H v 1T A
91V J¥d 209 913 319 990
Iy /1eT

d H 1 ¥4 3 S

1¢5/196G1

13 a 4 71 A 4 3 10D
119 9v9 JvD LLL 312 919 99V vv9 91D 9v)
16v/1L91

d I 3 3 v 1 3 1 S 1
993 0LV OV9Y 9v9 939 11D 9v9 910 JIL 11D
19v/18€1

S 1T 4 X 3 A 3 H A 1
901 210 320 9wV W9 919 9v9 Ov) JvL LD
€v/16¢1

T 1 v ¥ H v v g 3 1

IVV 990 1¥) J13 99V 99 HOL 31D 312 229 99) I¥D 229 329 Iv9 HvH 9oV

1

ITp/1€e1
N S d 0 71 1

10v/10¢1

A T 1T W 4 0 a0 9 4

Y
9VI 330 J0v 30V WV D01 30D Jv9 91J JLD I¥L 229 J1D 21D HLV 22D Iv9 2v¥9 999 29D

18€/1v11

TLE/TTTT

I

d

A

9

3

0

3

JLV JvO 9vY 999 9vH HvD OLL

Y

A

1

v

M

9

v

309 919 911 939 991 199 929

d

S

S

S

1

d

9

V9 301 J9v 19V 110 99v 999

d

d

A

A

L

N

A

930 Jv9 919 JVL IV OW Hwy

A

v

v

S

1

S

d

919 939 329 J9v 22V 201 292

d

d

S

N

1

N

3

Iv9 990 201 Jwv 310 Jwv JLL

Y

D

1

A

i

A

@

9209 9¥3 113 JvL 229 919 Iv9

M

1

1

)

3

3

9

991 113 212 9wy HvH Hv9H 999

M

3

9

9

A

J

d

991 Yv9 999 939 JvLl 290 990

A

1

@

1

9

3

d

VvV AV
209 919 909
169/1.0¢

v 4
239 990 290
199/1861
Ado T
219 99v JLV
1€9/1681

3 vV A
ovO 009 919
109/1081

L v 1
0V 009 9V
T45/TTLT

1 3 1
210 9wV v
wS/191

> 9 1
Vv 299 VY
T15/1€51

d H 9
922 JvI 099
18y/ vl

1 ¥ A
910 99) v19
1S9p/16¢E1

i 1 ¥
v 212 290
Tey/19¢1

v A D
939 919 999
168/ TLTT

S vV 1

919 210 Jv9Y VLD 999 9v9 99v 901 209 91l

19€/1801

Page 10



5,885,813

Sheet 10 of 12

Mar. 23, 1999

U.S. Patent

Jdr bid

* 9 X YV S T M 0 3 9 N 9 AT AT T 4 A VY T AV

9vL 199 9vY 339 201 11D 991 Jv9 9¥9 999 91V 999 91D 9Y9 919 9vH 919 199 919 999 913 23) 1vl 209 9wy

1€8/16v¢ 1¢8/19¥%¢ L18/1ew¢

3 WY 3 3 Y T YV ¥V AT TV ¥V D 4V 3 7 7 1 i @ H A 0 1 1T W
9v9 OLV 239 HV9 BvY 009 1L 139 929 919 HY9 9¥H 299 99 999 ¥¥D 39D 109 99 919 JL3 310 9v9 I¥9 IvD J1H Hvd 31D 21D HLy
108/10%¢ 16//14€2 184/1%¢€C

4 v 9 W 3 4 T ¥4 d 4 1T % AW Y T Y W T ¢ v v 1 9 0 A d W N 4
93 339 999 91V 9¥9 992 31D 290 320 JLL JLI 9%V 919 DIV 999 I19 9w 9Ly J13 Jv9 339 329 0V 299 9vD 21D 30D 9LV oW JLL
TLL/11EC 19//18¢¢ 164/1G¢2¢

VW ¥ 3 ¥V vV 3 4 A S X A Y Y N 1 a 4 A Ad ¥4 ¥ 9 4 17 1L 3 A A
939 9LV 390 99 939 309 9¥9 99¥ I19 29V vV 919 999 229 AW I1D I¥9 ) 919 JV1 39 99V VIV ¥99 OLL 21D IV W¥9 919 JvL
IvL/12ee 1€L/161¢ 1cL/191¢

Page 11



5,885,813

Sheet 11 of 12

Mar. 23, 1999

U.S. Patent

Ay T T N 3 0 9
919 99V 21V 910 OwY W9 OvH 999

3 vV A 4 ¥V ¥H ¥ I
V9 029 919 311 229 997 090 JLY

L v 1 v 1 0 N A4
90V 329 93Y 329 YOV HvD Owv D11

T X 1 17 3 ¥4 H D
J10 9vV 20V 210 9v9 990 IvD 9v)

A9 L ¥ 0 1 % b
VY 099 VOV 9wV YY) DIV Hvy 999

d H 9 Vv 1T d 4 A
900 ¥ 399 929 911 292 211 219

1T 8 A 9 1 ¥ 3 N
9L0 990 V19 999 JJ¥ 209 9v9 91y

i 1T ¥4 ¥ 1 1 N ¥
V9 013 293 9wV 11D 210 Jvv 999

v A9 3 4 L 1 N
939 919 999 9v9 220 20V JIV Iwv

S V. 1 A Y T 0
901 309 9LL 319 229 310 Iv¥H 9wy

4 9 0 ¥4 2 v v 7
990 099 Jv9 99v 291 229 229 919

d 4 M 4 VvV 3 3 7
930 330 991 332 229 9v9 9vH 91D

S
2L 21D
19€/1501
4 0
IOV IV)
[ce/196
d 1
293 ¥
16¢/148
1 1
J13 2Ly
192/18¢
1 v
911 209
1€2/169
R
v 9v9
102/109
H Vv
IV 09
TL1/119
H 1
1vd 219
wi/1ey
S d
991 320
Ti1/1ee
v
939 210
18/1¥v¢
v
09 YWy
15/161
d Vv
932 229
1¢/19

vG b1l
H vV 7 A ¥ T 3 I

0 S

A0 1T ¥V AT YA

v 309 210 319 990 JLD 9v9 VLIV YD 29V 1VL J¥9 910 229 919 911 999 991

9 1 d L ¥4 A d 1
399 9LL 232 22V 290 219 220 2LV

H 1 ¥4 9 1 ¥ d H
Jv0 019 292 299 9Iv 99V 92D IV

A3 A T d H v 3
YV 9v¥D 919 JLY 320 v 229 9vH

d 1 4 1 3 a0 4 1
900 112 99V 11D 9v9 Jv9 111 219

i 17 ¥4 ¥ 1 3 3 V¥
90 013 39D 390 JLV 9v9 9vH 99

T A ¥4 S 71 4 % 3
913 219 992 J0L 210 220 9vY W9

d 3 S 1 7 Vv ¥ H
99V 9¥9 931 IL3 012 229 997 V)

a 17T 1T A Y 1 1 W
Iv9 910 31J VL 309 219 212 HLY

T 9 ¥ A 3 ¥ 1 a
310 399 993 219 Hv9 9vV J1J v

1T 3 vV M W d 3 d
112 9v9 939 99L HIV 323 9vD 22D

d v 3 17 1 9 4 73
330 329 9v9 L3 210 299 J11 99

I7E/1201
N O
AW 9v)
[1e/1¢6
A
J19 212
18¢/1v8
d 1
990 V12
15¢/162
A
919 99V
1ec/199
T 3
113 9v9
161/1.5
A
919 9v9
191/18%
v V¥
339 229
TE€T/16€
d
20 JvY
10T/10€
L
AN
LL/11¢
g S
999 0L
v/1ct
H 1
V3 JLD
11/1¢

17 N 4 0 S S S 1
910 JwV 330 Jv9 201 29v L9y 11D

S d 1 d 0 A A 1
99V V3O 31D 322 IvH 919 vl JIv

v 3 1 A v v S |
339 9v9 912 919 939 209 29v IV

i 17 0 0 ¥4 S N 1
w9 910 9vJ Jv9H 990 201 Iwy J1)

1S 1T v 0 1 & ¥
910 301 112 209 9¥0 11D JvL 229

H A 1T M 1 71 X% 3
VD JVL JLD 991 11D 21D 9vv 9v9

¢ 3 1 M 3 9 9 A
VY OVY 9IV 991 Hv9H 999 999 V1

a 9 4 A 71 a0 1 9
I¥9 999 32J 919 010 IvH V1) 999

9 V. 1 4 0 Vv VvV ¥
999 939 911 232 IvH ¥I9 vI9 99)

1T A 4 9 A 4 ¥ 9

J v
199 929
1EE/166

d 9
9V 999
[0€/106

N
VY OWY
1Le/T18

S 4
L 290
1ye/1es

N
vV 211
11¢/1€9

Ao
919 Iv9
I8T/1v5

E I
av9 999
1ST/15¥

d
290 990
1e1/19¢

E IR
ovo YoV

16/14¢

H A
v 919

19/181

j d

913 219 JLL 399 919 011 229 999 V¥9 920

TS 9 4 3 71 ¥ 13
913 J9v 299 JLL ¥vH 9L 190 vv9

e/16

T W
910 91V
/1

Page 12



5,885,813

Sheet 12 of 12

Mar. 23, 1999

U.S. Patent

g6 bt

x 9 A v S 1T M 0 3 95 W B

VL 199 Ovv 209 J0L 113 991 Jv9 HvH 999 H1v 999

195/1891 165/15991

AY X 3 W OV 3 AV 1T ¥V ¥V A T I ¥V ¥ V 0 d
L1v1 239 9vv 9vD DLV 329 OvO 9vv 330 9Ll 139 939 919 9v9 9v9 329 99) 929 W) 320
1€G/16S1 1¢S/T9G1

T 1 W 34 vV 9 W 3 ¥4 1 d d 4 T X A W ¥V 1T
313 213 91¥ 392 229 999 91V Ov9 933 31I 097 303 JLL 213 9wV 919 91V 209 210 vy
105/109T Tev/Tiv1

W N 4 Vv W ¥ 3 vV V 3 ¥4 A S ¥ A ¥4 V N 7T (@
9LV Jvv JLL 329 91V 393 9v9 939 229 IvI 99V J19 29V Hvv 919 5HI 209 IwW JLD Iv9
[YAZ4007! 19%/18€1

i A A 9 4 X3 ¥4 9 33 1T L N I T MV ¥y A
vv9 919 JvL 299 997 9vv D9V 99D OV9 IvI DD DIV OvV WO V1V 991 309 990 919 Hwv
vy /TeET [Ev/16c1

v Ay 3 3 A4 I ¥V 1T 3 0 S 1T ¥4 H ¥V S W 9
939 919 929 ¥v9 Wv9 JvL 330 J1V 239 VLD 9vO 9vd 321 D10 99V 1¥w) 309 301 9LV 299
TTy/TecT 10¥/10¢1

v 4 ¥4 W 1 4 0 AV 3 d d A 93 4 W M S VvV |
939 992 390 9Lv¥ 913 332 Iv9 919 J39 9v9 933 333 319 399 JLL DLV 9L 29V vI9 IV
18€/1v11 TLE/TTTT

A AN 3 71T 4 A VT d
919 9v9 919 9vO 912 232 519 339 310 22D
5/1291

v 3 1 1 1 3 0@ H A D
909 VI 913 013 21D 9v¥9 Jv9 Jvd 219 9YD
T16/1€51

W 1 ¢ v v L 95 0 A d
9LV 313 Jv9 239 339 I3V 299 9vI 219 I2)
8y/1vvl

d A A ¥4 ¥4 ¥4 9 4 1T 1
333 919 Jv1 290 99V VIV ¥99 D11 J10 DIV
15v/15€1

d 4 S 0 4 A ¥ 3 T
933 JOLL 29V WvD 211 OVl 292 9v9 viv 111
Lev /191

AT A 9 AN A LN Y
VL 010 219 299 J¥L Owv 919 90V Hwv 239
16E/TL11

0O L H I 4 % 9% 3 0 A4
9vJ 20V ¥ JLV Jv9 Hvv 999 9v9 9vD DLL
19¢€/1801

Page 13



5,885,813

1
THERMOSTABLE DNA POLYMERASES

This application is a Continuation-in-Part application of
U.S. Ser. No. 08/455,686, filed May 31, 1995, now aban-
doned.

BACKGROUND OF THE INVENTION

The present invention relates to novel thermo-stable DNA
polymerases, the genes and vectors encoding them and their
use in DNA sequencing.

U.S. Pat. Nos. 4,889,818 and 5,079,352 describe the
isolation and expression of a DNA polymerase known as Taq
DNA Polymerase (hereinafter referred to as Taq). It is
reported that amino-terminal deletions wherein approxi-
mately one-third of the coding sequence is absent have
resulted in producing a gene product that is quite active in
polymerase assays. Taq is described as being of use in PCR
(polymerase chain reaction).

U.S. Pat. No. 5,075,216 describes the use of Taq in DNA
sequencing.

International patent application WO 92/06/06188
describes a DNA polymerase having an identical amino acid
sequence to Taq except that it lacks the N-terminal 235
amino acids of Taq and its use in sequencing. This DNA
polymerase is known as A Taq.

U.S. Pat. No. 4,795,699 describes the use of T7 type DNA
polymerases (T7) in DNA sequencing. These are of great use
in DNA sequencing in that they incorporate dideoxy nucleo-
side triphosphates (NTPs) with an efficiency comparable to
the incorporation of deoxy NTPs; other polymerases incor-
porate dideoxy NTPs far less efficiently which requires
comparatively large quantities of these to be present in
sequencing reactions.

At the DOE Contractor-Grantee Workshop (Nov. 13-17,
1994, Santa Fe) and the I. Robert Lehman Symposium (Nov.
11-14, 1994, Sonoma), Prof. S. Tabor identified a site in
DNA polymerases that can be modified to incorporate
dideoxy NTPs more efficiently. He reported that the pres-
ence or absence of a single hydroxy group (tyrosine vs.
phenylalanine) at a highly conserved position on E. coli,
DNA Polymerase I, T7, and Taq makes more than a 1000-
fold difference in their ability to discriminate against
dideoxy NTPs. (See also European Patent Application
94203433.1 published May 31, 1995, Publication No. 0 655
506 Al and hereby incorporated by reference herein.)

SUMMARY OF THE INVENTION

The present invention provides a DNA polymerase having
an amino acid sequence differentiated from Taq in that it
lacks the N-terminal 272 amino acids and has the phenyla-
lanine at position 667 (of native Taq) replaced by tyrosine.
Preferably, the DNA polymerase has methionine at position
1 (equivalent to position 272 of Taq) (hereinafter referred to
as FY2) The full DNA sequence is given as FIG. 1 (SEQ. ID.
NO. 1). Included within the scope of the present invention
are DNA polymerases having substantially identical amino
acid sequences to the above which retain thermostability and
efficient incorporation of dideoxy NTPs.

By a substantially identical amino acid sequence is meant
a sequence which contains 540 to 582 amino acids that may
have conservative amino acid changes compared with Taq
which do not significantly influence thermostability or
nucleotide incorporation, i.e. other than the phenylalanine to
tyrosine conversion. Such changes include substitution of
like charged amino acids for one another, or amino acids
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2

with small side chains for other small side chains, e.g., ala
for val. More drastic changes may be introduced at noncriti-
cal regions where little or no effect on polymerase activity
is observed by such a change.

The invention also features DNA polymerases that lack
between 251 and 293 (preferably 271 or 272) of the
N-terminal amino acids of Thermus flavus (Tfl) and have the
phenylalanine at position 666 (of native Tfl) replaced by
tyrosine; and those that lack between 253 and 295
(preferably 274) of the N-terminal amino acids of Thermus
thermophilus (Tth) and have the phenylalanine at position
669 (of native Tth) replaced by tyrosine.

By efficient incorporation of dideoxy N'TPs is meant the
ability of a polymerase to show little, if any, discrimination
in the incorporation of ddNTPs when compared with
dNTPs. Suitably efficient discrimination is less than 1:10
and preferably less than 1:5. Such discrimination can be
measured by procedures known in the art.

One preferred substantially identical amino acid sequence
to that given above is that which contains 562 amino acids
having methionine at position 1 and alanine at position 2
(corresponding to positions 271 and 272 of native Taq)
(hereinafter referred to as FY3). A full DNA sequence is
given as FIG. 2. This is a preferred DNA polymerase for
expression by a gene of the present invention.

The purified DNA polymerases FY2 and FY3 both give a
single polypeptide band on SDS polyacrylamide gels, unlike
A Taq, having either a phenylalanine or tyrosine at position
667 which forms several polypeptide bands of similar size
on SDS polyacrylamide gels.

A second preferred substantially identical amino acid
sequence is that which lacks 274 of the N-terminal amino
acids of Thermus thermophilus having methionine at posi-
tion 1, and the phenylalanine to tyrosine mutation at position
396 (corresponding to position 669 of native Tth)
(hereinafter referred to as FY4). A full DNA sequence is
given as FIG. 5 (SEQ. ID. NO. 14).

The present invention also provides a gene encoding a
DNA polymerase of the present invention. In order to assist
in the expression of the DNA polymerase activity, the
modified gene preferably codes for a methionine residue at
position 1 of the new DNA polymerase. In addition, in one
preferred embodiment of the invention, the modified gene
also codes for an alanine at position 2 (corresponding to
position 272 of native Taq).

In a further aspect, the present invention provides a vector
containing the gene encoding the DNA polymerase activity
of the present invention, e.g., encoding an amino acid
sequence differentiated from native Taq in that it lacks the
N-terminal 272 amino acids and has phenylalanine at posi-
tion 396 (equivalent to position 667 of Taq) replaced by
tyrosine or a substantially identical amino acid sequence
thereto.

In a yet further aspect, the present invention provides a
host cell comprising a vector containing the gene encoding
the DNA polymerase activity of the present invention, e.g.,
encoding an amino acid sequence differentiated from native
Taq in that it lacks the N-terminal 272 amino acids and has
phenylalanine at position 396 (equivalent to position 667 of
native Taq) replaced by tyrosine or a substantially identical
amino acid sequence thereto.

The DNA polymerases of the present invention are pref-
erably in a purified form. By purified form is meant that the
DNA polymerase is isolated from a majority of host cell
proteins normally associated with it; preferably the poly-
merase is at least 10% (w/w) of the protein of a preparation,
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even more preferably it is provided as a homogeneous
preparation, e.g., a homogeneous solution. Preferably the
DNA polymerase is a single polypeptide on an SDS poly-
acrylamide gel.

The DNA polymerases of the present invention are suit-
ably used in sequencing, preferably in combination with a
pyrophosphatase. Accordingly, the present invention pro-
vides a composition which comprises a DNA polymerase of
the present invention in combination with a
pyrophosphatase, preferably a thermostable pyrophos-
phatase such as Thermoplasma acidophilum pyrophos-
phatase. (Schafer, G. and Richter, O. H. (1992) Eur. J.
Biochem. 209, 351-355).

The DNA polymerases of the present invention can be
constructed using standard techniques. By way of example,
mutagenic PCR primers can be designed to incorporate the
desired Phe to Tyr amino acid change (FY mutation) in one
primer. In our hands these primers also carried restriction
sites that are found internally in the sequence of the Taq
polymerase gene clone of Delta Taq, pWB253, which was
used by us as template DNA. However, the same PCR
product can be generated with this primer pair from any
clone of Taq or with genomic DNA isolated directly from
Thermus aquaticus. The PCR product encoding only part of
the gene is then digested with the appropriate restriction
enzymes and used as a replacement sequence for the clone
of Delta Taq digested with the same restriction enzymes. In
our hands the resulting plasmid was designated pWB253Y.
The presence of the mutation can be verified by DNA
sequencing of the amplified region of the gene.

Further primers can be prepared that encode for a
methionine residue at the N-terminus that is not found at the
corresponding position of Taq, the sequence continuing with
amino acid residue 273. These primers can be used with a
suitable plasmid, e.g., pWB253Y DNA, as a template for
amplification and the amplified gene inserted into a vector,
e.g., pRE2, to create a gene, e.g., pRE273Y, encoding the
polymerase (FY2). The entire gene can be verified by DNA
sequencing.

Improved expression of the DNA polymerases of the
present invention in the pRE2 expression vector was
obtained by creating further genes, pREFY2pref (encoding
a protein identical to FY2) and pREFY3 encoding FY3. A
mutagenic PCR primer was used to introduce silent codon
changes (i.e., the amino acid encoded is not changed) at the
amino terminus of the protein which did not affect the
sequence of the polypeptide. These changes led to increased
production of FY2 polymerase. FY3 was designed to pro-
mote increased translation efficiency in vivo. In addition to
the silent codon changes introduced in pREFY2pref, a GCT
codon was added in the second position (SEQ. ID. NO. 2),
as occurs frequently in strongly expressed genes in E. coli.
This adds an amino acid to the sequence of FY2, and hence
the protein was given its own designation FY3. Both con-
structs produce more enzyme than pRE273Y.

Silent codon changes such as the following increase
protein production in E. coli:

substitution of the codon GAG for GAA;

substitution of the codon AGG, AGA, CGG or CGA for

CGT or CGC;

substitution of the codon CTT, CTC, CTA, TTG or TTA

for CTG;

substitution of the codon ATA for ATT or ATC,;

substitution of the codon GGG or GGA for GGT or GGC.

The present invention also provides a method for deter-
mining the nucleotide base sequence of a DNA molecule.
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The method includes providing a DNA molecule annealed
with a primer molecule able to hybridize to the DNA
molecule; and incubating the annealed molecules in a vessel
containing at least one deoxynucleotide triphosphate, and a
DNA polymerase of the present invention. Also provided is
at least one DNA synthesis terminating agent which termi-
nates DNA synthesis at a specific nucleotide base. The
method further includes separating the DNA products of the
incubating reaction according to size, whereby at least a part
of the nucleotide base sequence of the DNA molecule can be
determined.

In preferred embodiments, the sequencing is performed at
a temperature above 50° C., 60° C., or 70° C.

In other preferred embodiments, the DNA polymerase has
less than 1000, 250, 100, 50, 10 or even 2 units of exonu-
clease activity per mg of polymerase (measured by standard
procedure, see below) and is able to utilize primers having
only 4, 6 or 10 bases; and the concentration of all four
deoxynucleoside triphosphates at the start of the incubating
step is sufficient to allow DNA synthesis to continue until
terminated by the agent, e.g., a ddNTP.

For cycle sequencing, the DNA polymerases of the
present invention make it possible to use significantly lower
amounts of dideoxynucleotides compared to naturally occur-
ring enzymes. That is, the method involves providing an
excess amount of deoxynucleotides to all four dideoxynucle-
otides in a cycle sequencing reaction, and performing the
cycle sequencing reaction.

Preferably, more than 2, 5, 10 or even 100 fold excess of
a dNTP is provided to the corresponding ddNTP.

In a related aspect, the invention features a kit or solution
for DNA sequencing including a DNA polymerase of the
present invention and a reagent necessary for the sequencing
such as dITP, deaza GTP, a chain terminating agent such as
a ddNTP, and a manganese-containing solution or powder
and optionally a pyrophosphatase.

In another aspect, the invention features a method for
providing a DNA polymerase of the present invention by
providing a nucleic acid sequence encoding the modified
DNA polymerase, expressing the nucleic acid within a host
cell, and purifying the DNA polymerase from the host cell.

In another related aspect, the invention features a method
for sequencing a strand of DNA essentially as described
above with one or more (preferably 2, 3 or 4) deoxyribo-
nucleoside triphosphates, a DNA polymerase of the present
invention, and a first chain terminating agent. The DNA
polymerase causes the primer to be elongated to form a first
series of first DNA products differing in the length of the
elongated primer, each first DNA product having a chain
terminating agent at its elongated end, and the number of
molecules of each first DNA products being approximately
the same for substantially all DNA products differing in
length by no more than 20 bases. The method also features
providing a second chain terminating agent in the hybridized
mixture at a concentration different from the first chain
terminating agent, wherein the DNA polymerase causes
production of a second series of second DNA products
differing in the length of the elongated primer, with each
second DNA product having the second chain terminating
agent at its elongated end. The number of molecules of each
second DNA product is approximately the same for sub-
stantially all second DNA products differing in length from
each other by from 1 to 20 bases, and is distinctly different
from the number of molecules of all the first DNA products
having a length differing by no more than 20 bases from that
of said second DNA products.

In preferred embodiments, three or four such chain ter-
minating agents can be used to make different products and
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the sequence reaction is provided with a magnesium ion, or
even a manganese or iron ion (e.g., at a concentration
between 0.05 and 100 mM, preferably between 1 and 10
mM); and the DNA products are separated according to
molecular weight in four or less lanes of a gel.

In another related aspect, the invention features a method
for sequencing a nucleic acid by combining an oligonucle-
otide primer, a nucleic acid to be sequenced, between one
and four deoxyribonucleoside triphosphates, a DNA poly-
merase of the present invention, and at least two chain
terminating agents in different amounts, under conditions
favoring extension of the oligonucleotide primer to form
nucleic acid fragments complementary to the nucleic acid to
be sequenced. For example, the chain terminating agent may
be a dideoxynucleotide terminator for adenine, guanine,
cytosine or thymine. The method further includes separating
the nucleic acid fragments by size and determining the
nucleic acid sequence. The agents are differentiated from
each other by intensity of a label in the primer extension
products.

While it is common to use gel electrophoresis to separate
DNA products of a DNA sequencing reaction, those in the
art will recognize that other methods may also be used.
Thus, it is possible to detect each of the different fragments
using procedures such as time of flight mass spectrometry,
electron microscopy, and single molecule detection meth-
ods.

The invention also features an automated DNA sequenc-
ing apparatus having a reactor including reagents which
provide at least two series of DNA products formed from a
single primer and a DNA strand. Each DNA product of a
series differs in molecular weight and has a chain terminat-
ing agent at one end. The reagents include a DNA poly-
merase of the present invention. The apparatus includes a
separating means for separating the DNA product along one
axis of the separator to form a series of bands. It also
includes a band reading means for determining the position
and intensity of each band after separation along the axis,
and a computing means that determines the DNA sequence
of the DNA strand solely from the position and intensity of
the bands along the axis and not from the wavelength of
emission of light from any label that may be present in the
separating means.

Other features and advantages of the invention will be
apparent from the following description of the preferred
embodiments thereof, and from the claims.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The drawings will first briefly be described.

DRAWINGS

FIGS. 1-4 are the DNA sequences, and corresponding
amino acid sequences, of FY2, FY3, and the DNA poly-
merases of 7. flavus and Thermus thermophilus, respectively.
FIG. § is the DNA sequence and corresponding amino acid
sequence of FY4.

EXAMPLES

The following examples serve to illustrate the DNA
polymerases of the present invention and their use in
sequencing.

Preparation of FY DNA Polymerases (FY2 and FY3)

Bacterial Strains

E. coli strains: MV1190 [A(srl-recA) 306::Tn10, A(lac-
proAB), thi, supE, F' (traD36 proAB* lacl? lacZ AM15)];
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DHAL* [gyrA96, recAl, relAl, endAl, thi-1, hsdR17,
supE44, 3*F 5248 [M(bio275, cI857, clll+, N+, A(H1))].

PCR

Reaction conditions based on the procedure of Barnes (91
Proc. Nat’l. Acad. Sci. 2216-2220, 1994) were as follows:
20 mM Tricine pHS8.8, 85 mM KOAc, 200 mM dNTPs, 10%
glycerol, 5% DMSO, 0.5 mM each primer, 1.5 mM MgOAc,
2.5 U HotTub (Amersham Life Science Inc.), 0.025 U
DeepVent (New England Biolabs), 1-100 ng target DNA per
100 ml reaction. Cycling conditions were 94° C. 30s, 68° C.
10 m40 s for 8 cycles; then 94° C. 30 s, 68° C. 12 m00 s for
8 cycles; then 94° C. 30's, 68° C. 13 m20 s for 8 cycles; then
94° C. 30 s, 68° C. 14 m40 s for 8 cycles.

In vitro mutagenesis

Restriction enzyme digestions, plasmid preparations, and
other in vitro manipulations of DNA were performed using
standard protocols (Sambrook et al., Molecular Cloning 2nd
Ed. Cold Spring Harbor Press, 1989). PCR (see protocol
above) was used to introduce a Phe to Tyr amino acid change
at codon 667 of native Tag DNA polymerase (which is
codon 396 of FY2). Oligonucleotide primer 1 dGCT-
TGGGCAGAGGATCCGCCGGG (SEQ. ID. NO. 3) spans
nucleotides 954 to 976 of the coding region of SEQ. ID. NO.
1 including a BamHI restriction site. Mutagenic oligo primer
2 dGGGATGGCTAGCTCCTGGGAGAGGCG-
GTGGGCCGACATGCCGTAGA GGACCCCGTAGT-
TGATGG (SEQ. ID. NO. 4) spans nucleotides 1178 to 1241
including an Nhel site and codon 396 of Sequence ID. NO.
1. A clone of exo™ Taq deleted for the first 235 amino acids,
pWB253 encoding DeltaTaq polymerase (Barnes, 112 Gene
29-35, 1992) was used as template DNA. Any clone of Taq
polymerase or genomic DNA from Thermus aguaticus could
also be utilized to amplify the identical PCR product. The
PCR product was digested with BamHI and Nhel, and this
fragment was ligated to BamHI/Nhel digested pWB253
plasmid to replace the corresponding fragment to create
pWB253Y, encoding polymerase FY1. Cells of E. coli strain
MV1190 were used for transformation and induction of
protein expression, although any host strain carrying a lac
repressor could be substituted. DNA sequencing verified the
Phe to Tyr change in the coding region.

PCR primer 3 dGGAATTCCATATGGACGATCT-
GAAGCTCTCC (SEQ. ID. NO. 5) spanning the start codon
and containing restriction enzyme sites, was used with PCR
primer 4 dGGGGTACCAAGCTTCACTCCTTGGCG-
GAGAG (SEQ. ID. NO. 6) containing restriction sites and
spanning the stop codon (codon 562 of Sequence ID. NO. 1).
A methionine start codon and restriction enzyme recognition
sequences were added to PCR primer 5 dGGAATTC-
CATATGCTGGAGAGGCTTGAGTTT (SEQ. ID. NO. 7),
which was used with primer 4 above. PCR was performed
using the above primer pairs, and plasmid pWB253Y as
template. The PCR products were digested with restriction
enzymes Ndel and Kpnl and ligated to Ndel/Kpnl digested
vector pRE2 (Reddi et al., 17 Nucleic Acids Research
10,473-10,488, 1989) to make plasmids pRE236Y, encod-
ing FY1 polymerase, and pRE273Y encoding FY2
polymerase, respectively. Cells of E. coli strain DHA" were
used for primary transformation with this and all subsequent
pRE2 constructions, and strain M5248 (A.cI857) was used
for protein expression, although any comparable pair of F.
coli strains carrying the cI* and cI857 alleles could be
utilized. Alternatively, any rec™ cI* strain could be induced
by chemical agents such as nalidixic acid to produce the
polymerase. The sequences of both genes were verified.
pRE273Y was found to produce a single polypeptide band
on SDS polyacrylamide gels, unlike pRE253Y or pRE236Y.
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Primer 6 dGGAATTCCATATGCTGGAACGTCTG-
GAGTTTGGCAGCCTC CTC (SEQ. ID. NO. 8) and primer
4 were used to make a PCR product introducing silent
changes in codon usage of FY2. The product was digested
with Ndel/BamHI and ligated to a pRE2 construct contain-
ing the 3' end of FY2 to create pREFY2pref, encoding FY2
DNA polymerase. Primer 7 dGGAATTCCATATG-
GCTCTGGAACGTCTGGAGTTTGGCAGCCTCCTC
(SEQ. ID. NO. 9) and primer 4 were used to make a PCR
product introducing an additional alanine codon commonly
occurring at the second position of highly expressed genes.
The Ndel/BamHI digested fragment was used as above to
create pREFY3, encoding FY3 DNA polymerase.
Preparation of FY4 DNA Polymerase
Bacterial Strains

E. coli strains: DH1L* [gyrA96, recAl, relAl, endAl,
thi-1, hsdR17, supE44, 1™]; M5248 [ (bio275, cI857, clll+,
N+, A (H1))].

PCR

Genomic DNA was prepared by standard techniques from
Thermus thermophilus. The DNA polymerase gene of Ther-
mus thermophilus is known to reside on a 3 kilobase AIwNI
fragment. To enrich for polymerase sequences in some PCR
reactions, the genomic DNA was digested prior to PCR with
AlIwNI, and fragments of approximately 3 kb were selected
by agarose gel electrophoresis to be used as template DNA.
Reaction conditions were as follows: 10 mM Tris pHS8.3, 50
mM KCl, 800 uM dNTPs, 0.001% gelatin, 1.0 uM each
primer, 1.5 mM MgCl,, 2.5 U Tth, 0.025 U DeepVent (New
England Biolabs), per 100 ul reaction. Cycling conditions
were 94° C. 2 min, then 35 cycles of 94° C. 30 s, 55° C. 30
s, 72° C. 3 min, followed by 72° C. for 7 min.

In vitro mutagenesis

Restriction enzyme digestions, plasmid preparations, and
other in vitro manipulations of DNA were performed using
standard protocols (Sambrook et al., 1989). Plasmid pMR1
was constructed to encode an exonuclease-free polymerase,
with optimized codons for expression in F. coli at the 5' end.
Primer 8 (SEQ. ID. NO. 10) (GGAATTCCATATGCT
GGAACGTCTGGAATTCGGCAGCCTC) was used with
Primer 9 (SEQ. ID. NO.11) (GGGGTACCCTAA
CCCTTGGCGGAAAGCCAGTO) to create a PCR product
from Tth genomic DNA, which was digested with restriction
enzymes Ndel and Kpnl and inserted into plasmid pRE2
(Reddi et al., 1989, Nucleic Acids Research 17,
10473-10488) digested with the same enzymes.

To create the desired F396Y mutation, two PCR products
were made from Tth chromosomal DNA. Primer 8 above
was used in combination with Primer 10 (SEQ. ID. NO. 12)
(GGGATGGCTAGCTCCTGGGAGAGCCTATGGGCG
GACAT GCCGTAGAGGACGCCGTAGTTCACCG) to
create a portion of the gene containing the F to Y amino acid
change as well as a silent change to create an Nhel restric-
tion site. Primer 11 (SEQ. ID. NO. 13)
(CTAGCTAGCCATCCCCTACGAAGAAGCGGT
GGCCT) was used in combination with primer 9 above to
create a portion of the gene from the introduced Nhel site to
the stop codon at the 3' end of the coding sequence. The PCR
product of Primers 8 and 10 was digested with Ndel and
Nhel, and the PCR product of Primers 9 and 11 was digested
with Nhel and Kpnl. These were introduced into expression
vector pRE2 which w as digested with Ndel and Kpnl to
produce plasmid pMRS5. In addition to the desired changes,
PMRS5 was found to have a spurious change introduced by
PCR, which led to an amino acid substitution, K234R.
Plasmid pMRS8 was created to eliminate this substitution, by
replacing the Aflll/BamHI fragment of pMRS5 for the cor-
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responding fragment from pMR1. The FY4 polymerase
encoded by plasmid pMRS8 (SEQ. ID. NO. 14) is given in
FIG. 5.

Cells of E. coli strain DH1A* were used for primary
transformation, and strain M5248 (hcI857) was used for
protein expression, although any comparable pair of E. coli
strains carrying the cI* and cI857 alleles could be utilized.
Alternatively, any rec” cI* strain could be induced by
chemical agents such as nalidixic acid to produce the
polymerase.

Protein Sequencing

Determinations of amino terminal protein sequences were
performed at the W. M. Keck Foundation, Biotechnology
Resource Laboratory, New Haven, Conn.

Purification of Polymerases

A 1 liter culture of 2xLB (2% Bacto-Tryptone, 1%
Bacto-Yeast Extract, 0.5% NaCl)+0.2% Casamino Acids+20
mM KPO,, pH 7.5+50 ug/ml Ampicillin was inoculated with
a glycerol stock of the appropriate cell strain and grown at
30° C. with agitation until cells were in log phase (0.7-1.0
ODs,0). 9 liters of 2xLB+0.2% Casamino Acids +20 mM
KPO, pH 7.5+0.05% Mazu Anti-foam was inoculated with
1 liter of log phase cells in 10 liter Microferm Fermentors
(New Brunswick Scientific Co.). Cells were grown at 30° C.
under 15 psi pressure, 350-450 rpm agitation, and an air
flow rate of 14,000 cc/min+1000 cc/min. When the ODyg,
reached 1.5-2.0, the cultures were induced by increasing the
temperature to 40°-42° C. for 90-120 minutes. The cultures
were then cooled to <20° C. and the cells harvested by
centrifugation in a Sorvall RC-3B centrifuge at 5000 rpm at
4° C. for 15-20 minutes. Harvested cells were stored at —80°
C.

Frozen cells were broken into small pieces and resus-
pended in pre-warmed (90°-95° C.) Lysis Buffer (20 mM
Tris pH 8.5, 1 mM EDTA, 10 mM MgCl,, 16 mM (NH,)
5S0,, 0.1% Tween 20, 0.1% Nonidet P-40, 1 mM PMSF).
Resuspended cells were then heated rapidly to 80° C. and
incubated at 80° C. for 20 minutes with constant stirring.
The suspension was then rapidly cooled on ice. The cell
debris was removed by centrifugation using a Sorvall GSA
rotor at 10,000 rpm for 20 minutes at 4° C. The NaCl
concentration of the supernatant was adjusted to 300 mM.
The sample was then passed through a diethylaminoethyl
cellulose (Whatman DE-52) column that had been previ-
ously equilibrated with Buffer A (20 mM Tris pH 8.5, 1 mM
EDTA, 0.1% Tween 20, 0.1% Nonidet P-40, 300 mM NaCl,
10% glycerol, 1 mM DTT), and polymerase collected in the
flow through. The sample was then diluted to a concentra-
tion of NaCl of 100 mM and applied to a Heparin-sepharose
column. The polymerase was eluted from the column with a
NaCl gradient (100-500 mM NacCl). The sample was then
dialyzed against Buffer B (20 mM Tris pH 8.5, 1 mM EDTA,
0.1% Tween 20, 0.1% Nonidet P-40, 10 mM KCI, 10%
glycerol, 1 mM DTT) and further diluted as needed to lower
the conductivity of the sample to the conductivity of Buffer
B. The sample was then applied to a diethylaminoethyl
(Waters DEAE 15 HR) column and eluted with a 10-500
mM KCl gradient. The polymerase was then diluted with an
equal volume of Final Buffer (20 mM Tris pH 8.5, 0.1 mM
EDTA, 0.5% Tween 20, 0.5% Nonidet P-40, 100 mM KCl,
50% glycerol, 1 mM DTT) and dialyzed against Final
Buffer.

Assay of Exonuclease Activity

The exonuclease assay was performed by incubating 5 ul
(25-150 units) of DNA polymerase with 5 ug of labelled
[H]-pBR322 PCR fragment (1.6x10* cpm/ug DNA) in 100
ul of reaction buffer of 20 mM Tris. HCl pH 8.5, 5 mM
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MgCl,, 10 mM KCl, for 1 hour at 60° C. After this time
interval, 200 ul of 1:1 ratio of 50 ug/ml salmon sperm DNA
with 2 mM EDTA and 20% TCA with 2% sodium pyro-
phosphate were added into the assay aliquots. The aliquots
were put on ice for 10 min and then centrifuged at 12,000 g
for 10 min. Acid-soluble radioactivity in 200 ul of the
supernatant was quantitated by liquid scintillation counting.
One unit of exonuclease activity was defined as the amount
of enzyme that catalyzed the acid solubilization of 10 nmol
of total nucleotide in 30 min at 60° C.

Utility in DNA Sequencing

EXAMPLE 1

DNA Sequencing with FY Polymerases (e.g., FY2
and FY3)

The following components were added to a microcentri-
fuge vial (0.5 ml) : 0.4 pmol M13 DNA (e.g., M13 mp18, 1.0
ug); 2 ul Reaction Buffer (260 mM Tris-HCl, pH 9.5 65 mM
MgCL,); 2 ul of labeling nucleotide mixture (1.5 uM each of
dGTP, dCTP and dTTP); 0.5 ul (5 uCi) of [a->*PJdATP
(about 2000 Ci/mmol); 1 ul =40 primer (0.5 uM; 0.5 pmol/ul
5S'GTTTTCCCAGTCACGAC-3"); 2 ul of a mixture contain-
ing 4 U/ul FY polymerase and 6.6 U/ml Thermoplasma
acidophilum inorganic pyrophophatase (32 U/ul polymerase
and 53 U/ml pyrophosphatase in 20 mM Tris (pHS.5), 100
mM KCl, 0.1 mM EDTA, 1 mM DTT, 0.5% NP-40, 0.5%
TWEEN-20 and 50% glycerol, diluted 8 fold in dilution
buffer (10 mM Tris-HC1 pH8.0, 1 mM 2-mercaptoethanol,
0.5% TWEEN-20, 0.5% NP-40)); and water to a total
volume of 17.5 ul. These components (the labeling reaction)
were mixed and the vial was placed in a constant-
temperature water bath at 45° C. for 5 minutes.

Four vials were labeled A, C, G, and T, and filled with 4
ul of the corresponding termination mix: ddA termination
mix (150 uM each dATP, dCTP, dGTP, dTTP, 1.5 uM
ddATP); ddT termination mix (150 uM each dATP, dCTP,
dGTP, dTTP, 1.5 uM ddTTP); ddC termination mix (150 uM
each dATP, dCTP, dGTP, dTTP, 1.5 uM ddCTP); ddG
termination mix (150 uM each dATP, dCTP, dGTP, dTTP,
1.5 uM ddGTP).

The labeling reaction was divided equally among the four
termination vials (4 ul to each termination reaction vial), and
tightly capped.

The four vials were placed in a constant-temperature
water bath at 72° C. for 5 minutes. Then 4 ul of Stop
Solution (95% Formamide 20 mM EDTA, 0.05% Bro-
mophenol Blue, 0.05% Xylene Cyanol FF) added to each
vial, and heated briefly to 70°-80° C. immediately prior to
loading on a sequencing gel (8% acrylamide, 8.3M urea).
Autoradiograms required an 1836 hour exposure using
Kodak XAR-5 film or Amersham Hyperfilm MP. High-
quality sequence results with uniform band intensities were
obtained. The band intensities were much more uniform than
those obtained with similar protocols using Taqg DNA poly-
merase or ATaq DNA polymerase.

EXAMPLE 2

DNA Cycle Sequencing with FY Polymerases

The following components were added to a microcentri-
fuge vial (0.5 ml) which is suitable for insertion into a
thermocycler machine (e.g., Perkin-Elmer DNA Thermal
Cycler): 0.05 pmol or more M13 DNA (e.g., M13 mp18, 0.1
ug), or 0.1 ug double-stranded plasmid DNA (e.g., pUC19);
2 ul Reaction Buffer (260 mM Tris-HCL, pH 9.5 65 mM
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MgClL,); 1 u13.0 uM dGTP; 1 1 3.0 uM dTTP; 0.5 ul (5 uCi)
of [a->>P]dATP (about 2000 Ci/mmol); 1 ul =40 primer (0.5
uM; 0.5 pmol/ul 5'GTTTTCCCAGTCACGAC-3Y); 2 ul of a
mixture containing 4 U/ul FY polymerase and 6.6 U/ml
Thermoplasma acidophilum inorganic pyrophophatase (32
U/ul polymerase and 53 U/ml pyrophosphatase in 20 mM
Tris (pH8.5), 100 mM KCl, 0.1 mM EDTA, 1 mM DTT,
0.5% NP-40, 0.5% TWEEN-20 and 50% glycerol, diluted 8
fold in dilution buffer (10 mM Tris-HCl pH8.0, 1 mM
2-mercaptoethanol, 0.5% TWEEN-20, 0.5% NP-40)); and
water to a total volume of 17.5 ul.

These components (labeling reaction mixture) were
mixed and overlaid with 10 gl light mineral oil (Amersham).
The vial was placed in the thermocycler and 30-100 cycles
(more than 60 cycles is unnecessary) from 45° C. for 1
minute to 95° C. for 0.5 minute performed. (Temperatures
can be cycled from 55°-95° C., if desired) The temperatures
may be adjusted if the melting temperature of the primer/
template is significantly higher or lower, but these tempera-
tures work well for most primer-templates combinations.
This step can be completed in about 3 minutes per cycle.

Four vials were labeled A, C, G, and T, and filled with 4
ml of the corresponding termination mix: ddA termination
mix (150 uM each dATP, dCTP, dGTP, dTTP, 1.5 uM
ddATP); ddT termination mix (150 uM each dATP, dCTP,
dGTP, dTTP, 1.5 uM ddTTP); ddC termination mix (150 uM
each dATP, dCTP, dGTP, dTTP, 1.5 uM ddCTP); ddG
termination mix (150 uM each dATP, dCTP, dGTP, dTTP,
1.5 uM ddGTP). No additional enzyme is added to the
termination vials. The enzyme carried in from the prior
(labeling) step is sufficient.

The cycled labeling reaction mixture was divided equally
among the four termination vials (4 ul to each termination
reaction vial), and overlaid with 10 ul of light mineral oil.

The four vials were placed in the thermocycler and
30-200 cycles (more than 60 cycles is unnecessary) per-
formed from 95° C. for 15 seconds, 55° C. for 30 seconds,
and 72° C. for 120 seconds. This step was conveniently
completed overnight. Other times and temperatures are also
effective.

Six 4l of reaction mixture was removed (avoiding oil), 3
ul of Stop Solution (95% Formamide 20 mM EDTA, 0.05%
Bromophenol Blue, 0.05% Xylene Cyanol FF) added, and
heated briefly to 70°-80° C. immediately prior to loading on
a sequencing gel. Autoradiograms required an 18—36 hour
exposure using Kodak XAR-5 film or Amersham Hyperfilm
MP. High-quality sequence results with uniform band inten-
sities were obtained. The band intensities were much more
uniform than those obtained with similar protocols using
Taq DNA polymerase or ATag DNA polymerase.

EXAMPLE 3

Sequencing with dGTP Analogs to Eliminate
Compression Artifacts
For either of the sequencing methods outlined in
examples 1 and 2, 7-Deaza-2'deoxy-GTP can be substituted
for dGTP in the labeling and termination mixtures at exactly
the same concentration as dGTP. When this substitution is
made, secondary structures on the gels are greatly reduced.
Similarly, 2'-deoxyinosinetriphosphate can also be substi-
tuted for dGTP but its concentration must be 10-fold higher
than the corresponding concentration of dGTP. Substitution
of dITP for dGTP is even more effective in eliminating
compression artifacts than 7-deaza-dGTP.

EXAMPLE 4
Other Sequencing Methods Using FY Polymerases

FY polymerases have been adapted for use with many
other sequencing methods, including the use of fluorescent
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primers and fluorescent-dideoxy-terminators for sequencing
with the ABI 373A DNA sequencing instrument.

EXAMPLE 5

SDS-Polyacrylamide Gel Electrophoresis

Protein samples were run on a 14x16 mm 7.5 or 10%
polyacrylamide gel. (Gels were predominantly 10% Poly-
acrylamide using a 14x16 mm Hoefer apparatus. Other
sizes, apparatuses, and percentage gels are acceptable. Simi-
lar results can also be obtained using the Pharmacia Phast
Gel system with SDS, 8-25% gradient gels. Reagent grade
and ultrapure grade reagents were used.) The stacking gel
consisted of 4% acrylamide (30:0.8, acrylamide:
bisacrylamide), 125 mM Tris-HCI pH 6.8, 0.1% Sodium
Dodecyl Sulfate (SDS). The resolving gel consisted of 7.5 or
10% acrylamide (30:0.8, acrylamide: bisacrylamide), 375

10

12
mM Tris-HCl pH 8.8, 0.1% SDS. Running Buffer consisted
of 25 mM Tris, 192 mM Glycine and 0.1% SDS. 1x Sample
Buffer consisted of 25 mM Tris-HCI pH 6.8, 0.25% SDS,
10% Glycerol, 0.1M Dithiothreitol, 0.1% Bromophenol

5 Blue, and 1 mM EDTA. A % volume of 5x Sample Buffer

was added to each sample. Samples were heated in sample
buffer to 90°-100° C. for approximately 5 minutes prior to
loading. A 1.5 mm thick gel was run at 50-100 mA constant
current for 1-3 hours (until bromophenol blue was close to
the bottom of the gel). The gel was stained with 0.025%
Coomassie Blue R250 in 50% methanol, 10% acetic acid
and destained in 5% methanol, 7% acetic acid solution. A
record of the gel was made by taking a photograph of the gel,

15 by drying the gel between cellulose film sheets, or by drying

the gel onto filter paper under a vacuum.

Other embodiments are within the following claims.

SEQUENCE LISTING

( 1 ) GENERAL INFORMATION:

(i i i )NUMBER OF SEQUENCES: 14

( 2 ) INFORMATION FOR SEQ ID NO: 1:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 1686 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

(i x ) FEATURE:
( A ) NAME/KEY: FY?2
( B ) LOCATION: 1...1683

( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 1:
ATG CTG GAG AGG CTT

Met Leu Glu Arg Leu
1 5

GAG TTT
Glu Phe

GGC
Gly

AGC
Ser

CTG
Leu

GAA
Glu

AGC
Ser

cccC
Pro
20

AAG
Lys

GCC
Ala

CTG
Leu

GAG
Glu

GAG
Glu
25

GGG
Gly

GCC
Ala

TTC
Phe

GTG
Val

GGC
Gly

TTT
Phe

GTG
Val

CTT
Leu

TCC
Ser

GAT
Asp

CTT
Leu
50

CTG
Leu

GCC
Ala

CTG
Leu

GCC
Ala

GCC
Ala
55

GCC
Ala

AGG
Arg

cccC
Pro
65

GAG
Glu

CCT
Pro

TAT
Tyr

AAA
Lys

GCC
Ala
70

CTC
Leu

AGG
Arg

GAC
Asp

CTC
Leu

GCC
Ala

AAA
Lys

GAC
Asp

CTG
Leu

AGC
Ser

GTT
Val

CTG
Leu

GCC
Ala

GAC
Asp

cccC
Pro

ATG
Me t

CTC
Leu

CTC
Leu
105

CCG
Pro

cCccC
Pro

GGC
Gly

GAC
Asp
100

AAC
Asn

ACC
Thr

ACC
Thr
115

cccC
Pro

GAG
Glu

GGG
Gly

GTG
Val

GCC
Ala
120

CGG
Arg

GAG
Glu

GAG
Glu
130

GCG
Ala

GGG
Gly

GAG
Glu

CGG
Arg

GCC
Ala
135

GCC
Ala

CTT
Leu

CTC CTC CAC GAG TTC GGC CTT 48
Leu Leu His Glu Phe Gly Leu
10 15
GCC CCC TGG CCC CCG CCG GAA 96
Ala Pro Trp Pro Pro Pro Glu
30
CGC AAG GAG CCC ATG TGG GCC 144
Arg Lys Glu Pro Met Trp Ala
45
GGG GGC CGG GTC CAC CGG GcCcC 192
Gly Gly Arg Val His Arg Ala
60

CTG AAG GAG GCG CGG GGG CTT 240
Leu Lys Glu Ala Arg Gly Lenu

75 80
CTG AGG GAA GGC CTT GGC CTC 288
Leu Arg Glu Gly Leu Gly Leu
90 95
GCC TAC CTC CTG GAC CCT TCC 336
Ala Tyr Leu Leu Asp Pro Ser

110
CGC TAC GGC GGG GAG TGG ACG 384
Arg Tyr Gly Gly Glu Trp Thr
125
TCC GAG AGG CTC TTC GCC AAC 432
Ser Glu Arg Leu Phe Ala Asn
140
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-continued
CTG TGG GGG AGG CTT GAG GGG GAG GAG AGG CTC CTT TGG CTT TAC CGG 480
Leu Trp Gly Arg Leu Glu Gly Glu Glu Arg Leu Leu Trp Leu Tyr Arg
145 150 155 160
GAG GTG GAG AGG CCC CTT TCC GCT GTC CTG GCC CAC ATG GAG GCC ACG 528
Glu Val Glu Arg Pro Leu Ser Ala Val Leu Ala His Met Glu Ala Thr
165 170 175
GGG GTG CGC CTG GAC GTG GCC TAT CTC AGG GCC TTG TCC CTG GAG GTG 576
Gly Val Arg Leu Asp Val Ala Tyr Leu Arg Ala Leu Ser Leu Glu Val
180 185 190
GCC GAG GAG GCC CGC CTC GAG GCC GAG GTC TTC CGC CTG GCC GGC 624
Ala Glu Glu Ile Ala Arg Leu Glu Ala Glu Val Phe Arg Leu Ala Gly
195 200 205
CAC CCC TTC AAC CTC AAC TCC CGG GAC CAG CTG GAA AGG GTC CTC TTT 672
His Pro Phe Asn Leu Asn Ser Arg Asp Gln Leuw Glu Arg Val Leu Phe
210 215 220
GAC GAG CTA GGG CTT CCC GCC GGC AAG ACG GAG AAG ACC GGC AAG 720
Asp Glu Leu Gly Leu Pro Ala Ile Gly Lys Thr Glu Lys Thr Gly Lys
225 230 235 240
CGC TCC ACC AGC GCC GCC GTC CTG GAG GCC CTC CGC GAG GCC CAC ccc 768
Arg Ser Thr Ser Ala Ala Val Leu Glu Ala Leu Arg Glu Ala His Pro
245 250 255
ATC GTG GAG AAG AT CTG CAG TAC CGG GAG CTC ACC AAG CTG AAG AGC 816
Ile Val Glu Lys Ile Leu Gln Tyr Arg Glu Leuw Thr Lys Leu Lys Ser
260 265 270
ACC TAC ATT GAC CCC TTG CCG GAC CTC CAC CCC AGG ACG GGC CGC 864
Thr Tyr Ile Asp Pro Leu Pro Asp Leu Ile His Pro Arg Thr Gly Arg
275 280 285
CTC CAC ACC CGC TTC AAC CAG ACG GCC ACG GCC ACG GGC AGG CTA AGT 912
Leuv His Thr Arg Phe Asn Gln Thr Ala Thr Ala Thr Gly Arg Leu Ser
290 295 300
AGC TCC GAT CCC AAC CTC CAG AAC ATC CCC GTC CGC ACC CCG CTT GGG 960
Ser Ser Asp Pro Asn Leu Gln Asn Ile Pro Val Arg Thr Pro Leu Gly
305 310 315 320
CAG AGG AT CGC CGG GCC TTC T GCC GAG GAG GGG TGG CTA TTG GTG 1008
Gln Arg Ile Arg Arg Ala Phe Ile Ala Glu Glu Gly Trp Leu Leu Val
325 330 335
GCC CTG GAC TAT AGC CAG AT GAG CTC AGG GTG CTG GCC CAC CTC TCC 1056
Ala Leu Asp Tyr Ser Gln Ile Glu Leu Arg Val Leu Ala His Leu Ser
340 345 350
GGC GAC GAG AAC CTG ATC CGG GTC TTC CAG GAG GGG CGG GAC ATC CAC 1104
Gly Asp Glu Asn Leuw Ile Arg Val Phe Gln Glu Gly Arg Asp Ile His
355 360 365
ACG GAG ACC GCC AGC TGG ATG TTC GGC GTC CCC CGG GAG GCC GTG GAC 1152
Thr Glu Thr Ala Ser Trp Met Phe Gly Val Pro Arg Glu Ala Val Asp
370 375 380
CCC CTG ATG CGC CGG GCG GCC AAG ACC ATC AAC TAC GGG GTC CTC TAC 1200
Pro Leu Met Arg Arg Ala Ala Lys Thr Ile Asn Tyr Gly Val Leu Tyr
385 390 395 400
GGC ATG TCG GCC CAC CGC CTC TCC CAG GAG CTA GCC ATC CCT TAC GAG 1248
Gly Met Ser Ala His Arg Leu Ser Gln Glu Leu Ala Ile Pro Tyr Glu
405 410 415
GAG GCC CAG GCC TTC ATT GAG CGC TAC TTT CAG AGC TTC CCC AAG GTG 1296
Glu Ala Gln Ala Phe Ile Glu Arg Tyr Phe Gln Ser Phe Pro Lys Val
420 425 430
CGG GCC TGG ATT GAG AAG ACC CTG GAG GAG GGC AGG AGG CGG GGG TAC 1344
Arg Ala Trp Ile Glu Lys Thr Leu Glu Glu Gly Arg Arg Arg Gly Tyr
435 440 445
GTG GAG ACC CTC TTC GGC CGC CGC CGC TAC GTG CCA GAC CTA GAG GCC 1392
Val Glu Thr Leu Phe Gly Arg Arg Arg Tyr Val Pro Asp Leu Glu Ala
450 455 460
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-continued
CGG GTG AAG AGC GTG CGG GAG GCG GCC GAG CGC ATG GCC TTC AAC ATG 1440
Arg Val Lys Ser Val Arg Glu Ala Ala Glu Arg Met Ala Phe Asn Met
465 470 475 480
CCC GTC CAG GGC ACC GCC GCC GAC CTC ATG AAG CTG GCT ATG GTG AAG 1488
Pro Val Gln Gly Thr Ala Ala Asp Leu Met Lys Leu Ala Met Val Lys
485 490 495
CTC TTC CCC AGG CTG GAG GAA ATG GGG GCC AGG ATG CTC CTT CAG GTC 1536
Leu Phe Pro Arg Leu Glu Glu Met Gly Ala Arg Met Leu Leu Gln Val
500 505 510
CAC GAC GAG CTG GTC CTC GAG GCC CCA AAA GAG AGG GCG GAG GCC GTG 1584
His Asp Glu Leu Val Leu Glu Ala Pro Lys Glu Arg Ala Glu Ala Val
515 520 525
GCC CGG CTG GCC AAG GAG GTC ATG GAG GGG GTG TAT CCC CTG GCC GTG 1632
Ala Arg Leu Ala Lys Glu Val Met Glu Gly Val Tyr Pro Leu Ala Val
530 535 540
CCC CTG GAG GTG GAG GTG GGG A GGG GAG GAC TGG CTC TCC GCC AAG 1680
Pro Leu Glu Val Glu Val Gly Ile Gly Glu Asp Trp Leu Ser Ala Lys
545 550 555 560
GAG TGA 1686
Glu *
( 2 ) INFORMATION FOR SEQ ID NO: 2:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 1689 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( i x ) FEATURE:
( A ) NAME/KEY: FY3
( B ) LOCATION: 1...1686
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 2:
ATG GCT CTG GAA CGT CTG GAG TTT GGC AGC CTC CTC CAC GAG TTC GGC 48
Met Ala Leu Glu Arg Leu Glu Phe Gly Ser Leu Leu His Glu Phe Gly
1 5 10 15
CTT CTG GAA AGC CCC AAG GCC CTG GAG GAG GCC CCC TGG CCC CCG ccoG 96
Leu Leu Glu Ser Pro Lys Ala Leu Glu Glu Ala Pro Trp Pro Pro Pro
20 25 30
GAA GGG GCC TTC GTG GGC TTT GTG CTT TCC CGC AAG GAG CCC ATG TGG 144
Glu Gly Ala Phe Val Gly Phe Val Leu Ser Arg Lys Glu Pro Met Trp
35 40 45
GCC GAT CTT CTG GCC CTG GCC GCC GCC AGG GGG GGC CGG GTC CAC CGG 192
Ala Asp Leu Leu Ala Leu Ala Ala Ala Arg Gly Gly Arg Val His Arg
50 55 60
GCC CCC GAG CCT TAT AAA GCC CTC AGG GAC CTG AAG GAG GCG CGG GGG 240
Ala Pro Glu Pro Tyr Lys Ala Leu Arg Asp Leu Lys Glu Ala Arg Gly
65 70 75 80
CTT CTC GCC AAA GAC CTG AGC GTT CTG GCC CTG AGG GAA GGC CTT GGC 288
Leu Leu Ala Lys Asp Leu Ser Val Leu Ala Leu Arg Glu Gly Leu Gly
85 90 95
CTC CCG CCC GGC GAC GAC CcCC ATG CTC CTC GCC TAC CTC CTG GAC CCT 336
Leu Pro Pro Gly Asp Asp Pro Met Leu Leu Ala Tyr Leu Leu Asp Pro
100 105 110
TCC AAC ACC ACC CCC GAG GGG GTG GCC CGG CGC TAC GGC GGG GAG TGG 384
Ser Asn Thr Thr Pro Glu Gly Val Ala Arg Arg Tyr Gly Gly Glu Trp
115 120 125
ACG GAG GAG GCG GGG GAG CGG GCC GCC CTT TCC GAG AGG CTC TTC GCC 432
Thr Glu Glu Ala Gly Glu Arg Ala Ala Leu Ser Glu Arg Leu Phe Ala
130 135 140
AAC CTG TGG GGG AGG CTT GAG GGG GAG GAG AGG CTC CTT TGG CTT TAC 480
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-continued
Asn Leu Trp Gly Arg Leu Glu Gly Glu Glu Arg Leuw Leu Trp Leu Tyr
145 150 155 160
CGG GAG GTG GAG AGG CCC CTT TCC GCT GTC CTG GCC CAC ATG GAG GCC 528
Arg Glu Val Glu Arg Pro Leu Ser Ala Val Leu Ala His Met Glu Ala
165 170 175
ACG GGG GTG CGC CTG GAC GTG GCC TAT CTC AGG GCC TTG TCC CTG GAG 576
Thr Gly Val Arg Leu Asp Val Ala Tyr Leu Arg Ala Leu Ser Leu Glu
180 185 190
GTG GCC GAG GAG ATC GCC CGC CTC GAG GCC GAG GTC TTC CGC CTG GCC 624
Val Ala Glu Glu Ile Ala Arg Leu Glu Ala Glu Val Phe Arg Leu Ala
195 200 205
GGC CAC CCC TTC AAC CTC AAC TCC CGG GAC CAG CTG GAA AGG GTC CTC 672
Gly His Pro Phe Asn Leu Asn Ser Arg Asp Gln Leu Glu Arg Val Len
210 215 220
TTT GAC GAG CTA GGG CTT CCC GCC ATC GGC AAG ACG GAG AAG ACC GGC 720
Phe Asp Glu Leu Gly Leu Pro Ala Ile Gly Lys Thr Glu Lys Thr Gly
225 230 235 240
AAG CGC TCC ACC AGC GCC GCC GTC CTG GAG GCC CTC CGC GAG GCC CAcC 768
Lys Arg Ser Thr Ser Ala Ala Val Leu Glu Ala Leu Arg Glu Ala His
245 250 255
CCC ATC GTG GAG AAG ATC CTG CAG TAC CGG GAG CTC ACC AAG CTG AAG 816
Pro Ile Val Glu Lys Ile Leu Gln Tyr Arg Glu Leu Thr Lys Leu Lys
260 265 270
AGC ACC TAC T GAC CCC TTG CCG GAC CTC CAC CCC AGG ACG GGC 864
Ser Thr Tyr Ile Asp Pro Leu Pro Asp Leuw Ile His Pro Arg Thr Gly
275 280 285
CGC CTC CAC ACC CGC TTC AAC CAG ACG GCC ACG GCC ACG GGC AGG CTA 912
Arg Leu His Thr Arg Phe Asn Gln Thr Ala Thr Ala Thr Gly Arg Leu
290 295 300
AGT AGC TCC GAT CCC AAC CTC CAG AAC TC CCC GTC CGC ACC CCG CTT 960
Ser Ser Ser Asp Pro Asn Leu Gln Asn Ile Pro Val Arg Thr Pro Lenu
305 310 315 320
GGG CAG AGG CGC CGG GCC TTC GCC GAG GAG GGG TGG CTA TTG 1008
Gly Gln Arg Ile Arg Arg Ala Phe Ile Ala Glu Glu Gly Trp Leu Len
325 330 335
GTG GCC CTG GAC TAT AGC CAG TA GAG CTC AGG GTG CTG GCC CAC CTC 1056
Val Ala Leuw Asp Tyr Ser Gln Ile Glu Leu Arg Val Leu Ala His Len
340 345 350
TCC GGC GAC GAG AAC CTG ATC CGG GTC TTC CAG GAG GGG CGG GAC ATC 1104
Ser Gly Asp Glu Asn Leu Ile Arg Val Phe Gln Glu Gly Arg Asp Ile
355 360 365
CAC ACG GAG ACC GCC AGC TGG ATG TTC GGC GTC CCC CGG GAG GCC GTG 1152
His Thr Glu Thr Ala Ser Trp Met Phe Gly Val Pro Arg Glu Ala Val
370 375 380
GAC CCC CTG ATG CGC CGG GCG GCC AAG ACC ATC AAC TAC GGG GTC CTC 1200
Asp Pro Leu Met Arg Arg Ala Ala Lys Thr Ile Asn Tyr Gly Val Leu
385 390 395 400
TAC GGC ATG TCG GCC CAC CGC CTC TCC CAG GAG CTA GCC ATC CCT TAC 1248
Tyr Gly Met Ser Ala His Arg Leu Ser Gln Glu Leu Ala Ile Pro Tyr
405 410 415
GAG GAG GCC CAG GCC TTC T GAG CGC TAC TTT CAG AGC TTC CCC AAG 1296
Glu Glu Ala Gln Ala Phe Ile Glu Arg Tyr Phe Gln Ser Phe Pro Lys
420 425 430
GTG CGG GCC TGG GAG AAG ACC CTG GAG GAG GGC AGG AGG CGG GGG 1344
Val Arg Ala Trp Ile Glu Lys Thr Leu Glu Glu Gly Arg Arg Arg Gly
435 440 445
TAC GTG GAG ACC CTC TTC GGC CGC CGC CGC TAC GTG CCA GAC CTA GAG 1392
Tyr Val Glu Thr Leuw Phe Gly Arg Arg Arg Tyr Val Pro Asp Leu Glu
450 455 460
GCC CGG GTG AAG AGC GTG CGG GAG GCG GCC GAG CGC ATG GCC TTC AAC 1440
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-continued
Ala Arg Val Lys Ser Val Arg Glu Ala Ala Glu Arg Met Ala Phe Asn
465 470 475 480
ATG CCC GTC CAG GGC ACC GCC GCC GAC CTC ATG AAG CTG GCT ATG GTG 1488
Met Pro Val Gln Gly Thr Ala Ala Asp Leu Met Lys Leu Ala Met Val
485 490 495
AAG CTC TTC CCC AGG CTG GAG GAA ATG GGG GCC AGG ATG CTC CTT CAG 1536
Lys Leu Phe Pro Arg Leu Glu Glu Met Gly Ala Arg Met Leu Leu Gln
500 505 510
GTC CAC GAC GAG CTG GTC CTC GAG GCC CCA AAA GAG AGG GCG GAG GCcC 1584
Val His Asp Glu Leuw Val Leu Glu Ala Pro Lys Glu Arg Ala Glu Ala
515 520 525
GTG GCC CGG CTG GCC AAG GAG GTC ATG GAG GGG GTG TAT CCC CTG GCC 1632
Val Ala Arg Leu Ala Lys Glu Val Met Glu Gly Val Tyr Pro Leu Ala
530 535 540
GTG CCC CTG GAG GTG GAG GTG GGG ATA GGG GAG GAC TGG CTC TCC GCC 1680
Val Pro Leuw Glu Val Glu Val Gly Ile Gly Glu Asp Trp Leu Ser Ala
545 550 555 560
AAG GAG TGA 1689
Lys Glu *
( 2 ) INFORMATION FOR SEQ ID NO: 3:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 23 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 3:
GCTTGGGCAG AGGATCCGCC GGG 23
( 2 ) INFORMATION FOR SEQ ID NO: 4:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 64 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 4:
GGGATGGCTA GCTCCTGGGA GAGGCGGTGG GCCGACATGC CGTAGAGGAC 50
CCCGTAGTTG ATGG 64
( 2 ) INFORMATION FOR SEQ ID NO: 3:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 31 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 5:
GGAATTCCAT ATGGACGATC TGAAGCTCTC C 31
( 2 ) INFORMATION FOR SEQ ID NO: 6:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 31 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x i ) SEQUENCE DESCRIPTION: SEQ ID NO: 6:
GGGGTACCAA GCTTCACTCC TTGGCGGAGA G 31

Page 23



5,885,813
21
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22

( 2 ) INFORMATION FOR SEQ ID NO: 7:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 31 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 7:

GGAATTCCAT ATGCTGGAGA GGCTTGAGTT T

( 2 ) INFORMATION FOR SEQ ID NO: 8:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 43 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 8:

GGAATTCCAT ATGCTGGAAC GTCTGGAGTT TGGCAGCCTC

( 2 ) INFORMATION FOR SEQ ID NO: 9:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 46 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 9:

GGAATTCCAT ATGGCTCTGG AACGTCTGGA GTTTGGCAGC

( 2 ) INFORMATION FOR SEQ ID NO: 10:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 40 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 10:

GGAATTCCAT ATGCTGGAAC GTCTGGAATT CGGCAGCCTC

( 2 ) INFORMATION FOR SEQ ID NO: 11:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 32 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 11:

GGGGTACCCT AACCCTTGGC GGAAAGCCAG TC

( 2 ) INFORMATION FOR SEQ ID NO: 12:
( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 64 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear
( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 12:
GGGATGGCTA GCTCCTGGGA GAGCCTATGG GCGGACATGC

GCCGTAGTTC ACCG

CTC

CTCCTC

CGTAGAGGAC

31

43

46

40

32

50

64
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( 2 ) INFORMATION FOR SEQ ID NO: 13:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 35 base pairs
( B ) TYPE: nucleic acid

( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 13:

( C ) STRANDEDNESS: single

( D ) TOPOLOGY: lincar

CTAGCTAGCC ATCCCCTACG AAGAAGCGGT GGCCT

( 2 ) INFORMATION FOR SEQ ID NO: 14:

ATG
Me t

CTG
Leu

GGG
Gly

GAG
Glu

GCA
Ala

CTC
Leu

GTG
Val

AAC
Asn

GAG
Glu

CTC
Leu
145

GAG
Glu

GGG
Gly

GCG
Ala

( i ) SEQUENCE CHARACTERISTICS:

( A ) LENGTH: 1686 base pairs

( B ) TYPE: nucleic acid

( C ) STRANDEDNESS: single

( D ) TOPOLOGY: lincar

(i x ) FEATURE:
( A ) NAME/KEY: FY4
( B ) LOCATION: 1...1683

( x 1 ) SEQUENCE DESCRIPTION: SEQ ID NO: 14:

CTG
Leu

GAG
Glu

GCC
Ala

CTT
Leu
50

GAC
Asp

GCC
Ala

cccC
Pro

ACC
Thr

GAC
Asp
130

CTT
Leu

GTG
Val

GTA
Val

GAG
Glu

GAA
Glu

GCC
Ala

TTC
Phe
35

AAA
Lys

cccC
Pro

AAG
Lys

GGG
Gly

ACC
Thr
115

GCC
Ala

AAG
Lys

GAA
Glu

CGG
Arg

GAG
Glu
195

CGT
Arg

cccC
Pro

GTG
Val

GCC
Ala

TTG
Leu

GAC
Asp

GAC
Asp
100

cccC
Pro

GCC
Ala

CGC
Arg

AAG
Lys

CTG
Leu
180

CTG
Leu
5

GCC
Ala

GGC
Gly

CTG
Leu

GCG
Ala

CTC
Leu
85

GAC
Asp

GAG
Glu

CAC
His

CTC
Leu

cccC
Pro
165

GAC
Asp

CGC
Arg

GAA
Glu

cCccC
Pro

TTC
Phe

GCC
Ala

GGG
Gly

GCC
Ala

cccC
Pro

GGG
Gly

CGG
Arg

GAG
Glu
150

CTC
Leu

GTG
Val

CGC
Arg

TTC
Phe

CTG
Leu

GTC
Val

GCC
Ala
55

CTA
Leu

GTC
Val

ATG
Me t

GTG
Val

GCC
Ala
135

GGG
Gly

TCC
Ser

GCC
Ala

CTC
Leu

GGC
Gly

GAG
Glu

CTC
Leu
40

TGC
Cys

AAG
Lys

TTG
Leu

CTC
Leu

GCG
Ala
120

CTC
Leu

GAG
Glu

CGG
Arg

TAC
Tyr

GAG
Glu
200

AGC
Ser

GAG
Glu

TCC
Ser

AGG
Arg

GAC
Asp

GCC
Ala

CTC
Leu
105

CGG
Arg

CTC
Leu

GAG
Glu

GTC
Val

CTT
Leu
185

GAG
Glu

CTC
Leu
10

GCC
Ala

CGC
Arg

GAC
Asp

CTC
Leu

TCG
Ser
90

GCC
Ala

CGC
Arg

TCG
Ser

AAG
Lys

CTG
Leu
170

CAG
Gln

GAG
Glu

CTC
Leu

cccC
Pro

cccC
Pro

GGC
Gly

AAG
Lys
75

AGG
Arg

TAC
Tyr

TAC
Tyr

GAG
Glu

CTC
Leu
155

GCC
Ala

GCC
Ala

GTC
Val

CAC
His

TGG
Trp

GAG
Glu

CGG
Arg
60

GAG
Glu

GAG
Glu

CTC
Leu

GGG
Gly

AGG
Arg
140

CTT
Leu

CAC
His

CTT
Leu

TTC
Phe

GAG
Glu

cCccC
Pro

cCccC
Pro
45

GTG
Val

GTC
Val

GGG
Gly

CTG
Leu

GGG
Gly
125

CTC
Leu

TGG
Trp

ATG
Me t

TCC
Ser

CGC
Arg
205

TTC
Phe

CCG
Pro

ATG
Me t

CAC
His

CGG
Arg

CTA
Leu

GAC
Asp
110

GAG
Glu

CAT
His

CTC
Leu

GAG
Glu

CTG
Leu
190

TTG
Leu

GGC
Gly
15

CCG
Pro

TGG
Trp

CGG
Arg

GGC
Gly

GAC
Asp
95

cccC
Pro

TGG
Trp

CGG
Arg

TAC
Tyr

GCC
Ala
175

GAG
Glu

GCG
Ala

CTC
Leu

GAA
Glu

GCG
Ala

GCA
Ala

CTC
Leu

CTC
Leu

TCC
Ser

ACG
Thr

AAC
Asn

CAC
His
160
ACC
Thr

CTT
Leu

GGC
Gly

35
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-continued
CAC CCC TTC AAC CTC AAC TCC CGG GAC CAG CTG GAA AGG GTG CTC TTT 672
His Pro Phe Asn Leu Asn Ser Arg Asp Gln Leuw Glu Arg Val Leu Phe
210 215 220
GAC GAG CTT AGG CTT CCC GCC TTG GGG AAG ACG CAA AAG ACA GGC AAG 720
Asp Glu Leu Arg Leu Pro Ala Leuwu Gly Lys Thr Gln Lys Thr Gly Lys
225 230 235 240
CGC TCC ACC AGC GCC GCG GTG CTG GAG GCC CTA CGG GAG GCC CAC ccc 768
Arg Ser Thr Ser Ala Ala Val Leu Glu Ala Leu Arg Glu Ala His Pro
245 250 255
GTG GAG AAG AT CTC CAG CAC CGG GAG CTC ACC AAG CTC AAG AAC 816
Ile Val Glu Lys Ile Leu Gln His Arg Glu Leu Thr Lys Leu Lys Asn
260 265 270
ACC TAC GTG GAC CCC CTC CCA AGC CTC GTC CAC CCG AGG ACG GGC CGCcC 864
Thr Tyr Val Asp Pro Leu Pro Ser Leu Val His Pro Arg Thr Gly Arg
275 280 285
CTC CAC ACC CGC TTC AAC CAG ACG GCC ACG GCC ACG GGG AGG CTT AGT 912
Leuv His Thr Arg Phe Asn Gln Thr Ala Thr Ala Thr Gly Arg Leu Ser
290 295 300
AGC TCC GAC CCC AAC CTG CAG AAC CCC GTC CGC ACC CcCC TTG GGC 960
Ser Ser Asp Pro Asn Leu Gln Asn Ile Pro Val Arg Thr Pro Leu Gly
305 310 315 320
CAG AGG ATC CGC CGG GCC TTC GTG GCC GAG GCG GGT TGG GCG TTG GTG 1008
Gln Arg Ile Arg Arg Ala Phe Val Ala Glu Ala Gly Trp Ala Leu Val
325 330 335
GCC CTG GAC TAT AGC CAG T GAG CTC CGC GTC CTC GCC CAC CTC TCC 1056
Ala Leu Asp Tyr Ser Gln Ile Glu Leu Arg Val Leu Ala His Leu Ser
340 345 350
GGG GAC GAA AAC CTG AT AGG GTC TTC CAG GAG GGG AAG GAC T CAC 1104
Gly Asp Glu Asn Leuw Ile Arg Val Phe Gln Glu Gly Lys Asp Ile His
355 360 365
ACC CAG ACC GCA AGC TGG ATG TTC GGC GTC CCC CCG GAG GCC GTG GAC 1152
Thr Gln Thr Ala Ser Trp Met Phe Gly Val Pro Pro Glu Ala Val Asp
370 375 380
CCC CTG ATG CGC CGG GCG GCC AAG ACG GTG AAC TAC GGC GTC CTC TAC 1200
Pro Leu Met Arg Arg Ala Ala Lys Thr Val Asn Tyr Gly Val Leu Tyr
385 390 395 400
GGC ATG TCC GCC CAT AGG CTC TCC CAG GAG CTA GCC CCC TAC GAA 1248
Gly Met Ser Ala His Arg Leu Ser Gln Glu Leu Ala Ile Pro Tyr Glu
405 410 415
GAA GCG GTG GCC TTT ATA GAG CGC TAC TTC CAA AGC TTC CCC AAG GTG 1296
Glu Ala Val Ala Phe Ile Glu Arg Tyr Phe Gln Ser Phe Pro Lys Val
420 425 430
CGG GCC TGG AT GAA AAG ACC CTG GAG GAG GGG AGG AAG CGG GGC TAC 1344
Arg Ala Trp Ile Glu Lys Thr Leu Glu Glu Gly Arg Lys Arg Gly Tyr
435 440 445
GTG GAA ACC CTC TTC GGA AGA AGG CGC TAC GTG CCC GAC CTC AAC GCC 1392
Val Glu Thr Leu Phe Gly Arg Arg Arg Tyr Val Pro Asp Leu Asn Ala
450 455 460
CGG GTG AAG AGC GTC AGG GAG GCC GCG GAG CGC ATG GCC TTC AAC ATG 1440
Arg Val Lys Ser Val Arg Glu Ala Ala Glu Arg Met Ala Phe Asn Met
465 470 475 480
CCC GTC CAG GGC ACC GCC GCC GAC CTC ATG AAG CTC GCC ATG GTG AAG 1488
Pro Val Gln Gly Thr Ala Ala Asp Leu Met Lys Leu Ala Met Val Lys
485 490 495
CTC TTC CCC CGC CTC CGG GAG ATG GGG GCC CGC ATG CTC CTC CAG GTC 1536
Leu Phe Pro Arg Leu Arg Glu Met Gly Ala Arg Met Leu Leu Gln Val
500 505 510
CAC GAC GAG CTC CTC CTG GAG GCC CCC CAA GCG CGG GCC GAG GAG GTG 1584
His Asp Glu Leu Leu Leu Glu Ala Pro Gln Ala Arg Ala Glu Glu Val
515 520 525
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GCG GCT TTG GCC AAG GAG GCC ATG GAG AAG GCC TAT CCC CTC GCC GTG 1632
Ala Ala Leu Ala Lys Glu Ala Met Glu Lys Ala Tyr Pro Leu Ala Val
530 535 540

CCC CTG GAG GTG GAG GTG GGG ATG GGG GAG GAC TGG CTT TCC GCC AAG 1680
Pro Leu Glu Val Glu Val Gly Met Gly Glu Asp Trp Leu Ser Ala Lys

545 550 555 560

GGT TAG 1686
Gly *

We claim: terminating agent and one or more nucleotide triphosphates,

1. An enzymatically active DNA polymerase comprising
561 amino acids having a tyrosine residue at an amino acid
position corresponding to Taq DNA polymerase residue 667
in its ANMP binding site, wherein said polymerase lacks 5'
to 3' exonuclease activity as a result of an N-terminal
deletion, and wherein said polymerase is substantially iden-
tical to the DNA polymerase of Thermus aquaticus, Ther-
mus flavus or Thermus thermophilus, and wherein said
polymerase forms a single polypeptide band on an SDS
polyacrylamide gel.

2. An enzymatically active DNA polymerase comprising
562 amino acids having a tyrosine residue at an amino acid
position corresponding to Taq DNA polymerase residue 667
in its ANMP binding site, wherein said polymerase lacks 5'
to 3' exonuclease activity as a result of an N-terminal
deletion, and wherein said polymerase is substantially iden-
tical to the DNA polymerase of Thermus aquaticus, Ther-
mus flavus or Thermus thermophilus, and wherein said
polymerase forms a single polypeptide band on an SDS
polyacrylamide gel.

3. The polymerase of claim 2, wherein the polymerase is
FY3 (SEQ ID NO:2).

4. The polymerase of claim 1, wherein the polymerase is
FY4 (SEQ ID NO:14).

5. The polymerase of claim 1 or 2 wherein the amino acid
sequence of said polymerase includes less than 3 conserva-
tive amino acid changes compared to the equivalent region
of one said DNA polymerase of said named Thermus
species.

6. The polymerase of claim 1 or 2 wherein the amino acid
sequence of said polymerase includes less than 3 additional
amino acids at its N-terminus compared to the equivalent
region of one said DNA polymerase of said named Thermus
species.

7. The polymerase of claim 1 wherein the polymerase is
FY2 (SEQ ID NO:1).

8. Purified nucleic acid encoding the DNA polymerase of
any of claims 1, 7, 2, 3, or 4.

9. Method for sequencing DNA comprising the step of
generating chain terminated fragments from the DNA tem-
plate to be sequenced with a DNA polymerase of any of
claims 1, 7, 2, 3, or 4 in the presence of at least one chain

15

20

25

30

35

40

45

and determining the sequence of said DNA from the sizes of
said fragments.

10. Kit for sequencing DNA comprising a DNA poly-
merase of any of claims 1, 7, 2, 3, or 4 and a pyrophos-
phatase.

11. The kit of claim 10 wherein said pyrophosphatase is
thermostable.

12. Apparatus for DNA sequencing having a reactor
comprising a DNA polymerase of any of claims 1, 7, 2, 3,
or 4 and a band separator.

13. Purified nucleic acid encoding the DNA polymerase
of claim 5.

14. Method for sequencing DNA comprising the step of
generating chain terminated fragments from the DNA tem-
plate to be sequenced with a DNA polymerase of claim 5 in
the presence of at least one chain terminating agent and one
or more nucleotide triphosphates, and determining the
sequence of said DNA from the sizes of said fragments.

15. Kit for sequencing DNA comprising a DNA poly-
merase of claim 5 and a pyrophosphatase.

16. The kit of claim 15 wherein said pyrophosphatase is
thermostable.

17. Apparatus for DNA sequencing having a reactor
comprising a DNA polymerase of claim 5§ and a band
separator.

18. Purified nucleic acid encoding the DNA polymerase
of claim 6.

19. Method for sequencing DNA comprising the step of
generating chain terminated fragments from the DNA tem-
plate to be sequenced with a DNA polymerase of claim 6 in
the presence of at least one chain terminating agent and one
or more nucleotide triphosphates, and determining the
sequence of said DNA from the sizes of said fragments.

20. Kit for sequencing DNA comprising a DNA poly-
merase of claim 6 and a pyrophosphatase.

21. The kit of claim 20 wherein said pyrophosphatase is
thermostable.

22. Apparatus for DNA sequencing having a reactor
comprising a DNA polymerase of claim 6 and a band
separator.
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