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1  AATTGGAAGCAAATGACATCACAGCAGGTCAGAGAAMAAAGGGTTGAGCGGCAGGCACCCA

61 GAGTAGTAGGTCTTTGGCATTAGGAGCTTGAGCCCAGACGGCCCTAGCAGGGACCCCAGC

M Q RS PLEIK ASUVV S K LF 16
121 GCCCGAGAGACCATGCAGAGGTCGCCTCTGGAAAAGGCCAGCGTTGTCTCCAAACTTTITT

F W T RP I LRIEKGYRQRULETL s D 36
181 TTCAQCTGGACCAGACCAATTTTGAGGAAAGGATACAGACAGCGCCTGGAATTGTCAGAC

®
1 Y QI P S VD SADNTILSEIZKLE E 56
241 ATATACCAAATCCCTTCTGTTGATTCTGCTGACAATCTATCTGAAAAATTGGAAA GAM

W D R E L A S K K N P KL I N AL RRTC 76
301 TGGGATAGAGAGCTGGCTTCAAAGAAAAATCCTAAACTCATTAATGCCCTTCGGCGATGT

r FwrRlF K F Y G ILF L Y L GlE V T X Al 96
361 TTTTTCTGGAGATTTATGTTCTATGGAATCTTTTTATATTTAGGGGAAGTCACCARAGCA

(Vv o P . L LJG6 R 1 I A S Y D P D N K E E 116
421 GTACAGCCTCTCTTACTGGGAAGAATCATAGCTTCCTATGACCCGGATAACAAGGAGGAA

Rl T 2 1 Y L 6 1 6 L C 1L L F I VY R T LI 136
481 CGCTCTATCGCGATTTATCTAGGCATAGGCTTATGCCTTCTCTTTATTGTGAGGACACTG

H P AI F GLHHI GMOM® RTIAM 156
541 CTCCTACACCCAGCCATTTTTGGCCTTCATCACATTGGAATGCAGATGAGAATAGCTATG

[ ] [ ]
F § L I ¥ K K|T L K L S s§ R V L D K I s 176
601 TTTAGTTTGATTTATAAGAAGRCTTTAAAGCTGTCAAGCCGTGTTCTAGATAAAATAAGT
| ——» EXONG.

1 6 0L VSTLLSNNTLTUNTEKTFDE|eCL al 19
661 ATTGGACRACTTGTTAGTCTCCTTTCCAACAACCTGAACAAATTTGATG GACTTGCA

[ 2 H F V. W I AP L OV AL L M G L I]lWw 216
721 TTGGCACATTTCGTGTGGATCGCTCCTTTGCAAGTGGCACTCCTCATGGGGCTAATCTGG

et 1. ol2A s A FCcG L G F L I Vv L A L Fl 236
781 GAGTTGTTACAGGCGTCTGCCTTCTGTGGACTTGGTTTCCTGATAGTCCTTGCCCTTTTT

[
R M MM K Y RD QR AGIK I S 256
841 CAGGCTGGGCTAGGGAGAATGATGATGAAGTACAGAGATCAGAGAGCTGGGAAGATCAGT

[ ]
E R LV I T SEUMTITENTIG QS V KA Y C 276
901 GAAAGACTTGTGATTACCTCAGAAATGATTGAAAATATCCAATCTGTTAAGGCATACTGC
EXONG6.__ 930 933 9%
W E F A ME KM 1T ENIULUROCGCGgTETL K L T 296
961 TGGGAAGAAGCAATGGAAAAAATGATTGARAACTTAAGACHAACAGAACTGAAACTGACT

R KA A YUV RYT FNTS S[s A FFrF s G F F| 316
1021 CGGAAGGCAGCCTATGTGAGATACTTCAATAGCTCAGCCTTCTTCTTCTCAGGGTTCTTT

(Vv F L s v L Py 1]de 1 1 L R K 1] 336
1081 GTGGTGTTTTTATCTGTGCTTCCCTATGCACTAATCAAAGGAATCATCCTCCGGAAAATA

[F T T 1 S F C 1 V L R M A ¥lT R Q F P W 356
1141 TTCACCACCATCTCATTCTGCATTGTTCTGCGCATGGCGGTCACTCGGCAATTTCCCTGG

A VvV Q T W Y D S L GA I N K I Q|D F L O 376
1201 GCTGTACAAACATGGTATGACTCTCTTGGAGCAATAAACAAAATACAGGATTTCTTACAA

K Q E Y X T ULEJYNULTTTEV V M E N 396
1261 AAGCAAGAATATAAGACATTGGAATATAACTTAACGACTACAGAAGTAGTGATGGAGAAT

V T A F W EEJG F G EL F E KA K Q N N 416
1321 GTAACAGCCTTCTGGGAGGAGEGATTTGGGGAATTATTTGAGAAAGCAAAACAAAACAAT
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FIG.1(contd)

N N R K T S NG D D S L F F S N_F 8 L 1L

1381 AACAATAGAAAAACTTCTAATGGTGATGACAGCCTCTTCTTCAGTAATTTCTCACTTCTT 136

G T P VL X D I N F X I E R G Q L L A V 456
1441 GGTACTCCTGTCCTGAAAGATATTAATTTCAAGATAGAAAGAGGACAGTTGTTGGCGGTT

A G 8 T G A G X T8 L L MM I MG P L E 476
1501 GCTGGATCCACTGGAGCAGGCAABACTTCACTTCTAATGATGATTATGGGAGAACTGGAG

.
P 8 P G X I XK B 8 G R I 3 Fr € S O F 8 W 496
1561 CCTTCAGAGGGTAAAATTAAGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGG

. Pay
I M P 6 T I X E NI I P G V 8 Y D E Y R 516
1621 ATTATGCCTGGCACCATTAAAGAAAATATCATCTTTGGTGTTTCCTATGATGAATATAGA

Y R 8 V I X A C O L E E|D I 8 X F¥F A E K
1681 TACAGAAGCGTCATCAAAGCATGCCAACTAGAAGAGGACATCTCCAAGTTTGCAGAGAAA

536

D N I ¥V L ¢ E 6 G I T L 8 G 6 Q R A R I 556
1741 GACAATATAGTTCTTGGAGAAGGTGGAATCACACTGAGTGGAGGTCAACGAGCAAGAATT

S L AR A VvV ¥ X DA DUL Y L L b 8 P r G 576
1801 TCTTTAGCAAGAGCAGTATACAAAGATGCTGATTTGTATTTATTAGACTCTCCTTTTGGA

[ J
Y . D VL T E K E I F E C V C K L M A 596
1861 TACCTAGATGTTTTAACAGAARAAGAAATATTTGAAAACTGTGTCTGTAAACTGATGGCT

N K T R I L V T S KM EHUL K KA D K I 616
1921 AACAAAACTAGGATTTTGGTCACTTCTAAAATGGAACATTTAAAGAAAGCTGACAAAARTA

°
L I L HEG S S YV FYG TV F SEIULOQNIL 636
1981 TTAATTTTGCATGAAGGTAGCAGCTATTTTTATGGGACATTTTCAGAACTCCAARATCTA

(-]
P D F S S KL M G C D S F D QF S8 A E 656
2041 CAGCCAGACTTTAGCTCARAACTCATGGGATGTGATTCTTTCGACCAATTTAGTGCAGAA

R R N S I L T ETULHRT F S L EGDATP 676
2101 AGAAGAAATTCAATCCTAACTGAGACCTTACACCGTTTCTCATTAGAAGGAGATGCTCCT

o o
V $ WTETIK K QS F X OQTGETFGEK 696
2161 GTCTCCTGGACAGAAACAAAAAAACAATCTTTTAAACAGACTGGAGAGTTTGGGGAAAAA

(] ® ©
R K N S I L N P I N S I RIKU F S 1 V QK 716
2221 AGGAAGAATTCTATTCTCAATCCAATCAACTCTATACGAAAATTTTCCATTGTGCAAAAG

T P L. Q M N G I E E D S D E P L ERRL 736
2281 ACTCCCTTACAAATGAATGGCATCGAAGAGGATTCTGATGAGCCTTTAGAGAGAAGGCTG

-]
S L VP DSEOQGEA ATIULZPRTISV IS 156
2341 TCCTTAGTACCAGATTCTGAGCAGGGAGAGGCGATACTGCCTCGCATCAGCGTGATCAGC

b4
T G P TLQARU RROGSUVLNTLMMTHS 776
2401 ACTGGCCCCACGCTTCAGGCACGAAGGAGGCAGTCTGTCCTGAACCTGATGACACACTCA

-] ® o [-)
V N Q 6 Q N I B R KTTASTRIKV S L 796
2461 GTTAACCAAGGTCAGAACATTCACCGAMAGACAACAGCATCCACACGARAAGTGTCACTG

e o
A P Q ANULTETLDTI Y S RIRIUL S QET 816
2521 GCCCCTCAGGCAAACTTGACTGAACTGGATATATATTCAAGAAGGTTATCTCAAGAAACT
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FI1G.1 (cont'd)

G L E 1 S E E I N E E D L K|E C€C F F D D 836
2581 GGCTTGGAAATAAGTGAAGAAATTAACGAAGAAGACTT AGTGCCTTTTTGATGAT

M E S 1 P AV T T W NT Y L R Y I T V H 856
2641 ATGGAGAGCATACCAGCAGTGACTACATGGAACACATACCTTCGATATATTACTGTCCAC

K s L{J F VvV L I W C L VYV I F L A E Y a al 876
2701 AAGAGCTTAATTIITTGIGCTAATTITGGTGCTTAGTAATTTTTCTGGCAGAGGTGGCTGCT

«
L W L L G T P L @ D K G N s T 896
2761 TCTTTGGTTGTGCTGTGGCTCCTTG ACTCCTCTTCAAGACAAAGGGAATAGTACT

“+
H S R NNJS YAV I I TS T sls_Y Y V F} 91¢
2821 CATAGTAGAAATAACAGCTATGCAGTGATTATCACCAGCACCAGTTCGTATTATGTGTTT

Ly 1. YV 6 VY A DT L L AMGTETF ERTGTL P 936
2881 TACATTTACGTGGGAGTAGCCGACACTTTGCTTGCTATGGGATTCTTCAGAGGTCTACCA

L v H T L I T Vv § K I L H H K M L H § V 956
2941 CTGGTGCATACTCTAATCACAGTGTCGAAAATTTTACACCACAAAATGTTACATTCTGTT

[ ]
L QAP M S TLNTUL K A G I L N R F 976
3001 CTTCAAGCACCTATGTCAACCCTCAACACGTTGAAAGCAGEGTGGGATTCTTAATAGATTC

S K DI A I L D DULULU®PULT[I F DUF I o] 996
3061 TCCAAAGATATAGCAATTTTGGATGACCTTCTGCCTCTTACCATATTTGACTTICATCCAG

lL L L 1 viI e a 1 AV V AV 3o p[Y 1T F]iois
3121 TIGTITATTAATIGIGATTGGAGCTATAGCAGTTIGICGCAGITTTACAACCCTACATCTTT

Vv A T VvV P V I Vv A F I M L R A Y F Ll o T 1036
3181 GTTGCAACAGTGCCAGTGATAGTGGCTTTTATTATGTTGAGAGCATATTTCCTCCAAACC

S Q QL K 0L E S E GR S P I FTH L V 1056
3241 TCACAGCAACTCAAACAACTGGAATCTGAAGGCAGGAGTCCAATTTTCACTCATCTTGTT

® [ 4
T S L K G L W T L R A F G R Q P Y F E T 1076
3301 ACAAGCTTAAAAGGACTATGGACACTTCGTGCCTTCGGACGGCAGCCTTACTTTGAAACT

]
L F H K A L N L H T A N WV F L Y L S T L 1096
3361 CTGTTCCACAAAGCTCTGAATTTACATACTGCCAACTGGTTCTTGTACCTGTCAACACTG

R W F OMR[I E M I F V I FF 1AV T H 1116
3421 CGCTGGTTCCAAATGAGAATAGAAATGATTTTTGTCATCTTCTTCATTGCTGTTACCTTC

E G E G R Y G I I L T 1 al 1136
3481 ATTTCCATTTTAACAACAGGAGAAGGAGAAGGAAGAGTIGGTATTATCCTGACTTTAGCC

[M N I M S T L O W A V N s sl bp v bp s Ll 1156
3541 ATGAATATCATGAGTACATTGCAGTGGGCTGTAAACTCCAGCATAGATGTGGATAGCTT

M RS VSsS RV F KV F I DMUPTEGI K P T 1176
3601 ATGCGATCTGTGAGCCGAGTCTTTAAGTTCATTGACATGCCAACAGAAGGTAAACCTACC

o
K 8 T KP Y K NG QL S KV M I I E N S 1196
3661 AAGTCAACCAAACCATACAAGAATGGCCAACTCTCGAAAGTTATGATTATTGAGAATTCA

[ ®
H VvV K K D D I W P S G G Q M T V K D L T 1216
3721 CACGTGAAGAMAGATGACATCTGGCCCTCAGGGGGCCAAATGACTGTCAAAGATCTCACA

A K Y T E G G N A I L E N I S ¥ 8 I g P 1236
3781 GCAAAATACACAGAAGGTGGAAATGCCATATTAGAGAACATTTCCTTCTCAATAAGTCCT
®
G RIV & G R S A 1256
3841 GGCCAGAGGGTGGGCCTCTTGGGAAGAACTGGATCAGGGAAGAGTACTTTGTTATCAGCT
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FI1G.1. (cont'd)

F L R L L N T B G B I © I D G V 8 W D 8 1276
3901 TTTTTGAGACTACTGAACACTGAAGGAGAAATCCAGATCGATGGTGTGTCTTGGGATTCA

I T L Q Q@ W R K A ¥ G V I P Q X VvV F I F 1296
3961 ATAACTTTGCAACAGTGGAGGAAAGCCTTTGGAGTGATACCACAGAAAGTATTTATTTTT

*
s ¢ T F R X N L D P Y E Q W 8 D O E I W 1316
4021 TCTGGAACATTTAGAAAAAACTTGGATCCCTATGAACAGTGGAGTGATCAAGAAATATGG

X V A D E |lv 6 L. R 8 V1 E Q F P G X L D 1336

et aranstonert

4081 AAAGTTGCAGATGAdSTTGGGCTCAGATCTGTGATAGAACAGTTTCCTGGGAAGCTTGAC

F VL VD G 6 ¢ VL S B G H K Q L M € L 1356

X v L v et
4141 TTTGTCCTTGTGGATGGGGGCTGTGTCCTAAGCCATGGCCACAAGCAGTTGATGTGCTTG

A R S VL 8 X A XK I L L LD E P 8 A H L 1376
4201 GCTAGATCTGTTCTCAGTAAGGCGAAGATCTTGCTGCTTGATGAACCCAGTGCTCATTTG

®
DP\ATYQIIRRTLKQAFADCT1396
4261 GATCCAG'IMCATACCAAATMTTAGAAGAACTCTAMACMGCATTTGCTGATTGCACA

vV 1 L C E HR I EA AMULETCOQAQ F L]v I 1416
4321 GTAATTCTCTGTGAACACAGGATAGAAGCAATGCTGGAATGCCAACAATTTTT TCATA

E E N K V R Q Y D s I Q@ K L L N E R S L 1436
4381 GAAGAGAACAAAGTGCGGCAGTACGATTCCATCCAGAAACTGCTGAACGAGAGGAGCCTC

® [ 4
F R Q A I s P S DRV KL F P H R N S S 1456
4441 TTCCGGCAAGCCATCAGCCCCTCCGACAGGGTGAAGCTCTTTCCCCACCGGAACTCAAGC

XK C K 5 K P @ I AA L KEET E E E V Q 1476
4501 AAGTGCAAGTCTAAGCCCCAGATTGCTGCTCTGAAAGAGGAGACAGAAGAAGAGGTGCAA

D T R L = 1480

4561 GATACAAGGCTTTAGAGAGCAGCATAAATGTTGACATGGGACATTTGCTCATGGAATTGG
4621 AGCTCGTGGGACAGTCACCTCATGGAATTGGAGCTCGTGGAACAGTTACCTCTGCCTCAG
4681 AAAACAAGGATGAATTAAGTTTTTTTTTAAAAAAGAAACATTTGGTAAGGGGAATTGAGG
4741 ACACTGATATGGGTCTTGATAAATGGCTTCCTGGCAATAGTCAAATTGTGTGAAAGGTAC
4801 TTCAAATCCTTGAAGATTTACCACTTGTGTTTTGCAAGCCAGATTTTCCTGAAAACCCTT
4861 GCCATGTGCTAGTAATTGGAAAGGCAGCTCTAAATGTCAATCAGCCTAGTTGATCAGCTT
4921 ATTGTCTAGTGAAACTCGTTAATTTGTAGTGTTGGAGAAGAACTGAAATCATACTTCTTA
4981 GGGTTATGATTAAGTAATGATAACTGGAAACTTCAGCGGTTTATATAAGCTTGTATTCCT
5041 TTTTCTCTCCTCTCCCCATGATGTTTAGAAACACAACTATATTGTTTGCTAAGCATTCCA
5101 ACTATCTCATTTCCAAGCAAGTATTAGAATACCACAGGAACCACAAGACTGCACATCAAA
5161 ATATGCCCCATTCAACATCTAGTGAGCAGTCAGGAAAGAGAACTTCCAGATCCTGGAAAT
5221 CAGGGTTAGTATTGTCCAGGTCTACCAAAAATCTCAATATTTCAGATAATCACAATACAT
5281 CCCTTACCTGGGAAAGGGCTGTTATAATCTTTCACAGGGGACAGGATGGTTCCCTTGATG
5341 AAGAAGTTGATATGCCTTTTCCCAACTCCAGAAAGTGACAAGCTCACAGACCTTTGAACT
5401 AGAGTTTAGCTGGAAAAGTATGTTAGTGCAAATTGTCACAGGACAGCCCTTCTTTCCACA
5461 GAAGCTCCAGGTAGAGGGTGTGTAAGTAGATAGGCCATGGGCACTGTGGGTAGACACACA
5521 TGAAGTCCAAGCATTTAGATGTATAGGTTGATGGTGGTATGTTTTCAGGCTAGATGTATG
5581 TACTTCATGCTGTCTACACTAAGAGAGAATGAGAGACACACTGAAGAAGCACCAATCATG
5641 AATTAGTTTTATATGCTTCTGTTTTATAATTTTGTGAAGCAAAATTTTTTCTCTAGGAAA
5701 TATTTATTTTAATAATGTTTCAAACATATATTACAATGCTGTATTTTAAAAGAATGATTA
5761 TGAATTACATTTGTATAAAATAATTTTTATATTTGAAATATTGACTTTTTATGGCACTAG
5821 TATTTTTATGAAATATTATGTTAAAACTGGGACAGGGGAGAACCTAGGGTGATATTAACC
5881 AGGGGCCATGAATCACCTTTTGGTCTGGAGGGAAGCCTTGGGGCTGATCGAGTTGTTGCC
5941 CACAGCTGTATGATTCCCAGCCAGACACAGCCTCTTAGATGCAGTTCTGAAGAAGATGGT
6001 ACCACCAGTCTGACTGTTTCCATCAAGGGTACACTGCCTTCTCAACTCCAAACTGACTCT
6061 TAAGAAGACTGCATTATATTTATTACTGTAAGAAAATATCACTTGTCAATAAAATCCATA
6121 CATTTGTGT(A}n



5,863,770

Sheet 5 of 20

Jan. 26, 1999

U.S. Patent

80S d
'e'e 08yl DNINNVJS DNIANIE DNINNVdS
HNIGNIS -dlY 3SNVHEWIW Nivwogy dlV  aNvHawaw
1 n) M NN I 1 npn N N Z
Hooo- | || |1 L [ 11 - TR | _q_ | —'HN
e/l e L0L 6 8 Z gq®9 £Cl
Vega % 02 61 Zqy) oGyt 2ot q9%9g
4140 "9¢ Oid
gl
qll
E.mr qo
€ Sl eyl o, g%9
ve 2¢ 12 0¢ 61 qry €L "L 0L 6 LSV (A 4
nn n n
(1) 0s2 002 oSl 001 0S 0
| 1 I | ]
N3O 40 "ec¢ Old



5,863,770

Sheet 6 of 20

Jan. 26, 1999

U.S. Patent

DOVYDOILIVOLIVVVOILIVVYOVIVVVIVOVVLIOVVVVOLIVOIVVY
L701
96 ££6 086

2O 9 O
VVVODLYVODVYVDOVYDDDLIDIOVIVIOOVV.LLOLOLYVIOLVLIVVVVOLIVOIVVY
LVVLVL-- (CER EVA ) VOVOLL
01- g€

DVILOJOVLLYDLOLIOVOVVVOLOVILYDVVDODOLODOVOVOVOLVOV :q9 uoxy
9.8

RADIE



U.S. Patent Jan. 26, 1999 Sheet 7 of 20 5,863,770

Sphl
PCR- GENERATED
MIDDLE FRAGMENT 3' FRAGMENT

Xbal
5" FRAGMENT

Pstl

PLASMID VECTOR  Fstl

FIG. 4.



U.S. Patent Jan. 26, 1999 Sheet 8 of 20 5,863,770

Cof1
5.CACTGCAGACCATGGAGAGGTCGCCTCTGGAAAAGGCCAGCGTT-3' Cof2
3. TTCCGGTCGCAACAGAGGTTTGAAAAAAAGTCGACGTCAG-S'
Pstl Ncol 2 1LuALA L
Pvull
Pstl
FILL IN
\ 4

DIGEST WITH Ncol AND Pvull

Ncol v Pvul!

h-MTIIA PROMOTER _,,

Xbal

PCR-DERIVED
Sphl
pPBR ori

SV40 ori

3'-fragment of
CFTR cDNA

Xhol

FIG. 5.



U.S. Patent Jan. 26, 1999

sphi FROM C1-1/5 gy

Sphl

Sheet 9 of 20 5,863,770
FROM TE27
Ncol EcoRl
| 1
FROM T16-4.5
BstXI Ncol
I I
BstXl EcoRI
| I Pstl
|
EcoRI

FIG. 6.



U.S. Patent Jan. 26, 1999 Sheet 10 of 20 5,863,770

5-GCTACCAAAGCAGTACAGCCT-3'

w—l
fr——
3-G AGTCTTTACTA(ECTQTTATAGG'ITAGA-S'
+
5-CAGAAATGATCGAGAATATCCAATCT-3'
—
f———
3-CACCTTAGTGTGACTCACCTGTAG-5
. -
- -
—
[ S—
Xbal Sph I

FIG.7.



U.S. Patent Jan. 26, 1999 Sheet 11 of 20 5,863,770

~

3.9

Pstl

BstXI




U.S. Patent Jan. 26, 1999 Sheet 12 of 20 5,863,770

5 123 4

ERUURE

[ - Q—

&5
; ;
N ot




U.S. Patent Jan. 26, 1999 Sheet 13 of 20 5,863,770




U.S. Patent Jan. 26, 1999 Sheet 14 of 20 5,863,770




U.S. Patent

Jan. 26, 1999

Sheet 15 of 20 5,863,770

FIG. 13.

L.

Y-

P16 -

BT L

[ S

a,

THL LYK obd Eudf 5.0%y
A B AR AR A




U.S. Patent Jan. 26, 1999 Sheet 16 of 20 5,863,770

Neo | Pvull
co
Xbal
BamH | 4 Fspl
BamH |
(ATG)
hMTIIA  10-1 Sph |

EcoR | T16-1 Hpal
EcoR|
Amph C1-1/5
pCOF-1

pPBR ori EcoRI

Son | SV40 ori T16E4.5 BstX |
P TE27E2.3 BamH |

Sphl Nco | Nco |

Sfil EcoR| Nco |

Xho | BamH |

FIGURE 14.



U.S. Patent Jan. 26, 1999 Sheet 17 of 20 5,863,770

TRUNCATED CFTR Forskolin
251

Fo/F

FIG. 15A.7 [

s L

AF508 Forskolin

N03 N03

e W
L e R N

FIG. 15B.

CFTR )
25 Forskolin

Fo/F

1.5 -

FIG. 15C.




U.S. Patent Jan. 26, 1999 Sheet 18 of 20 5,863,770

- NNAe
|}

1.0 I  Forskolin

FIG. 15D.

35 r
- 1.4

30 |- 413
Fo/F — Area

25 - —1 1.2

20 - & - 1.1

Forskolin -1 1.0
Gramicidin

FIG. 15E.




U.S. Patent

Outward current (pA)

Jan. 26, 1999 Sheet 19 of 20 5,863,770
FIG. 16A.
600 |
500 -
|
400 -
300 - r
200
100
0 |
0 200 400 600 800
Time (sec)
FIG. 16B.
[t )
E—
P
N
200 500
(PA) % — — | (PA)
r————
P
g
s s s————
Sy




5,863,770

Sheet 20 of 20

Jan. 26, 1999

U.S. Patent

001 0S 0 0S - 00!l -
_ _ _ " 0001 -
(Aw) w3
0
[
09 O 02 O O02- Ob- 09- 08- B
001L-
. | 000L
00L
(vd) |
°¢1 0002

091 Old



5,863,770

1

STABLE METEROLOGOUS PROPAGATION
OF CFTR PROTEIN VARIANT CDNA

RELATED APPLICATIONS

This application is a divisional of application Ser. No.
08/030,081, filed 12 Apr. 1993, which is continuation-in-
part of U.S. application Ser. No. 07/401,609, filed 31 Aug.
1989, abandoned, which is a continuation of U.S. applica-
tion Ser. No. 07/399,945, filed 24 Aug. 1989, now
abandoned, which is a continuation of U.S. patent applica-
tion Ser. No. 07/396,894, 22 Aug. 1989, now abandoned.

FIELD OF THE INVENTION

This invention relates to modifications in the cDNA of full
length cystic fibrosis transmembrane conductance regulator
protein (CFTR) which facilitates propagation and/or expres-
sion in heterologous systems.

BACKGROUND OF THE INVENTION

Cystic fibrosis (CF) is the most common, life-threatening,
autosomal recessive disease in the Caucasian population.
Approximately 1 in 2,500 live births is affected by this
genetic disorder. Obstructive lung disease, pancreatic
enzyme insufficiency and elevated sweat electrolytes are the
hallmarks for CF but the severity of these symptoms vary
from patient to patient. Patients with CF usually die at an
carly age due to lung infection. With recent advances in
clinical treatments, which are directed against the
symptoms, the mean survival age for patients has increased
to 26 years.

Despite intensive research efforts for the past fifty years,
the basic defect in CF remains to be speculative. It is
generally believed that the heavy mucus found in the res-
piratory tracts and the blockage of exocrine secretion from
the pancreas are due to imbalance in water secretion which
is the consequence of a defect in the regulation of ion
transport in the epithelial cells.

The precise localization of the CF locus on the long arm
of chromosome 7, region q31, facilitated the recent isolation
of the responsible gene. The CF gene spans 250 kilobase
pairs (kb) of DNA and encode a mRNA of about 6,500
nucleotides in length. The CFTR gene is disclosed and
claimed in U.S. application Ser. No. 401,609 filed Aug. 31,
1989. That application is co-owned by the applicant of this
application.

Expression of this gene could be observed in a variety of
tissues that are affected in CF patients, for example, lung,
pancreas, liver, sweat gland and nasal epithelia. An open
reading frame spanning 1480 amino acids could be deduced
from the overlapping cDNA clones isolated. The putative
protein as noted is called “Cystic Fibrosis Transmembrane
Conductance Regulator” or CFTR for short, to reflect its
possible role in the cells. The predicted molecular mass of
CFTR is about 170,000.

Based on sequence alignment with other proteins of
known functions, CFTR is thought to be a membrane-
spanning protein which can function as a cyclic AMP-
regulated chloride channel. The internal sequence identity
between the first and second half of CFTR resembles the
other prokaryotic and eukaryotic transport proteins, most
notably, the mammalian P-glycoprotein.

The most frequent mutant allele of the CF gene involves
a three base pair (bp) deletion which results in the deletion
of a single amino acid residue (phenylalanine) at position
508, within the first ATP-binding domain of the predicted
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polypeptide. Although this mutation (AF508) accounts for
about 70% of all CF chromosomes, there is marked differ-
ence in its proportion among different populations. The
remaining 30% of mutations in the CF gene appear to be
heterogeneous and most of them are rare, with some repre-
sented by only single examples, as referenced in applicant’s
Canadian patent application filed Jul. 9, 1990.

The mutation screening study confirms that the ATP-
binding domains detected by sequence alignment is impor-
tant for CFTR function as multiple, different mutations have
been found for many of the highly conserved amino acid
residues in these regions. The locations of the various
mutations also identified other functionally important
regions in CFTR. There is, for example, a section three bp
deletion resulting in the omission of an isoleucine residue at
position 506 or 507 of the putative protein. While amino acid
substitutions at these positions are apparently not disease-
causing, this observation argues that the length of the
peptide is more critical than the actual amino acid residue in
the 506508 region. Further, the existence of a large number
of nonsense, frameshift as well as MRNA splicing mutations
in the CF gene implies that absence of CFTR is not incom-
patible with life.

The varied symptoms among different CF patients suggest
that disease severity is at least in part related to the mutations
in the CF gene. Such association, which is expected to be
concordant among patients within the same family, as they
should have the same genotype at the CF locus, is observed
for pancreatic function. Approximately 85% of CF patients
are severely deficient in pancreatic enzyme secretion, thus
diagnosed as pancreatic insufficient (PT), and the other 15%
have sufficient enzyme, thus pancreatic sufficient (PS). Fam-
ily studies showed that there was almost complete concor-
dance of the pancreatic status among patients within the
same family, leading to the suggestion that PI and PS are
predisposed by the patients” genotypes. Subsequent studies
showed that patients homozygous for the AF508 mutation
were almost exclusively PI. This information may be useful
in disease prognosis.

There are other mutations that would be classified in the
same group as AF508, the so-called severe mutant alleles
with respect to pancreatic function. In contrast, patients with
one or two copies of other class (i.e. mild) of alleles are
expected to be PS. Meconium ileus which is observed in
about 30% of CF patients appears to be a clinical variation
of PI and not directly determined by the CF genotype. Other
clinical manifestations are more complicated and no appar-
ent association has yet been detected.

With the identification of the CF gene, a better under-
standing of the basic defect and pathophysiology of the
disease can now be attained. Progress and advance are being
made in studies of the regulatory mechanisms governing the
expression of this gene, and of the biosynthesis and subcel-
lular localization of the protein (through generation of
antibodies against various parts of the protein). In addition,
it is important to develop effective assay systems for the
function of CFTR. This information may be useful in
development of rational therapies, including gene therapy.

In order to obtain a DNA sequence containing the entire
coding region of CFTR, it is necessary to construct a
full-length cDNA from overlapping clones previously iso-
lated. A major difficulty has been encountered in the process,
however. As the various proportions of the full-length cDNA
is being linked together by standard procedures; i.¢., restric-
tion enzyme cutting and ligation, with plasmid vector in
Escherichia coli, frequent sequence rearrangement has been
detected in the resulting construct.
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For purposes of better understanding of the regulatory
functions of the CFTR protein and also for purposes of gene
and drug therapy, it is useful to be able, in a commercial way,
to propagate and express the normal CFTR gene and various
mutant CFTR genes in a variety of hosts which include
bacteria, yeast, molds, plant and animal cells and the like.

Although propagation and expression of the cDNA
sequence for the CFTR gene can be achieved in some
vehicles, there are, however, the aforementioned difficulties
in obtaining stable propagation of the cDNA in some types
of bacteria, particularly E. coli. It is thought that the cDNA
contains sequence portions which, when propagated in the
bacteria, results in a toxic effect which is countered by lack
of propagation of the cDNA in the microorganism.

SUMMARY OF THE INVENTION

We have discovered that a modification of a cDNA repeat
sequence in exon 6 of the CFTR gene without modifying the
amino acids encoded by the changed codons facilitates
propagation and/or expression of the CFTR protein in living
cells and in particular bacterial cells.

According to an aspect of the present invention, a modi-
fied DNA sequence derived from a gene coding for cystic
fibrosis transmembrane conductance regulator (CFTR)
protein, the gene having at least 27 exons of which normal
cDNA codes for CFTR protein, the normal cDNA including
exons 6a and 6b wherein exon 6b includes a 13 bp repeat,

the modified DNA sequence comprises at least one of the
13 bp repeats of exon 6b having one or more normal
nucleotides of the 13 bp repeat substituted with an
alternate nucleotide which continues to code for a
corresponding normal amino acid.

According to another aspect of the present invention, a
DNA construct for use in a recombinant vector comprises
the modified cDNA.

According to a another aspect of the present invention, a
vector which comprises the DNA construct and a promoter
sequence for the DNA construct.

According to further aspect of the present invention, a
host cell for producing CFTR protein, the host cell com-
prises the above vector whereby expression of the vector in
the host cell produces CFTR protein.

According to another aspect of the present invention, a
CFTR protein isolated and purified from culture of the host
cell.

According to a further aspect of the present invention, a
mammalian cell transfected with the above vector to
enhance Cl™ conductance through a cell wall.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is the nucleotide sequence of the CF gene and the
amino acid sequence of the CFTR protein;

FIGS. 2(A) and 2(B) are schematic diagrams of the CF
gene and its protein product. (A) Gene structure with exons
represented by open boxes; and (B) Computer-predicted
primary structure of CFTR;

FIG. 3 is a DNA sequence of exon 6b. The nucleotide
positions (877-1002) for exon 6 correspond to the previous
¢DNA numbering scheme (Riordan et al 1989). The 13 bp
direct repeats are underlined. The consensus prokaryotic
transcription signals (at positions -35 and -10) are included
for comparison. The modified nucleotides in pCOF-1;
pBQ6.2 and pBQ4.7 are shown underneath.

FIG. 4 is a schematic diagram showing the three compo-
nents used in the construction of full-length CFTR cDNA.
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FIG. 5 is the generation of the 5' end of CFTR cDNA for
the expression vector pCOF-1. Two overlapping, oppositely
oriented oligonucleotides, Cofl (44-mer) and Cof2 (40-
mer), were used in the generation of the exon 1 sequence. A
double stranded molecule was synthesized from these two
oligonucleotides with the Klenow fragment of DNA poly-
merase. An Ncol site was introduced at the initiation codon
to facilitate subsequent cloning. The PCR-generated frag-
ment was digested with Ncol and Pvull and ligated to the
remaining portions of the CFTR ¢cDNA, including the Pvull
to Xbal fragment of cDNA clone 10-1, the PCR-modified
middle fragment and the 3' fragment. The procedures used
to generate the two latter segments are described with
reference to FIGS. 6 and 7. The position of the human
metallothionein IIA promoter, the bacterial ampicillin-
resistance gene, the pBR origin of replication and the SV40
origin of replication are marked.

FIG. 6 is 3' end construction. The 3' coding region of the
expression vector (pCOF-1) and pBQ6.2 was constructed in
two sequential cloning steps. First, the 3' most portion,
including the end of the coding sequence and the 3' untrans-
lated region, was prepared by ligating a fragment from
T16-4.5 (generated by Beol partial digestion) to a fragment
from the genomic clone TE27 (Rommens et al 1989). The
resulting fragment was then joined with the Sphl-BstXI
fragment from Cl-1/5 (riordan et al 1989) at the BsXI
restriction site to yield a 4 kb 3' end fragment.

FIG. 7 is a schematic diagram showing the synthesis of
the middle segment containing the modified sequence.
Details are described herein.

FIG. 8 is propagation vectors pBQ4.7 and pBQ6.2. The
construction of these plasmids is provided in description of
the invention. Key restriction sites are marked. The sizes of
the transcripts generated by the T7 RNA polymerase (from
the Pstl site to each of the marked restriction sites ) are also
indicated (in kilobases).

FIG. 9 is DNA sequencing ladder showing the modified
sequence in exon 6b. The sequencing reaction was per-
formed with the use of an oligonucleotide primer (19-mer)
corresponding to a sequence in exon 6a starting at nucle-
otide 771 (5-GCTAATCTGGGAGTTGTT-3"). The altered
nucleotide in the sequence are underlined.

FIG. 10 is in vitro translation of CFTR. The products from
in vitro translation reactions were separated on a 10%
polyacrylamide -SDS gel. The gel was stained by Coomassie
Blue after electrophoresis; it was then soaked in Enhance®
(New England Nuclear) and dried at 60° C. under vacuum
before exposure to X-Omat film (Kodak). Lane 1: no added
RNA; lane 2: protein translated from the Brome Mosaic
Virus RNA (as size and reaction conditions control); lanes 3
and 4: duplicate samples of capped mRNA prepared by T7
RNA polymerase on template pQB6.2 digested with Hpal.
The positions for the protein molecular weight standards
(purchased from BRL Labs) are indicated on the left in
kilodaltons. The expected product of 82.6 kb (from the RNA
generated from the pBQ6.2 plasmid) is marked. Also
marked (by arrows) are the sizes of the BML protein
products, shown in lane 2.

FIG. 11 is DNA hybridization analysis of integrated
plasmids. Genomic DNA samples were prepared from each
cell line, digested with BamHI and separated on a 0.7%
agarose gel in Tris-acetate buffer. The restricted DNA lanes
was then transferred to Zetabind (Bio-Rad Labs) membrane.

The autoradiograph shows examples of the hybridization
results with the CFTR ¢cDNA probe. As indicated, the first
lane on the left, LTK, contains mouse genome DNA. The
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second and third lanes, indicated as 2a-4A and 2a4C,
contain DNA from HAT-resistant clones obtained by trans-
fection with pSTK7 only. The remaining lanes contain DNA
from HAT-resistant clones obtained by co-transfection with
pSTK7 and pCOF-1, 4th through 11th lanes (from left to
right), and pSTK7 and pCONZ, 3 lanes at the far right.
Individual clone names are indicated. Molecular weight
markers are shown on the left (in kb). The two diagnostic
bands in clones shown in 4th, 6th, 8th and 9th and 14th lanes
are 2.3 kb (the 5' end of the CFTR gene plus the expression
vector, promoter sequence) and 2.5 kb (CFIR internal
segment).

FIG. 12 is RNA hybridization analysis. Total RNA was
extracted from each cell line, purified through CsClI gradient
centrifugation, and separated on a 1.0% formaldehyde aga-
rose gel in MOPS-acetate buffer. The samples were trans-
ferred to Zetabind (Bio-Rad Labs) membrane and hybrid-
ized sequentially with radioactively labeled CFTR cDNA
(panel A) and the TK cDNA probe (panel B). As indicated,
the samples in the lanes at the far left and far right were
prepared from the colonic cell line T84. The second lane
(from left) contained RNA from fresh mouse salivary tissue;
and the third lane (from left) contained RNA from untrans-
fected LTK-cells. The 4through 6th lanes (from left) contain
RNA prepared from independent clones generated from
pSTK?7 transfection, the 7th through 12th lanes from
co-transfection with pSTK7 and pCOF-1; and the 13th
through 17th lanes from cotransfection with pSTK7 and
pCONz, as indicated. The 28 S and 18S rRNA bands are
indicated by arrows at the right. The position anticipated for
the full-length transcript (6.2 kb) is also marked. The lanes
of panel B correspond to those of panel A. The expected
transcript for the HSVTK gene is 2.2 kb, as observed in
panel B. The expected transcript for the HSV YK gene is 2.2
kb.

FIG. 13 is RNA and protein analysis of mouse L cell lines
expressing human CFTR. (A) Total RNA from Caco2 (5 ug,
lane 1), LTK™ (10 ug, lane 2), 6B-1 (10 ug, lane 3), 4a-31 (10
ug, lane 4), and 5-2D (10 ug, lane 5) cell lines were
electrophoresed on a 1% formaldehydeagarose gel, trans-
ferred to Hybond-N (Amersham), and hybridized with >*P-
labelled cDNA probe. The autoradiogram is shown in the
left panel. The 6.2-kb CFTR mRNA of the Caco2 cell line
is indicated with the arrow. The parental LTK™ lane does not
show any signal as expected. The relative positions of the
28S and 18S rRNAs as indicated (B) Protein fractions from
nuclei and mitochondria (lanes A) and crude light mem-
branes (lanes B) from the cell lines T84, LTK", 6B-I, 4a-31
and 5-2D are indicated. Bands were visualized by '*°I-
labelled rabbit anti-mouse antibody.

FIG. 14 is expression vector pCOF-1. The complete
CFTR coding region (open boxes) is positioned downstream
from the human metallothionein IIa (hMTIIa) promoter
(hatched box). The human metallothionein Ila initiation
codon is joined with that of CFTR at an Nco I site introduced
by the synthetic oligonucleotides.
5'-CACTGCAGACCATGGAGAGGTCGCCTCTGGAAA
AGGCCAGCGTT-3' and 5'-GACTGCAGCTGAAAA
AAAGTTTGGAGACAACGCTGGCCTT-3'. The DNA
sequence from exons 2 to 24 and its 3' flanking region was
derived from clones 10-1 (Pvu II-Xba I), T16-1 (Xba I-Sph
I), Cl-1/5 (Sph I-BstX1), T16E4.5 (BstXI-Nco I), and
TE27E2.3 (Nco I-Xho 1), as indicated. In pCOF F508, the
1-kilobase (kb) BamIII-Hpl fragment was replaced with the
corresponding fragment from clone CI-1/5.

FIG. 15 is video microscopic detection of Cl permeability
in single L cells, SPQ fluorescence intensities (F) are
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expressed relative to SPQ fluorescence intensity in the
absence of CI™ quenching (F,; the direction of changes in
F_/F reflect parallel changes in intracellular C1~ concentra-
tion. (A—C) Single cells, each indicated by a different
symbol, are shown containing a frameshift construct leading
to a predicted truncated CFTR (A); a mutant construct
CFTRAF508 (B); and an intact construct, CFTR (C). For-
skolin (10 M) and NO~; medium were perfushed over the
cells for the periods indicated by solid bars. Time scale in C
applies to A—C. (D) A single CFTR cell was repeatedly
pulsed with NO~; medium. Rate of fluorescence change as
well as peak response during constant pulses (1 min) was
unchanged over the time course of exposure to forskolin,
indicating that the cAMP-induced Cl~ permeability is sus-
tained. (E) Simultaneous determinations of Cl~ concentra-
tions (F,F) (open and solid squares) and cell volume,
expressed as relative area of constant optical section (open
and solid circles), in a single cell expressing CFTR (solid
squares and circles)) and a single cell expressing truncated
CFTR (open squares and circles). As indicated, the cells
were exposed to 5 M gramicidin and to 10 M forskolin.
FIG. 16 is whole-cell CI™ currents in transfected L cell.
(A) Time course of whole-cell currents measured from cells
transfected with the frame-shift CFTR control construct
(solid diamonds) and the intact CFTR construct (open
squares) after the addition of a solution containing 10 #M
forskolin, 1 mM isobutylmethylxanthine, and 100 uM N°,
O*-dibutylyladenosine 3',5'-cyclic monophosphate. The
arrow indicates the time of solution addition. Outward
currents were measured at E,_=+20 mV. (B) Whole cell
current-voltage relationships for a CFTR-expressing cell
before (Left) and 3 min after (Right) induced activation. The
current scale for the nonstimulated cells is shown enlarged
as indicated. The dashed line indicates the zero-current
level. (C) Mean current-voltage relationships for CFTR cells
(n=10) before and after activation (solid circles and open
squares, respectively). Replacement of bath NaCl with
sodium gluconate resulted in a shift in reversal protention of
cAMP-activated currents (open triangle) (n=4).

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The normal CFTR gene sequence and protein sequence is
shown in FIG. 1. The sequence consists of cDNA identified
and isolated from chromosome of mammalian cells in
accordance with the procedure identified in co-applicants
U.S. patent application Ser. No. 401,609, (abandoned), now
U.S. continuation application Ser. No. 08/123,864 filed Sep.
20, 1993. It is believed that the cDNA of CFTR is made up
of at least 27 exons as identified in applicant’s pending
Canadian patent application filed Jul. 9, 1990.

The exact cause of the sequence instability is unknown,
but the region frequently involved in this rearrangement is a
13 bp direct repeat in exon 6a of the CFTR gene as shown
in FIG. 3. This region also shows sequence identity with
consensus regulatory sequences in F. coli as noted in FIG.
3. It is possible that transcription initiates from this
sequence, resulting in a product which is toxic to the
bacterial host. It is also possible that the DNA sequence
itself elicits an inhibitory response. In consequence, the
transformation frequency and growth of the desired plasmid
construct become extremely poor. The rearrangement of this
sequence detected in the recovered plasmids may have
alleviated its toxicity in bacteria. Thus, the inability to obtain
a full-length CFTR cDNA in the original cloning experiment
(Rommens et al, 1989) may also be explained.

Since most of the spontaneous sequence rearrangements
detected disrupts the open reading frame of the full-length
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cDNA, none of the resulting clones are expected to be useful
in functional complementation studies. Although it is pos-
sible to use alternative host/vector systems to overcome this
problem, the convenience of the FE. coli/pBR322-based
cloning system required a better system.

The region of interest with respect to enhancing propa-
gation of the cDNA in microorganisms and in particular in
E. coli is in exon 6. A 13 base pair repeat has been found in
exon 6. With reference to FIG. 1, the region of exon 6 is
identified. More specifically, within exon 6 the repeat
sequences occur at positions 923 through 935 and at 981
through 993. These repeat sequences are separated by
approximately 44 base pairs.

It has been discovered that by modifying one or more of
the base pairs in region 924 through 936 or 982 through 994
without changing the amino acid encoded by the respective
codon results quite surprisingly in the propagation of the
cDNA in a suitable microorganism, such as F. coli. The
modified cDNA, in one of the repeat base pairs sections,
does not produce a toxic effect in the microorganism so that
a stable propagation of the cDNA can proceed. The benefit
in the stable propagation of cDNA is not only from the
standpoint of expression of the gene to produce the protein,
but also for producing multiple copies of the cDNA for the
CFTR gene to enable other uses of the gene, such as in drug
and gene therapy for correcting the effects of CF.
Construction of Full Length cDNA

Two types of full length cDNA clones have been con-
structed to evaluate the modified cDNA. One of them is for
efficient propagation in . coli and the other one for expres-
sion in mammalian cells.

Since the entire coding region of CFTR is present in
multiple overlapping clones, it is necessary to construct the
full-length cDNA in three separate steps. As shown in FIG.
4, there is the construction of the 5' end of the cDNA (from
the beginning of the coding region to the Xbal site in exon
5), (Rommens et al, 1989); generation of the middle segment
(from the XBal site to the Sphl site in exon 10) including the
critical region by the polymerase chain reaction (PCR: Saiki
et al, 1985); and (Riordan et al, 1989) construction of the 3'
end of the cDNA from different existing clones (from Sphl
site to exon 24). The starting clones of this work have been
described previously (Riordan et al, 1989).

To construct the 5' end of the cDNA in the mammalian
expression vector, oligonucleotides were used to synthesize
the open reading frame between the initiation codon and the
end of exon 1 (the Pvull site). This fragment was inserted
between the promotor of vector pSG3X and exon 2 of cDNA
clone 10-1 (see FIG. 5). A single nucleotide modification (C
to G) was introduced at the position immediately after the
initiation codon to facilitate subsequent manipulation. The
alteration also introduced an amino acid change from
Glutamine to Glutamate.

To construct the 3' end of the cDNA, DNA fragments
were obtained from three existing clones (FIG. 6): Sphl to
BstXI (exons 10-20) from CI-1/5 (Riordan et al, 1989),
BstXI to Ncol (exons 20-24) from T16-4.5 (Riordan et al,
1989), and Ncol to EcoRI (exon 24 to about 100 bp
downstream from the polyadenylation signal) from TE27
(Rommens et al, 1989). The genomic DNA fragment
included at the end of this construct to ensure proper
transcription termination and mRNA processing. This 3' end
construct was used for both the expression and propagation
vectors.

The cDNA clone T16-1 (Riordan et al, 1989) was used as
the template for generation of the middle segment, which
was used for both vector systems. To introduce a sequence
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modification in one of the 13 bp repeat region of exon 6, the
in vitro mutagenesis procedure based oligonucleotide-
directed PCR (Higuchi et al, 1988; Ho et al, 1989) was used.
Briefly, two overlapping segments, spanning exons 3 to 6
(536 bp) and exon 6 to 17 (867 bp), were generated from
T16-1 by PCR with two sets of oligonucleosides (see FIG.
7). The two overlapping segments were joined by the PCR
procedure with the outermost, flanking oligonucleotide
primers. The product, 1.38 kb in size, was then digested with
Xbal and Sphl to generate the modified middle segment.

The pBluescript® vector from Stratagene was used as the
basis propagation vector. The 5' end of the full-length cDNA
in this vector was derived from cDNA clone 10-1 (between
the Pstl and Xbal sites). The resulting clones were named
pBQ4.7 and pBQ6.2 (FIG. 8).

The plasmid pSGM3X was used as the basic mammalian
expression vector. It is similar to pSGM1 previously
reported by Meakin et al (1987), except that the human
metallothionein promoter was inserted in an opposite ori-
entation and that a Xhol site was inserted in the Kpnl site
within the Ecogpt gene. The resulting expression vector was
named pCOF-1 (FIG. 5).

Sequence Verification

Since errors are often introduced into PCR products due
to infidelity of the Taq polymerase, the middle segment of
the cDNA clones were first verified by DNA sequencing.
The procedure of dideoxy termination was used according to
the US Biochemical Sequenase® kit. Consequently, it was
necessary to replace a small segment (the Xbal site in exon
6 to the Fspl site in exon 7) of the clone with the corre-
sponding segment from T1601. Overlapping DNA sequenc-
ing was then performed for the entire open reading frame of
each of the completed full-length cDNA constructs.

In vitro Translation

To produce large quantities of RNA from the propagation
vector (pBQ4.7 and pBQ6.2) for the purpose of in vitro
translation, the mCAP® mRNA capping kit from Stratagene
was used.

Since the open reading frame predicts a protein of 170,
999 kilodaltons (kd), it would be difficult to produce a
product of this size in vitro. It was therefore necessary to use
differently prepared templates to examine various segments
of the open reading frame. To prepare these templates, the
propagation vector pBQ6.2) was digested with Fspl, EcoRI,
Hpal and Xhol, accordingly.

In vitro translation was performed with a rabbit reticulo-
cyte lysate kit from Promega Corporation and **C-labelled
leucine from Amersham.

Transfection Studies in Mouse LTX Cells

The calcium phosphate co-precipitation procedure for
introduction of plasmid DNA into mouse LTK-cells has been
described previously (Meakin et al. 1987). The plasmid
pSTK7 was used for cotransfection with the expression
vector pCOF-1. As a control vector, a plasmid construct
similar to pCOF-1, except for the deletion of a single base
pair in exon 1 was used; this deletion was expected to result
in premature termination of translation.

The mouse LTK-cells were passaged in a.-MEM medium
supplemented with glutamine, 10% fetal bovine serum and
antibiotics. Biochemical selection for TK positive cells was
achieved in medium containing hypoxanthine, aminopterin
and thymidine (HAT medium).

DNA and RNA Analyses

Plasmid and DNA samples were prepared from the bac-
terial cells and genomic DNA from transfected mouse L
cells. Total RNA was extracted from mammalian cells for
examination of gene expression. Standard procedures,
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essentially as described by Sambrook et al (1989), for DNA
and RNA analyses were used.
Protein Analysis

Animal cells were harvested in TEN buffer (40 mM
Tris-HC], pH 7.5, 1 mM EDTA, 150 mM), after the cells
were washed in phosphate-buffered saline. Cells were col-
lected by scraping, resuspended in 2560 mM Tris-HC1 (pH
8), and stored in —80° C. ready for total protein extraction.
For SDS-polyacrylamide gel electrophoresis, the frozen
cells were resuspended in the loading buffer and boiled for
5 min prior to electrophoresis according to the procedure of
Laemmli et al (1970).

Transfer of protein from polyacrylamide gel to nitrocel-
lulose was performed overnight at 0.4 mA according to the
procedure of Towbin et al (1979). The membrane was baked
at 80° C. for 90 min. Detection of CFTR was accomplished
with the use of a monoclonal antibody (gift of N. Kartner
and J. Riordan) prepared against a portion of the predicted
protein (amino acid residues 347-698) and the ProtoBlot®
AP System according to procedures recommended by the
supplier (Promega Corporation) with 1% BAS as a blocking
agent.

Vector Construction.

Three plasmid constructs were made in this study—
pBQ4.7; pBQ6.2 and pCOF-1 as described in the previous
section. pBQ4.7 is a full-length cDNA clone contained in the
Bluescript® vector; it contains the entire coding region
except the 3' untranslated region. pBQ6.2 contains the same
sequence as in pBQ4.7 plus the 3' untranslated region. Both
of these plasmids contain modification in the first 13 bp
direct repeat in exon 6b (FIG. 3). The full-length ¢cDNA
construct in pCOF-1 is inserted downstream from the human
metallothionein IIA promoter in the vector pSGM3X and the
coding region is flanked by CFTR genomic DNA sequence
at the 3' end. In addition to the modification introduced into
the exon 6b region of the cDNA, as in the two previous
constructs, pCOF-1 has another modification (C to G) in the
first nucleotide after the presumptive initiation (ATG) codon
in exon 1.

As the first step in examining their integrity, restriction
enzyme digestions were used to derive a map for each of
these full-length cDNA constructs. The results showed that
all of them produced a set of DNA fragments as expected.
It is, however, of interest to note that there was one DNA
fragment in each of the digestions which appeared to have
a different mobility when compared to the pattern of the
corresponding parental cDNA clones displayed on polyacry-
lamide gel. The mapping data located the fragments with the
altered mobility to those containing the 13 bp direct repeats.

To ensure the DNA sequence was intact as designed, the
middle segment containing the modified segment was exam-
ined by DNA sequencing. The result showed that 3 bp were
altered in the region. While two of the modifications (T to C
at position 930 and A to G at 933) were inserted as expected,
an additional change (T to C at position 936) was found
(FIG. 9). This unanticipated alteration was found in all five
clones examined, suggesting that it was introduced by an
error in the synthesis of the oligonucleotide primer.
Nevertheless, this error was located outside of the “-35”
prokaryotic consensus sequence (Hawley and McClure
1983) and did not alter the encoded amino acid (FIG. 3).

Two other undesired nucleotide changes were detected in
the middle cDNA segment. Since these latter substitutions,
probably introduced during PCR, would change the encoded
amino acids, it was necessary to replace the region contain-
ing these changes with a segment from the original plasmid.

The DNA sequence in all three resulting clones appeared
to be stable after long term propagation in F. coli. Their
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entire coding region was sequenced and no additional
changes were detected. It was noted that the transformation
efficiency of these constructs in bacteria increased substan-
tially (100 times higher than the unmodified cDNA) and that
the copy number of plasmids (as reflected by the yield in
DNA preparation) also increased.

Protein Synthesis by in vitro Translation

To ensure that the open reading frame in the full-length
cDNA was uninterrupted, the in vitro translation method
was performed. Accordingly, the propagation vector was
linearized at an appropriate restriction site in the circular
plasmid and used as the template for production of RNA
suitable for translation in vitro. Since the entire CFTR
protein would be probably too large to be translated in vitro,
the experiment also included shorter transcripts produced
from templates interrupted within the coding region.

An example of the result is shown in FIG. 10. The
template used for this experiment was pBQ6.2 linearized at
the Hpal site; the in vitro translation product was expected
to be 86.2 kd. As shown in FIG. 10, a band migrating at the
position of the expected molecular weight is clearly visible,
indicating that translation initiates at the ATG codon as
predicted and continues through the Hpal site in exon 13.
The identity of this protein is also confirmed by its ability to
react with a monoclonal antibody against CFTR. The other,
smaller proteins observed in the products are probably
results of premature termination or internal initiation of
translation.

Similar experiments were performed with the plasmid
treated with Xbal and EcoRI. Protein bands corresponding
to the expected translation products 19 and 77.5 kd,
respectively, were readily detectable on the polyacrylamide
gel. These results, therefore, provided further confirmation
that the predicted open reading frame was correct and intact
in the full-length cDNA constructs.

Expression in Mouse L Cells

To examine if CFTR could be produced in heterologous
mammalian cells, the pCOF-1 plasmid was used to transfect
mouse L TK-cells. Another plasmid containing the herpes
simplex virus TK gene was included in the transfection to
allow biochemical selection of cells that were successfully
transfected. A plasmid (pCONZ) which suffered a single
base pair deletion immediately adjacent to the 3' initiation
codon was used in a parallel transfection experiment as a
negative control (as the frameshift would result in no CFTR
products).

DNA Analysis

HAT-resistant L cell colonies were isolated and expanded
into individual mass cultures and genomic DNA were iso-
lated from these cultures for characterization of integrated
plasmid DNA. As expected, all of the HAT-resistant L cell
lines were found to contain an intact HSV TK gene (as
demonstrated by gel-blot hybridization analysis). In
addition, the copy number for the integrated plasmid DNA
was found to vary among different lines, an anticipated from
the calcium phosphate co-precipitation protocol. Gel-blot
hybridization analysis was then performed for the cell
cultures transfected with pCOF-1 and pCONZ. The full-
length ¢cDNA clone (a 6.2 kb PstI fragment from pBQ6.2)
was used as proof to examine the CFTR sequence.

Among the 15 pCOF-1/pSTX?7 co-transfected cell lines,
14 were found to contain at least a portion of the CFTR
cDNA, as judged by the hybridization pattern of EcoRI-
digested DNA from these lines. Five of these lines shows a
1.5 kb and 2.5 kb band, as predicated for an intact cDNA.
For the remaining lines, the size of the EcoRI fragment was
different from those predicted, indicating rearrangement or
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integration occurred through this region of the cDNA. Upon
further analysis with BamHI and Ncol digestion, however,
only four of the five lines showed intact 5" and 3' ends of the
c¢DNA (see FIG. 11). The apparently intact clones were
4a-2C, 4a-31, 4a-3K, and 4a-4S.

Similar DNA analysis was performed for cell lines
co-transfected with pCONZ and pSTK7. Among the 10
clones examined, nine appeared to contain CFTR sequence
and eight of them showed the predicted 1.5 kb and 2.5 kb
Ecorl fragments (see FIG. 12). Further analysis with BamHI
and Ncol on five of them revealed that four (6a-1D; 6a-2F;
6b-J and 6b-K) contained intact 5' and 3' ends.

RNA Analysis

Expression of CFTR in the transformed mouse cell lines
was next examined by RN A blot hybridization analysis. Two
of the pCOF-1 transfected lines (4a-31 and 4a-3K) were
found to express high levels of RNA (see FIG. 124) but the
remaining two lines 4a-1C and 4a-4Q) were low. In addition
to the 6.2 kb band expected for correctly initiated and
terminated CFTR RNA in these lines; however, hybridizing
sequences were also detected at the 9-10 kb range, suggest-
ing improper initiation or termination. A similar, high
expression pattern was observed for three of the lines
transfected with pCONZ (6a-1A; 6a-1D and 6b-J) (FIG.
12a). For clone 6a-2F, only a low level of the 6.2 kb species
was detected. No RNA could be found for clone 6b-K,
despite the presence of an apparent intact CFTR sequence.

The level of CFTR-derived RNA present varied among
the cell lines mentioned above, with the strongest signals
seen in clones 4a-31 and 6b-J. The variation was not due to
poor sample preparation, as confirmed by hybridization
analysis of the same blot with the TK probe (FIG. 12B).
Protein Analysis

Protein was then extracted from several representative
cell lines and examined for the presence of CFTR-related
products.

In the right panel of FIG. 13, a 170 kd band of appropriate
size for the CFTR protein was clearly observed in the light
membrane fraction, B, of 4a-31. No CFTR protein was
detected in LTK™ extracts or in the 6b-I extracts.

1) A single 170 kdalton band was observed in the light
membrane fraction from the cell line 4a-3I. This cell had
been demonstrated by DNA analysis to contain multiple
copies of the intact promoter of the expression vector and of
the CFTR gene. RNA analysis also indicated expression of
high levels of mRNA for this clone.

2) In contrast, the cell line 6b-1, generated with the mutant
gene does not express a reacting 170 kdalton band. This line
generated by co-transfection with the pCONZ plasmid was
shown to have an intact promoter and gene portion. In
addition, high levels of RNA were detected. Identical results
for these samples were obtained even when the extracts were
not subjected to heating prior to gel loading. 3) 170 kdalton
bands were not observed in the cell line 4a-2D generated by
the transfection experiment with the pCOF-1 plasmid and
the cell line 2a-4A generated by the transfection with the
pTK7 plasmid only. Genomic DNA analysis of the cell line
4a-2D indicated that only portions of the CFTR gene had
been incorporated. As expected, no CFTR RNA could be
detected.

For comparison, also shown on the protein analysis in
FIG. 13 is a crude membrane preparation of the cell line T84
(provided by N. Kartner and J. Riordan). A single diffuse
band is observed in the T84 preparation that is of compa-
rable size of that expressed in the 4a-3I cell line. In
conclusion, the cell line 4a-31 appears to be producing a 170
kdalton CFTR protein as expected from the open reading
frame of the pCOF-1 plasmid.
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A CAMP-inducible chloride permeability has been
detected in mouse fibroblast (L cell) lines upon stable
integration of a full-length cDNA encoding the human cystic
fibrosis transmembrane conductance regulator (CFTR). As
indicated by a Cl -indicator dye, the CI~ permeability of the
plasma membrane increases by 10- to 30-fold within 2 min
after treatment of the cells with forskolin, an activator of
adenylyl cyclase. The properties of the conductance are
similar to those described in secretory epithelial cells; the
whole-cell current-voltage relationship is linear and there is
no evidence of voltage-dependent inactivation or activation.
In contrast, this cAMP-dependent C1~ flux is undetectable in
the untransected cells or cells harboring defective cDNA
constructs, including one with a phenylalanine deletion at
amino acid position 508 (AF508), the most common muta-
tion causing cystic fibrosis. These observations are consis-
tent with the hypothesis that the CFTR is a cAMP dependent
Cl™ channel. The availability of a heterologous
(nonepithelial) cell type expressing the CFTR offers an
excellent system to understand the basic mechanisms under-
lying this CFTR-associated ion permability and to study the
structure and function of the CFTR.

We describe the construction and use of a mammalian
expression vector to produce human CFTR in a long-term
mouse fibroblast culture. We show that expression of CFTR
induces a cAMP-dependent CI~ conductance, which is nor-
mally not observed in these cells. This expression system is
suitable for study of the Cl~ conductance pathway and its
regulation and to provide medical treatment for CF.
Plasmid Vectors

The mammalian expression vector pCOF-1 is a derivative
of pSGM3X, which is similar to pSMG1 (Meakin et al),
except that the human metallothionein ITa promoter (Karin
et al, 1982) was inserted in the opposite orientation and a
Xho I site was inserted in the Kpn I site within the Ecogpt
gene. To reconstruct the full-length CFTR cDNA in pCOF-1
(FIG. 14), the bulk of the coding region (exons 2-24) was
obtained from partial cDNA clones (Riordan et al, 1989),
except that the three silent nucleotide substitutions (T—C at
position 930, A—G at position 933, and T—C at position
936) were introduced into the exon 6b region with
oligonucleotide-mediated mutagenesis by the polymerase
chain reaction (19, 20). The 3' untranslated region of CFTR
in pCOF-1was derived from the genomic DNA clone
TE27E2.3 (Rommens et al, 1989). The entire coding region
of exon 1 (from the initiation codon to the Pvu II site) was
generated by two complementary synthetic oligonucleotides
and the Klenow fragment of DNA polymerase I, where a
single nucleotide substitution (C—G) was introduced imme-
diately after the initiation codon (underlined in the legend to
FIG. 14) to create a Nco I site for ligation to the human
metallothionein Ila promoter. The latter substitution
changed the encoded amino acid glutamine to glutamic acid.
The construction of control plasmid pCONZ was similar to
that of pCOF-1, except that a single nucleotide was deleted
35 base pairs downstream from the initiation codon. A
truncated protein would be predicted from this frameshift
construct. The plasmid PCOFAF508 was generated by
replacing sequences of exons 9-13 in pCOF-1 with the
corresponding fragment from Cl-1/5, a cDNA containing the
AF508 mutation. The full-length cDNA clone pBQ6.2 con-
tained a 6.2 kb Pst I fragment in pBluescript (Stratagene)
and was constructed similarly to pCOF-1 except that the
exon 1 region was derived from clone 10-1. The integrity of
the CFTR cDNA inserts in pBQ6.2, pCOF-1, and the critical
regions in the other plasmid constructs were verified by
DNA sequencing. The plasmid vector (pSTK7) containing
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the herpes simplex virus thymidine kinase gene, used in the
cotransfection experiments, has been described (Meakin et
al). Bacterial cell cultures and plasmid DNA samples were
prepared according to standard procedures (Sambrook et al,
1989).
Cell Culture and DNA Transfection

Each of the three test plasmids (20 ug), pCOF-1, pCONZ,
and pCOFAF508, was cotransfected with pSTX7 (1 ug) into
mouse LTK™ cells by calcium phosphate coprecipitation
(Meakin et al). Biochemical selection for thymidine kinase-
positive cell was achieved in minimal essential medium
supplemented with hypoxanthineaminopterinthymidine
(HAT; gibco/brl). In some experiments, the test plasmids
were linearized at the unique Sfi I site (FIG. 14). High
molecular weight DNA was isolated from each clonal cell
line (Miller et al, 1988), digested with restriction enzymes
EcoRI, BamHI, and Nco I, and analyzed by agarose-gel-blot
hybridization (Sambrook et al, 1989) with the full-length
c¢DNA (insert from pBQG6.2) as probe. Total RNA was
extracted (MacDonald et al, 1987) and analyzed by agarosel-
gel-blot hybridization (Sambrook et al, 1989).
Protein Analysis

Cells were homogenized in a hypotonic buffer containing
10 mM KC1, 1.5 mM MgCl,, and 10 mM Tris. HC1 (pH 7.4).
Nucleic and mitochodria were collected by centrifugation at
4000xg for 5 min (fraction A). A crude membrane fraction
was then collected by centrifugation at 9000xg for 15 min
(fraction B). Membrane pellets were dissolved in loading
buffer and separated on a NaDodSO,/polyacrylamide (6%)
gel (Laemmli, 1970). Proteins were transferred to nitrocel-
lulose as described (Towbin et al, 1979) and immunode-
tected with monoclonal antibody M3A7 (Kartner et al,
1991).
6-Methoxy-1-(3-sulfonatopropyl)quinolinium (SPQ) Fluo-
rescence Assay

L cells grown on glass coverslips for 1-2 days were
uniformly loaded with the Cl™-indicator dye SPQ by incu-
bation in hypotonic (1:2 dilution) medium containing 20
mM SPQ at room temperature for 4 min. The mounted
coverslip was perfused continuously at room temperature
with medium containing 138 mM NaCl, 2.4 mM K,HPO,,
0.8 mM KH,PO,, 10 mM Hepes, 1 mM CaCl,, 10 mM
glucose, and 10 yM bumetanide (pH 7.4) on the stage of an
inverted microscope. NO™5; medium was identical except
that NO~; replaces all but 10 mM CI~. To minimize CI~
fluxes through nonconductive pathways, we performed the
experiments in the absence of HCO™; and in the presence of
bumetanine, inhibiting the anion exchanger and Cl”/cation
cotransporters, respectively. Fluorescence and the differen-
tial interference contrast imagine were performed simulta-
neously (25-27). SPQ fluorescence intensities (F) were
normalized to total SPQ fluorescence F_, determined as F
measured in the absence of intracellular CI7, since autof-
luorescence was negligible, Calibration (n=7 cells) were
performed essentially as described (Foskett, 1990). The
effective quenching constant K., was 15M™; the testing
intracellular CI™ concentration was =70 mM. Cell volume
changes were obtained by planimetry of differential inter-
ference contrast images (26, 27) and are presented as relative
changes in the areas of the measured optical sections. By
exposure of the cells to media of various osmolarities, we
observed that differential interference contrast imaging of a
single optical section can detect volume changes.
Whole-Cell Current Recordings

Membrane currents were measured at room temperature
12-24 hr after plating cells with whole-cell patch-clamp
techniques (Hamill et al, 1981). The patch pipet contained
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110 mM sodium gluconate, 25 mM NaCl, 8 mM MgCl,, 10
mM hepes, 4 mM Na,ATP, and 5 mM Na,EGTA (pH 7.2).
The bath contained 135 mM NaCl, 2.4 mM K,HPO,, 0.8
mM DH,PO,, 3 mM MgCl,, 1 mM CaCl,, 10 mM Hepes,
and 10 mM glucose (pH 7.2). To examine the time course of
a cAMP-evoked conductance changes, membrane potentials
were alternately clamped at =30 and =20 mV for 600 and
400 ms, respectively. Current-voltage relationships were
determined by measuring the currents at the end of 400-ms
voltage steps from 0 mV to £70 mV (10 mV increments).
Cell capacitance was compensated using cancellation cir-
cuitry of the EPC7 patch-clamp amplifier.
DNA Transfection

Stable mouse fibroblast cell lines containing full-length
CFTR or mutant cDNA, as well as cell lines with the pSTK7
plasmid alone, were established. Four cell lines with
pCOF-1 (4a-2C, 4a-31, 4a-3K, and 4a-S) contained an intact
human metallothionain Ila promoter and the CFTR coding
region, as judged by DNA analysis (data not shown).
Similarly, four cell lines (6a-1D, 6a-2F, 6b-1, and 6b-K) for
pCONZ control cDNA with the frame-shift mutation three
for pCOFAF508 (5-2C, 5-1A, and 5-2D) c¢cDNA with the
major CF mutation and two for pSTK7 (2a-4A and 2a-3C)
were identified).
RNA Analysis

Abundant levels of RNA transcripts of =10 kb in size were
detected in cDNA transected calls FIG. 13, left panel.
Although their size was larger than the anticipated 6.2 kb,
the result appeared to be consistent among all cell lines. It
seemed probable that an alternative polyadenylylation site
(s) instead of those contained in the cDNA constructs were
utilized. Thymidine kinase-specific transcripts were detected
in all HAT-resistant cell lines tested.
Protein Analysis

Cells expressing CFTR mRNA (as represented by the cell
line 4a-3I) contained an antibody-reacting protein band that
was indistinguishable from mature CEFTR expressed endog-
enously in membranes of the colonic carcinoma cell line T84
(FIG. 13B, right panel). The amount of protein was within
the range of that observed for T-84 cells, with a significant
portion in the light membrane fraction. Reacting bands were
not detected in untransfected LTK™ cells or in cell trans-
fected with CFTR gene predicted to produce a truncated
product (line 6B-I). The latter result was expected as the
antibody was directed against the C terminus of the protein.
No immunoreactive material was observed for CFTRAF508
in the examined fractions (line 5-2D) (Cheng et al, 1990). It
was therefore uncertain if the mutated protein was produced
in these transfected cells.
SPQ Fluorescence Assay

To investigate if expression of CFTR affected CI”
conductance, a single-cell assay based on quantitative fluo-
rescence intensity measurements of the Cl™ indicator dye
SPQ was performed. The basic protocol involved exposing
cells to NO™; medium followed by return to normal CI™
medium. Since NO~; is generally permeable through CI~
channels but, unlike CI-, does not quench SPQ changes in
SPQ fluorescence intensities due to these anion substitutions
measure unidirectional C1~ fluxes; the rate of change mea-
sures cell ClI” permeability. 10 uM forskolin was added
subsequently to increase intracellular levels of cAMP. After
a 2-min exposure to forskolin, the medium was again
switched to the NO™; medium, in the continued presence of
forskolin. Thus each cell was used as its own control to
evaluate the Cl~ permeability induced by cAMP.

Only slow changes in SPQ fluorescence intensity were
observed in cells with the frame-shift CFTR construct (as
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represented) by line 6B-I) upon exposure to NO™; medium
(FIG. 15A), indicating that these cells maintained a low
resting C1~ permeability. Exposure of these transfected con-
trol cells to forskolin did not have any effect (n=41 cells
from four passages). Similar results were obtained from cells
transfected with the thymidine kinase gene only (line 2a-4A,
n=22 cells) and from untransfected cells (n=18 cells).

Exposure of cells expressing CFTR to NO™; medium
similarly elicited little or no change in SPQ fluorescence
intensity (as represented by line 4a-31I in FIG. 15C), indi-
cating that CFTR expression terse did not enhance CI™
permeability. In contrast, a second exposure to NO~5, during
forskolin stimulation, caused a rapid loss of intracellular C1I™
(FIG. 15C). This response was highly reproducible; there
was a 20- to 30-fold increase of unidirectional CI” flux
(Illsley et al, 1987) from =0.03 mM/s to 0.9 mM/s for each
of the 10 cells in the microscopic field (FIG. 15C). Of 106
cells examined from eight passages, all responded similarly.
Similar results were obtained from another cell line express-
ing CFTR (clone 4a-3K, n=23 cells). In the continued
presence of forskolin (FIG. 15D), C1~ permeability remained
enhances at near maximal levels for as long as 30 min (n=12
cells).

There were no volume changes during exposure of
forskolin-stimulated CFTR cells to NO~3, indicating that the
substantial changes in the intracellular concentration of CI™
were not associated with changes in cell salt content.
Therefore, the C1~ fluxes were likely to be associated with
equal fluxes of NO~ in the opposite direction. The lack of
changes in intracellular Cl~ concentration or cell volume
during forskolin stimulation in CI” medium demonstrates
that neither CFTR expression nor cAMP conferred enhanced
cation conductance. Together with the enhanced CI~
permeability, cell shrinkage or swelling would have been
observed if there were a high K* conductance or high Na*
conductance, respectively.

Cl™ permeability was also examined in cells containing a
CFTRAF508 construct. These cells (as represented by clone
5-2D, n=15 cells) exhibited low CI~ permeability under
resting conditions and the permeability could not be
enhanced by forskolin (FIG. 15B).

To establish that the cAMP-induced CI~ permeability in
the CFTR-expressing cells was due to activation of a CI™
conductance, gramicidin was included in the normal CI”
medium to increase cation conductance of the plasma mem-
brane. Under these conditions, the presence of CI~ channel
would result in a substantial influx of both Na* and CI-,
causing extensive cell swelling. Exposure to gramicidin had
no effect on SPQ fluorescence or cell volume in cells with
the frame-shift CFTR construct (n=13 cells) or an intact
CFTR construct (n=33 cells) (FIG. 15E), supporting our
conclusion (above) that resting C1~ conductance was negli-
gible in both the control and CFTR cells. After the addition
of forskolin, however, there was a marked rapid cell
swelling, after a lag period of from 30 to 90 s, accompanied
by elevated intracellular CI~ concentration in the cells
expressing CFTR but not in control cells (FIG. 15E). These
results demonstrated that the basis of cAMP-induced CI”
permeability observed in CFTR-expressing cells was a CI™
channel.
cAMP-Stimulated Cl~ Currents in the CFTR-Expressing
Cells

Corroborating the results of the fluorescence assay,
whole-cell current was stimulated in cells expressing CFTR
(FIG. 16A). After a lag period of =30 s, outward current in
11 of 11 cells increased dramatically to a plateau, which was
sustained for 2-5 min before decreasing toward control
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values. This “run down” contrasts with findings using the
SPQ assay, possibly reflecting a depletion of cytosolic
factors necessary for sustained activation in the whole-cell
patch-clamp configuration currents evoked by the activation
cocktail did not display any time-dependent voltage effects
(FIG. 16B) contrast to the expressing cells, none of the 9
cells containing the frame-shift CFTR construct exhibited a
response to the activation cocktail (FIG. 16A).

Current-voltage relations were essentially linear in both
cell transfected with the intact CFTR and the frame-shift
CFTR constructs (now shown). Slope conductances of
1.8+0.4 nS and 1.920.5 nS (n=9) were calculated in control
cells before and after treatment with the activation mixture,
respectively. The slope conductance in CFTR-expressing
cells was similar (1.6x0.1 nS) but treatment with the acti-
vation mixture induced an =~13-fold increase to 20.1+1.7 nS
(n=10) (FIG. 160).

The reversal potential of the cAMP-activated current in
cells expressing CFTR was —17+5 mV, approaching the
equilibrium potential for CI” under standard conditions
(E_=-32mV). From this measurement, the calculated anion
versus cation permeability was =5:1. Anion selectivity was
assessed in cAMP-activated cells by replacing bath NaCl
(135 mM) with sodium gluconate (135 mM). This manipu-
lation resulted in a shift in reversal potential to +33 +8 mV
(n=4), toward the predicted E_, of +41 mV (FIG. 16C).

The inability to construct a full-length CFTR ¢cDNA has
hampered progress in understanding the structure and func-
tion of the protein. The difficulty is mainly due to the
instability of the full-length sequence in F. coli, where there
was sequence rearrangement often associated with a short
(13 bp) direct repeat in exon 6b. Through the modification
of DNA sequence within the first copy of the repeat,
however, we have succeeded in the construction of three
different plasmids each containing the entire coding
sequence. These plasmids replicate efficiently in FE. coli
(DH5¢.), and are intact after prolonged propagation.
Although this particular modification involves the first
repeat, it is understood that this second repeat can also be
similarly modified instead of, or in addition to, the first
repeat to achieve similar success in the propagation of the
CFTR cDNA.

In addition to verification by direct DNA sequencing, the
plasmids have also been examined for their ability to prod-
uct proteins of expected sized in vitro and in vivo. Based on
the longest open reading frame of the consensus cDNA
sequence (Riordan et al 1989), a protein of 170 kd (1480
amino acids) has been predicted as the CFTR gene product.
The fact that a 170 kd band was detectable in the product
translated in vitro and in cells transfected with the full-
length CFTR cDNA confirms the original prediction.

The availability of a full-length CFTR cDNA that can be
expressed in mammalian and non-mammalian cells offers
the opportunity to perform a detailed structure and function
analysis of CFTR. The vectors described here are excellent
tools for this purpose. With appropriate regulatory
sequences inserted upstream of the coding region, it is
understood that large quantities of CFTR may be produced
through different kinds of heterologous gene expression
systems, whereby various biochemical and biophysical stud-
ies can be performed.

The ability to express the full-length cDNA also allows
development of functional assays for CFTR. In this context,
Drumm et al (1990) have demonstrated through a retrovirus-
intermediate that the modified full-length cDNA described
here was able to confer the function of CFTR in a pancreatic
carcinoma cell line (CPFAC-1) derived from a CF patient.
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Upon proper expression of the cDNA, the cAMP-mediated
chloride transport activity was restored in this cell line,
providing the first example of functional complementation
of CFTR activity. The ability to confer CFTR expression in
heterologous cells is an important step towards the possi-
bility of gene therapy in the lung and pancreas of CF
patients.

In order to understand the role of individual amino acid
residues as well as regions of the protein, site-directed
mutagenesis may be used to introduce additional mutations
into the coding region of CFTR. The functional assay may
also be used to confirm if the sequence alterations detected
in CF patients are bona fide disease-causing mutations. The
latter consideration is important if broad scale disease diag-
nosis and carrier screening based on DNA information are to
be implemented. Further, since there is a general lack of
genotypes, permanent cell lines in which the CF phenotype
resists, the ability to generate heterologous cell lines capable
of expressing various defective CFTR offers an alternative
approach in understanding the function of CFTR and in
development of rational therapy. In the latter regard, proce-
dures can be devised for screening of compounds that would
interact with the defective protein and restore its function.

To introduce additional mutations into the coding region
of CFTR, it is possible to replace regions of the cDNA with
altered sequences, as demonstrated by the examples
described above. The procedure is difficult, however,
because many of the restriction enzyme sites involved are
present in more than one vector. For this reason, it is
desirable to include unique restriction sites in the coding
region of the cDNA. For example, by introducing a silent
change (T to C) at position 1944 in exon 13, a novel BstEIl
site is created at the end of the sequence corresponding to the
first NBF1 is probably the most interesting region in CFTR
because about one-third of the disease-causing mutations
reside in the region. In combination with another unique site,
such as Sphl, it becomes extremely easy to replace
sequences for NBF1.

Finally, the full-length cDNA construct contained in the
pBQ4.7 and pPBW6.2 may be excised in its entirety by a
single Pstl digestion or a double digestion with a combina-
tion of Sall, Xhol, Smal or EcoRV. This versatility allows
the cDNA to be transferred from the current vector to other
host-vector systems.
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SEQUENCE LISTING

( 1 ) GENERAL INFORMATION:

( i i i ) NUMBER OF SEQUENCES: 1

( 2 ) INFORMATION FOR SEQ ID NO:1:

( i ) SEQUENCE CHARACTERISTICS:
( A ) LENGTH: 6130 base pairs
( B ) TYPE: nucleic acid
( C ) STRANDEDNESS: single
( D ) TOPOLOGY: linear

( i i ) MOLECULE TYPE: cDNA

( i1 i )HYPOTHETICAL: NO

( i v ) ANTL-SENSE: YES

( v i ) ORIGINAL SOURCE:
( F ) TISSUE TYPE: Epithelial
( G ) CELL TYPE: Epithelial cell
( v i i ) MMEDIATE SOURCE:
( B ) CLONE: mutant CF gene
(v iii)POSITION IN GENOME:
( A ) CHROMOSOME/SEGMENT: 7
( B ) MAP POSITION: XV2C
( C ) UNITS: bp

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

AATTGGAAGC

GAGTAGTAGG

GCCCGAGAGA

TTCAGCTGGA

ATATACCAAA

TGGGATAGAG

TTTTTCTGGA

GTACAGCCTC

CGCTCTATCG

AAATGACATC

TCTTTGGCAT

CCATGCAGAG

CCAGACCAAT

TCCCTTCTGT

AGCTGGCTTC

GATTTATGTT

TCTTACTGGG

CGATTTATCT

ACAGCAGGTC

TAGGAGCTTG

GTCGCCTCTG

TTTGAGGAAA

TGATTCTGCT

AAAGAAAAAT

CTATGGAATC

AAGAATCATA

AGGCATAGGC

AGAGAAAAAG

AGCCCAGACG

GAAAAGGCCA

GGATACAGAC

GACAATCTAT

CCTAAACTCA

TTTTTATATT

GCTTCCTATG

TTATGCCTTC

GGTTGAGCGG CAGGCACCCA 60
GCCCTAGCAG GGACCCCAGC 120
GCGTTGTCTC CAAACTTTTT 180
AGCGCCTGGA ATTGTCAGAC 240
CTGAAAAATT GGAAAGAGAA 300
TTAATGCCCT TCGGCGATGT 360
TAGGGGAAGT CACCAAAGCA 420
ACCCGGATAA CAAGGAGGAA 480
TCTTTATTGT GAGGACACTG 540
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CTCCTACACC

TTTAGTTTGA

ATTGGACAAC

TTGGCACATT

GAGTTGTTAC

CAGGCTGGGC

GAAAGACTTG

TGGGAAGAAG

CGGAAGGCAG

GTGGTGTTTT

TTCACCACCA

GCTGTACAAA

AAGCAAGAAT

GTAACAGCCT

AACAATAGAA

GGTACTCCTG

GCTGGATCCA

CCTTCAGAGG

ATTATGCCTG

TACAGAAGCG

GACAATATAG

TCTTTAGCAA

TACCTAGATG

AACAAAACTA

TTAATTTTGC

CAGCCAGACT

AGAAGAAATT

GTCTCCTGGA

AGGAAGAATT

ACTCCCTTAC

TCCTTAGTAC

ACTGGCCCCA

GTTAACCAAG

GCCCCTCAGG

GGCTTGGAAA

ATGGAGAGCA

AAGAGCTTAA

TCTTTGGTTG

CATAGTAGAA

TACATTTACG

CAGCCATTTT

TTTATAAGAA

TTGTTAGTCT

TCGTGTGGAT

AGGCGTCTGC

TAGGGAGAAT

TGATTACCTC

CAATGGAAAA

CCTATGTGAG

TATCTGTGCT

TCTCATTCTG

CATGGTATGA

ATAAGACATT

TCTGGGAGGA

AAACTTCTAA

TCCTGAAAGA

CTGGAGCAGG

GTAAAATTAA

GCACCATTAA

TCATCAAAGC

TTCTTGGAGA

AGGCAGTATA

TTTTAACAGA

GGATTTTGGT

ATGAAGGTAG

TTAGCTCAAA

CAATCCTAAC

CAGAAACAAA

CTATTCTCAA

AAATGAATGG

CAGATTCTGA

CGCTTCAGGC

GTCAGAACAT

CAAACTTGAC

TAAGTGAAGA

TACCAGCAGT

TTTTTGTGCT

TGCTGTGGCT

ATAACAGCTA

TGGGAGTAGC

TGGCCTTCAT

GACTTTAAAG

CCTTTCCAAC

CGCTCCTTTG

CTTCTGTGGA

GATGATGAAG

AGAAATGATT

AATGATTGAA

ATACTTCAAT

TCCCTATGCA

CATTGTTCTG

CTCTCTTGGA

GGAATATAAC

GGGATTTGGG

TGGTGATGAC

TATTAATTTC

CAAGACTTCA

GCACAGTGGA

AGAAAATATC

ATGCCAACTA

AGGTGGAATC

CAAAGATGCT

AAAAGAAATA

CACTTCTAAA

CAGCTATTTT

ACTCATGGGA

TGAGACCTTA

AAAACAATCT

TCCAATCAAC

CATCGAAGAG

GCAGGGAGAG

ACGAAGGAGG

TCACCGAAAG

TGAACTGGAT

AATTAACGAA

GACTACATGG

AATTTGGTGC

CCTTGGAAAC

TGCAGTGATT

CGACACTTTG

CACATTGGAA

CTGTCAAGCC

AACCTGAACA

CAAGTGGCAC

CTTGGTTTCC

TACAGAGATC

GAAAATATCC

AACTTAAGAC

AGCTCAGCCT

CTAATCAAAG

CGCATGGCGG

GCAATAAACA

TTAACGACTA

GAATTATTTG

AGCCTCTTCT

AAGATAGAAA

CTTCTAATGA

AGAATTTCAT

ATCTTTGGTG

GAAGAGGACA

ACACTGAGTG

GATTTGTATT

TTTGAAAGCT

ATGGAACATT

TATGGGACAT

TGTGATTCTT

CACCGTTTCT

TTTAAACAGA

TCTATACGAA

GATTCTGATG

GCGATACTGC

CAGTCTGTCC

ACAACAGCAT

ATATATTCAA

GAAGACTTAA

AACACATACC

TTAGTAATTT

ACTCCTCTTC

ATCACCAGCA

CTTGCTATGG

TGCAGATGAG

GTGTTCTAGA

AATTTGATGA

TCCTCATGGG

TGATAGTCCT

AGAGAGCTGG

AATCTGTTAA

AAACAGAACT

TCTTCTTCTC

GAATCATCCT

TCACTCGGCA

AAATACAGGA

CAGAAGTAGT

AGAAAGCAAA

TCAGTAATTT

GAGGACAGTT

TGATTATGGG

TCTGTTCTCA

TTTCCTATGA

TCTCCAAGTT

GAGGTCAACG

TATTAGACTC

GTGTCTGTAA

TAAAGAAAGC

TTTCAGAACT

TCGACCAATT

CATTAGAAGG

CTGGAGAGTT

AATTTTCCAT

AGCCTTTAGA

CTCGCATCAG

TGAACCTGAT

CCACACGAAA

GAAGGTTATC

AGGAGTGCCT

TTCGATATAT

TTCTGGCAGA

AAGACAAAGG

CCAGTTCGTA

GATTCTTCAG

AATAGCTATG

TAAAATAAGT

AGGACTTGCA

GCTAATCTGG

TGCCCTTTTT

GAAGATCAGT

GGCATACTGC

GAAACTGACT

AGGGTTCTTT

CCGGAAAATA

ATTTCCCTGG

TTTCTTACAA

GATGGAGAAT

ACAAAACAAT

CTCACTTCTT

GTTGGCGGTT

AGAACTGGAG

GTTTTCCTGG

TGAATATAGA

TGCAGAGAAA

AGCAAGAATT

TCCTTTTGCA

ACTGATGGCT

TGACAAAATA

CCAAAATCTA

TAGTGCAGAA

AGATGCTCCT

TGGGGAAAAA

TGTGCAAAAG

GAGAAGGCTG

CGTGATCAGC

GACACACTCA

AGTGTCACTG

TCAAGAAACT

TTTTGATGAT

TACTGTCCAC

GGTGGCTGCT

GAATAGTACT

TTATGTGTTT

AGGTCTACCA
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CTGGTGCATA

CTTCAAGCAC

TCCAAAGATA

TTGTTATTAA

GTTGCAACAG

TCACAGCAAC

ACAAGCTTAA

CTGTTCCACA

CGCTGGTTCC

ATTTCCATTT

ATGAATATCA

ATGCGATCTG

AAGTCAACCA

CACGTGAAGA

GCAAAATACA

GGCCAGAGGG

TTTTTGAGAC

ATAACTTTGC

TCTGGAACAT

AAAGTTGCAG

TTTGTCCTTG

GCTAGATCTG

GATCCAGTAA

GTAATTCTCT

GAAGAGAACA

TTCCGGCAAG

AAGTGCAAGT

GATACAAGGC

AGCTCGTGGG

AAAACAAGGA

ACACTGATAT

TTCAAATCCT

GCCATGTGCT

ATTGTCTAGT

GGGTTATGAT

TTTTCTCTCC

ACTATCTCAT

ATATGCCCCA

CAGGGTTAGT

CCCTTACCTG

CTCTAATCAC

CTATGTCAAC

TAGCAATTTT

TTGTGATTGG

TGCCAGTGAT

TCAAACAACT

AAGGACTATG

AAGCTCTGAA

AAATGAGAAT

TAACAACAGG

TGAGTACATT

TGAGCCGAGT

AACCATACAA

AAGATGACAT

CAGAAGGTGG

TGGGCCTCTT

TACTGAACAC

AACAGTGGAG

TTAGAAAAAA

ATGAGGTTGG

TGGATGGGGG

TTCTCAGTAA

CATACCAAAT

GTGAACACAG

AAGTGCGGCA

CCATCAGCCC

CTAAGCCCCA

TTTAGAGAGC

ACAGTCACCT

TGAATTAAGT

GGGTCTTGAT

TGAAGATTTA

AGTAATTGGA

GAAACTCGTT

TAAGTAATGA

TCTCCCCATG

TTCCAAGCAA

TTCAACATCT

ATTGTCCAGG

GGAAAGGGCT

AGTGTCGAAA

CCTCAACACG

GGATGACCTT

AGCTATAGCA

AGTGGCTTTT

GGAATCTGAA

GACACTTCGT

TTTACATACT

AGAAATGATT

AGAAGGAGAA

GCAGTGGGCT

CTTTAAGTTC

GAATGGCCAA

CTGGCCCTCA

AAATGCCATA

GGGAAGAACT

TGAAGGAGAA

GAAAGCCTTT

CTTGGATCCC

GCTCAGATCT

CTGTGTCCTA

GGCGAAGATC

AATTAGAAGA

GATAGAAGCA

GTACGATTCC

CTCCGACAGG

GATTGCTGCT

AGCATAAATG

CATGGAATTG

TTTTTTTTAA

AAATGGCTTC

CCACTTGTGT

AAGGCAGCTC

AATTTGTAGT

TAACTGGAAA

ATGTTTAGAA

GTATTAGAAT

AGTGAGCAGT

TCTACCAAAA

GTTATAATCT

ATTTTACACC

TTGAAAGCAG

CTGCCTCTTA

GTTGTCGCAG

ATTATGTTGA

GGCAGGAGTC

GCCTTCGGAC

GCCAACTGGT

TTTGTCATCT

GGAAGAGTTG

GTAAACTCCA

ATTGACATGC

CTCTCGAAAG

GGGGGCCAAA

TTAGAGAACA

GGATCAGGGA

ATCCAGATCG

GGAGTGATAC

TATGAACAGT

GTGATAGAAC

AGCCATGGCC

TTGCTGCTTG

ACTCTAAAAC

ATGCTGGAAT

ATCCAGAAAC

GTGAAGCTCT

CTGAAAGAGG

TTGACATGGG

GAGCTCGTGG

AAAAGAAACA

CTGGCAATAG

TTTGCAAGCC

TAAATGTCAA

GTTGGAGAAG

CTTCAGCGGT

ACACAACTAT

ACCACAGGAA

CAGGAAAGAG

ATCTCAATAT

TTCACAGGGG

ACAAAATGTT

GTGGGATTCT

CCATATTTGA

TTTTACAACC

GAGCATATTT

CAATTTTCAC

GGCAGCCTTA

TCTTGTACCT

TCTTCATTGC

GTATTATCCT

GCATAGATGT

CAACAGAAGG

TTATGATTAT

TGACTGTCAA

TTTCCTTCTC

AGAGTACTTT

ATGGTGTGTC

CACAGAAAGT

GGAGTGATCA

AGTTTCCTGG

ACAAGCAGTT

ATGAACCCAG

AAGCATTTGC

GCCAACAATT

TGCTGAACGA

TTCCCCACCG

AGACAGAAGA

ACATTTGCTC

AACAGTTACC

TTTGGTAAGG

TCAAATTGTG

AGATTTTCCT

TCAGCCTAGT

AACTGAAATC

TTATATAAGC

ATTGTTTGCT

CCACAAGACT

AACTTCCAGA

TTCAGATAAT

ACAGGATGGT

ACATTCTGTT

TAATAGATTC

CTTCATCCAG

CTACATCTTT

CCTCCAAACC

TCATCTTGTT

CTTTGAAACT

GTCAACACTG

TGTTACCTTC

GACTTTAGCC

GGATAGCTTG

TAAACCTACC

TGAGAATTCA

AGATCTCACA

AATAAGTCCT

GTTATCAGCT

TTGGGATTCA

ATTTATTTTT

AGAAATATGG

GAAGCTTGAC

GATGTGCTTG

TGCTCATTTG

TGATTGCACA

TTTGGTCATA

GAGGAGCCTC

GAACTCAAGC

AGAGGTGCAA

ATGGAATTGG

TCTGCCTCAG

GGAATTGAGG

TGAAAGGTAC

GAAAACCCTT

TGATCAGCTT

ATACTTCTTA

TTGTATTCCT

AAGCATTCCA

GCACATCAAA

TCCTGGAAAT

CACAATACAT

TCCCTTGATG
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AAGAAGTTGA

AGAGTTTAGC

GAAGCTCCAG

TGAAGTCCAA

TACTTCATGC

AATTAGTTTT

TATTTATTTT

TGAATTACAT

TATTTTTATG

AGGGGCCATG

CACAGCTGTA

ACCACCAGTC

TAAGAAGACT

TATGCCTTTT

TGGAAAAGTA

GTAGAGGGTG

GCATTTAGAT

TGTCTACACT

ATATGCTTCT

AATAATGTTT

TTGTATAAAA

AAATATTATG

AATCACCTTT

TGATTCCCAG

TGACTGTTTC

GCATTATATT

CCCAACTCCA

TGTTAGTGCA

TGTAAGTAGA

GTATAGGTTG

AAGAGAGAAT

GTTTTATAAT

CAAACATATA

TAATTTTTAT

TTAAAACTGG

TGGTCTGGAG

CCAGACACAG

CATCAAGGGT

TATTACTGTA

GAAAGTGACA

AATTGTCACA

TAGGCCATGG

ATGGTGGTAT

GAGAGACACA

TTTGTGAAGC

TTACAATGCT

ATTTGAAATA

GACAGGGGAG

GGAAGCCTTG

CCTCTTAGAT

ACACTGCCTT

AGAAAATATC

CATTTGTGTA

26

AGCTCACAGA CCTTTGAACT 00
GGACAGCCCT TCTTTCCACA 60
GCACTGTGGG TAGACACACA 20
GTTTTCAGGC TAGATGTATG 80
CTGAAGAAGC ACCAATCATG 40
AAAATTTTTT CTCTAGGAAA 00
GTATTTTAAA AGAATGATTA 60
TTGACTTTTT ATGGCACTAG 20
AACCTAGGGT GATATTAACC 80
GGGCTGATCG AGTTGTTGCC 40
GCAGTTCTGA AGAAGATGGT 00
CTCAACTCCA AACTGACTCT 60
ACTTGTCAAT AAAATCCATA 20
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The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:
1. A process for in vitro production of cystic fibrosis
transmembrane regulator (CFTR) protein, the process com-
prising:
constructing a bacterial plasmid comprising a variant gene
sequence encoding a CFTR protein, said gene sequence
having at least 27 exons which form the normal cDNA
which codes for CFTR protein, said normal cDNA
including exons 6a and 6b wherein exon 6b includes a
13 bp repeat,

said variant gene sequence comprising at least one of said
13 bp repeats of exon 6b having one or more nucleotide
substitutions in said 13 bp repeat wherein the amino
acid sequence of the protein encoded by said DNA
sequence is not changed by said one or more
substitutions, and wherein said one or more nucleotide
substitutions provide for non-toxic propagation and
expression of said gene sequences;

propagating said bacterial plasmid in bacterial host cells;

recovering said bacterial plasmid; and

producing CFTR protein by in vitro translation.

2. The process according to claim 1, further comprising
the step of collecting said CFTR protein after said producing
step.

3. The process according to claim 1, wherein the step of
producing CFTR protein comprises the steps of:

transfecting a mammalian host cell with said variant gene

sequence from said bacterial plasmid contained within
an expression vector; and

expressing said CFTR protein in said mammalian cell.

4. A process for in vitro non-toxic propagation of cystic
fibrosis transmembrane regulator (CFTR) gene sequence in
a bacterial host cell, the process comprising:

constructing a bacterial plasmid comprising a variant gene

sequence encoding a CFTR protein, said gene sequence
having at least 27 exons which form the normal cDNA
which codes for CFTR protein, said normal cDNA
including exons 6a and 6b wherein exon 6b includes a
13 bp repeat,
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said variant gene sequence comprising at least one of said
13 bp repeats of exon 6b having one or more nucleotide
substitutions in said 13 bp repeat wherein the amino
acid sequence of the protein encoded by said DNA
sequence is not changed by said one or more
substitutions, and wherein said one or more nucleotide
substitutions provide for non-toxic propagation of said
gene sequence in bacteria;

inserting said bacterial plasmid into bacterial host cells;
and

propagating said CFTR gene sequence by culturing said
bacterial host cells.

5. A process for in vitro non-toxic propagation and

production of cystic fibrosis transmembrane regulator
(CFTR) gene sequence, the process comprising:

constructing a bacterial plasmid comprising a variant gene
sequence encoding a CFTR protein, said gene sequence
having at least 27 exons which form the normal cDNA
which codes for CFTR protein, said normal cDNA
including exons 6a and 65 wherein exon 6b includes a
13 bp repeat,

said variant gene sequence comprising at least one of said
13 bp repeats of exon 6b having one or more nucleotide
substitutions in said 13 bp repeat wherein the amino
acid sequence of the protein encoded by said DNA
sequence is not changed by said one or more
substitutions, and wherein said one or more nucleotide
substitutions provide for non-toxic propagation of said
gene sequence in bacterial;

propagating said variant gene sequence in a bacterial
plasmid in bacterial host cells;

recovering said variant gene sequence:

introducing said variant gene sequence into a mammalian
host cell; and

producing CFTR protein in said mammalian host cell by
expressing said variant gene sequence.



