
REFERENCES AND NOTES 

1. J. R. Riordan etal. ,  Science 245, 1066 (1989); S. 
H. Cheng etal., Cell66, 1027 (1991). 

2. M. L. Drumm et a/ . ,  Cell 62, 1227 (1990); M. P. 
Anderson et a/ . ,  Science 253, 202 (1991); M. P. 
Anderson etal., ibid. 251, 679 (1991); B. C. Tilly et 
a/., J. Biol. Chem. 267, 9470 (1992); C. E. Bear et 
a/., Cell 68, 809 (1992). 

3. N. A. Bradbury etal. ,  Science256, 530 (1992); J. 
Barasch et a/ . ,  Nature 352, 70 (1 991). 

4. M. P. Anderson et al., Cell 67, 775 (1991); S. H. 
Cheng etal., ibid. 63, 827 (1990); C. M. Fuller and 
D. J. Benos, Am. J. Physiol. 263, C267 (1992); J. 
R. Riordan and X. B. Chang, Biochim. Biophys. 
Acta 1 101, 221 (1 992). 

5. C. E. Bear etal., J. Biol. Chem. 266, 19142 (1991); 
S. A. Cunningham, R. T. Worrell, D. J. Benos, R. A. 
Frizzell, Am. J. Physiol. 262, C783 (1992); M. L. 
Drumm etal., Science 254, 1797 (1991). 

6. R. Zhang and A. S. Verkman, Am. J. Physiol. 260, 
C26 (1991). 

7. R. Zhang, K. Logee, A. S. Verkman, J. Biol. Chem. 
265, 15375 (1990); S.-T. Tsai, R. Zhang, A. S. 
Verkman, Biochemisty 30, 2087 (1991); R, 
Zhang, S. Alper, B. Thorens, A. S. Verkman, J. 
Clin. Invest. 88, 1553 (1 991). 

8. G. M. Preston, T. P. Carroll, W. B. Guggino, P. 
Agre, Science 256, 385 (1992); R. Zhang, W. 
Skach, H. Hasegawa, A. N. van Hoek, A. S. 
Verkman, J. Cell Biol., in press. 

9. Full-length CFTR cDNA (derived from plasmid 
pBQ4.7) was cloned into plasmid SP64T to gener- 
ate pSP CFTR. To maximize expression efficiency, 
the CFTR 5' untranslated region was removed by 
digestion of pSP CFTR with Ava I and Nhe I, Into 
this vector was ligated an Ava I-Nhe I-digested 
PCR fragment prepared with oligonucleotides 
(sense: AGGATCTGGCTAGCGATGACC; anti- 
sense: TGTCCTCGGGGATCTGCCAMGTTGAG- 
CGTTTATT) that converted the Bgl II site of the 
Xenopus globin 5' untranslated region to an Ava I 
site. The resulting plasmid, pSP CFTRHP, con- 
tained the Xenopus globin 5' untranslated region 
located 10 bp upstream of the CFTR ATG initiation 
codon, which enhanced CFTR translation efficien- 
cy. MDRI cDNA (plasmid 2000XS) was digested 
with Bst UI and Eco RI. A 1200-bp fragment was 
ligated into SP64T following sequential digestion 
with Bgl II, Klenow, and Eco RI to generate plasmid 
MDRA2. A 3060-bp Eco RI fragment from plasmid 
2000XS was then ligated into MDRA2 to recon- 
struct the full-length coding region of MDR1. The 
mRNA encod~ng CFTR or MDRI was generated 
with 4 p g  of linearized plasmid per 10 pI of buffer 
containing 5 mM magnesium acetate, 0.5 mM 
diguanosine triphosphate, 10 mM dithiothreitol, 
calf liver tRNA (0.2 mglml), ribonuclease inhibitor 
(0.8 UIpI), SP6 polymerase (0.4 Uipl), and 40 mM 
tris (pH 7.5). After transcription for 1 hour at 40°C, 
the mixture was stored at -70°C. Mock-transcrip- 
tion mixture was prepared in the same manner but 
lacked plasmid DNA. 

10. Electrophysiological measurements were made 
with a Dagen Instruments TEV-200 two-elec- 
trode voltage clamp amplifier. De-folliculated 
oocytes were prepared as for water permeability 
measurements and impaled with glass micro- 
electrodes filled with 3 M KC1 and having resis- 
tances of 0.5 to 5 megaohms. Oocytes were 
superfused continuously with Barth's buffer (88 
mM NaCI, 1 mM KCI, 2.4 mM NaHCO,, 15 mM 
Hepes, 0.3 mM CaNO,, 0.41 mM CaCI,, 0.82 
mM MgSO,, and penicillin (10 pglml) and strep- 
tomycin) at room temperature. The CAMP-acti- 
vating mixture contained 50 pM forskolin, 0.5 
mM 8-chlorophenylthio-CAMP (CPT-CAMP), and 
0.5 mM isobutylmethylxanthine (IBMX). in anion 
substitution experiments in which solution CI- 
was decreased to 5 mM (replaced by glu- 
conate), the reversal potential moved in the 
positive direction by 40 to 60 mV. 

11. NPPB was synthesized by a modification of the 
published procedure [Wangemann et a/., Pflue- 
gers Arch. 407, 128 (1986)l. 2-Chloro-5-nitroben- 
zoic acid was reacted with excess 3-phenyl- 

propyl-I-amine at 100°C for 2 hours, and the 
product was purified. 

12. Stage V and VI oocytes were microinjected with 
50-nl mock transcription mixture or in vitro tran- 
scribed mRNA encoding CFTR or MDRI (-0.2 
pg/pl). Oocytes were incubated at 18°C for 48 
hours in Barth's buffer with a buffer change at 24 
hours. Oocytes were then de-folliculated with col- 
lagenase (2 mgiml, 2 hours, 20°C) and incubated 
for 3 to 6 hours before measurements were made. 
P, was measured from the time course of oocyte 
swelling in response to a threefold dilution of 
Barth's buffer with distilled water. Oocyte volume 
was estimated from cross-sectional area mea- 
sured by transmission light microscopy and im- 
age analysis. P, was calculated from oocyte sur- 
face tovolume ratio (SN,, 50 cm-l),  the initial rate 
of oocyte swelling [d(VN,)/dt], and the osniotic 
gradient according to the equation, P, = [d(V/V,)/ 
d t ] / [S ' )VwAOsm],  where Vw = 18 cm3/mol (7). 

13. M. A. Valverde et a/ . ,  Nature 355, 830 (1 992). In 
our experiments, expression of MDRl was dem- 
onstrated by immunoprecipitation of radiolabeled 
protein. MDRI function was confirmed by the 
increased [3H]vinblastine efflux in MDRI -express- 
ing oocytes compared to controls (W. Skach and 
V. Lingappa, unpublished results). 

14. Oocyte CI- activity was estimated by incubation 
of de-folliculated oocytes for 24 hours in Barth's 
buffer containing N a 3 T  (1 pCi/ml) at 18°C. 
Oocytes were washed in ice-cold buffer and 
oocyte-associated radioactivity was determined; 
CI- activity was calculated from the specific ac- 
tivity of extracellular CI- and oocyte aqueous 
volume. 

15. Oocyte plasma membrane-associated fluores- 
cence of trimethylammonium-diphenylhexatriene 
(TMA-DPH) was used as a measure of plasma 

membrane surface area [D, lllinger et a/.,  Cell 
Biophys. 14, 17 (1 989)]. De-folliculated oocytes 
(mock-injected or CFTR-expressing) were incubat- 
ed for 5 min with (Sp-CAMPS (0 or 0.1 mM) in the 
presence of TMA-DPH (1 pM). Membrane-associ- 
ated fluorescence was quantified with a Leitz epi- 
fluorescence microscope with ultraviolet filter set 
and Photometrics cooled CCD camera detector. 

16. A. N, van Hoek and A. S. Verkman, J. Biol. Chem. 
267, 18267 (1 992) 

17. A. Finkelstein, in Distinguished Lecture Series of 
Soc. Gen. Physiol. (Wiley-Interscience, London, 
1987), vol. 4, chaps. 2, 7, and 9. 

18. We measured uptake of [14C]urea, [3H]Omethyl- 
glucose, and [14C]sucrose by incubating oocytes 
with each isotope (2 pCi/ml) in Barth's buffer for 
10 min at 1 O0C, Influx was terminated by washing 
oocytes three times with ice-cold Barth's buffer; 
individual oocytes were dissolved in 1 ml of 2% 
SDS, and total uptake was measured by scintilla- 
tion spectrometry. Uptake was expressed as the 
oocyte radioactivity divided by the radioactivity 
contained in the oocyte aqueous volume (-450 
nl) at equilibrium. 

19. H. R. Leuchtag, Biophys. J. 62, 22 (1992); M. E. 
Green, ibid., p.  101. 

20. We thank J. Biwersi for synthesis of NPPB, L.-C. 
Tsui for plasmid pBQ4.7, M. Gottesman and I. 
Pastan for plasmid 2000XS, and A. Finkelstein for 
helpful suggestions. Supported by the National 
Cystic Fibrosis Foundation and NIH grants 
HL42368, DK35124, DK43840, DK16095, and 
DK39354. H.H, is a fellow of the National Kidney 
Foundation, W.S, the recipient of Physician-Scien- 
tist award CA01614, and A.S.V. an established 
investigator of the American Heart Association. 

16 July 1992; accepted 25 September 1992 

Porins in the Cell Wall of Mycobacteria 

Joaquim Trias,* Vincent Jarlier, Roland Benz 
The cell wall of mycobacteria is an efficient permeability barrier that makes mycobacteria 
naturally resistant to most antibiotics. Liposome swelling assays and planar bilayer ex- 
periments were used to investigate the diffusion process of hydrophilic molecules through 
the cell wall of Mycobacterium chelonae and identify the main hydrophilic pathway. A 
59-kilodalton cell wall protein formed a water-filled channel with a diameter of 2.2 na- 
nometers and an average single-channel conductance equal to 2.7 nanosiemens in 1 M 
potassium chloride. These results suggest that porins can be found in the cell wall of a 
Gram-positive bacterium. A better knowledge of the hydrophilic pathways should help in 
the design of more effective antimycobacterial agents. 

T h e  outer membrane of Gram-negative bac- 
teria plays an important role in the intrinsic 
resistance of these organisms to antibiotics by 
decreasing the flow of antimicrobial agents 
into the cell. In contrast, Gram-positive bac- 
teria do not contain an outer membrane in 
their cell wall, and consequently such orga- 
nisms are, in general, more sensitive to anti- 
biotics. Mycobacteria are Gram-positive bac- 

teria that are highly resistant to a wide range 
of antibiotics and are maior human vatho- 
gens. Tuberculosis, caused by Mycobacterium 
tuberculosis, kills 3 million people yearly 
worldwide ( I ) .  Leprosy, caused by M. leprae, 
is a major health problem in developing coun- 
tries (2). Mycobacterial infections caused by 
M. auium-intracellulare complex and M. tuber- 
culosis are among the most frequent opportu- 
nistic infections in patients with acquired 
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The lipid layer of the mycobacterial cell wall 
acts as a strong permeability banier in a 
manner analogous to that of the outer mern- 
brane of the Gram-negative bacteria and so is 
a major factor governing the resistance of 
pathogenic mycobacteria to othenvise potent 
antibiotics (5, 6). The oqanization of the 
my&terial cell wall is not well understood, 
and the way hydrophilic molecules (nutrients, 
waste, and antibiotics) d i i b  into the cell is 
not known. On the basis of the orientation of 
mycolic acids, two possible cell wall structures 
have been proposed. If mycolic acids were 
oriented parallel to the peptidoglycan plane 
(7), hydrophilic molecules could & 
through the lipid layer along hydrophilic gaps 
around molecules such as plysaccharides that 
would span the cell wall. Instead, if mycolic 
acids were perpedcular to the plane (a), an 
organid membrane-like lipid layer would 
exist and the difFusion could take place 
through pore-forming molecules. 

We obtained the cell wall of M. c h e h  
PS4770, a fast-growing mycobacteriurn, by 
step-gradient centrifugation. Cell wall pro- 
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flg. 1. Diffusion rates of liposomes reconstitut- 
ed with (A) cell wall extract and (B) purified 
59-kD protein from M. chelonae PS4770. The 
rates are expressed as percent of the rate of 
permeation of oglucose. The following com- 
pounds were used: glycine, threonine, arabi- 
nose, xylose, galactose, glucose, mannose, 
maltose, sucrose, raffinose, and stachyose. Li- 
posomes were reconstituted with 2.4 pmol of 
egg phosphatidylcholine and 0.1 pmol of dice- 
tylphosphate according to the methods of Ni- 
kaido et al. (9), and 5 or 30 pg of protein were 
used for proteoliposome reconstitution. When 
necessary, detergent was remwed by applica- 
tion of the sample to an Extracti-Gel D Deter- 
gent Removing Gel column (Pierce) according 
to the manufacturer's instructions. In all cases, 
the sample was extensively diatyzed against 
distilled water. Specific activity of the channel is 
defined as the change in optical density x 1000 
min-' (microgram protein)-'. 

Tabk 1. Relative rates of proteoliposomes re- 
constituted wlh protease-treated and untreat- 
ed cell wall extracts (16). 

Swelling rate (%) 

Substrate Extract + Extract + 
Extract protease K Pronase 

Stachyose 100 28 [I .7] 32 [1.4] 
Glucose 100 15 [0.8] 21 [1.7] 
Glycine 100 26 [0.8] 31 [1.4] 

teins were solubilized with a detergent, Zwit- 
tergent 3-12, and EDTA [see methods in 
(16)l. To find hydrophilic channels in the 
cell wall of mycobacteria, we reconstituted 
liposomes with the detergent and EDTA 
extracts, and we measured the permeability 
of the liposome by studying the ditfusion of 
hydrophilic compounds in a liposome swell- 
ing assay (9). The cell wall extract caused 
90% of the pore-farming activity of the cell 
envelope extract (cell wall and cytoplasmic 
membrane, see Table 1). The action of 
proteases inhibited the pore-forming activity 
of reconstituted liposomes (Table I), which 
indicates the involvement of one or more 
proteins in the formation of ditfusion chan- 
nels in the cell wall. 

We examined the difbion of various 
zwitterionic and noncharged molecules 
through the channels taken from the cell 
wall of M. ckkmue that were reconstituted 
into liposomes and found that the rate of 
dfision was inversely related to the size of 
the molecules tested (Fig. 1A). The exclu- 
sion limit of the channels was hieh. as 
shown by the significant rate of the re&velY 
laree molecule stachvose to d&se into the 
li&mes. ~emperakre had only a minor 
effect on the rate of difbion of solutes and 
Qlo (multiplication factor for an increase of 
lOOC) for the swelling rate in glycine was 
1.3. This result indicates that the cell wall 
contained a water-filled pathway because a 
much higher temperature sensitivity would 
have been expected if d M o n  took place 
through the hydrocarbon core of a mern- 
brane (1 0). The activity for the solute d f i -  
sion into the proteoliposomes copurified 
with a fraction that contained a 59-kD 
protein (Fig. 2); fractions that did not con- 
tain the 59-kD protein did not show any 
significant swelling. This protein was not 
modifiable by heat because the apparent 
electrophoretic mobility in SDS-polyacxyl- 
arnide gel electrophoresis of the 59-kD pro- 
tein was not dependent on the heat applied 
to the sample (I I). The diameter of the 
channel formed by the pure protein, as 
calculated from the Renkin equation (lo), 
was 2 nm, which is similar to the large pore 
formed by protein F of Pseudomom aeru;gin- 
osu (12). The specitic activity for arabinose 
diftLsion into the proteoliposomes for the 

flg. 2. Images of (A) cell A B 
wall fraction and (B) puri- 
fied 54kD protein by SDS- 
polyacrylamide gel elec- 

'"-- - -97.4 

4 6 . 2  
trophoresis. The 54kD pro- - 
tein was purified from the -45 
detergent and EDTA ex- 
tract of the cell wall (16) by -3 1 
gel filtration (Superoke 6 
column, Pharmacia) and 

-21.5 
anion-exchange chroma- 
tography (MonoQ anion -1 4.4 

exchange column, Phar- 
macia) (1 1). The eluted fractions were tested 
for pore-forming activity by the liposome swell- 
ing assay as described (Fig. 1). Molecular size 
markers are given at the right in kilodaltons. 

59-kD protein was 27 (as defined in Fig. 1). 
This value was significantly lower than that 
of other porins such as OmpF from Exherich- 
ia cdi B [approximately 380, as calculated 
from (lo)] or protein F of P. aemgimw H103 
[approximately 97, according to (9)l. There 
is no contradiction between low specific 
activity and large pore size because these two 
parameters represent d8erent channel prop- 
erties. The channel diameter defines the 
exclusion limit at the narrowest part of the 
channel, whereas the specific activity repre- 
sents a velocity that depends on many dif- 
ferent parameters including channel length, 
channel size, interaction between the solutes 
and channel interior, and, especially, num- 
ber of open pores. 

1  min 

flg. 3. Single-channel recording of an artificial 
lipid bilayer membrane in the presence of the 
59-kD protein (2 ng/ml) from the cell wall of M. 
chelonae. The membrane was formed from a 
1% solution of d i p h y t w  phosphatidylcholine 
(Avanti Polar Lipids) dissolved in Mecane. It 
was spread across a circular hole (area 0.6 
mm2) in a Teflon divider between two compart- 
ments containing a 1 M KC1 solution (13). The 
applied membrane potential was 10 mV at 20°C. 
The current was measured with a current-to- 
voltage converter whose design was based on a 
Burr Brown operational amplifier. The bandwidth 
of the instrumentation was 300 Hz. The amplied 
signal was monitored with a digital oscilloscope 
and recorded with a strip-chart recorder. 
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The 59-kD protein was a minor protein in 
the cell wall (Fig. 2). The low protein number 
and the low specific activity of the channel 
were in good agreement with the low perme- 
ability of the cell wall of M. chelonae, as 
measured by the liposome swelling assay (the 
specific activity of the cell wall was 0.54 for 
arabinose) or measured in intact cells (5 ) .  
The permeability of the cell wall of M. chlo- 
nae was sienificantlv lower than that of the 
outer membranes of the Gram-negative bac- 
teria P. aemgimsa and Escherichia coli (5). 

To test whether the crude cell wall ex- 
tracts and the purified 59-kD protein of the 
cell wall formed defined channels or simply 
represented an undefined leakage pathway, 
we performed single-channel experiments 
with lipid bilayer membranes (1 3). Addition 
of small amounts of the cell wall or of the 
pure 59-kD protein (final concentrations, 1 
to 10 ngiml) to the aqueous solution in 
contact with a lipid bilayer membrane 
caused the formation of ion-permeable chan- 
nels (Fig. 3 ) .  These channels could only 
have been present in the cell wall because 
their presence in the cytoplasmic membrane 
would have resulted in the death of the cell. 
The channels were mostly stable and occa- 
sionally showed a fast flickering between a 
closed and an open state (Fig. 3). The 
average single-channel conductance was 2.7 
nS in 1 M KCI. which is lareer than those - 
found with porins of enteric bacteria (14). 
The single-channel conductance could also 
be used to generate a rough estimate of the 
channel size (1 3). If we assume that the lipid 
layer has a thickness of 12 nm (15), the 
channel size would be approximately 1.9 
nm. This value has to be considered an 
approximation because we do not know the 
exact length of the lipid layer and because 
we may be dealing with a specialized channel 
such as the specific porins of Gram-negative 
bacteria (14). The results from the liposome 
swelling assays and from the lipid bilayer 
experiments suggest that our picture of a 
defined hydrophilic pathway formed by the 
59-kD protein was correct. The 59-kD pro- 
tein would act as a mycobacterial porin and 
form the necessary channels for the diffusion 
of nutrients into the cell and of waste prod- 
ucts to the environment. Better knowledge u 

of this system could help improve antibiotic 
design to overcome the permeability barrier 
of the cell-wall lipid layer of mycobacteria. 

REFERENCES AND NOTES 

1. Joint International Union Against Tuberculosis 
and World Health Organizat~on Study Group, Tu- 
bercle 63, 157 (1 982). 

2 B. R. Bloom, Nature 342, 115 (1989). 
3. C, R, Horsburgh, N. Engl. J Med. 324, 1332 

(1991). 
4 P F Barnes, A. B. Bloch, P. T. Dav~dson, D. E 

Snider, ibid., p. 1644. 
5 V. Jarlier and H. N~kaido, J. Bacterioi. 172, 1418 

(1 990). 
6. J Jarlier, L Gutmann, H. Nika~do, Ant~microb 

Agents Chemother 35, 1937 (1 991) 
7 P J Wheeler and C Ratledge Br Med Bull 44, 

547 (1988) 
8 D E M~nn~k~n ,  In Chemotherapy of Tropical Dis- 

eases, M Hooper Ed (W~ley Ch~chester, En- 
gland, 1987), pp 19-43 

9 H N~ka~do,  K N~ka~do  S Harayama J 5101 
Chem 266 770 11 991) 

10. H Nikaido and E Y &senberg, J. Gen. Physioi. 
77 121 119811 , - -  , 

11. J, ~ r l a s  and R Benz, In preparation 
12. F Yosh~mura, L. S. Zalman, H Nikaido, J. Bioi. 

Chem. 258, 2308 (1 983) 
13 R. Benz, K Janko, W. Boos, P. Lauger, Bloch~m. 

Biophys. Acta 51 1, 305 (1 978) 
14. R Benz, Annu. Rev. Microbioi. 42, 359 (1 988) 
15 P Draper, in The B~ology of Mycobactena, T. 

Ratledge and J Stanford, Eds (Academic Press, 
London, 1982), pp 9-52 

16 Mycobactenum cheionae PS4770 was used for all 
the experiments and grown as descr~bed in (5). 
Cell suspensions were broken by homogenizat~on 
with microglass beads by a Homogenisator MSK 
(B. Braun B~otech) according to the manufactur- 
er's instruct~on. The homogenized sample was 
then centrifuged at 3,000 rpm for 10 mln and the 
supernatant was collected and pelleted at 20,000 
rpm for 30 mln to obtain the cell envelopes (cell 
wall and cytoplasm~c membrane). The cell wall 
was purified by sucrose-gradient centr~fugation in 
a modificat~on of the method of H~rschf~eld and 
colleagues (17) The pellet was suspended In 1 
ml and appl~ed to a step sucrose gradient of 30, 
40, and 70% sucrose (wlv) The fract~on conta~n- 
ing the cell wall, between 40 and 70%, was 
centrifuged and the pellet was washed twlce and 
used as cell wall fract~on. Th~s fraction was essen- 

t~ally free of cytoplasm~c membrane as assessed 
by reduced n~cotinam~de aden~ne dinucleotide 
(NADH) ox~dation, at th~s po~nt only 0 1% of total 
NADH activity was associated with this fract~on. 
The cell wall fract~on was washed once by cen- 
tr~fugat~on with a buffer containing 20 mM tr~s-HCI 
(pH 8), 1% Zwittergent 3-12 (Calb~ochem), and 3 
mM NaN,, and proteins were extracted with a 
solution contain~ng the same buffer solut~on sup- 
plemented w~th  40 mM EDTA. After 1 hour of 
incubation at room temperature, the solution was 
centrifuged and the supernatant was collected 
After dialysis, the cell wall extracts (20 kg) were 
incubated w~th 0 1 k g  of Pronase (Boehr~nger 
Mannhe~m) or protease K (S~gma) for 5 hours at 
37°C according to the manufacturer's instruct~ons 
L~posomes were reconst~tuted with 10 I L ~  of pro- 
te~n after extensive dialysis agalnst dist~lled water, 
and swelling rates were determ~ned as in Fig. 2 
and normalized to the untreated control rate Con- 
trol llposomes wlth Pronase or protease K were 
also reconstituted and d ~ d  not show any s~gn~f~cant  
swell~ng. Data represent the average of three ex- 
periments; standard errors are in brackets 

17. G R Hirschf~eld, M. McNeil, P. J. Brennan, J. 
Bacterioi 1 72, 1 005 (1 990). 

18. Supported by a grant from the United Nat~ons 
Development Programme-World Bank-World 
Health Organization Programme for Research 
and Training In Trop~cal D~seases and at the 
University of Wurzburg by the Deutsche Fors- 
chungsgemeinschaft (project B9 of the Sonder- 
forschungsbere~ch 176) and the Fonds der Che- 
mischen lndustr~e. We thank A. Schm~d for helpful 
d~scussions 

10 March 1992, accepted 9 September 1992 

Antisense and Antigene Properties of 
Peptide ~ucleic ~ c i d s  
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Daniel J. Ricca, C. Fred Hassman, Michele A. Bonham, 
Karin G. Au, Stephen G. Carter, David A. Bruckenstein, 

Ann L. Boyd, Stewart A. Noble, Lee E. Babiss* 
Peptide nucleic acids (PNAs) are polyamide oligomers that can strand invade duplex DNA, 
causing displacement of one DNA strand and formation of a D-loop. Binding of either a T,, 
PNA or a mixed sequence 15-mer PNA to the transcribed strand of a G-free transcription 
cassette caused 90 to 100 percent site-specific termination of pol II transcription elongation. 
When a T,, PNA was bound on the nontranscribed strand, site-specific inhibition never 
exceeded 50 percent. Binding of PNAs to RNA resulted in site-specific termination of both 
reverse transcription and in vitro translation, precisely at the position of the PNA. RNA 
heteroduplex. Nuclear microinjection of cells constitutively expressing SV40 large T an- 
tigen (T Ag) with either a 15-mer or 20-mer PNA targeted to the T Ag messenger RNA 
suppressed T Ag expression. This effect was specific in that there was no reduction in 
p-galactosidase expression from a coinjected expression vector and no inhibition of T Ag 
expression after microinjection of a 10-mer PNA. 

Sequence-specific binding of oligodeoxynu- ODNs as antisense or antigene agents is 
cleotides (ODNs) to RNA or in the major actively being explored, the problems asso- 
groove of duplex DNA through triple-helix ciated with creating in vivo bioefficacy and- 
formation provides a way to modulate gene maintaining binding specificity and affinity 
expression (1, 2). Although the potential of are formidable. 
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