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Triple-Helical Polynucleotides. Mixed Triplexes of the 
Poly( uridylic acid)*Poly( adenylic acid)-Poly( uridylic acid) 

Paul F. Torrence, Erik De Clercq, and Bernhard Witkop* 

ABSTRACT: By the techniques of interferon induction in 
primary rabbit kidney cells “superinduced” with metabolic 
inhibitors, ultraviolet absorbance-temperature profiles, sen- 
sitivity to pancreatic ribonuclease A, and sucrose velocity 
gradient ultracentrifugation, a number of reactions between 
double-helical R N A  and single-stranded R N A  or DNA ho- 
mopolymers were investigated. The polymers involved in 
these studies were poly(adeny1ic acid), poly(uridy1ic acid), 
poly(ribothymidylic acid), poly(5-bromouridylic acid), 
poly(deoxythymidylic acid), poly(deoxyuridy1ic acid), 
poly( 3-methyluridylic acid), poly( 2’-O-methyluridylic 

T h e  term “recognition” has been used largely to denote 
the process in which a protein combines with a specific sec- 
tion of a nucleic acid (Yarus, 1969). Nonetheless, it is clear 
that the interaction of single-stranded nucleic acid with 
double-stranded nucleic acid can also give rise to a recogni- 
tion system based on specific affinity. For instance, hybrid- 
ization studies have established that the eukaryotic genome 
contains significant amounts of dA-rich and poly(dA)’ se- 
quences and dG-rich and poly(dG) sequences (Shenkih and 
Burdon, 1974, and references cited therein). Just as lysine- 
rich histones possess a greater affinity for the (dA + dT)-  
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acid), and poly(2’-azido-2’-deoxyuridylic acid). Two differ- 
ent reaction courses, both leading to the formation of triple 
helices, were noted: (1)  poly(Ux).poly(A) + poly(Uy) - 
poly(Ux)~poly(A)~poly(Uy) if the T ,  of poly(Ux)-poly(A) 
was higher than the T ,  of poly(Uy).poly(A); (2) poly(Ux). 
poly(A) + poly(Uy) - poly(Uy).poly(A).poly(Ux) if the 
T ,  of poly(Ux)-poly(A) was lower than the T ,  of poly(Uy). 
poly(A). In these equations, the homopolymer written to 
the left of poly(A) implies Watson-Crick hydrogen bonding 
whereas the polymer to the right of poly(A) is involved in 
Hoogsteen hydrogen bonding. 

rich regions in DNA (Ohba, 1966; Mazen and Champagne, 
1968) and arginine-rich histones have a greater affinity for 
(dG + dC)-rich regions in DNA (Clark and Felsenfeld, 
1972), it may be expected that a polynucleotide comprised 
of the base uracil (or its derivatives) would possess a specif- 
ic affinity for a poly(dT).poly(dA) sequence in the DNA 
duplex by virtue of the formation of a triplex helix analo- 
gous to poly(U).poly(A).poly(U). In this connection, it is of 
interest that dA-dT clusters have been found near the origin 
of DNA replication in Escherichia coli 15T- cells (Baril 
and Kubinski, 1975). 

Although our knowledge of the factors that govern for- 
mation and stability of polynucleotide triplexes is quite lim- 
ited (Bloomfield et al., 1974), and in spite of the fact that 
no nucleic aci’d triple helix2 has yet been observed to occur 
naturally in any biological system, a variety of hypotheses 

It is important to differentiate here between a nucleic acid triple 
helix and a nucleic acid base triple. The former may be defined (for 
purposes of this paper) as the formation of a three-stranded polynucle- 
otide for a least one helical turn. In contrast, the latter, arising from 
tertiary hydrogen bonding interactions, may be defined as formed from 
three hydrogen-bonding bases and does not result in a triple helix. 
Triples of this latter type have been demonstrated in yeast phenylala- 
nine tRNA (Kim et al.. 1974). 
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have suggested potential roles for such triple-stranded inter- 
actions. Suggestions of recent vintage have postulated nu- 
cleic acid triplexes as potential elements of control in gene 
regulation and chromosome structure (Britten and David- 
son, 1969; Crick 1971); triple-helix formation has been in- 
voked as a mode of interaction of a putative chromosomal 
R N A  with D N A  (reviewed by Sirlin, 1972); a triplex may 
be involved in stabilizing the folded chromosome of Esche- 
richia coli (Pettijohn and Hecht, 1973): consistent with the 
earlier demonstration (Opara-Kubinska et al., 1964; Kubin- 
ski et al., 1966) of pyrimidine rich regions in eukaryotic 
DNA,  it has recently been found that denatured bovine 
D N A  may interact with homologous native D N A  to yield 
some triply stranded regions (Perlgut et al., 1975). 

Interferon induction in cells “superinduced” with cyclo- 
heximide and actinomycin D (Vilcek, 1970; Tan et al., 
1970) provides a useful biological assay for investigating in- 
teractions among homopolyribonucleotides (De Clercq et 
al., 1974a). This methodology has already provided infor- 
mation leading to the demonstrated existence of the unique 
poly(U).poly(A).poly(I) triplex (De Clercq et al., 1975a) 
and has also been used to monitor polynucleotide displace- 
ment reactions (De Clercq et a]., 1976). Herein, this inter- 
feron induction assay is employed in concert with uv ab- 
sorbance-temperature profiles, pancreatic RNase A resis- 
tance, and sucrose velocity gradient analysis to demonstrate 
the formation of several nucleic acid triple helices which 
may be considered analogues of the poly(U).poly(A). 
poly(U) triplex. The existence and properties of such tri- 
plexes may aid in  the determination of the potential role(s) 
of such triple-stranded nucleic acids in vivo. 

Materials and Methods 
Techniques used for the measurement of interferon pro- 

duction in  primary rabbit kidney (PRK) cell cultures “su- 
perinduced’’ with cycloheximide and actinomycin D have 
been previously described (De Clercq et al., 1975a). For 
this purpose, stock solutions of the homopolymers and their 
complexes were prepared a t  a concentration of 1 mg/ml in 
0.1 M Tris-HC1-0.2 M NaCl (pH 7.0) and stored a t  4 OC. 
Prior to use, the polymers were diluted in Eagle’s minimal 
essential medium (MEM) and mixed a t  the appropriate 
stoichiometric ratios to give final concentrations of 5 pg/ml 
(homopolymer) or 10 kg/ml (homopolymer duplexes). 

Methods employed for the determination of ultraviolet 
absorbance-temperature profiles have also been detailed 
earlier (Torrence et al., 1973a). When the triplex formation 
reactions were monitored by thermal profile, the general 
procedure was to mix the duplex homopolymer constituents 
a t  concentrations (expressed as P) of about 5 X M in 
the selected buffer. After adequate time to ensure that equi- 
librium has been obtained (7-14 days a t  4 “C) ,  the third 
homopolymer was added in the required stoichiometric 
quantity. The polymers were allowed to react at a concen- 
tration of approximately 5 X M for 7-14 days a t  4 OC 
and then diluted (5-1OX) with appropriate buffer. After an 
additional 1-7 days at 4 OC, the melting profile was deter- 
mined. In all cases, the thermal profile was monitored si- 
multaneously a t  several different wavelengths. 

The procedures for the determination of sensitivity to 
pancreatic RNase A and for sucrose velocity gradient anal- 
ysis have been described previously (De Clercq et al., 
1975a). The polymer [5-3H]poly(U) is presented through- 
out the text as poly(U*). 

The polynucleotides poly(A) ( ~ 2 0 , ~  = 9.7 S), poly(U) 

( ~ 2 0 . ~  = 7 S ) ,  poly(Um) ( ~ 2 0 , ~  = 10 SI, poly(dT) ( ~ 2 0 , ~  = 
7.0 S), and poly(dU) were products of P-L Biochemicals 
(Milwaukee, Wis). Poly(dUz) ( ~ 2 0 , ~  = 12.6 S) (Torrence et 
al., 1973a), poly(rT) (Howard et al., 1971), poly(br5U) 
(Riley and Paul, 1970; Torrence and Witkop, 1975), and 
poly(m3U) (Szer and Shugar, 1961; Torrence et al., 1973b) 
were all prepared according to the previously published 
methodology. Where s20 values were not determined, the 
polymers were ascertained to be of high molecular weight 
by one or more of the following criteria: (a) elution in the 
void volume of a Sephadex G-200 column (1.8 X 25 cm, 
0.04 M ammonium bicarbonate (pH 7.5) buffer); (b) ther- 
mal profiles (of complementary duplexes) which showed the 
same cooperativity as samples of known high molecular 
weight (>6 S); (c) ability (as complementary duplexes) to 
induce the same high titers of interferon (in “superinduced” 
PRK cells) as samples of known high molecular weight (>6  

Extinction coefficients (ep) employed in these studies 
were as follows ( T  = 20’C): poly(A), cmax 10000 in 0.1 M 
NaC1-0.01 M sodium cacodylate (pH 6.85) (Sigler et al., 
1962); poly(br5U), tmax 8250 in 0.1 M NaCl-0.01 M sodi- 
um cacodylate (pH 7) (Torrence and Witkop, unpublished 
observations); poly(U), tmax 9430 in 0.195 M NaC1-0.01 M 
sodium cacodylate (pH 7.5) (Blake et al., 1967); poly(rT), 
cmax 9170 in 0.02 M sodium cacodylate (pH 7) (Howard et 
al., 1971); poly(m3U), cmax 10000 in 0.1 M NaC1-0.01 M 
sodium cacodylate (pH 7) (P. F. Torrence and B. Witkop, 
unpublished observations); poly(dT), cmax 8700 in 0.1 M 
NaC1-0.01 M sodium cacodylate (pH 7.9) (Riley et al., 
1966); poly(dU), cmax 9000 in 0.1 M NaCl-0.01 M sodium 
cacodylate (pH 7) (Torrence and Witkop, unpublished ob- 
servations); poly(Um), cmax 9400 in 0.05 M NaCI-0.01 M 
sodium cacodylate (pH 7.4) (Rottman et al., 1974). 

SI. 

Results 
General Considerations. If a polynucleotide duplex and a 

single-stranded homopolymer interact, the following reac- 
tions might conceivably occur (poly(Ux) and poly(Uy) rep- 
resent two different modified poly(uridy1ic acids)): 
(a) triplex formation 

POlY(UX) * POlY(A) + POlY(UY) - 
P O ~ Y W X )  - poly(A) - P O ~ Y ( U Y ) ~  ( a l )  

(b) displacement with triplex formation 

POlY(UX) * POlY(A) + POlY(UY) - 
POlY(UY) - POlY(A) - POlY(UX) ( b l )  

Po~Y(UY) * PO~Y(A)  * PO~Y(UY) + poly(Ux) (b2) 
pOly(UX) * pOly(A) + 2-p0ly(Uy) + 

2-~0ly(Ux)  * poly(A) + 2-~0ly(Uy)  ---+ 

pOly(UX) * poly(A) POIY(UX) + 
POlY(UY) * POlY(A) POlY(UY) (b3) 

Poly(Ux).poly(A).poly(Uy) implies that the AUx base pair has 
Watson-Crick hydrogen bonding while Uy is paired to A by Hoogsteen 
bonding. Poly(Uy).poly(A).poly(Ux) implies the alternate bonding 
scheme; that is, the AUy base pair is of the Watson-Crick type while 
Ux is bonded to A by Hoogsteen base pairing. Other possibilities exist 
(e.g., reverse Hoogsteen), but the former two schemes represent modes 
of pairing in the triple helix that are consistent with those determined 
by x-ray diffraction studies on the poly(U)-poly(A).poly(U) triplex 
(Arnott and Bond, 1973). 
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FIGURE 1: Melting profiles (in 0.05 M NaC1-O.OlM sodium cacody- 
late (pH 7 ) )  for the products of the reactions: poly(br5U)-poly(A) + 
poly(U) ( 0 )  and poly(U)-poly(A) + poly(br5U) (A). The wavelength 
monitored is 260 nm. Changes recorded at other wavelengths (e.g., 280 
nm) failed to reveal any other transitions. A , / A ,  is the ratio of the ab- 
sorbance at  the initial temperatures (i) to that at  some given tempera- 
ture ( t ) .  

(d) displacement with duplex and triplex formation 

Still additional possibilities can be imagined, but these can 
be represented by summation of two or more of the above 
reactions, or else they are unlikely on thermodynamic 
grounds (e.g., the dissociation of a duplex and a single- 
strand into three separate homopolymers), and all are in- 
consistent with the data presented below. 

During the course of experiments used to identify the 
poly(U).poly(A)~poly(I) triplex (De Clercq et a]., 1975a), a 
similar series of possibilities was encountered (analogous to 
equations a1 through d l ) .  Mixing curves were employed i n  
this latter instance to determine reaction stoichiometry and 
thus provide a means of eliminating a significant number of 
potential reactions. Mixing curves have not been used in the 
course of this present study chiefly because only limited 
quantities of some modified polymers were available; fur- 
thermore, mixing curves for these reactions are not so infor- 
mative since most of the possibilities from which a selection 
must be made occur with 1:l  stoichiometry. The conclu- 
sions from the thermal profile experiments are based main- 
ly  on profiles determined in 0.05 M NaC1-0.01 M sodium 
cacodylate (pH 7 ) ,  a buffer in which a convenient separa- 
tion of the 3 - 2 (triplex to duplex) and 2 - 1 (duplex to 
homopolymers) transitions is witnessed during melting of 
the poly(A).2poly(U) triplex (Blake et ai.. 1967). 

Poly(brSU).Poly(A) + Poly(U).  The uv absorbance- 
temperature profile for a mixture equimolar in  poly(br5U). 
poly(A) and poly(U) (or 2 mol of duplex phosphate/mol of 
poly(U)) is given in Figure 1. Under these conditions (0.06 
M Na+, pH 7 ) ,  a biphasic profile is witnessed with the first 
transition occurring a t  60 " C  and the second a t  85 "C. The 
first transition exhibits a T ,  which clearly distinguishes it 
from the melting of the poly(U).poly(A)-poly(U) triplex 
(Tm(3-2) = 49 "c, Tm(2-1) = 53 " C ;  see also De Clercq et 
al., 1975a): thus, reactions corresponding to eq b2, b3, c l .  

I 1.1 

A 0.9 l.O_-.--.--I 

i 
0 6 -  

03 ' ~ ' ' ' " " ' '  " 

20 30 40 50 60 70 80 90'C 
T 

F I G U R E  2: Melting profile of the reaction poly(U).poly(A) + 2 poly- 
(brsU) determined in 0.05 M NaCI-0.01 M sodium cacodylate (pH 7 ) .  
( 0 )  260 nm; (A) 280 nm; (m) 290 nm.  

and d l  (with Ux = br5U and Uy = U) can be eliminated. 
The second transition ( T ,  = 85 "C) corresponds to the 
melting of the poly(br5U).poly(A) duplex (or triplex) (data 
not shown). The first transition must represent the dissocia- 
tion of the poly(U) strand from the poly(br5U)-poly(A) 
helix (which may subsequently rearrange to the triplex 
poly(br5U)-poIy(A).poly(br5U). Thus poly(U) must add to 
the duplex to give the mixed triplex according to the equa- 
tion: 

poly(br5U) - poly(A) + poly(U) - 
poly(br5U) poly(A) . poly(U) (1) 

Poly(U).Poly(A) + Poly(br5U). When poly(U)-poly(A) 
and poly(br5U) are mixed in equimolar quantities, the melt- 
ing profile (A) shown in Figure 1 is obtained. Again this 
profile is biphasic and both transitions have T,'s within ex- 
perimental error ( f l o c )  of those seen in the interaction of 
poly(br5U).poly(A) and poly(U). Thus, the addition of 
poly(br5U) to the duplex poly(U).poly(A) gives rise to vir- 
tually the same melting profile as did the addition of 
poly(U) to poly(brSU).poly(A). The most probable expla- 
nation for this behavior corresponds to eq b l  above; that is, 
the poly(br5U) first displaces poly(U) from the poly(U). 
poly(A) duplex and then triplex formation occurs (eq 2). 

poly(U) - poly(A) + poly(br5U) - 
poly(brsU) poly(A) - poly(U) (2 )  

I n  this particular system, additional stoichiometries of in- 
teraction have been examined to determine if reactions like 
b2 or d l  can also occur. The addition of 2 mol of poly- 
(brsU) to 1 mol of poly(U).poly(A) gave rise to the thermal 
profile of Figure 2 and results in a significantly different 
profile from that seen with the 1: 1 mixture. The first transi- 
tion (corresponding to the dissociation of poly(U)) is con- 
siderably reduced in proportion to the second transition 
which still occurs at  84 "C, characteristic of the melting of 
poly(br5U).poly(A).poly(br5U), This suggests that addition 
of a second mole of poly(br5U) can lead to complete dis- 
placement of poly(U) from the triplex according to: 

poly(U) poly(A) + 2-poly(br5U) - 
poly(br5U) poly(A) - poly(brjU) + poly(U) (3) 
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Table I :  Interactions among Polynucleotides and Their Complexes 
as Monitored by Interferon Production in Primary Rabbit 
Kidney Cells Superinduced with Cycloheximide and Actinomycin D. 

Fraction of 
Interferon 

Titer Compared 
to  ControlC 

0.05 ( i0 .03 )  
1.1 (10.24) 
0.10 (10.00) 
1 .0 , l .O  
0.83 ( i0 .15)  
1.0, 0.67 
0.01, 0 .13 
0.82 (k0.23) 
0.10 
0.06, 0.03 
0.2, 0.53 
0.06, 0.2 
1.3, 0.75 
1.0,  0.53 
0.8, 1 .0  
0.20, 0.30 
0.67, 0 .53 
0.30 
0.01, 0.01 
0.007, 0.005 
0.20, 0.12 
0.025 
0.1, 0.02 
0.3, 0.2 
0.3, 1.0 
0.3, 1.0 
0.01,0.01 
0.1, 0.1 
0.1, 0.1 
0.33, 0.20 

<0.01, <0.01 
0.1, 0.1 
0.08 (i0.04) 
0.32 ( t0 .02)  
0.016 
1 .o 
0.03 
0.04, 0.07 

(U), then (dUf),.(A), 0.19 

a The alternate abbreviation for polynucleotides is used in this 
table; thus, (U), = poly(U). b Homopolymer and homopolymer 
complex either (i) mixed to  give a final concentration of 5 and 10 
pg/ml, respectively, and then incubated for 1 h at 37 "C in MEM 
before addition t o  the cells or (ii) added sequentially (each at  10 
pg/ml in MEM) to the cells in a 1-h interval. CDefined as (interferon 
titer for homopolymer + duplex)/(interferon titer for duplex alone). 
Interferon titers are defined as the reciprocal of the highest dilution 
of the sample that reduced viral cytopathogenicity by 50%. See also 
De Clercq et  al. (1974a). A control experiment was performed for 
each manner of addition to the cells; thus for the system (U), + 
(U),.(A),, MEM was added in place of the homopolymer in the 
experiments that  involved addition as a mixture or in experiments 
where the polymers were added sequentially. Titer reductions are 
expressed as the mean (* 1 S.D.) in those instances where 3-5 
determinations (each with a different preparation of primary rabbit 
kidney cells) were performed. In other systems, the individual re- 
sults are listed separately. d T h e  interaction of (U), with (dUz),. 
(A), was also studied. The duplex (dUz),.(A), is virtually inactive 
as an interferon inducer in this system (see also Torrence e t  al., 
1973b) giving rise to a maximum of 10-20 units/ml at a concen- 
tration of 10 pg/ml. The addition of (U), either mixed with (dUz),. 
(A),, or in the sequential administration procedure failed to  bring 
about any increase in interferon titer. e As in footnote d above, the 
addition of (IT), to (dUz),.(A), either in the direct mixing experi- 
ments or in the sequential administration procedure, failed to pro- 
duce any rise in interferon titer. f O n e  mole of the duplex (U),.(A), 
was mixed with 2 mol of (br5U),. g One mole of the duplex (U),. 
(A), was mixed with 0.5 mol of (brsU),. h Taken from De Clercq 
et  al. (1975b). 

The residual transition ascribed to the strandwise melting 
of the poly(br5U).poly(A).poly(U) triplex may arise from 
experimental error, or more likely, because this system has 
not yet reached equilibrium (vide infra). 

When the melting profile of a solution constructed from 
2 mol of poly(U).poly(A) and 1 mol of poly(br5U) is exam- 
ined, the result of Figure 3 is obtained. At 260 nm three 
transitions are witnessed (data not shown). The first is the 
melting of poly(U).poly(A), the second is the disproportion- 
ation of the poly(br5U).poly(A).poly(U) triplex, and the 
third represents the melting of the remaining poly(br5U)* 
poly(A) duplex (or triplex). This interpretation of the ab- 
sorbance behavior a t  260 nm is supplemented by the 
changes in absorbance occurring a t  287, 283.5, and 280 nm 
(Figure 3) (Blake et al., 1967). Transitions a re  witnessed a t  
52 OC which correspond to the melting (2 - 1) of the 
poly(U)-poly(A) duplex. Importantly, there is no evidence 
for the existence of poly(U).poly(A).poly(U) in this mix- 
ture since a substantial hyperchromic change would be seen 
a t  280 nm (Blake et  al., 1967). These data indicate that the 
reaction corresponding to d l  does not occur; i.e. 

2-poly(U).poly(A) + poly(br5U) * 
poly(br5U)-poly(A) + poly(U).poly(A)-poly(U) 

Instead the mixed triplex is preferred: 

2-poly(U) - poly(A) + poly(br5U) - 
POlY(U) * POlY(A) + PolY(br5u) POlY(A) * POlY(U) (4) 

so that no reaction occurs corresponding to a stoichiometry 
of 2 mol of poly(U)-poly(A) to 1 mol of poly(br5U). 

The interferon induction data presented in Table I are in 
total agreement with the above observations and with eq 
2-4. If poly(br5U) is added to the cells as a mixture with 
poly(A).poly(U), the interferon titer is significantly re- 
duced. Similarly, when poly(br5U) is added to the cells 
first, a smaller, yet still significant reduction in titer is wit- 
nessed. These results can be related to formation of the 
poly(br5U).poly(A).poly(U) (eq 2) triple helix, since it, like 
other triplexes (De Clercq et  al., 1974a, 1975a), is expected 
to be inactive as a n  inducer. Consistent with and supportive 
of eq 3 is the observation that addition of a mixture of 2 mol 
of poly(br5U) and 1 mol of poly(U).poly(A) to the cells also 
leads to a major decrease in interferon titer as would be ex- 
pected if poly(br5U)~poly(A)~poly(br5U)'is a reaction prod- 
uct. This latter triplex has also been shown to be incapable 
of significant interferon production (De Clercq et al., 
1974a). Finally, the occurrence of eq 4 is also verified by 
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FIGURE 4: Melting profiles (in 0.05 M NaCI-0.01 M sodium cacody- 
late (pH 7 ) )  for the reactions poly(rT).poly(A) + poly(brsU) (A) and 
poly(br5U).poly(A) + poly(rT) (0) .  The wavelength monitored in both 
cases was 260 nm. 

I 0.15 

o,lol 0.05 

T 
FIGURE 5 :  Differential melting curve (from best fit integral) for the 
product of the reaction poly(br5U).poly(A) + poly(rT). 

the interferon data. When 0.5 mol of poly(br5U) is mixed 
with 1 .O mol of poly(U).poly(A), there is no reduction in in- 
terferon titer since 50% of the input poly(U).poly(A) is still 
available for induction. In our interferon assay conditions, a 
decrease in poly(U).poly(A) concentration from I O  to 5 
kg/ml does not lead to an appreciable change in interferon 
titer (De Clercq, Torrence, Waters and Witkop, unpub- 
lished observations). If the alternative reaction ( d l )  oc- 
curred in this case, the products poly(br5U)-poly(A) and 
poly(U).poly(A).poly(U) would lead to a large decrease in 
interferon production (De Clercq et al., 1974a). 

Poly(br5U)-Poly(A) + Poly(rT).  A mixture consisting 
of equimolar amounts of poly(rT) and poly( br5U).poly(A) 
(or 1 mol of poly(rT) phosphate/2 mol of duplex phos- 
phate) gave the absorbance-temperature profile shown in 
Figure 4 (0 ) .  As seen in the interaction of poly(br5U)- 
poly(A) with poly(U), the present system gave a biphasic 
profile which is especially evident in the differential profile 
of Figure 5 .  These data prove that there is no transition 
which can be ascribed to the melting of the poly(rT). 
poly(A) double helix or the poly(rT).poly(A)-poly(rT) tri- 
ple helix (Figure 6) (see also Howard et al., 1971), and that 
the reactions corresponding to eq b2, b3, c l ,  and d l  may 
therefore be eliminated. Furthermore since the second tran- 
sition corresponds to the melting of poly(br5U).poly(A), the 
first transition ( T ,  80 " C )  must represent the melting out 
of the poly(rT) strand from the poly(br5U).poly(A). 
poly(rT) triplex. Thus when poly(rT) is added to poly- 
(br5U).poly(A), the single strand adds to the outside of the 
double helix: 

poly(br5U) poly(A) + poly(rT) - 
poly(br5U) - poly(A) - poly(rT) (5) 

I A l.lW, , , , 
1 .o 
20 30 40 50 €0 70 8OoC 

T 
FIGURE 6: Melting profiles (in 0.05 M NaCI-0.01 M sodium cacody- 
late (pH 7 ) )  for the reactions: poly(U).poly(A) + poly(rT) (A) and 
poly(rT).poly(A) + poly(U) ( O ) ,  X 260 nm. 

PANCREATIC RIBONUCLEASE 1ugirnl) 

FIGURE 7 :  Pancreatic ribonuclease A sensitivity of the products of the 
reactions poly(U).poly(A) + poly(U*) (A) and poly(rT).poly(A) + 
poly(U*) (v). For comparison purposes, the sensitivity of poly(U*) 
(0 )  and poly(U*).poly(A) (0) is also included. The reaction mixtures 
were incubated at 37 "C for 1 hr then 1 week at  4 OC before analysis. 
Incubation for only 1 h left a substantial quantity of nuclease sensitive 
Poly (U*). 

P~ly ( rT) .Po ly (A)  + Poly(br5U). An equimolar mixture 
of the poly(rT).poly(A) duplex and poly(br5U) homopoly- 
mer showed the behavior (Figure 4, (A)) identical with re- 
action 5, demonstrating that in this instance, poly(br5U) 
first displaces poly(rT) from the duplex to give poly(br5U). 
poly(A) to which poly(rT) then adds in triplex formation. 

poly(rT) poly(A) + poly(br5U) - 
poly(br5U) - poly(A) - poly(rT) ( 6 )  

Pofy(rT).Poly(A) + Poly(U).  Determination of the 
melting profile of a mixture equimolar in poly(U) and 
poly(rT).poly(A) gives the biphasic melting curve pictured 
in Figure 6. The shape and midpoint of the first transition 
are not consistent with the presence of any significant quan- 
tity of poly(U).poly(A).poly(U) or poly(U)-poly(A); none- 
theless, small quantities of the latter complexes would be 
most difficult to detect. The second transition in this profile 
corresponds to the melting of the poly(rT).poly(A) duplex 
(or poly(rT).poly(A).poly(rT) triplex) (data not shown), 
suggesting the following: 

poly(rT) * POlY(A) + POlY(U) - 
poly(rT) * p o l ~ ( A )  po ly (U ( 7 )  

The results of pancreatic ribonuclease A sensitivity ex- 
periments are depicted in Figure 7.  Radiolabeled [5-3H]- 
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poly(U) was mixed in a 1 : l  stoichiometric ratio with 
poly(rT)-poly(A) (unlabeled). In one experiment (data not 
shown), the mixture was incubated for only 1 h a t  37 OC. 
Alternatively (Figure 7), the reaction was allowed to pro- 
ceed for 1 h a t  37 OC and then 1 week a t  4 OC before analy- 
sis. For comparison purposes a similar experiment was per- 
formed with cold poly(U).poly(A) and [5-3H]p~ly(U) .  It 
was clear that after 1 h a t  37 OC, a significant portion of the 
labeled poly(U) was still available for degradation by 
RNase, whereas after 1 week longer a t  4 OC both systems 
(poly(U)-poly(A) + poly(U*) and poly(rT).poly(A) + 
poly(U*)) reached a state wherein the poly(U) was just as 
resistant to degradation as it was when a part of the 
poly(U).poly(A) duplex. 

Sucrose gradient ultracentrifugation data also give a re- 
sult consistent with the above (Figure 8). Again, with the 
poly(U).poly(A) + poly(U*) system as a control, when 
poly(U*) was mixed with poly(rT).poly(A) and the mixture 
incubated for 1 h a t  37 OC before centrifugation, a signifi- 
cant portion of the label was found in a peak that sediment- 
ed faster than poly(U*) (Figure 8). In addition this label 
was found a t  a position that corresponded to the same peak 
formed in the interaction of poly(U*) with poly(U).poly(A) 
and both of these peaks sedimented faster than poly(U*)- 
poly(A) itself. In  both cases, some poly(U*) remained in a 
peak corresponding to free poly(U) indicating that as in the 
pancreatic RNase experiments, equilibrium had not yet 
been obtained. When longer reaction times ( 1  week a t  4 
“C)  were used in these instances, there was a disappearance 
of the peaks due to free poly(U), but this increase was not 
matched by an increase of label in the faster sedimenting 
fractions, suggesting loss of labeled poly(U) during these 
longer incubation times (data not shown). 

That some time may be required for this and other simi- 
lar systems to approach equilibrium was also indicated by 
melting profile experiments. If the T ,  of the reaction of 
poly(U).poly(A) + poly(rT), or poly(br5U).poly(A) + 
poly(U) was determined immediately after mixing or even 
as late as 48 h after mixing, the presence of large quantities 
of poly(U)-poly(A) was revealed. Reaction mixtures al- 
lowed to stand for 2-3 weeks a t  4 OC, however, showed no 
evidence of free poly(U).poly(A). 

Poly(rT)-poly(A) has been demonstrated to be an effec- 
tive inducer of interferon in primary rabbit kidney cells (De 
Clercq et al., 1974a). When poly(U) is added to the cells to- 
gether with or 1 h after poly(rT).poly(A), a significant re- 
duction in interferon titer occurs (Table I). If poly(rT). 
poly(A) is added to the cells 1 h after the addition of 
poly(U), a smaller, barely significant titer reduction occurs. 
For comparison purposes, poly(rT), added to the cells to- 
gether with or 1 h after poly(rT).poly(A), or poly(U), 
added together with or 1 h after poly(U).poly(A) also effect 
large reduction in interferon titer due to the formation of 
poly(rT).poly(A).poly(rT) (Howard et al., 1971) and 
poly(U).poly(A)~poly(U), respectively. On the other hand, 
when these homopolymers were administered to the cells 1 
h before addition of their respective duplexes, there was lit- 
tle, i f  any, reduction in interferon titer. Finally it is clear 
that the shifts in interferon titer, as noted above, may be 
considered as specific, since poly(A) did not significantly 
affect the titer of either poly(U).poly(A) or poly(rT). 
poly(A) when added before, together with, or after the du- 
plexes (Table I)  (vide infra and De Clercq et al., 1974a). 

To summarize, the reaction of poly(rT)-poly(A) with 
poly(U) produces (a) a partial but not complete reduction 
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FIGURE 8: Sucrose velocity gradient ultracentrifugal analysis of the 
products of the reactions: poly(U).poly(A) + poly(U*) (A) and 
poly(rT)-poly(A) + poly(U*) (A) .  For comparison, the patterns for 
free poly(U*) (0 )  and poly(U*)-poly(A) (0) are included. The reac- 
tions were incubated for 1 h at 37 OC before they were layered onto the 
sucrose gradient (De Clercq et a].,  1975a). 

in interferon titer; (b) a product in which the poly(U) is in a 
form resistant to ribonuclease A; (c) a complex incorporat- 
ing poly(U) that sediments faster than poly(U).poly(A) and 
a t  about the same position as poly(U).poly(A)-poly(U); (d) 
a melting profile that shows no evidence of poly(U)-poly(A) 
or poly(U).poly(A).poly(U) but is biphasic with the second 
transition corresponding to the melting of poly(rT).poly(A). 
These data eliminate all possibilities corresponding to eq b 1 
through d l  and leave as the only alternative the reaction ex- 
pressed by equation 7, formation of the poly(rT)-poly(A). 
poly(U) triple helix. 

Poly(U)-Poly(A) + Poly(rT). The addition of 1 mol of 
poly(rT) to 1 mol of the poly(U).poly(A) double helix (2 
mol of P) results in the formation of a triple helix which is 
the same as that seen in the interaction of poly(rT)-poly(A) 
with poly(U) according to the equation: 

POlY(U) * POlY(A) + poly(rT) - 
PolY(rT) * POlY(A) * POIY(U) (8) 

The evidence for this conclusion is as follows. (1 )  Poly(rT), 
when added together with, or 1 h after poly(U).poly(A), 
causes a 10-100 drop in interferon titer in “superinduced” 
PRK cells (Table I ) .  (2) Both RNase sensitivity experi- 
ments (at 1 h or 1 week reaction time) as well as sucrose ve- 
locity gradient ultracentrifugation show that no free 
poly(U) is released in this interaction (data not illustrated). 
Furthermore, the labeled poly(U) product sediments a t  a 
position expected for a double or triple helix. (3) The melt- 
ing profile of an equimolar mixture of poly(rT) + poly(U). 
poly(A) is nearly identical with that obtained in the interac- 
tion of poly(rT)-poly(A) + poly(U) (Figure 6 (A)). 

Poly (A)-Poly  ( U )  + Poly (dUz)  and Poly (dUz).Poly ( A )  
+ Poly(U).  Before continuing with additional systems in 
which compelling evidence for mixed triplexes exists, the 
factors that determine whether or not a nucleic acid will 
melt in a stepwise fashion (Le., 3 - 2, then 2 - 1) should 
be discussed. A biphasic melting profile for a nucleic acid 
will be obtained if (1 )  the extinction of the products of the 
following reaction is significantly different from the extinc- 
tion of the reactants: poly(Ux).poly(A).poly(Uy) - 
poly(Ux).poly(A) + poly(Uy); (2) a second requirement is 
that there must be an inversion of the relative stabilities of 
the double- and triple-helical forms; Le., stepwise melting of 
the triplex simply implies that a t  the T ,  for the dissociation 
of the third strand. the double helix becomes more stable 
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FIGURE 9: Melting profiles for the duplexes poly(U).poly(A) (0) and 
poly(dUz).poly(A) (I), and the products of the reactions poly(U). 
poly(A) + poly(dUz) (A) and poly(dUz).poly(A) + poly(U) (0) .  All 
profiles were determined in 0.05 M NaC1-0.01 M sodium cacodylate 
(pH 7 )  at 260 nm. No other transitions were revealed at a variety of 
other wavelengths. 

than the triple helix. The most thoroughly studied triplex, 
poly(U).poly(A).poly(U), undergoes separate 3 - 2 and 2 
-+ 1 transitions in solutions of low salt (e.g., Figure 2). This 
melting behavior does not hold for a number of previously 
studied systems: poly(rT).poly(A)-poly(rT) (Howard et al., 
197 1); poly(br5U)-poly(A)~poly(brsU) (Riley and Paul, 
1970) and poly(dUz).poly(A).poly(dUz) (Torrence et al., 
1973a; see also Figure 9). All undergo direct 3 --* 1 melting 
even a t  low ionic strength. Figure 9 shows the melting pro- 
files obtained for poly(U).poly(A) and poly(dUz)-poly(A), 
the interactions of poly(dUz) with poly(U)-poly(A), and 
the interaction of poly(U) with poly(dUz).poly(A). While 
the differences a re  less pronounced than in the previous ex- 
amples, the following observations may be made. (1 )  The 
profile for the mixture of poly(dUz) with poly(U).poly(A) 
is identical with the profile of the poly(U) + poly(dUz)- 
poly(A) system. ( 2 )  Two transitions appear to occur in the 
poly(U) + poly(dUz).poly(A) system (or the poly(dUz) + 
poly(U).poly(A) system). The second higher melting transi- 
tion is identical with the melting of poly(dUz)-poly(A) and 
is 1 OC higher than the melting of the poly(U).poly(A) du- 
plex. (3) There is no evidence for the existence of the 
poly(U).poly(A)-poly(U) triplex in either of the two inter- 
acting homopolymer duplex systems. Furthermore neither 
poly(dUz) nor poly(U) could be detected by thermal profile 
in an equimolar mixture of poly(dUz) + poly(U).poly(A) 
(0.15 M NaC1-0.01 M sodium cacodylate-0.01 M Mg2+ 
(pH 7)) (data not illustrated). We have previously shown 
that free poly(U) can be detected in mixtures when such a 
buffer is employed (De Clercq et al., 1975a). In addition, 
while in the same buffer, no free poly(dUz) can be detected 
in mixtures of poly(A) and poly(dUz) when the ratio of 
poly(dUz) to poly(A) is I : 1 or 2: I ,  when the stoichiometry 
is increased to 3: 1, poly(dUz) is easily detected (absorbance 
change of 0.1 ,4260 unit at  T ,  for poly(dUz)) (data not i l -  
lustrated, see also Torrence et al., 1973a). 

From such considerations (absence of poly(U), poly- 
(dUz), poly(U)-poly(A)-poly(U), and the same T ,  (same 
as poly(dUz)-poly(A)) for both reaction mixtures), all reac- 
tions corresponding to b2, b3, c l ,  and d l  can be reasonably 
eliminated leading to the conclusions that: 

poly(U) * poly(A) -t poly(dUz) -+ 

poly(dUz) - POlY(A) POIY(U) (9) 

(10) 
The conclusion that reaction 9 proceeds via the displace- 
ment of poly(U) from the poly(U).poly(A) duplex by poly- 
(dUz) followed by triplex formation in the addition of 
poly(U) to the poly(dUz).poly(A) helix is based on several 
factors including observations 1 and 2 above, and the previ- 
ous findings that poly(dUz)-poly(A) has a higher T ,  (2 
"C) than poly(U)-poly(A) (0.21 M NaCl (pH 7), Torrence 
et al., 1973a) and so the former helix should be the product 
of a simple displacement reaction (Sigler et al., 1962; Mi- 
chelson et al., 1967; De Clercq et al., 1976). 

Although it remains to be proven, the minor apparent 
transition that precedes the major higher melting transition 
in both the poly(U).poly(A) + poly(dUz) and the poly- 
(dUz)-poly(A) + poly(U) systems may represent a 3 --* 2 
transition that is partly superimposed on the second transi- 
tion. 

Perfectly consistent with eq 9 and 10 are the results ob- 
tained in interferon induction experiments (Table I) .  When 
poly(dUz) was added to the PRK cells either before, to- 
gether with, or after poly(U).poly(A), there resulted a dra- 
matic drop in the interferon-inducing ability of the active 
helix. On the other hand, poly(U), added either before, to- 
gether, with, or after poly(dUz).poly(A), brought about no 
increase in interferon titer. Poly(dUz).poly(A) has been 
previously shown to be inactive as an inducer of interferon 
(Torrence et al., 1973b; E. De Clercq, P. F. Torrence, and 
B. Witkop, unpublished observations). These data provide 
further evidence against the possibility of reactions corre- 
sponding to c 1 and d 1.  

Pancreatic RNase sensitivity and sucrose gradient ultra- 
centrifugation experiments provide additional corroborative 
evidence for reactions 9 apd 10. When poly(dUz) was 
mixed with poly(U*).poly(A) the radioactive label re- 
mained resistant to RNase degradation (Figure loa)  and 
did not appear in the fractions corresponding to free 
poly( U) but instead appeared in fractions sedimenting fast- 
er than poly(U*)-poly(A) (Figure 1 la) .  The results ob- 
tained with the poly(U*) + poly(dUz)-poly(A) system were 
also unambiguous. The added poly(U*) label became more 
resistant to RNase degradation than poly(U*) alone (Fig- 
ure lob), and achieved a level of resistance similar to that 
of the system poly(dUz) + poly(U*).poly(A). Similarly, the 
added label sedimented in fractions typical of triple-helical 
structures with little remaining in the free poly(U*) posi- 
tion (Figure I 1  b). These results were obtained only when 
the polymers were incubated for 1 h at  37 OC, then 1 week 
at  4 OC. Incubation for 1 h at  37 O C  alone left much of the 
added label sensitive to RNase or sedimenting as free 

Euidence for the Poly(rT).poly(A).poly(dUz) and the 
Poly(br5U)-poly(A)-poly(dUz) Triplexes. The following 
four interactions have also been examined by interferon- 
induction experiments and/or uv absorbance-temperature 
profile measurements: 

poly(dUz) * poly(A) + poly(U) -+ 

P O ~ Y ( ~ U ~ )  - poly(A) - poly(U) 

POIY(U*). 

poly(dUz) + poly(rT) poly(A) ( 1  1 )  

poly(rT) + poly(dUz) - poly(A) (12) 
poly(dUz) + poly(br5U) * poly(A) (13)  

poly(br5U) + poly(dUz) poly(A) (14) 
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PANCREATIC RIBONUCLEASE (ug/rnl) 

P A N C R E A T I C  R N A S E  ( p g / m l )  
FIGURE 10: (a) Pancreatic ribonuclease A sensitivity of the product of 
the reaction of poly(U*).poly(A) with poly(dUz) (V). The sensitivities 
of poly(U*) ( 0 )  and poly(U*).poly(A) (0) are included as controls. 
(b) Pancreatic ribonuclease A sensitivity of the product of the reaction 
of poly(ti*) with poly(dUz).poly(A) after 1 h reaction time at 37 OC 
(A) and after an additional week at 4 O C  (a). The sensitivities of 
poly(ti*) ( 0 )  and poly(U*).poly(A) (V) were determined as controls. 

Poly(dUz), added before, together with, or after the active 
poly(rT)-poly(A) helix, caused large reductions in the inter- 
feron titer (Table I ) .  The addition of poly(rT), following 
the same protocol, to poly(dUz)-poly(A) produced no rise in 
interferon titer. Not one of these four systems shows a bi- 
phasic melting profile (in 0.06 M Na+ ( p H  7)); instead all 
four systems melt monophasically a t  the T ,  of the higher 
melting duplex (poly(rT)-poly(A) or poly(br5U).poly(A)). 
Thermal profiles for the latter two systems (in 0.01 M 
Mg2+) fail to reveal the presence of either poly(dUz) or 
poly(br5U). These data are consistent with the formation of 
the poly(rT)-poly(A).poly(dUz) and poly(brSU).poly(A). 
poly(dUz) triplexes, but demonstrate that, most probably, 
under the conditions investigated, the triple helices a re  al- 
ways thermodynamically more stable than the correspond- 
ing double helices. 

Poly(U)-Poly(A) + Poly(m3U). Poly(m3U) (Szer and 
Shugar, 1961) in which hydrogen-bonding capability a t  the 
N-3 atom is blocked, should not be able to form a triple 
helix with poly(U).poly(A) and therefore should not reduce 
the interferon titer of poly(U).poly(A). As is evident in 
Table I, no significant reduction in titer was obtained when 
poly(m3U) was added prior to, together with or after the 
active poly( U)-poly(A)helix. 

Poly(dU), and Poly(U).Poly(A) + Poly(Um). Previous 
studies have provided ample evidence for the existence of a 
nucleic acid triple helix derived from the interaction of 
poly(dT)-poly(A) and poly(U) (Riley et al., 1966; Stollar 
and Raso, 1974). The melting profile for an equimolar mix- 

Poly(U).Poly(A) + Poly(dT) ,  Poly(U).Poly(A) + 
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FIGURE 11: (a) Sucrose gradient ultracentrifugal analysis of the inter- 
action of poly(U*).poly(A) + poly(dUz) (A) with poly(U*) (@) and 
poly(U*).poly(A) (0) as controls. Mixtures were incubated for 1 h at 
37 OC before analysis. (b) Ultracentrifugal analysis of the reaction be- 
tween poly(U*) and poly(dUz).poly(A) after l - h  incubation at 37 OC 
followed by a further storage at 4 OC for 1 week (A), The profiles of 
poly(U*) (0 )  and poly(U*).poly(A) (0) are included as controls. If 
the centrifugation was carried out after only 1 h incubation at 37 OC, 
nearly all the poly(U*) label sedimented as free poly(U*). 

ture of poly(dT) with poly(U).poly(A) (data not shown) ex- 
hibited a minor transition at  5 2 . 5  OC (corresponding to 
melting of poly(U)-poly(A) duplex probably due to experi- 
mental error or failure of this system to attain equilibrium) 
and two major transitions: the second corresponded to the 
melting of poly(dT)-poly(A), and the first may represent 
the poly(dT)~poly(A)-poly(U)-+poly(A)~poly(dT) + 
poly(U) transition that was not observed in earlier studies 
since a high salt concentration (0.5 M NaCI) was em- 
ployed. This behavior indicates that in this instance, as in 
previous ones, a displacement reaction first occurs to form 
the more stable duplex and then the poly(U) strand adds in 
subsequent triplex formation: 

POlY(U) * POlY(A) + POlY(dT) - 
POlY(dT) * POlY(A) - POlY(U) (15) 

Again, as with many other mixed triplex systems, the 
melting curve for the interaction of poly(dU) with poly(U). 
poly(A) gave rise to a biphasic profile with the second tran- 
sition occurring a t  the T ,  of the poly(U)-poly(A) (higher 
melting) duplex. The first transition a t  T ,  = 40 O C  cannot 
be due to the melting of poly(U).poly(A), since this duplex 
(and analogous triplex) melts a t  47 O C  under comparable 
conditions (Zmudzka et al., 1969). The most reasonable in- 
terpretation of this profile is that it represents the biphasic 
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(3 - 2, 2 - 1) melting of the poly(U).poly(A).poly(dU) 
triplex. Thus, 

POlY(U) * poly(A) + poIy(dU) - 
POlY(U) POlY(A) - poly(dU). (16) 

The reaction of poly(U).poly(A) with poly(Um) also 
gave a biphasic melting profile (data not illustrated). The 
second transition corresponded to the melting of the more 
stable poly(Um).poly(A) duplex (e.g., see Zmudzka and 
Shugar, 1970) so that the lower melting transition is most 
likely the dissociation of the poly(U) strand from the 
poly(Um).poly(A) duplex. Thus 

POlY(U) * POlY(A) + poIy(Um) - 
poly(Um) .POIY(A) -POlY(U) (17) 

The interactions of poly(dT), poly(dU), and poly(Um) 
with poly(U).poly(A) were also investigated using interfer- 
on induction in “superinduced” PRK cells. All three homo- 
polymers, poly(dT), poly(dU), and poly(Um), were able to 
bring about a large reduction in the cell’s interferon re- 
sponse to poly( U).poly(A) whether the polymers were 
added to the cells mixed with poly(U)-poly(A) or 1 h before 
poly(U).poly(A) (Table I) .  Poly(dU) was somewhat less ef- 
fective in this regard than was poly(dT) or poly(Um), but 
this might be expected since, of the three triple helices, 
poly(L‘).poly(A)-poly(dU) has the lowest T ,  (3 - 2) and 
may exist only partially as a triplex under physiological 
conditions. 

Discussion 
Evidence has been presented herein to support the occur- 

rence of the following reactions and resultant polynucleo- 
tide triple helices: 

poly(br5U) poly(A) + poly(U) - 
poly( U )  - poly(A) + poly( br5U) - po1y(br5U) POlY(A) * POlY(U) (1) 

poly(br5U) - POlY(A) * POIY(U) (2) 

poly(br5U) poly(A) - poly(br5U) + poly(U) (3) 

( 5 )  

poly(A) . poly(U) + 2poly(br5U) - 
poly(br5U) poly(A) + poly(rT) - 
poly(rT) poly(A) + poly(br5U) - 
poly(rT) poly(A) + poly(U) - 
poly(L) - poly(A) + poly(rT) - 

poly(br5U) - poly(A) - poly(rT) 

poly(br5U) poly(A) - poly(rT) (6) 

poly(rT) - POIY(A) - POIY(U) (7) 

Poly(rT) * PoIY(A) * poIy(U) (8) 

PolY(duz) * POlY(A) - POIY(U) (9) 

Poly(dUz) * POIY(A) poly(U) (10) 

p ~ l y ( U )  * p ~ l y ( A )  + poly(dUz) - 
poly(dUz) - poIy(A) + poly(U) - 
poly(rT) - poly(A) + poly(dUz) - 

poly(rT) poly(A) poly(dUz) (1 1) 

poly(rT) poly(A). poly(dUz) (12) 
poly(dUz) - poly(A) + poly(rT) - 

poly(br5U) poly(A) + poly(dUz) - 
poly(dUz) poly(A) + poly(br5U) - 
PolY(U) poIy(A) + poly(dT) - 
Poly(U) * poly(A) + poly(dU) - 
PO~Y(U)  - poly(A) + poly(Um) - 

(1 7) 
Two analogous reactions were demonstrated in a separate 
study (De Clercq et al., 1975b): 

poly(U) * poly(A) + poly(dUf) - 

po1y(br5U) poly(A) poly(dUz) ( 1  3) 

po1y(br5U) - poly(A) - poly(dUz) (14) 

Poly(dT) poly(A) * poly(U) (1 5 )  

POlY(u) poIy(A) * poly(dU) ( 1  6) 

Pob(Um) * poly(A) - poly(U) 

poly(dUf) - poIy(A) * poly(u) (18 )  

POIY(dUf) - POIY(A) POlY(U) (19 )  

poly(dUf) poly(A) + poly(U) + 

From these reactions, the generalization may be made that 
when 1 mol of the homopolymer poly(Uy) interacts with I 
mol (2  mol of P) of the duplex poly(Ux)-poly(A), one of 
two reactions occurs: 

POlY(UX) * POlY(A) + poly(Uy) - 
POIY(UX) - poly(A) P O ~ Y W Y )  (a) 

if the T ,  of poly(Ux) poly(A) is higher than the T ,  of 
POIY(UY) * poIy(A); or 

POIY(UX) * POIY(A) + POIY(UY) - 
PO~Y(UY) * PoIY(A) * PO~Y(UX) (b) 

if the T ,  of poly(Ux)-poly(A) is lower than the T ,  of 
poly(Uy).poly(A). This assumes that both the homopoly- 
mers poly(Ux) and poly(Uy) are capable of double-helix 
formation with the complementary homopolymer, poly(A). 

Two properties of triple-helical nucleic acids are of spe- 
cial interest with regard to hypothetical roles such triplexes 
may assume in the structure or expression of genes, or other 
phenomena. (a) For instance, a poly(dA).poly(dT) segment 
of double-helical DNA can interact with a poly(U) stretch 
in an R N A  without disrupting the DNA double helix. The 
poly(U)-RNA would simply add via Hoogsteen hydrogen 
bonding to the outside of the D N A  duplex. (b) Depending 
on the composition of the triple helix, conditions (e.g., of 
ionic strength, divalent metal ion, etc.) may be found 
wherein a triplex of one composition may retain a triple- 
stranded structure, whereas a triplex of another composi- 
tion would exist as a free duplex and free homopolymer. 
The potential effect of modifications or fraudulent nucleo- 
sides on the above properties is obvious. 

As with the case of the poly(U).poly(A)-poly(1) (De 
Clercq et al., 1975a) triplex and polynucleotide displace- 
ment reactions (De Clercq et al., 1976), interferon induc- 
tion as measured in PRK cells, “superinduced” with cyclo- 
heximide and actinomycin D, provides a valuable technique 
for detecting triple-helix formation among polynucleotides. 
Unfortunately, due to the requirement of the interferon in- 
duction system for intact 2’-OH groups in both strands of 
the double helix (De Clercq, 1974), the interferon induction 
assay cannot be employed to monitor triple-helix formation 
of the reacting double helix in either a DNA duplex or a 
DNA-RNA hybrid; however, it is highly sensitive for the 
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detection of triple-helix formation between R N A  double 
helices and other polymers whether they be ribo- or deoxy- 
ribopolynucleotides. It is of interest to examine the probable 
course of events during the three different procedures used 
to assess triple-helix formation; that is, homopolymer added 
to the cells 1 h before, together with, or 1 h after the active 
interferon-inducing duplex. Various studies have estab- 
lished that synthetic polynucleotide homopolymers and du- 
plexes become cell-associated when incubated with the cells 
either a t  0 or 37 OC. The amount of cell-associated polymer 
varies from 0.2 to 1.5% depending on input concentration, 
conditions, and cell type (Bausek and Merigan, 1969; Pitha 
and Carter, 1971; Bachner et al., 1975; De Clercq and De 
Somer, 1972, De Clercq et al., 1972). Furthermore, it has 
not been unequivocally established whether the hypotheti- 
cal receptor for interferon inducers is intracellular or mem- 
brane associated. It has been previously established that ho- 
mopolymers, such as poly(1) and poly(C), administered se- 
quentially to the cells, reunite at the cellular level, and in- 
duce interferon (De Clercq and De Somer, 1972). In light 
of the above data several assumptions may be made to ra- 
tionalize the events occurring during the three different ex- 
perimental protocols. 

Situation 1.  Active duplex + homopolymer mixed, then 
applied to cells. Result: mixed triplex forms which no longer 
induces interferon. 

Situation 2. Active duplex is added to cells first. Cells are 
then washed removing the greater percentage of added du- 
plex. Now the added homopolymer is in excess and 

poly(Ux) - p ~ l y ( A )  + 2-~0ly(Uy)  - 
POlY(UY) - POlY(A) * POlY(UY) 

if and only if the T ,  of poly(Uy)-poly(A) is greater than 
the T ,  of poly(Ux).poly(A); otherwise, the poly(Ux). 
poly(A).poly(Uy) mixed triplex forms. Both possible prod- 
ucts are inactive as interferon inducers. 

Situation 3. The homopolymer is added to the cells first, 
the cells are washed, and active duplex is added. (Assump- 
tion: greater part of homopolymer is washed away, only a 
small percentage remaining cell-associated.) The active du- 
plex is therefore in excess. Even in the excess of duplex, the 
mixed triple helix would form, but enough of the duplex 
should remain to trigger the interferon response. In order to 
account for the significant reduction in interferon titer ob- 
tained when polymers, such as poly(dUz), poly(dT), and 
poly(Um), are added to the cells first it may be hypothe- 
sized that (a) such polymers are bound to the cells more ef- 
fectively than double-helical polymers, such as poly(A). 
poly(U) and poly(1)-poly(C), and/or that (b) the triple hel- 
ices that do form inhibit the induction of interferon by the 
active duplexes. It has been demonstrated earlier (De 
Clercq et al., 1974a) that certain triplexes (e.g., poly(U). 
poly(A)-poly(U) and poly(rT)-poly(A).poly(rT)) are capa- 
ble of inhibiting the interferon response of active inducers. 
It is important that these homopolymers that are most ef- 
fective in reducing the interferon titer of the active com- 
plexes, when added to the cells before the active complex, 
are those which are virtually totally resistant to degradation 
by pancreatic ribonuclease A (e.g., poly(dUz), poly(dUf), 
poly(dT), poly(Um), and poly(dU)), whereas those poly- 
mers that are ineffective in reducing the interferon titer 
under these conditions are those which are markedly more 
sensitive (poly(U), poly(rT), and poly(br5U)) to degrada- 
tion by RNase A. To carry the analogy further, poly(I), 
also resistant to RNase A, is nearly as effective in reducing 

the titer of poly(A).poly(U) when the former is added to 
the cells 1 h prior to the active duplex as it is when added as 
a mixture with poly(A).poly(U) (De Clercq et al., 1975a). 
Whatever the exact modus operandi might be, it is clear 
that the dramatic reduction in interferon titer, obtained 
after sequential administration of poly(I), poly(dUz), 
poly(dT), etc., and poly(A)-poly(U) and poly(A).poly(rT), 
stems from the formation of a mixed triple helix a t  the cel- 
lular level. The results further imply that polymers such as 
poly(dUz), poly(dT), poly(I), etc., once added to the cells, 
become firmly associated with the cells, and are not degrad- 
ed (by cell associated nucleases). Triplex formation with the 
subsequently added poly(A).poly(U) or poly(A).poly(rT) 
would most likely occur a t  the cell surface. 
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Synchronous Digestion of SV40 DNA by Exonuclease III? 

Ray Wu,* George Ruben, Benjamin Siegel, Ernest Jay, Paul Spielman, 
and Chen-pei D. Tu 

ABSTRACT: We have established an optimal condition for 
the synchronous digestion of SV40 DNA with Escherichia 
coli exonuclease 111. Electron microscopy and polyacrylam- 
ide gel electrophoresis were used to obtain accurate mea- 
surements on the lengths of DNA before and after exonu- 
clease 111 digestion. Based on this finding, a new method for 

Escher ich ia  coli exonuclease 111 catalyzes the sequential 
hydrolysis of mononucleotides from the 3’ termini of duplex 
DNA (Richardson et al.,  1964). At 5 O C ,  and using a high 
concentration of salt, exonuclease I11 catalyzes the synchro- 
nous hydrolysis of approximately six nucleotides from each 
3’ terminus of the duplex D N A  (Donelson and Wu, 1972). 
The use of this enzyme to produce single-stranded 5’ ends, 
followed by repair synthesis to label the ends, constitutes a 
method for the analysis of short sequences from the ends of 
a duplex DNA (Wu et al., 1972; Ghangas et al., 1973; 
Bambara and Wu, 1975). 

Based on the above principles, a method is being devel- 
oped for determining long sequences from the ends of a du- 
plex DNA. In  this method, exonuclease I11 is used to re- 
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determining the sequence of long duplex DNA can be real- 
ized. It involves (a) the synchronous digestion of the DNA 
from the 3’ ends with exonuclease 111, followed by (b) re- 
pair synthesis with labeled nucleotides and DNA polymer- 
ase, and (c) sequence analysis of the repaired DNA. 

move a large number of nucleotides (e.g., from 40 to 400 
nucleotides) to produce long single-stranded ends (Figure 1, 
step 1). This DNA molecule can then be labeled with ra- 
dioactive nucleotides (step 2), digested with a restriction en- 
zyme so that the two labeled ends can be separated (step 3), 
and sequenced with one of the current methods, such as ribo 
substitution, for DNA sequence analysis (see review articles 
by Murray and Old, 1974; Saker,  1974; Wu et al., 1974), 
or with a new method to be perfected. A crucial factor in 
the success of this method is the degree to which the exonu- 
clease I11 digestion proceeds synchronously under the opti- 
mal condition of incubation (step 1). In  other words, for 
ease of sequence analysis, all DNA molecules should be di- 
gested to approximately the same extent. 

In this communication, we describe our establishment of 
an optimal condition for the synchronous digestion of SV40 
DNA with exonuclease 111 so that the method depicted in 
Figure 1 can now serve to determine long DNA sequences 
from each 3’ terminus of any duplex DNA. 

Experimental Section 

Materials 
Cell Lines and Virus. Two lines of African green monkey 

kidney cells, CV-1 and TC-7, were kindly supplied by J .  

734 B I O C H E M I S T R Y ,  V O L  1 5 ,  N O .  4, 1 9 7 6  


