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ABSTRACT. In double-stranded DNA, tandem blocks of purines (Pu) and pyrimidines (Py) can form triplexes
by pairing with oligonucleotides which also consist of blocks of purines and pyrimidines, using both
Py-PuPy (Y-type) and PtPuPy (R-type) pairing motifs in a scheme called “alternate-strand recognition,”

or ASR [Jayasena, S. D., & Johnston, B. H. (198®&)chemistry 31320-327; Beal, P. A., & Dervan,

P. B. (1992)J. Am. Chem. Soc. 114470-1478]. We investigated the relative contributions of the
Py-PuPy and PePuPy blocks in the 16-bp duplex sequent¢e8BAGGAGAATTCCCTCT-3 paired with

the third-strand oligonucleotides-BTCCTCTTXXGGGZGZ-3 (XZ-16), where X and Z are either T or

A and C is 5-methylcytosine, using chemical footprinting and gel electrophoretic mobility shift
measurements. We found that the left-hand, pyrimidine half (Y-block) of the third strand (TTCCTCTT,
Y-8) forms a PyPuPy triplex as detected by both dimethyl sulfate (DMS) probing and a gel-shift assay;
in contrast, the triplex formed by the right-hand half alone (R-block) witee X (TTGGGTGT, R-8) is

not detectable under the conditions tested. However, when tethered to the Y-block (i.e., as XZ-16), the
R-block contributes greatly increased specificity of target recognition and confers protection from DMS
onto the duplex even under conditions unfavorable for Pu-Pu-Py triplexes (lack of divalent cations). In
general, the 16-mer (XZ-16) can bind with apparent strength either greater or lesser than Y-8, depending
on whether X and Z are A or T. The order of apparent binding strength, as measured by the target
duplex concentration necessary to cause retardation of the third strand during gel electrophoresis, is TT-
16 ~ AT-16 > Y-8 > AA-16 > TA-16. Chemical probing experiments showed that both halves of the
triplex form even for AA-16, which binds with less apparent binding strength than the pyrimidine block
alone (Y-8). The presence of the right half of the 16-mers, although detracting from affinity in cases of
AA-16 and TA-16, provides strong specificity for the correct target compared to a target incapable of
forming the PuPuwPy part of the triplex. We discuss possible explanations for these observations in
terms of alternate oligonucleotide conformations and suggest practical applications of affinity modulation
by A-to-T replacements.

Binding of single-stranded oligonucleotides to double- of the third strand bind to guanines of the duplex in parallel
stranded DNA through triplex formation may be a useful orientation (G+GC); adenines of the third strand bind to
approach for artificial gene regulation as well as for mapping adenines of the duplex in antiparallel orientatiorrA&);
and isolating fragments from genomic DNA. It is therefore and guanines of the third strand bind to guanines of the
important to know which sequences in double-stranded DNA duplex (GGC; antiparallel orientation preferred). Parallel
are capable of triplex formation and what rules or “codes” orientations contain Hoogsteen-type hydrogen bonding (py-
may exist for their sequence-specific recognition by an rimidine motif), and antiparallel orientations contain reverse-
oligonucleotide. For homopurirehomopyrimidine target  Hoogsteen-type pairings involving G, A, or T on the third
duplexes, recognition is afforded by the following interac- strand (“purine motif”). These interactions we designate as
tions and associated third-strand polarities [for review, see «canonical.” Other, “noncanonical” interactions are also
Frank-Kamenetskii and Mirkin (1995)]: Thymines of the ssible: for example, protonated adenines of the third strand
third strand bind to adenines of the duplexAT; parallel also can bind to guanines in the duplex in antiparallel
orientation in relation to adenine is preferred, although entation (A+GC) (Malkov et al., 1993). In all these cases,
antiparallel orientation is also possible); protonated cytosinesthe bases of the third strand bind purines of the duplex, but
not pyrimidines. Some specific interaction between guanine

t Supported by NIH Grant GM48863 to B.H.J. in the third strand and thymine in the duplex has been shown
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to both bases of a WatseiCrick base pair (Zhurkin et al., Even where individual sequence blocks are long enough,
1994; Kim et al., 1995; Rao et al., 1993). In this study we some blocks within an ASR triplexespecially certain
restrict ourselves to those triplexes which form spontaneously purine-motif blocks-are so weak that they contribute little

in the absence of proteins. Evidence for formation of a or nothing to the overall stabilization of the triplex (Jayasena
triplex structure in a self-folding oligonucleotide of mixed & Johnston, 1993; Olivas & Maher, 1994). In such cases,
sequence, proposed as similar to a recombinase-inducedhe question arises as to whether those blocks contribute at
triplex, has been reported (Shchyolkina et al., 1994; Dag- all to the ability of the third strand to recognize a unique
neaux et al., 1995), but the sequence requirements and théarget sequence and to reject similar but mismatched
specificity of this structure have not yet been carefully sequences. Such questions are critical for avoiding side
investigated. effects in therapeutic applications of triplex formation.

For each purine in a duplex, the “canonical rules” of triplex ~ In a quantitative study of such a system, Olivas and Maher
formation specify a particular nucleotide residue which will (1994) observed only a very modest increase in affinity upon
bind that purine for either strand polarity (except that, in the addition of a more weakly binding purine block to a
the case of AT pairs and antiparallel orientation, two residues Pyrimidine block that bound strongly enough to be stable
[T or A] will bind). It was therefore proposed that a duplex Dby itself. This example shows that the addition of the
containing mixed blocks of purines and pyrimidines could R-block to the Y-block has a very different effect from
be targeted by a third strand that, through “canonical” Simply lengthening an ordinary triplex (one lacking a strand
interactions, could pair with purines on one strand of the switch) by the same number of nucleotides. For ordinary
duplex, switching to pair with the other strand when the triplexes of 16-20 base triads without mismatches, detach-
sequence of the first strand changes from purine to pyrimi- ment of an entire section of the third strand is expected to
dine. This scheme was termed alternate-strand recognitionde a rare event due to the stacking interactions between the
(ASR). Because the strands within the duplex are anti- bases of third strand within the triplex. In the case of strand-
parallel, the third strand should bind to one strand of the Switching triplexes, however, the strand-switch junction may
duplex in parallel orientation, and to the other in antiparallel be energetically unfavorable due to imperfect stacking and
(considering only third strands that contain naturat3® conformational distortions, and part of the binding energy
linkages). The simplest way of accommodating the required is needed to compensate for this unfavorable junction. This
alternation in polarity is to alternate pyrimidine and purine S Why in some cases the stabilizing effect of the R-block is
motifs. That approach was demonstrated for both intra- Very weak, and complete detachment of the weaker half of
molecular (Jayasena & Johnston, 1992a) and intermolecularthe triplex is much more likely than for ordinary triplexes.
(Beal & Dervan, 1992; Jayasena & Johnston, 1992b) triplex We were interested to know whether R-blocks can
formation. A variant of this approach, in which the third contribute to the specificity of binding even if they contribute
strand contains only G and T residues and the triplex is only weakly to affinity compared to the Y-block alone. We
stabilized by an intercalator, was recently reported (de found that extending a Y-type triplex by adding a strand
Bizemont et al., 1996; Bouziane et al., 1996). switch and a second block of sequence to the third strand

The strand switch can be easily accommodated if the greatly increases specificity but, remarkably, may either

sequence of the duplex is'-BR)(Y)s-3 (Jayasena &  ncreaseor decrease the apparent affinity. By careful choice
Johnston, 1992a,b; Beal & Dervan, 1992). In contrast, for petween thymine or adenine for recognizing AT base pairs

duplex sequences of the type(¥)(R).-3, triplex formation 1N the second (reverse Hoogsteen) block, the level of
by ASR is less favorable (Beal & Dervan, 1992; Jayasena stringency (i.e., the degree to which potential specificity is

& Johnston, 1992b); molecular modeling results suggest that"ealized) rnay be adjusted. . Tr,],is approach is similar to the
this may be due to strain in the backbone in this type of Method of “stringency clamping” (Roberts & Crothers, 1991),

strand switch (A. Liu and B. H. Johnston, unpublished but in the case of alternate-strand recognition the same
results). Insertion of additional bases in the third strand at SSAUENCes can participate in both “stringency clamping” and

the site of the strand switch can provide further stabilization [ar9€t recognition.
for some sequences (Beal & Dervan, 1992), but in other case
it is either unnecessary or ineffective (Jayasena & Johnston,ﬁvlm_ERl'A‘LS AND METHODS
1993). Oligonucleotides. The sequences of all oligonucleotides
While a careful study to determine the minimum length are shown on Figure 1. Oligonucleotides TT-16, Y-8, R-8,
of the homopurine blocks for pairing by alternate-strand and MR-8 were synthesized on an Applied Biosystems
recognition has not been carried out, published data establisiModel 380 B automated DNA synthesizer using standard
some limits. Pairing has been established by protection phosphoramidite chemistry. After deprotection, the oligo-
assays for blocks as short as four nucleotides for intra- nucleotides were purified by electrophoresis on denaturing
molecular triplexes (Jayasena & Johnston, 1992a) and eight20% polyacrylamide gels. Oligonucleotides AT-16, TA-16,
for intermolecular triplexes (Jayasena & Johnston, 1992b). and YS-16 and the two complementary strands for duplex 2
The minimum length is almost certainly greater than one were purchased from Midland Certified Reagent Company.
nucleotide, since the bases nearest a strand switch do noPligonucleotides AA-16 and the two complementary strands
appear to participate in base pairing as evidenced by onefor duplex 1 were purchased from Oligos, Etc. Purchased
case where removal of two bases from the center of the third oligonucleotides were also purified by electrophoresis on
strand did not affect its binding at a-fR)(Y)w3' duplex denaturing 20% polyacrylamide gels before use.
sequence (Beal & Dervan, 1992); and in another case, the Plasmid Construction.To obtain the plasmid pD1, duplex
nucleotides of the duplex at the strand switch were hyper- 1 was ligated to pBluescript || SK(Stratagene) DNA which
reactive to chemical probes (Jayasena & Johnston, 1993).had been previously digested wiBma. Escherichia coli
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Y- block ¢ 2 Mismatched target Duplex 2 strands plus labeled third strands in 10 mM M d
c p 9
ssTrcerTgere R 40 mM NaOAc (pH 5.1) at 46 °C for 16-18 h. For each
SSARGGAGA AlT TCCCTCT3  yagneq target Duplex 1 experiment, samples were prepared containing a constant
CCTCTT|AAGGGAGAS . . . .
XXGGGZ Gz 3 amount of third strand, with increasing amounts of duplex

strands. Even for the lowest level of duplex, the duplex
strands were in significant molar excess over the third
The third strand V-block X | z R-block strands. After incubation, the samples were electrophoresed
Y-8 s T for 6—7 h at 6 V/cm on native 10% acrylamide gels using
the same buffer and temperature for electrophoresis as for
incubation. Any modifications of these standard conditions
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TAE  |rrrrecmerrd| T A rrecencay are described in the figure and table legends. For triplexes
AT-16 srrrecrerT ¥ T|srarccercry formed by duplex 1 and the third strands Y-8, TT-16, AA-
AA-16 s'rrcecrerr 3 Alsarncccacas 16, AT-16, and TA-16, radioactive bands corresponding to

the single-stranded oligonucleotide and the triplex were

excised from the dried gel, and the radioactivity was

s measured by scintillation counting. This additional analysis
i I R was performed to obtain the total yield of triplex in cases

FicURe 1: General scheme of alternate-strand triplex formation and Where it was distributed across more than one band (see

DNA sequences used. Underlined C residues represent 5-methyIReSU|tS)-

cytosine. The duplex shown is matched duplex 1; arrows show the  As a measure of affinity between the duplex and the third

33;?653"V\r/ﬁ?gﬁcfgp]ﬁgisfo‘m'c; t;i:glr:s\;(eirr: Sgpr):gﬁt%]atlcf) mismatched g5nd. we use®., defined as the duplex concentration at

' ' which half of the third strand radioactivity is retarded from

JM101 cells were transformed with ligated products and Fhe position of free third strandD,,, was calculated as the

grown on X-gal- and IPTG-coated, ampicillin-containing LB interpolated average between the largest duplex concentration

plates. Transformants were identified by blue-white colony at which less than half of the third strands_ are bour_ld to the
screening and further characterized by restriction and Se_duplex and the smallest duplex concentration at which more

quence analysis. Recombinant plasmid was purified from thetl.n h?” are bOL:nd to tc?e duﬁleh)f‘th Thet errolrboft such t?vn
large-scale cultures by alkaline lysis (Sambrook et al., 1989). estimation cannot exceed one-hall the intérval between two

. o . consecutive duplex concentrations, which for estimation of
Dimethyl Sulfate (DMS) FootprintingDMS footprinting  n sually differed by a factor of-23. The estimated errors
was performed oRvull/Hindlll and Puull/Xbal fragments are given in Tables 1 and 2
of plasmid pD1. Each fragment wasénd-labeled using '

In all experiments, the duplex was in excess relative to
the Klenow enzyme (Promega) and-{?P]dCTP (Dupont- . ’ > )
NEN) and purified from a native 8% polyacrylamide gel. the third strand, such that the upper limit of the third strand

The labeled strand of theyull/Hindlll fragment contains concentr_ation (calculated by a_ssuming no Iosse_s d_u_ring the
the guanines that participate in Y-type triplex formation, and preparation of the labeled third s.trand) was S|gn|f|c§ntly

the labeled strand of theuull/ Xbal fragment contains the smaller than the Ic_)west concentrapon of duplex tested; thus
guanines that participate in R-type triplex formation. For duplex concentration always remained largely unaffected by

triplex formation, the labeled fragments (concentratidh02 addition 9f_ third strand, i i
#M) were preincubated with an excess(Bl) of various The mlnlmal molar .concentratlon of the'duple>.<-fo.rlm|ng
triplex-forming oligonucleotides under varying buffer condi- Strands in these experiments was 3 nM, which is significantly
tions. The samples were incubated at’BOwith agitation higher than the expected dissociation constant of these
for 30 min and then further incubated overnight at&°C. duplexes under our experimental conditions (Wetmur, 1991).
After incubation, 1uL of a freshly-prepared 5% (V/V) Even at this concentration of the duplex-forming strand, it
solution of DMS’ in ethanol was added to 14 of the is estimated that duplex formation should not require more
preincubated mixture, allowed to react for 3 min até°C, than 1 h (Wetmur, 1991), whereas the incubation period in
and stopped by the addition ofid of DMS-stop solution our experiments was at least 16 h. It was also established
(Maxam & Gilbert, 1980). Samples were then twice that no complexes which can interfere with duplex formation
precipitated with ethanol, rinsed with 70% ethanol, treated '€ formed between any of the third strands and any of the
with 10% piperidine at 90C for 30 min, dried, dissolved duplex-forming strands used (results not shown). Thus, we

in 80% formamide loading solution, and electrophoresed on Consider the formation of duplex a relatively fast and
8% polyacrylamide sequencing gels. practically irreversible process under our conditions, and

. . . . hence we may characterize the mixtures in terms of duplex
th Gel.'Sh'ft ASSEin?' elect_rop?ortet_lcl m?blhty ts_hlftslwere N concentrations even though the duplex was not preformed
€ primary means of assaying lor triplextormation. In most ¢ ¢ being incubated with the third strand (except for the

of the gel-shift experiments, the triplex contairfée-labeled

third strand and unlabeled duplex. [We used this approach kinetic measurements for AT-16).

instead of the more common labeled duplex with unlabeled ResyLTS

third strand, because, under our conditions, the target

duplexes had similar electrophoretic mobility to one of the  Effect of Purine Moiety on Binding to Matched Target.
triplex bands observed (T1; see below). By contrast, the Figure 1 shows the alternate-strand triplex sequence that we
triplex and the third strand were always well-resolved on investigated. It involves a single strand switch in a target
gels.] Standard conditions for triplex formation consisted sequence of the typé-Pu,Py,-3' and a variety of third strand

of incubating equimolar amounts of the two duplex-forming sequences. To test the contribution of each half toward
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A —I—— — Table 1: Relative Affinities of the Various Third Strands to the
E— Matched Target Duplexal

Duplex (x108M) |0 1.7 30 5195 167 ({0 1.7 30 51 95 167

Third strand e T TT-16 EE A=8
Lane 1 2 3 4 5 6 7 8 9 10 11 12
AT-16 EE A =2(6)

T2

1 Y-8 |[C—T—|A=1
T1

_"’

TT-18 YS-16 |C_—_—T— 1| A=05

Y-8
AA-16 | —J——1| A=05
B [ m— —

i — TA-16 EE A=041

Duplex (x108M) o 5.1 167 55 167 [0 5.1 167 55 167

Third strand AA-16 TA-16 ) — - .
Lane 1 23 456 7 89 10 2 Relative affinity A is the ratio ofDy; (the half-transition duplex
concentration) for the triplex formed by duplex 1 and Y-80g; for
the triplex formed by duplex 1 and the given third strarid,, for
T2 - T2 Y-8is 7 x 108 M. All data were obtained after the standard incubation
time (17-18 h). For AT-16, the extrapolated value for infinitely long
T1 T1 incubation is given in parentheses (sEstimation of the Kinetic
Parameters for Triplex Formationnder Results). Errors are estimated
AA-16 TA-16 to be 60% for relative affinities of AA-16 and TA-16 and 50% in all
other cases.
C == = bands were detected when only one of the duplex-forming
\ J—— _,,_F—--""’FFH strands was added to any of the third strands used in our
Duplex (x{0°M) Y:0_03 06 1.3 25 51 £0 05 06 13 25 515 experiments (data not shown). Thus, we conclude that the
Third strand TT-16 AT-16 :
. = retarded bands correspond to triplex. In the case of AA-16
ne 1 2 3 4 56 7 8 9 1011 12 . . .
(Figure 2B), T2 was predominant at lower concentrations
& of duplex, but T1 predominated at high concentrations. T1
Ut . was predominant for TA-16 and T2 for AT-16 (Figure 2B,C).
T T The identity of T1 and T2 has been established from
116 W p—— N experiments reported elsewhere (Belotserkovskii & Johnston,

1996); a summary is given under Discussion.
It is apparent from Figure 2A that the 8-nt pyrimidine
block alone (Y-8) forms detectable triplex at duplex con-

Ficure 2: Affinity of the various third strands for triplex binding  centrations of about % 108 M and higher. In contrast
to duplex 1 as determined by gel-shift experiments. Labeled third _ . ; R : _ '
strands Y-8 and TT-16 (A), AA-16 and TA-16 (B). TT-16 and oligonucleotide R-8, which corresponds to the R-block of

AT-16 (C) were incubated with various concentrations (but always 11-16, does not form detectable triplex at duplex concentra-
an excess) of duplex 1 under standard conditions favoring tripiex tions of up to at least % 107% M (data not shown). (For
formation and then electrophoresed on polyacrylamide gels (for simplicity, we refer to the R-block as the purine-containing
gg:‘r‘i';'ggﬁa;%e mgltg;'ai'g Z’;%V“frftggﬁz)rhzgéaﬁﬁcgg\% SEL""e”‘ng;e part of a third strand, although it may also contain thymines.)
headings; the left and right parts of the white rectangles symbolize _Ollgonucleotl(_je MR_'& which (_:ontams only the_R-bIock but
the recognition sites on the duplex for the Y- and R-blocks of the IN reverse orientation (see Figure 1), also fails to form a
third strands, respectively. Upper limits for initial concentrations detectable triplex (not shown). Joined with the Y-block,

of the 9thirlol strands were as follows: for A,»8107° M; for B, 4 however, the R-block can significantly affect the affinity of
x 107° M; for C, 8 x 1077 M. the third strand to the duplex. We calculated the relative

affinity (A) of an oligonucleotide (O) for the target as
triplex stability, we end-labeled each third-strand oligonucle- y (A g ©) g

otide, incubated it for~17 h with increasing concentrations A= D,,,(Y-8)/D,,,(O)

of unlabeled duplex, and then analyzed the products on

polyacrylamide gels, as described in Materials and Methods. where D,(O) is the interpolated duplex concentration at
Typical results of these gel-shift experiments are shown in which half of the oligonucleotide O is in one or more
Figure 2. The lower band corresponds to free, labeled third electrophoretically retarded bands. The larger the value of
strand. In the case of Y-8 (which contained only pyrim- A the more favorable the triplex formation. Thus, the
idines), only one clear-cut, slowly migrating complex (T1) parameterA characterizes the contribution of the R-blocks
appeared when duplex was added (Figure 2A). In the caseto triplex formation. Affinity data for the third strands listed
of TT-16, most of the complex was in the even more slowly in Figure 1 are summarized in Table 1.

migrating fraction T2, although a significant amount of  Table 1 shows tha# is maximal in the case of oligo-
material was distributed between T1 and T2 (Figure 2A). nucleotide TT-16 and AT-16. It is seen that thymine-to-
Fraction T1 has an electrophoretic mobility very close to adenine replacements in the vicinity of the strand-switch
that of pure target duplex (data not shown). No retarded cause little if any change imA. However, the same
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A Triplex block R-type Y-type B Triplexblock |R-type| |Y-type| ~C Triplex block |R-type| |Y-type
Additional | 10mM | 0.5M 10mM | 05M AA-16 |+ | - e TT16 | + |- + |-
salt Mg(Ac)2 NaCl Mg(Ac)2 NaCl Lane | 1|2 3|4 Lane | 1|2 3|4
pH [ 51 40 51 20 = u
Third strand [YS[TT] = [vS[TT[=|  [vS[TT] = fvs[TT] - — -——
== m. - g
Lane [1]2[3 (4|56 7189 |10[11]12 = - -
1 ] — _—
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Ficure 3: Protection from dimethylsulfate of both halves of the matched target sequence by third-strand oligos. For footprinting purposes,
duplex 1 was inserted into a plasmid; the position of the insert is indicated by brackets, witht®h& Birection oriented top-to-bottom.
The sequence spanned by the brackets for lanes labeled “R-type” corresponds to the bottom strand of duplex 1 as shown on Figure 1; the
5'-half of this strand serves as the recognition site for the R-block of the third strands. The sequence spanned by the brackets for lanes
labeled “Y-type” corresponds to the top strand of duplex 1; theal of this strand serves as the recognition site for the Y-block of the
third strands. In each panel, DMS reaction was performed in the salt and buffer conditions indicate@l &t @or other conditions, see
Materials and Methods), and all lanes were taken from the same X-ray films of a singlé& ydD (nM NaOAc, additional salt and pH
as indicated above the lanes. Third strands are as indicated above the lanes (TT is TT-16, and YS isB)SHa6hM NaOAc, 10 mM
Mg(OAc),, pH 5.1. C) 40 mM NaOAc (pH 5.1), 0.5 M NaCl.
replacements made farther from the strand-switch (TA-16) the third strand [Figure 3, panels A (lanes3) and B (lanes
cause a much greater loss of affinity (Figure 2B). In this 1—2)] under the standard conditions. Surprisingly, TT-16
case, the presence of the purine block incred®gsto a exhibited partial DMS protection in the sequence that binds
value below even that of Y-8 alone (i.&,< 1). Replace-  with the R-block even under conditions usually considered
ment of all the thymines by adenines (AA-16) results in an unfavorable for formation of the canonical PurPy triplex
affinity intermediate between those of TA-16 and AT-16 and (0.5 M NaCl in the absence of Mt). This protection is
similar to that of the scrambled-R-block oligonucleotide YS- noticeable at pH 5 (Figure 3C, lane 1) and even more evident
16. at pH 4 (Figure 3A, lane 5). To exclude the possibility that
Chemical Probing of Complexes he unexpected desta- this protection is due simply to the proximity of the
bilizing effects of adding certain R-block sequences to the destructured purine half of the oligonucleotide to the major
Y-8, pyrimidine half of the third strand (as in AA-16 and groove of the duplex, rather than to formation of a
TA-16) raised the question of whether the R-block was PuPuPy triplex, we performed DMS modification in the
indeed involved in triplex pairing in those oligonucleotides. presence of YS-16, which contains a scrambled R-block. No
To address this question, we cloned the matched targetprotection of the purine-binding block was obtained in this
duplex into a plasmid and tested how much of the target case (Figure 3A, lane 4), so we conclude that thePiPy
sequence was protected from modification by dimethyl triplex is formed by the R-blocks of TT-16 even in the
sulfate (DMS) due to the presence of several third-strand absence of M§f. Similar results at pH 4 were obtained for
oligonucleotides. [DMS reacts with the N7 position of AA-16 (data not shown).
guanine, which is unavailable when involved in Hoogsteen As was mentioned above, oligonucleotide R-8, which
pairing to a third strand (Johnston, 1988; Voloshin et al., corresponds to the R-block of TT-16, did not produce any
1988; Jayasena & Johnston, 1992a)]. We observed partialdetectable complex with duplex 1 under standard conditions.
DMS protection under our standard conditions (10 mM R-8 also did not produce DMS protection at pH 4 and 0.5
Mg?*, 40 mM NaOAc, pH 5.1) in the sequence that binds M NaCl. Thus the R-block must be tethered to the Y-block
with the pyrimidine blocks of Y-8 (data not shown), YS-16 for noticeable interaction with the target.
(Figure 3A), TT-16 (Figure 3A), and AA-16 (Figure 3B). Effect of the Purine Block on the Specificity of Triplex
TT-16 and AA-16, but not YS-16, exhibited partial DMS Formation. We define the specificityS) of triplex formation
protection in the sequence that binds with the R-block of as S = Dy"Dy,", where D™ and Dy™ are half-
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A = = E_/ Table 2: Specificity of Triplex Formation for Various Third
EE Strand8
E“ Y-8 T/ . S=1
| — —
Duplex (x10°M) [0 5 42 167 5 42 167 0 0.8 167 83 167 YS-16 | | 1 4<S<7
Duplex number -| 1 | 2 = =5
Third strand Y-8 TT-16 AA-16 | = ——
L T 2 - S > 160
ane 3456.789_31112 [ | ] [ |
———
TA-16 | — $>50
T2 [ [ | ] L |
T
T TT-16 i 200 < S < 400
[ | ] I <9<
re —— | 130 <S < 260
<S«<
Y-8 AT-16 1
[ 1 ] [ B | (390 < S < 780)

a Specificity S of a given third strand is determined as the ratio of
its value ofDy/, with the mismatched target duplex 2 to that with the
matched target duplex 1. For Y-8, the apparent binding constants with
duplexes 1 and 2 coincide within 40%. For AT-16, the extrapolated
value for infinitely long incubation is given in parentheses (see Results).

Duplex (X108M) 10 07 13 26167 333 667

Time (h 2. . )
Duplex number 2 ime(h) [ 0 25 45 85 21 325 48
Lane l 1 2 3 4 5 6 7
Lane | 1 6 7
& e -
T2

SRCR

Ficure 5: Kinetics of triplex formation for AT-16 and duplex 1.
AT-16 The duplex concentration was 19510-° M; the upper limit for
the concentrations of labeled third strand was 8071° M. The
other conditions were standard (see Materials and Methods), except
that the time of electrophoresis was 3 h instead of the usu8l 6

T1

FiIcure 4: Specificity of oligonucleotides XZ-16 for matched target
duplex 1 versus mismatched target duplex 2 as determined by gel-'

shift experiments.A) Binding of Y-8 and TT-16 to duplex 1 and o

duplex 2. The concentrations are shown by gray and black Y-block. In contrast, the specificity of TT-16 was between

rectangles, respectively. In the schematic of the expected triplexes200 and 400. The R-block thus has at least a 20-fold greater
shown at the top, the scrambled recognition site for the R-block in affect on specificity than on affinity (compare Table 1).

duplex 2 is shown in black. The upper limits for the concentrations - -
of Ir;beled third strands were 8 1OEQM for Y-8 and 4x 10°M Interestingly, AA-16 and TA-16 also demonstrate high

for TT-16. In the case of Y-8, for both duplex 1 and duplex 2 the Specificity for the matched target, even though their affinity
patterns are indistinguishable. The transition from single strand to to this target is less than that of the nonspecific Y-8. We
triplex occurs at approximately 5 108 M duplex (lanes 2 and  were unable to detect triplexes between those two oligo-

5); and at 42x 10°° M duplex, the transition is very nearly  ,cjeqtides and duplex 2 for duplex concentrations of up to

complete (lanes 3 and 6). More detailed experiments have shown
that the transition points in the case of Y-8 for duplex 1 and duplex 33 x 107° M for AA-16, and 40x _106 M fo_r TA-16, from
2 coincide within 40% (data not shown). In contrast, for TT-16 Which we calculate the lower limit of specificity for AA-16

the half-transition from single strand to triplex requires at least a to be 160 and for TA-16 to be 50. Surprisingly, YS-16 also
200-fold higher concentration of duplex 2 than of duplex 1 (compare demonstrated moderate specificity £ 4—7; data from
lanes 9 and 12). Note that although TT-16 binds duplex 1 much ggqiceryoyskii and Johnston (1996)] for the matched over

better than does Y-8 (compare lanes 2 and 10), Y-8 binds duplex . . . . .
2 much better than does TT-16 (compare lanes 3 and BJ). ( the mismatched target, which might be explained by unin-

Binding of AT-16 to duplex 1 and duplex 2. The upper limit for tended noncanonical interactions.

the concentrations of labeled third strand wasc5L0™1° M. In Estimation of the Kinetic Parameters for Triplex Forma-

both A and B, standard conditions (see Materials and Methods) +ion  The most detailed kinetic measurements were per-
for i ti | electroph is. ) . .

were used for incubation and gel electrophoresis formed for the triplex formed by AT-16 and duplex 1 (Figure

transition duplex concentrations obtained, respectively, by 5). In these experiments the unlabeled duplex-forming
titrating a third strand by the matched Duplex 1 (see Figure strands were allowed to hybridize by incubating under
1), which can pair with all the third-strand oligonucleotides standard conditions for 3 h and then aliquoted and frozen.
(except the scrambled YS-16) by canonical interactions, andIndividual aliquots were thawed at different times, mixed
duplex 2, which is mismatched in the right-hand half that with the labeled third strand, and incubated under the
normally would bind the R-block. standard buffer conditions. This procedure permitted all
Figure 4 shows several examples of gel-shift experiments incubations to end at the same time, whereupon all samples
with duplexes 1 and 2 for various oligonucleotides, and the were loaded on the gel together.
data are summarized in Table 2. As expected, there was no After electrophoresis, bands corresponding to the triplex
detectable specificity for Y-8, which contains only the (which exists effectively only as T2 in the case of AT-16)



13334 Biochemistry, Vol. 35, No. 41, 1996

and the single strand were excised from the gel. We

calculated the relative amount of the triplex

T

=715

whereT andS are the amounts of triplex and single strand,
respectively, as described in Materials and Methods.

In our case of significant excess of duplex over third
strand, the duplex concentratio®)( effectively remains
constant during triplex formation. Thus triplex formation
should obey the first-order rate equation

6(t) = O 1 - xp[=(kon D + koe)tl} )

wherefeqis the equilibrium value 0, ko, andky are rate
constants for formation and dissociation of triplex, dnsl
the time of incubation, respectively.

The same equation can be written in more compact form:

(1)

wherer is the time at which the yield of triplex reaches half
of its equilibrium value:
Y

_ In2 _ In2
D+ D
kon koff koff(? +
d
whereKy is the dissociation constant of the triplex. The
dissociation constant can be calculated as

0(t) = 041 — (1/2)"]

r

)

D(1-
qeq
From eq 1, r can be calculated frori andt:
tin2
(4)

" In{Oeg[0eq — AT}

From Figure 5 one can infer that the reaction is nearly
complete after 48 h; i.e9(48 h) = 0.74 is close to the
equilibrium valuefeq  If this assumption is correct, inserting
6(48 h) in place obeqin eq 4 should yield similar values of
r (which should be independent tffor different values of
t. Data in Figure 5 show that this is indeed the case:
Incubation times of 2.5, 4.5, 8.5, 21, and 32.5 h yielded
values (half-times for equilibration) of 8.4, 10.2, 9.4, 9.9,
and 9.2 h, respectively (averaged.4 h; maximum deviation
= 1 h). Thus the dissociation constant for this triplex can
be calculated from eq 3 with(48 h):

Kg=7x10°M
From eq 2, using = 9 h,
kgt =2x 10 2h™*
k,,=3x10°M*h™
The lifetime of this triplextt = 1/kos = 50 h, which is

significantly greater than the time of gel electrophoresis.
However, the lifetime of the triplex formed by the same third

Balatskaya et al.

rates, should be less than (50 h/368)10 min, which is
much shorter than the time of gel electrophoresis. Thus it
seems paradoxical that this triplex can still be detected by
the gel-shift assay. Our model of CCD comigration explains
this apparent paradox (see Discussion).

The K4 value obtained in this experiment for the triplex
formed by AT-16 and duplex 1 is about three times smaller
thanD,/; obtained for the same system at our standard time
of incubation (17 h). Thus for this triplex, the deviation from
equilibrium at 17 h is significant, and estimated values
correcting for this deviation from equilibrium are given in
parentheses in Tables 1 and 2. In contrast, a similar analysis
for TT-16 shows no significant deviation from equilibrium
after 17 h (data not shown).

Thus increasing the time of incubation from the standard
17 h has a significant effect on results obtained for AT-16
with duplex 1 but not for TT-16 with duplex 1. Note that
in the case of these two triplexes the amount of T2 at
saturating duplex concentrations is much greater than for all
other triplexes used in this study. We have shown elsewhere
(Belotserkovskii & Johnston, 1996; see Discussion) that the
greater the proportion of T2 at saturating concentrations of
the duplex, the greater the lifetime of the triplex. From eq
2 atD = Kg, the half-time of equilibratiom is equal to In 2
77/2; thus if 17 h is long enough to approach equilibrium at
duplex concentrations arouri¢y (and greater) in the case
of TT-16 with duplex 1, it will be also enough for any triplex
having a greater proportion of T1 and hence shorter lifetime
7r. This applies to all other triplexes used, except AT-16
with the duplex 1, which has been analyzed separately.
Consequently, since the extrapolated value f, for
infinitely long incubation cannot be less thafy (see
Discussion), the corrections fd,, to account for insuf-
ficient time to achieve equilibrium should be insignificant
in all cases other than AT-16 with duplex 1.

DISCUSSION

Both Habes of the Triplex Are Formedwven in the
Absence of Dialent Cations. Data on DMS modification
of the matched target inserted into plasmid pD1 show that
guanines in both blocks of the target are partially protected
in the presence of AA-16 and TT-16. This result, supported
by the gel shift experiments addressing specificity assays
performed under the same conditions (10 mM?Mg0 mM
Nat, pH 5.1), means that both the Y- and R-blocks of these
oligonucleotides participate in target recognition.

When the experiment was performed in nonstandard
conditions without magnesium ions (0.5 M NaCl, 40 mM
NaOAc, pH 4.0), the same pattern of protection was seen as
with the standard conditions, despite the fact that the
formation of canonical PPwPy triplexes, which contain
only GGC, AAT, and TAT (reverse Hoogsteen) triads,
usually requires divalent or polyvalent cations (Cooney et
al., 1988; Pilch et al., 1991; Lyamichev et al., 1991; Malkov
et al., 1992). Moreover, monovalent cations like"Nand
K* are known to inhibit the formation of such triplexes
(Olivas & Maher, 1995; Milligan et al., 1993; Cheng & Van
Dyke, 1993). Thus, we did not expect to see DMS protection
in the recognition sequence for the R-block in this case.
However, it has been shown that inhibition of -PuPy

strand and mismatched target duplex 2, estimated assumingdriplexes by monovalent cations is at least partially due to

that the specificity is mostly due to the difference in off-

formation of four-stranded, “G-quartet” complexes by the
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third strand (Olivas & Maher, 1995; Gee et al., 1995); such A
complexes are dramatically stabilized by ™Nand K' [for T2
review, see Guschlbauer (1990)]. Thus, it seems that di-

and polyvalent cations and low concentrations of monovalent l
cations are not absolute requirements forARePy triplex

formation if the local concentration of the purine moiety of v,
the third strand in the vicinity of the duplex is high due to Vr
tethering by a firmly bound pyrimidine moiety. Indeed, ‘ l
previous studies with intramolecular triplexes revealed that,

although magnesium ions are stabilizing, they are not dissociation
required for formation of a PRwPy triplex (Jayasena & 2
Johnston, 1992a; Chen, 1991). It is worth noting that, in

—
the sequences examined, the R-block part of the triplex forms T 1 'emdam"f overtaking (Vo= V) Tr
despite potential competition with quadruplex structures due duplex

o first Duplex Single strand
dissociation
———

to the three adjacent guanines and the rather high concentra-
tion (8 uM) of the free oligonucleotide. *
Two Retarded Bands; One Triplex gel-shift assay was
used to compare the binding of different deoxyribonucle-
otides to a given DNA target. In our version of this assay, ~Type of | Normal Intermediate €D
) . K . comigration | comigration case comigration
a small amount of labeled third strand is mixed with an Dupiex ; REI
excess of unlabeled duplex. In these experiments, one Of [ Third swand | at-16 | 7116 | AA116_ | TA-16 | YS16[¥-8 |aT 1716
the two retarded fractions seen (T1) has the same electro- T2
phoretic mobility as the duplex; thus it could not be detected
by the more commonly used gel-shift assay in which an
excess of unlabeled third strand is mixed with a small amount T1
of labeled duplex.

We recently presented evidence (Belotserkovskii & Ficure 6: Explanation for the existence of dual triplex bands T1
Johnston, 1996) that the T1 band results from a fraction of and T2. (A) The general scheme for CCD comigration is as
the original triplex that dissociates during gel electrophoresis. fs(zl';‘:‘éssi hAgleJ toh\?efrltrafligrlftsﬁg%t&orllezotg ;‘ée;ﬂg'%éénecge?utrg'éﬁj he
The newly liberated third strand migrates faster (in our cq;e) resulting triplex migrates more glowly once again. Designations:
than the duplex and eventually overtakes the band containingy. s the lifetime of the triplexzs, uo, andur are electrophoretic
excess duplex, whereupon, with some probability, it is mobilities of single strand, duplex, and triplex, respectively. Note
captured by the duplex through triplex formation and again that the “width” of the T1 band (more precisely, the characteristic
becomes retarded (Figure 6). The average mobility of the width of the exponential decline in T1 intensity toward the T2 band)

- L - . decreases with decreasing triplex lifetime; thus the shorter the
third strand molecules participating in this movement [which lifetime, the sharper the T1 band)(Schematic representation of

we have termed “cyclic capture and dissociation” (CCD)] is distribution of the labeled third strand in the gel at saturating duplex
equivalent to the mobility of the duplex (Belotserkovskii & concentrations, with the horizontal axis representing intensity of

Johnston, 1996). The triplex fraction that remains undisso- radioactivity, and the vertical axis, the position in the gel. From
ciated migrates according to its intrinsic mobility, forming left to right: Normal comigratiofrthe lifetime of the triplex is

. . . significantly longer than the time of electrophoresis (a typical
the T2 band. If the lifetime of the triplex is longer than the = o,ampje is AT-16 with duplex 1). Next, an intermediate eagart

duration of electrophoresis, T2 predominates (normal comi- of the initially presented triplexes have dissociated in the course
gration). When the lifetime of triplex is short compared to of electrophoresis; the released third strands become involved in

the duration of electrophoresis, T1 predominates, and T2 mayCCD comigration; the “width” of the T1 band is bigger than the
disappear entirely (pure CCD comigration). width of the true electrophoretic band, thus T1 is noticeably more

. ! . . . “smeary” than T2 (a typical example is AA-16 with duplex 1).
If the preincubation period is long enough to achieve pyre CcD comigrationeffectively all initially formed triplex

equilibrium, in the case of normal migration, at the midtran- molecules have dissociated very early in electrophoresis (thus T2
sition duplex concentratioDy/z, Kg = Kofi/kon = D12, Where is not seen), and the T1 form has the appearance of a normal
Kq is the dissociation constant of the triplex akag and ko electrophoretic band (examples include Y-8 with both targets and

: : . P all XZ-16 with mismatched target duplex 2) . Boxes designating
are the rate constants for triplex formation and dissociation. duplexes and third strands are positioned according to the type of

In the case of CCD comigration, the picture is more ge| pattern seen for the corresponding triplexes at saturating duplex
complex. Dy, depends both on the efficiency of triplex concentrations. The complex of duplex 1 with YS-16 provides a
formation in free solution during preincubation (because only trace amount of T2 (Belotserkovskii & Johnston, 1996).
those third strands that were initially bound to the duplex presented arguments that it may be proportiona{davith
can become involved in CCD comigration) and on the a proportionality constant that depends on electrophoretic
efficiency of third strand capture by the duplex in the gel. mobilities and gel conditions (Belotserkovskii & Johnston,
In free solution, the duplex concentration at which half of 1996). However, some properties of this dependence can
the third strands are bound to the duplex correspon#fg.to  be deduced directly from the model of CCD comigration.
Under given conditions in the gel, the duplex concentration Those properties are listed below, with the assumption that
at which half of the third strands traversing the duplex band all samples being compared are loaded on the same gel, or
become involved in comigration, is a critical value we term the gels contain common internal controls.

Cer. Dyj2 should be equal to the greater K§ and c;. (i) cr should decrease with increasikg, because aky,

The exact dependence of on ko, koit, @and the various  increases, smaller concentrations of duplex are required to

electrophoretic parameters is unknown, although we haveprovide a given probability of capture.
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(ii) ccr should decrease with increasing triplex lifetime (the . TN
. . . . . . . -T-T-C-C-T

reciprocal ofk,r) and with increasing difference in mobility XA-16 casig 7
between the duplex and the triplex, because both of these 3-a7 Ng-¥
values increase the distance of retardation (Figure 6).

(iii) cor should increase with increasing difference between ._T_T_C_C_T/Q\T\
third strand and duplex mobilities, because the faster the free XT-16 o2l H
third strand overtakes and transverses the duplex band, the 3o/ Nx-X
faster its capture must be before it outdistances the duplexFicure 7: Possible hairpins formed by the oligonucleotides XA-
and is unavailable for further triplex formation. 16 and XT-16 (X= A or T). It is clear that hairpins formed by

XA-16 should be more stable. The effect of replacements in the

Since for given gel conditions and mobilities (which in X-positions on hairpin stability is not obvious.

our experiments were very close for the different third strands
tested)c.r decreases withk,n and increases witls, D12
(being the greater dfy andc,) still provides a measure of
the binding strength of the third strand for the duplex even
in the case of CCD comigration.

Several firm conclusions can be made from the gel-shift
patterns regarding sequence effects in the R-block, as
follows:

(1) For triplexes without mismatches, replacement of
R-block thymines by adenine away from the strand switch
(in the Z-positions) decreases the triplex lifetime (&Jk
whereas replacement of T by A near the strand switch (in
the X-positions) increases it. The amount of T2 at saturating
concentration of duplex (where there is no radioactivity at
the free third strand position) is much less in the case of
TA-16 (Figure 2B) than with TT-16 (Figure 2A,C). The
absence of radioactivity at the free third strand position means
that all third strands were bound to the duplexes at the
moment of entering the gel. Thus, the lower proportion of
T2 for TA-16 in comparison with TT-16 implies that a
T-to-A substitution in the Z-position results in a decrease in . . .
triplex lifetime. T-to-A substitution in both the X and Even SO, the R-block in TT-16 contributes negatively to

Z-positions (AA-16: Figure 2B) produces a pattern interme- affinity in the case of du_plex 2, _since_ the concentration of
diate between those of TT-16 (Figure 2A,C) and TA-16 duplex 2 needed to provide comigration was nearly 40-fold

(Figure 2B). The proportion of T1 in the case of AT-16 is greater for TT-16 than for Y-8 (Figure 4A). This negative

noticeably less than for TT-16 (Figure 2C). Thus, A in the affinity contribution can also be explained by hairpin
X-position increases the lifetime of the triplex. formation by TT-16, although this halrpln_ls expected to be
(2) AA-16 and TA-16 have smaller off-rate and on-rate €SS stable than for AA-16 and TA-16 (Figure 7).
constants in the reaction with matched target than does Y-8. The decrease in triplex lifetime resulting from T-to-A
The half-transition concentration of duplX,, is greaterin ~ replacements in the Z-positions might be explained by a
the cases of AA-16 and TA-16 than for Y-8. Since there is lower stability of AAT triads in comparison with TAT triads.
no noticible T2 band in the case of Y-8 (pure CCD Depending on the sequence context, such replacements may
Comigration), whereas for AA-16 and TA-16 some amount stabilize (Scaria et al., 1995), destabilize (Beal & Dervan,
of T2 is clearly seen, the off-rate constant for Y-8 must be 1991), or have no effect (Mayfield et al., 1994) on triplex
greater_ Thus the |argé]'l/2for AA-16 and TA-16 can 0n|y Stabl'lty In our case, the Stabilizing effect of A in the
mean that the on-rate constant for these oligonucleotides isX-position might be due to a better ability of purines to stack
smaller. at the strand switch, where the helix appears to be distorted
(3) The stringency of triplex formation can be adjusted (Jayasena & Johnston, 1992b; A. Liu and B. H. Johnston,
by appropriate sequence choice in the R-block. Two uUnpublished molecular modeling studies).
duplexes were used in the titration experiments: the matched However, another explanation is also possible. Although
target duplex 1, which contains recognition sites for both the dissociation of short duplexes or triplexes is generally
the Y- and R-blocks of the third strand, and the mismatched described as an all-or-none transition, at the microscopic level
target duplex 2, which differs from duplex 1 by three it involves “fraying”, a progressive series of base pair
inversions in the recognition site for the R-block. Because openings starting from each end of the complex, each of them
these inversions disturb the homopuriteomopyrimidine reversible (Anshelevich et al., 1984). If the R-block is
character of this site, there exists no R-block that can unbound, either transiently due to thermal fluctuations in the
recognize this site via formation of canonical triads. In the case of a matched target, or permanently if its target sequence
cases of AA-16 and TA-16, the presence of the R-block contains mismatches, it can interact with a transiently frayed
decreases the on-rate for triplex formation over that of the end of the Y-block, stabilizing the frayed state and facilitating
Y-block alone (see above) but at the same time confers adecay of the triplex. This scheme is equivalent to displace-
high degree of specificity for the matched duplex. This ment of the duplex from the triplex by hairpin formation in
observation suggests that these R-blocks function simulta-the third strand; hence the effect should be stronger for
neously as recognition elements and as “stringency clamps”.sequences that can form more stable hairpins, such as those

This term was introduced by Roberts and Crothers (1991)
to refer to sequences appended to a triplex-forming oligo-
nucleotide that do not recognize target sequences (unlike our
R-blocks) but form secondary structures with parts of the
oligonucleotide that do bind to the target, thereby increasing
the stringency and permitting discrimination between matched
and mismatched targets. In that case, stringency could be
arbitrarily adjusted by choice of the sequence (and hence
stability) of the clamp. Since in our system the clamp
sequence is also part of the duplex recognition element,
stringency can only be adjusted (without changing the
environmental conditions) by virtue of our ability to choose
between A and T in recognizing R-block AT base pairs. The
secondary structures responsible for this stringency clamping
effect are most likely hairpins; possible hairpins whose
expected stabilities correlate inversely with the stability of
the corresponding triplexes are shown in Figure 7.

Unlike the cases of AA-16 and TA-16, a complex formed
between TT-16 and mismatched target duplex 2 was detected.
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having adenine residues in the Z-positions (see Figure 7).Chen, F.-M. (1991Biochemistry 304472-4479.

In this view, we need not assume that the relative stabilities Cheng, A.-J., & Van Dyke, M. W. (1993)lucleic Acids Res. 21

of AAT and TAT triads in the _middle of the triplex differ Co%i%?/jiﬂé?gzemuszewicz, G., Postel, E. H., Flint, S. J., & Hogan,
from those near the strand switch. Instead, we can suggest \ g (1988)Science 241456-459.

that AAT is generally more stable than TAT, but in the case Dagneaux, C., Porumb, H., Liquier, J., Takahashi, M., & Taillandier,
of the Z-positions this effect is overwhelmed by the  E. (1995)J. Biomol. Struct. Dyn. 13465-470.

contribution of adenines to the hairpin formation, while in de Bizemont, T., Duval-Valentin, G., Sun, J.-S., Bisagni, E.,

the case of the X-positions that contribution is less. This (fﬂgsner, T. & Hiene, C. (1996Nucleic Acids Res. 24136~

hypothesis also explains why the lower limit of specificity Frank-Kamenetskii, M. D., & Mirkin, S. M. (1995Annu. Re.
Sis not much smaller for AA-16 than for TT-16 despite their Biochem. 6465—95.
very different affinities, sinceS should depend only on  Gee, J. E,, Revankar, G. R, Rao, T. S., & Hogan, M. E. (1995)

; i . i Biochemistry 342042-2048.
interactions of the R block with the duplex and not on any Griffin, L. C. & Dervan, P. B. (1989Bcience 245967-971.
interactions among different parts of the third strand. Guschlbauer, W., Chantot, J.-F., & Thiele, D. (1990)Biomol.

It is unlikely that the effect of T-to-A replacements in our Struct. Dyn. 8491-571.
case is due to intermolecular intereactions between the purineéHerschlag, D. (1991froc. Natl. Acad. Sci. U.S.A. 88921-6925.
blocks of the third strand, which were shown to interfere Jayasena, S.D., & Johnston, B. H. (199Bajchemistry 31320~
with triplex formation in the case of the GA motif, but not Jayaséna, S. D., & Johnston, B. H. (199%hicleic Acids Re<0,
the GT motif (Noonberg et al., 1995). In fact, the possible = 5y79-528g.
interactions between the third strand molecules cannot affectiayasena, S. D., & Johnston, B. H. (198&chemistry 322800~
the lifetime of the complex in the gel, and the effects in  2807.

lution al houl mall low concentration of Johnston, B. H. (1988$cience 241]1800-1804.
solution also should be small due to low concentration o Kim, M. G., Zhurkin, V. B., Jernigan, R. L. & Camerini-Otero, R.

the strandg in our experlme-nts. . . D. (1995)J. Mol. Biol. 547 874889,

Concluding Remarksin this study we have investigated Lyamichev, V. I., Voloshin, O. N., Frank-Kamenetskii, M. D., &
the effect of different R-block sequences on the formation  Soyfer, V. N. (1991)Nucleic Acids Res. 14633-1638.
and stability of a strand-switching triplex. We detected Malkov, V. A., Soyfer, V. N., & Frank-Kamenetskii, M. D. (1992)

icinati - ; it Nucleic Acids Res. 201889-4895.
participation of the R-block in target recognition under Malkov. V.. A., Voloshin, O. N.. Veselkov, A. G., Rostapshov, V.

conditions which are not strongly stabilizing for R-type "\ "jansen. I., Soyfer, V. N. & Frank-Kamenetskii, M. D. (1993)
triplexes, i.e., monovalent cations alone. EvenZ?Mgp Nucleic Acids Res. 21105-111.

known to be a relatively weak stabilizer of R-type triplexes Maxam, A. M., & Gilbert, W. (1980Methods Enzymob5, 499
compared to M#", Zrn?*, polyamines, or intercalators. Thus 60

we think that the range of conditions for applicability of Mz;y;?éc_ié(s:é,ssquibb, M., & Miller, D. (1994)Biochemistry 33

R-type triplexes can be extended if they are bound to a jjligan, J. F., Krawczyk, S. H., Wadwani, S., & Matteucci, M.
Y-block. D. (1993)Nucleic Acids Res. 2B27-333.
The ability to decrease the lifetime of a complex without Noonberg, S. B., Frauts, J.-C., Garestier, T., & Hene, C. (1995)

i ; e ; s Nucleic Acids Res. 23956-1963.
significant loss in speC|f|c_|ty by enabling alf[ernate third Olivas, W. M., & Maher, L. J., Ill (1994Biochemistry 33983
strand conformations (which we observed in the case of ~gg;’

T-to-A replacements in the Z-position) could be useful in Qlivas, W. M., & Maher, L. J., Ill (1995Biochemistry 34278~
cases where triplex formation is followed by some irrevers-  284.

ible reaction such as covalent bond formation or cleavage Pilch, D. S., Levenson, C., & Shafer, R. H. (19®ipchemistry
(Herschlag, 1991). In such cases, the A-T replacements 30, 60816087

. . = Rao, B. J., Chiu, S. J., & Radding, C. M. (199B)Mol. Biol. 21
might be used to adjust the selectivity for a matched target, a3035_352 " addng (199E)Mol. Blol. 216

even if specificity (defined as the difference in energy Roberts, R. W., & Crothers, D. M. (199Proc. Natl. Acad. Sci.
between matched and unmatched triplexes) is unchanged. U.S.A. 839397-9417.
Sambrook, J., Fritsch, E. F., & Maniatis, T., Eds. (198®)ecular
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