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Effect of a 5’-phosphate on the stability of triple helix
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ABSTRACT

An effect of 5'-phosphorylation on the stability of triple
helical DNA containing pyrimidine:purine:pyrimidine
strands has been demonstrated by both gel
electrophoresis and UV melting. A 5’-phosphate on the
purine-rich middle strand of a triple helix lowers the
stability of triple helix formation by approximately 1
kcal/mol at 25°C. The middle strand is involved in both
Watson-Crick and Hoogsteen base pairing. In contrast,
a 5'-phosphate on the pyrimidine-rich strands, which
are involved in either Watson-Crick or Hoogsteen base
pairing, has a smaller effect on the stability of triple
helix. The order of stability is: no phosphate on either
strand > phosphate on both pyrimidine strands >
phosphate on purine strand > phosphate on all three
strands. Differential stability of triple helix species is
postulated to stem from an increase in rigidity due to
steric hindrance from the 5’-phosphate. This result
indicates that labelling with 32P affect equilibrium in
triplex formation.

INTRODUCTION

Homopurine and homopyrimidine sequences of DNA or RNA
have been shown to adopt a triple helix structure, in which a
third strand of DNA or RNA base pairs with a double-helix using
a Hoogsteen base-pairing scheme (1—4). Pyrimidine
oligonucleotides bind in the major groove of Watson-Crick
double-stranded DNA. Specificity arises from Hoogsteen
hydrogen bonding (3), in which thymine in the third strand
recognizes adenine-thymine base pairs in double-stranded DNA
(T:AT triplet) and protonated cytosine in the third strand
recognizes guanine-cytosine base pairs (C*:GC triplet) (1—7).
It has also been shown that purine oligonucleotides in the third
strand can also bind to purines in duplex DNA (A:AT and G:GC
triplets) (8 —12). Thus far, approaches at gene regulation via triple
helix formation have been primarily limited to tracts of
homopurine or homopyrimidine sequences.

Recently, we described a gel electrophoresis method for
determining the recognition pattern for third strand bases in a
triple helix motif (13). The method relies upon detection of single,

double and triple strands by their differential mobilities in the
gel matrix. In principle, several methods can be used for
detection. Surprisingly however, we found that the results
depended on whether detection was by silver staining or
autoradiography. Here we report that the reason for this anomaly
is that the stability of triple helix is dependent upon the
5’-phosphorylation of the strands of triplex comprising a
pyrimidine:purine:pyrimidine configuration. In particular,
5'-phosphorylation of the purine strand lowers triplex stability
more than phosphorylation of the pyrimidine strands.

MATERIALS AND METHODS
Oligodeoxynucleotides

Oligodeoxynucleotides were purchased from Midland Certified
Reagent Company. The reported extinction coefficent for
poly(dA) [e;57=8600 cm~! (mole base/l)~!] was used in the
determination of concentration of unphosphorylated and
phosphorylated A;gTA;y and A;jCA;y (14). The extinction
coefficient for poly(dT) [e;6s=8700 cm~! (mole base/l)~!] was
used for unphosphorylated and phosphorylated ToAT;o and
T10GT;o (15). Oligonucleotides were end-labelled wth 32P-ATP
using T4 polynucleotide kinase.

Electrophoretic analysis of triplex formation

Various amounts of oligonucleotides were combined in a total
volume of 10 pl in annealing buffer containing 0.15 M NaCl,
10 mM MgCl,, and 5 mM Tris-acetate pH 7.0. In each pair,
a trace amount ( ~20 ng) of 32P-labelled oligonucleotide, either
A or T strand, was included in addition to equal amounts of
unlabelled oligonucleotide. The oligonucleotide mixtures were
heated at 70°C for 15 min, slow cooled to room temperature,
and incubated at 4°C overnight. Annealing was followed by
addition of 2 pul of the annealing buffer containing 30% glycerol
and 0.25% bromophenol blue. 5 ul of each oligonucleotide
mixture was analyzed by gel electrophoresis at 4°C using
prechilled 12% polyacrylamide gels (19:1 ratio of acrylamide
to bis-acrylamide; 20%20x0.15 cm). Electrophoresis was
performed in a buffer containing SO mM Tris, 50 mM boric acid,
and 5 mM MgCl,, pH 8.3 at a constant voltage of 10 V/cm with
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a current of 20 to 30 mA. Following electrophoresis, gels were
stained using a Bio-Rad silver staining kit according to
manufacturer’s specifications.

Optical melting curves

Absorbance vs. temperature curves were measured at 259 nm
with a heating rate of 1°C per minute in a Gilford 250 spectro-
photometer interfaced with a Gilford 2527 thermoprogrammer.
Oligonucleotides were dissolved in the same annealing buffer
solution used for the gel electrophoresis analysis, 0.15 M NaCl,
10 mM MgCl,, and 5 mM Tris-acetate pH 7.0. Thermodynamic
parameters were obtained from melting curves by fitting to a two-
state model with linear sloping base lines (16). Most sequences
were studied at a single concentration. For triplex formation
comprised of single stranded DNA and the duplex targets,
A1gCA10:T1(GT o and pA;(CAo:T(GT, the values for
thermodynamic parameters were obtained by averaging the
enthalpy and entropy changes obtained from fits of melting curves
at several concentrations and from plots of the concentration
dependence of the melting temperature (17): 1/T,=(2.3R/AH®)
log [(2/3) (C/4)] + AS°/AH°®, where C, is the total strand
concentration and Ty, is the temperature at which half of the
original triplex has dissociated to duplex and single strand. The
factor of (2/3) in the log term arises because the equilibrium
involves association of a duplex and a single strand to form triplex
and the total concentration of T strands is twice the concentration
of A strand.

RESULTS

In order to establish the stoichiometry of triplex DNA, mixtures
of different molar ratios of deoxyoligonucleotides, A and T
strands of 21 nucleotides in length (A;oXA;y and T;(YT,
where XY=AT, GC, CG, TA), were incubated at 4°C, separated
by gel electrophoresis according to mobility, and visualized by
silver staining and autoradiography as described in Materials and
Methods. The mixture containing an equimolar ratio of A;gTA;q
and ToAT,o was detected as a duplex, whereas the mixtures
containing a molar excess of T;pAT o with respect to A;qTA,q
resulted in the conversion of duplex to a complex of slower
mobility detected by silver-staining, as shown in Fig. 1a. The
mobility of this complex was invariant among mixtures containing
a molar excess of T;oAT), indicating a constant stoichiometry
of 2:1:

To Y Ty
Ap X Ayp
To Y Ty

Thus, a complex containing a mismatch in the middle position
(Y:XY=A:TA) produced a species which migrated as a higher
molecular weight complex as compared to duplex, indicating the
T10:A0T interaction on both sides of the mismatch is sufficient
to stabilize triplex formation at 4°C.

In addition to an equal amount of unlabelled oligonucleotides,
the reaction mixtures in each pair contained a trace amount of
32P-labelled oligonucleotide: the 5’-end-labelled A or T strand
was added to the reaction mixtures corresponding to the odd and
even numbered lanes, respectively (Fig. 1). Thus, detection of
species was carried out by both silver staining and
autoradiography of the same gel. Surprisingly, silver staining and
autoradiography exhibited differences in the detection of the
triplex as demonstrated by comparing lanes 5—10 of Figs. la
and 1b. Silver staining detected the same amount of triple helix

Figure 1 a. Silver stained 12% polyacrylamide gel showing complexes of differing
mobility formed by combining 1 ug of AgTA,, with increasing amounts of
T)oAT)o. The ratios of A;gTAq to T;oAT g are: 1:0.5 (lanes 1, 2); 1:1 (lanes
3, 4); 1:1.5 (lanes 5, 6); 1:2 (lanes 7, 8); and 1:3 9, 10). For each pair,
odd and even lanes contain a trace amount of 32P-labelled A or T strand,
respectively. Single-stranded A gTA,q and T;oAT g are shown in lanes 11 and
12, respectively. The species are labelled according to their mobilities: T (triplex),
D (duplex), M, (single-stranded A;oTA,q), or My (single-stranded T;oAT)().
Single-stranded T (AT, was not detectable by silver staining but was detected

by autoradiography. The formation of complex and gel electrophoresis were carried
out as described in Materials and Methods. b. Autoradiogram of the identical
gel shown in Fig. la.

for each pair (Fig. la: lanes 5, 6; lanes 7, 8; and lanes 9, 10).
In contrast, autoradiography revealed a clear difference in the
amount of triple helix formation for each pair (Fig. 1b: lanes
5, 6; lanes 7, 8; and lanes 9, 10). These differences were due
to the trace amount of 32P-labelled oligonucleotides included in
the reaction mixtures: the triple helix was detected by 32P-
labelled T oATqbut not by 32P-labelled A;oTA,o. Thus, a triple
helix composed of phosphorylated T strands appears to be more
stable than the same triple helix containing a phosphorylated A
strand.

Mixtures containing molar ratios in which A;gTA,; was in
excess of TpAT)o did not result in the formation of a higher
molecular weight complex, as shown in Fig. 2. Under the
conditions of this experiment, only a triple helix containing two
T strands and one A strand was detected by silver staining
(Fig 2a: lanes 1 and 2). Once again, however, the triple helix
species containing a mismatch (A:TA triplet) in the middle of
the sequence was detected differentially by autoradiography,
dependent upon the 5'-phosphorylation of either the A or the T
strand (Fig. 2a: lanes 1, 2; Fig. 2b: lanes 1, 2).

Differential stability of triple helix species resulting from the
5'-phosphorylation of either the A or the T strand was
demonstrated for other triplet combinations as well. The titration
of the two strands, A;gCA;q and T;(GT)o, shown in Figs. 3 and
4, exhibited triple helix species, regardless of the G:CG
mismatch, indicating that the Tyq:A (T} interaction flanking the



Nucleic Acids Research, 1993, Vol. 21, No. 3 603

Figure 2 a. Silver stained 12% polyacrylamide gel showing complexes of differing
mobility formed by combining 1 pg of T;,AT,, with increasing amounts of
A,oTAg. The ratios of T)(AT,q to A;gTA,q are: 1:0.5 (lanes 1, 2); 1:1 (lanes
3, 4); 1:1.5 (lanes 5, 6); 1:2 (lanes 7, 8); and 1:3 (lanes 9, 10). For each pair,
odd and even lanes contain a trace amount of 32P-labelled A or T strand,
respectively. Single-stranded A yTA g and T;¢AT),q are shown in lanes 11 and
12, respectively. b. Autoradiogram of the identical gel shown in Fig. 2a.

mismatch is sufficient to stabilize triplex formation at 4°C. As
before, a triple helix containing two T strands and one A strand
was detected. Comparison of silver staining and autoradiography
of the same gel demonstrates differential detection of the triple
helix for each pair, illustrated in Figs. 3a and 3b (lanes 3, 4;
lanes 5, 6; lanes 7, 8; and lanes 9, 10) and Figs. 4a and 4b (lanes
1, 2 and lanes 3, 4). Furthermore, these differences resulted from
the trace amount of 32P-labelled oligonucleotides, in a similar
manner to that observed for the triplex species containing an
A:TA mismatch described above: the triple helix was detected
by 32P-labelled T,oGT;q but not by 32P-labelled A;(CA;o. We
also observed differential stability of triple helix species containing
canonical triplets (Y:XY =T:AT and C:GC) resulting from the
5'-phosphorylation of either the A or the T strand (data not
shown). However, the differential effect on triplex stability
observed for stable canonical triplets was not as pronounced as
that observed for triplex involving mismatch triplets
(Y:XY=A:TA and G:CG).

To this point, the dependence of triple helix stability on the
5'-phosphorylation of either the A or the T strand was
demonstrated by using a trace amount of 32P-labelled
deoxyoligonucleotides in combination with a comparatively large
amount of unlabelled deoxyoligonucleotides. In order to eliminate
any possible effects due to the low concentrations of 32P-labelled
deoxyoligonucleotides, we performed an experiment using fully
phosphorylated A and/or T strands. This time, dependence of

Figure 3 a. Silver stained 12% polyacrylamide gel showing complexes of differing
mobility formed by combining 1 pug of A;gCA o with increasing amounts of
ToGT)o. The ratios of A;gCA,q to T;(GT)g are: 1:0.5 (lanes 1, 2); 1:1 (lanes
3, 4); 1:1.5 (lanes 5, 6); 1:2 (lanes 7, 8); and 1:3 (zlanes 9, 10). For each pair,
odd and even lanes contain a trace amount of 32P-labelled A or T strand,
respectively. Single-stranded A;yCAq and T,(GT, are shown in lanes 11 and
12, respectively. b. Autoradiogram of the identical gel shown in Fig. 3a.

Figure 4 a. Silver stained 12% polyacrylamide gel showing complexes of differing
mobility formed by combining 1 ug of T;oGT,o with increasing amounts of
A10CA . The ratios of T,(GT o to A;gCA g are: 1:0.5 (lanes 1, 2); 1:1 (lanes
3, 4); 1:1.5 (lanes 5, 6); 1:2 (lanes 7, 8); and 1:3 (lanes 9, 10). For each pair,
odd and even lanes contain a trace amount of 32P-labelled A or T strand,
respectively. Single-stranded A;oCA g and T;oGT g are shown in lanes 11 and
12, respectively. b. Autoradiogram of the identical gel shown in Fig. 4a.
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Figure 5 a. Silver stained 12% polyacrylamide gel showing complexes of differing
mobility. Lanes 1 and 5 represent 1:1 and 1:2 molar ratios of A;gCA;¢:ToGT;,
respectively. Lanes 2 and 6 represent 1:1 and 1:2 molar ratios of
pA10CA0:T1oGTo. Lanes 3 and 7 represent 1:1 and 1:2 molar ratios of
A;oCAg:pT1oGT o Lanes 4 and 8 represent 1:1 and 1:2 molar ratios of
pA10CA10:pT1oGTg. b. Silver stained 12% polyacrylamide gel showing
complexes of differing mobility. Lanes 1 and 5 represent 1:1 and 1:2 molar ratios
of AjgTA;o:T1oAT), respectively. Lanes 2 and 6 represent 1:1 and 1:2 molar
ratios of ;A;0TAo:T1oAT}o. Lanes 3 and 7 represent 1:1 and 1:2 molar ratios
of A;gTAo:,T10AT o. Lanes 4 and 8 represent 1:1 and 1:2 molar ratios of

pA10TA10:pT10AT .

triplex stability upon 5’-phosphorylation was readily discernible
by silver staining, as illustrated in lanes 6 and 7 of Figs. 5a and
5b: triple helix was detected only when the T strand was
phosphorylated. This experiment clearly demonstrates that even
a triple helix composed of two phosphorylated T strands is more
stable than a triple helix containing a single phosphorylated A
strand.

Melting experiments were done to quantify the effect of
phosphorylation on triplex stability. For the cases of A:TA and
G:CG in the Y:XY position, melting curves were measured for
all possible combinations of association of a single strand with
a duplex: no phosphate on either strand, phosphate on A (XA,
only, phosphate on T;(YT,, only, and both strands
phosphorylated (Figs. 6a and b). For the system comprised of
A oTA g and T gAT), strands in a 1:2 ratio, similar stabilities
for triplex dissociating to duplex and single strand were observed
when neither strand was phosphorylated and when the T strands
were phosphorylated. However, the triple helix with a
phosphorylated AqTA,, strand exhibited a Ty, lower by 2°C.
When all three strands comprising the triplex were
phosphorylated, the T, dropped about 8°C relative to
unphosphorylated strands (see Fig. 6a and Table 1). Triple
helices with T1(GT;gand A;¢CA,exhibited similar results with
regard to phosphorylation (see Fig. 6b and Table 1). The order
of stability is: no phosphate on either strand > phosphate on
both T¢GT)q strands > phosphate on the A;(CAq strand >
phosphate on all three strands. The results of the thermodynamic
melting experiments are consistent with those of the gel mobility
experiments.

To provide further insight into the destabilization caused by
the 5'-phosphate of association of a single strand to a duplex
target, thermodynamic parameters were determined by measuring
melting curves as a function of strand concentration for the triple
helices of G:CG with no phosphate on either strand and with
the phosphorylated A strand combined with the
nonphosphorylated T strand. The 1/T,, vs. log (C/6) plots are
shown in Fig. 7, and thermodynamic parameters are listed in

1.3 T M T T T T T

1.2+
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50 60 70 80 90
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Figure 6 a. Normalized absorbance at 259 nm vs. temperature for triple helices
with A:TA in the Y:XY position. Absorbances were normalized by dividing by
the absorbance at 45°C. Curve 1 represents AgTA;o:T;0AT;o in a 1:2 ratio.
Curve 2 represents pAj0TAp:T)pATyg in a 1:2 ratio. Curve 3 represents
AjTA)g:T1pATyg ina 1:2 ratio. Curve 4 represents ;A;0TA;o:pT1oAT g in a
1:2 ratio. Concentrations of oligonucleotides are listed in Table I. ﬁ Normalized
absorbance at 259 nm vs. temperature for triple helices with G:CG in the Y:XY
position. Absorbances were normalized by dividing by the absorbance at 45°C.
Curve 1 represents A;gCA;:T|oGT in a 1:2 ratio. Curve 2 represents

10CA10:T1¢GT)g in a 1:2 ratio. Curve 3 represents A;gCAo:,T;(GT;q ina
{\2 ratio. Curve 4 represents ,A;oCA;0:,T1gGT;gin a 1:2 ratio. &oncenuauons
of oligonucleotides are listed in Table f

Table 2. The free energy at 25°C, AG®°,s, for the triplex with
no terminal phosphate is 1 kcal/mol more favorable than that of
the triplex with a phosphorylated A strand.



Table 1. Thermodynamic parameters from single melting curves for the association
of single strand DNA to duplex target?
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Table 2. Thermodynamic parameters for the association of single strand DNA
to duplex target from a series of concentrations®

-AH® -AS° AG%
Triplex ConcentrationM® T.°C (K cal/mol) (ew)
TyGTy
AIOCAMI
TyGTy

6.40 x 10° 272 76.5 2321 7.30

TyGTye
PALCAy
TyGTy

6.23 x 10° 23.1 854 265.5 624

PTGTy
A CAy
TyGTiop

747 x 10° 4.6 58.6 1742 6.66

pTyGTy
PALCAy,
Ty GTyep

6.91 x 10° 19.5 64.4 197.6 549

Ty AT,
ApTA;,
TiATy

TIOATlD
PATA,
TyATy

PTyATy
AyTA
TiATyp

PT1AT,
PATA,
TiATyp

6.93 x 10° 20.5 89.0 280.4 5.40
6.36 x 10° 188 94.8 302.1 4.73
7.00 x 10° 20.1 61.3 186.7 5.64

5.66 x 10° (123)

2 Although estimated errors in AG®, AH®, and AS° are 2%, +10%, and
+10%, respectively, additional significant figures are given to allow accurate
calculation of T, and other parameters.

b Concentration is the sum of the single strand + duplex target.

@® no phosphate
O phosphate on A strand

340

328

-5.5 -5.0 -4.5

log(C,/6)

-4.0

Figure 7. Plots of 1/Tp, vs. log (C/6) for triplex with G:CG in the Y:XY
position. Plots for triplex with no phosphorylated strands (filled circle) and triplex
composed of ,AgCA 9:T1oGT)gin a 1:2 ratio (open circle) are depicted. C, is
the total strand concentration.

The effect of the 5’-phosphate on the stability of double-
stranded DNA was compared to that of triplex. In contrast to
its effect on triplex stability, the 5’-phosphate did not affect the
melting temperature of duplex appreciably. Melting temperature

Triple Helix 1T, vs. log C/6 Curve fit parameters
-AG AHC A TC -AGY AAH® A TC
(kealimol) (kealmol) euw  ___  (kealmol) (kealmod ew
No phosphate
TGTye 6.97 75.58 230.13 217 6.97 77.83 237.65 217
ACA,
TIDGTIO

Phosphate on A strand

T,GTy 6.02 8002 24821 240 5.98 80.22

PALCA,
TGTye

24900 239

a Although estimated errors in AG°, AH®, and AS® are +2%, +10%, and
+10%, respectively, additional significant figures are given to allow accurate
calculation of T, and other parameters.

b T, is calculated for C, = 1.5X10-4 M.

of duplex composed of A;gCA;o and T(GTy, strands was
61.1+0.4°C at the concentrations listed in Table I, independent
of phosphorylation of either or both strands. Melting temperature
of duplex containing AgTA;; and T;oAT), strands was
58.6+0.3°C at the concentrations listed in Table I, once again,
independent of phosphorylation of either or both strands. Analysis
of the data for A;gCA g and pA;oCAo forming duplexes with
T,0GT)o at different total strand concentrations also indicated
that the duplex T, was essentially independent of
phosphorylation.

DISCUSSION

An effect of 5’-phosphorylation on the stability of triple helical
DNA has been demonstrated by both gel electrophoresis and UV
melting methods. A 5’-phosphate on the purine middle strand
of a triple helix lowers the stability of triple helix formation by
approximately 1 kcal/mol at 25°C. The middle strand is involved
in both Watson-Crick and Hoogsteen base pairing. In contrast,
a 5'-phosphate on each of the pyrimidine strands, which are
involved in either Watson-Crick or Hoogsteen base pairing, has
a smaller effect on the stability of triple helix (see Table 1). This
same trend is observed when both pyrimidine strands are
phosphorylated such that the triplex has one extra negative charge
in comparison to the triplex with the phosphate on the middle
strand. The destabilizing effect of the terminal phosphate on the
middle strand is largely due to an unfavorable entropy change
for formation of triplex rather than an enthalpy change.

The destabilizing effect of the 5’-phosphate on the middle strand
of a DNA triplex contrasts with the effect of a 5’-phosphate on
the stability of DNA and RNA duplexes. The 5’-phosphate did
not affect appreciably the melting temperature of duplex DNA.
RNA duplex stability increases about 0.2 kcal/mol in the presence
of a 5'-phosphate (18). This phenomenon is thought to be due
to a more rigid sugar conformation of the single-stranded RNA,
caused by steric hindrance resulting from the 5’-phosphate
(19,20).

The destabilizing effect of the 5’-phosphate was more
pronounced for triplex involving mismatch triplets compared to
those containing canonical triplets. This dependence is interesting,
given that the mismatches are not close to the phosphorylation
site. Structural characterization is needed to explain the
destabilization effect further.

A 5'-32P label is often used as a tracer for nucleic acid strands
with the assumption that the 32P label does not affect the
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equilibria being studied. The results from this work indicate that
this assumption is not valid for formation of triplexes. Evidently,
the presence of a 5’-phosphate on the middle strand destabilizes
the triplex. This is the reason that different results were obtained
for the detection of triplex by silver staining and autoradiography.
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