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A more elab o rate se quence-independent tri ple-helix for ma tion vi a bil ity study was car ried out and ex -
tended from a re com bi na tion-like tri ple-helical DNA mo tif of a pre vi ous study (J. Mol. Rec og ni tion 14,
122-139 (2001)). The in tended tri ple-helix was formed by mix ing one part of a DNA hair pin du plex and one
part of a sin gle (or third) strand iden ti cal to one of the du plex strands and com ple men tary to the other strand.
In con trast to the com mon pu rine and py rim i dine mo tifs in tri ple-stranded DNA, the strands of the re com bi na -
tion-like mo tif are not mo not o nously built from py rim i dine only, or pu rine only, in the se quence. The sta bil ity
of the re com bi na tion-like mo tif tri plexes with vary ing se quences was mon i tored by UV ther mal melt ing
curves. The re sults showed that the or der of the sta bil ity of the R-form DNA base tri ads (J. Mol. Biol., 239,
181-200 (1994)) is G*(G B C) > C*(C B G) > A*(A B T) > T*(T B A) (the Wat son-Crick base pair is de noted in
the pa ren the ses) in 200 mM NaCl, at pH 7. In an at tempt to in crease the sta bil ity of the tri  plex in the re com bi -
na tion-like mo tif, we re placed cytidine by 5-methylcytidine (mC) of the third strand. There is a gen eral trend
that mC mod i fi ca tion sta bi lizes the com plex (< 2 °C per mC). The com plex is fur ther more sta bi lized by Mg2+

ion. The Tm in creases from 7 to 2 °C from less sta ble to highly sta ble tri plex by 20 mM Mg2+ ion in so lu tion.
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IN TRO DUC TION

DNA can form tri ple-stranded he li ces1-3 as re viewed in
sev eral ar ti cles.4-8  There is a grow ing in ter est in tri plex DNA
be cause of its po ten tial use in di ag nos tics or ther a peu tics in
the so-called antigene strat egy. 8-10 The antigene strat egy has
been shown to work in vivo.11  How ever, the po ten tial of the
above bi o log i cal ap pli ca tions is se verely hin dered by the
strict de pend ence on the se quence. In ei ther py rim i dine-
 purine- pyrimidine or pu rine-purine-pyrimidine type tri plex,
a pu rine clus tered mo tif in the se quence is needed. Hence
there is an on-going ef fort search ing for con di tions to re lieve
the strin gent con di tion of tri plex for ma tion. A the o ret i cal
conformational anal y sis pre dicted that DNA tri plexes might

be formed with out se quence re stric tions12 in which the third
strand is iden ti cal to one strand of the Wat son-Crick du plex
and is lo cated in the ma jor groove of the du plex. There fore, it
is im per a tive to know the rel a tive sta bil i ties of the four pos si -
ble R-form DNA base tri ads, A*(A B T), G*(G B C), T*(T B A) 
and C*(C B G) (the Wat son-Crick du plex base pair is in the
pa ren the ses). In a pre vi ous pa per, we de scribed a 1:1 re com -
bi na tion-like tri plex of a DNA du plex and a third strand,
where the third strand has a par al lel ori en ta tion and has an
iden ti cal se quence to one of the strands of the hair pin.13 Two
of the four pos si ble tri ads, A*(A B T) and G*(G B C), have
been es tab lished in that re port. A sim i lar, but intra- molecu -
lar, par al lel mo tif A*(A B T) was de scribed by Dagneaux et
al.14 Re cently, Shchyolkina et al. re ported a pro tein-free par -
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al lel tri ple-stranded DNA.15 In the cur rent pa per, we ex tended
the pre vi ous study to a new re com bi na tion-like tri plex com -
posed of two 12-nucleotide (12-nt) com ple men tary strands
with Wat son-Crick base pair ing linked by four cytidines
form ing hair pin du plexes and 12-nt sin gle strands of iden ti cal 
se quence to the pu rine-rich strand of the hair pin du plex
(Scheme I and Ta ble 1). The cytidine of the 12-nt third-
 stranded oligomer is sub ject to mod i fi ca tion by mC (Ta ble 1).
The tri plexes were pre pared by 1:1 mix ing of the du plex and a 
third-strand (Scheme I and Ta ble 1).

There fore, the se quence of tri plex con tains both pu rine
and py rim i dine nu cleo tides. We stud ied the sta bil i ties of all
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Scheme  I Tri plexes are con structed by a hair pin du -
plex (with a C4 loop) and a third-stranded
oligodeoxyribonucleotide. The se quence
of the lat ter one (from 5 ′ to 3 ′) is iden ti cal
to one of the mo tifs of the hair pin du plex
(in bold let ters)

Table 1. The sequences of synthetic oligodeoxyribonucleotide triplexes are satisfied the criteria in
Scheme I

Symbols Sequences Sequences in the same format of Scheme I

C3T3A6 5′-C3T3A6 + 5′-C3T3A6C4T6A3G3 5′-C C C T T T A A A A A A C C


3′-G G G A A A T T T T T T C C

5′-C C C T T T A A A A A A
(CT)3A6 5′-(CT)3A6 + 5′-(CT)3A6C4T6(AG)3 5′-C T C T C T A A A A A A C C


3′-G A G A G A T T T T T T C C

5′-C T C T C T A A A A A A
C3A9 5′-C3A9 + 5′-C3A9C4T9G3 5′-C C C A A A A A A A A A C C


3′-G G G T T T T T T T T T C C

5′-C C C A A A A A A A A A
mC3A9 5′-mC3A9 + 5′-C3A9C4T9G3 5′-C C C A A A A A A A A A C C


3′-G G G T T T T T T T T T C C

5′-mC mCmC A A A A A A A A A
C5A7 5′-C5A7 + 5′-C5A7C4T7G5 5′-C C C C C A A A A A A A C C


3′-G G G G G T T T T T T T C C

5′-C C C C C A A A A A A A
(CA)5A2 5′-(CA)5A2 + 5′-(CA)5A2C4T3(GT)5 5′-C A C A C A C A C A A A C C


3′-G T G T G T G T G T T T C C

5′-C A C A C A C A C A A A
g(mCA)5A2 5′-(mCA)5A2 + 5′-(CA)5A2C4T3(GT)5 5′-C A C A C A C A C A A A C C


3′-G T G T G T G T G T T T C C

5′-mC A C AmC A C AmC A A A
C3G3A6 5′-C3G3A6 + 5′-C3G3A6C4T6C3G3 5′-C C C G G G A A A A A A C C


3′-G G G C C C T T T T T T C C

5′-C C C G G G A A A A A A
(CG)3A6 5′-(CG)3A6 + 5′-(CG)3A6C4T6(CG)3 5′-C G C G C G A A A A A A C C


3′-G C G C G C T T T T T T C C
5′-C G C G C G A A A A A A



four R-form base tri ads in tri plexes formed be tween DNA du -
plex hair pins and the cor re spond ing third strands with par al -
lel ori en ta tion in al ter nate se quences (Scheme I and Ta ble 1).
Our over all de sign strat egy is shown in Ta ble 1. First, three
each of T*(T B A) and C*(C B G) are in tro duced in tri plexes
C3T3A6 and (CT)3A6, both con tain ing six A*(A B T). They
have the same com po nent tri ads but in dif fer ent se quen tial or -
ders. Namely, the for mer one has a (C)3, and a (T)3 mo tif, but
the lat ter one has an al ter nat ing (CT)3 se quence. Next, in the
tri plex C3A9, A*(A B T) has re placed the three T*(T B A)’s
base tri ads of those in C3T3A6. Thus, the rel a tive sta bil i ties
of T*(T B A) and A*(A B T) can be stud ied. Whereas in C5A7
and (CA)5A2, the num ber of C*(C B G) is in creased by two,
but the num ber of A*(A B T) is de creased by two, as com -
pared to C3A9. There fore, the rel a tive sta bil i ties of C*(C B G) 
and A*(A B T) can be re vealed. Finally, we have in tro duced
three G*(G B C)’s to re place three A*(A B T)’s in C3G3A6
and (CG)3A6. The prop erty of G*(G B C) can be stud ied this
way. The com po si tion of dif fer ent base tri ads in re com bi na -
tion-like tri plexes listed in Ta ble 1 is shown in Ta ble 2 for
clar ity. There fore, the sta bil i ties of all four base tri ads could
be stud ied sys tem at i cally. In ad di tion, we ex am ined the en -
hance ment of tri plex sta bil ity of re plac ing cytidine by 5-
 meth ylcytidine (mC) in the third-stranded (mC3A9 and
(mCA)5A2 only) oligomer (Ta ble 3). Sim i lar to the ef fect in
the well-known par al lel mo tif py rim i dine-purine- pyrimi -
dine,16,17 sub sti tu tion of cytidine by mC in the third-strand sta -
bi lizes the re com bi na tion-like tri plex. The pres ence of the
Mg2+ in so lu tion serves the same pur pose.

MA TE RIALS AND METHODS

Ma te rials
The mC phosphoramidite was pur chased from Glen Re -

search (Ster ling, VA). All un mod i fied and mC con tained oli -
go deoxynucleotides listed in Ta ble 1 were syn the sized by us -
ing au to mated phosphoramidite chem is try on a DNA syn the -
sizer, pu ri fied, if nec es sary, by HPLC and de salted with a RP
col umn as de scribed pre vi ously.13

Op ti cal Spec tros copy
UV spec tro scopic ex per i ments were per formed with

both Cary 100 and Cary 3E spec trom e ters (Varian As so ci ates, 
Palo Alto, CA), and a M400 UV-VIS spectrophotometer
(Carl Zeiss, Jena, Ger many) equipped with a tem per a ture
con trol ler and a thermostated cell holder. Melting pro files
(absorbance vs. tem per a ture) were col lected at 260 nm from

11 to 91 °C at 0.2 °C in cre ments with a heat ing rate of 1.0
°C/min. So lu tion con di tions were 200 mM of NaCl, 20 mM
of MgCl2 , 10 mM of so dium cacodylate buffer, and 0.1 mM
of EDTA, pH 7.3, if not oth er wise men tioned. The strand
con cen tra tion was de ter mined from the absorbance mea sured 
at 260 nm and at a tem per a ture of 80 °C ac cord ing to
Sambrook et al.18 All re ported melt ing tem per a tures (Tm), de -
ter mined from the first de riv a tives of melt ing pro files, are re -
lated to 2.0 µM strand con cen tra tion.

RE SULTS

The biphasic UV melt ing curves re veal the rel a tive sta -
bil ity of four base tri ads

All 1:1 re com bi na tion-like tri plexes be tween DNA du -
plexes and the cor re spond ing third-strands in Ta ble 1 have
been stud ied by UV ther mal melt ing tem per a ture. In most
cases (ex cept for C3T3A6), we ob served a biphasic UV melt -
ing curve. A typ i cal ex am ple (C3A9) of melt ing tem per a ture
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Table 2. The number of four base triads in recombination-like
triplexes without mC

T*(T B A) A*(A B T) C*(C BG) G*(G B C)

C3T3A6 3 6 3 0
(CT)3A6 3 6 3 0
C3A9 0 6+3 3 0
C5A7 0 6+1 3+2 0
(CA)5A2 0 6+1 3+2 0
C3G3A6 0 6 3 3
(CG)3A6 0 6 3 3

Table 3. The melting temperatures Tm’s of recombination-like
triplexes and the hairpin duplex. The concentrations of
NaCl and Mg2+ are described in the “Materials and
Methods”

Triplexes Hairpin

Tm1 (°C) Tm2 (°C) Tm (°C)

NaCl Mg2+ NaCl Mg2+ NaCl

C3T3A6 -- -- 63.3 65.3 64.3
(CT)3A6 36.1 43.1 63.5 66.1 64.3
C3A9 40.5 45.8 66.6 68.8 67.6
mC3A9 43.3 48.7 67.1 69.7 68.0
C5A7 44.9 49.6 71.4 72.2 72.5
(CA)5A2 48.5 50.4 74.8 74.0 76.4
(mCA)5A2 53.2 54.2 75.0 73.6 75.2
C3G3A6 51.1 50.5 75.4 75.0 75.8
(CG)3A6 56.3 58.2 79.8 78.6 81.0



mea sure ment is shown in Fig. 1. The tran si tions at higher
tem per a tures (Tm2) of the tri plexes, in clud ing T3C3A6, were
equal to their cor re spond ing con sti tuted hair pin du plexes
within er ror range (1 °C on av er age). There fore, the Tm2 can
be rec og nized as the dis so ci a tion/as so ci a tion of the hair pin
por tion in the re com bi na tion-like tri plexes. It is plau si ble that 
the lower melt ing tem per a ture (Tm1) can be as signed to the
dis so ci a tion/as so ci a tion of the 1:1 re com bi na tion-like tri plex 
into its com po nents (Ta ble 3).

Ex cept for C3T3A6, the Tm1 of the tri plexes can be ana -
lysed by the com po si tions of their in di vid ual base tri ads.
Both C3T3A6 and (CT)3A6 con tain six A*(A B T), three
T*(T B A), and three C*(C B G) base tri ads. How ever, the for -
mer did not form tri plex, whereas the lat ter showed the low est 
Tm1 in Ta ble 3. While the three T*(T B A)’s in C3T3A6
switched to three A*(A B T)’s, the melt ing tem per a ture of
C3A9 is higher than that of (CT)3A6. Since the C’s and A’s
are in clus ters, but not al ter nat ing, one can con clude that the
for ma tion of A*(A B T) is stron ger than T*(T B A) ther mo dy -
nam i cally. When two A*(A B T)’s in C3A9 are fur ther re -
placed by C*(C B G)’s to form C5A7, it has an even higher Tm. 
One can again con clude that the sta bil ity of C*(C B G) is
higher than that of A*(A B T). Finally, two C*(C B G)’s and
one A*(A B T) in C5A7 have been re placed by three G*(G B
C)’s in C3G3A6. Its Tm1 is higher than that of C5A7. There -
fore, the triad for ma tion abil ity of G*(G B C) is better than
C*(C B G). To sum ma rize, the rel a tive ther mo dy namic for ma -
tion sta bil ity of the above four base tri ads can be ex pressed as:

G*(C B C) > C*(C B G) > A*(A B T) > T*(T B A).

The ef fect of se quence or der on the for ma tion of re com -
bi na tion-like tri plex

Among C3T3A6/(CT)3A6, C5A7/(CA)5A2, and C3G3A6/
(CG)3A6 tri plex pairs have ex actly the same base triad com -
po si tions but showed dif fer ent Tm1’s (Ta ble 3). This dif fer -
ence should have orig i nated from the or der of the se quence
and the as so ci ated near est neigh bor stack ing ef fect.19 Ac -
cord ing to the anal y sis of Allawi and Santa Lu cia, Jr.,20 the
∆G of (all in 5′ to 3′) CCCTTTAAAAAA/CTCTCTAAAAAA,
CCCCCAAAAAAA/CACACACACAAA, and CCCGGG -
AAAAAA/CGCGCGAAAAAA are, in du plex for ma tion,
-12.02/-12.54, -14.81/-15.01, and -15.83/-17.29 Kcal/mol.
The for ma tion free en ergy of CTCTCTAAAAAA, CACA -
CACA CAAA, and CGCGCGAAAAAA, with al ter nat ing se -
quences, are more fa vor able than those of CCCTTT AA -
AAAA, CCCCCAAAAAAA, and CCCGGGAAAAAA, re -
spec tively. To elim i nate the com mon seg ments of A’s, the du -
plex for ma tion free en ergy of al ter nat ing se quence is more fa -
vored than those in clus tered se quence. Ac cord ing to our re -
sults, the sta bil ity of the re com bi na tion-like tri plex for ma tion 
is also gov erned by the se quence.

Sta bi li za tion of the com plex by mC
In C3A9 and (CA)5A2, the three C’s of the third strand

of the oligomer are re placed by mC to be come 5′-mC mC
mCAAAAAAAAA (mC3A9) and 5′-mCACA mCACA mCAAA
((mCA)5A2), re spec tively. The three mC’s of the for mer are
clus tered, but not in the lat ter. Compared to the un mod i fied
sys tems C3A9 and (CA)5A2, the Tm1 of the UV melt ing curve 
of mC3A9 and (mCA)5A2 in creased by 2.8 (with out Mg2+)/2.9 
(with 20 mM Mg2+) and 4.7 (with out Mg2+)/3.8 °C (with 20
mM Mg2+), re spec tively (Ta ble 3). These find ings cor re spond 
to the be hav ior of the C*(C B G) tri ads in the known py rim i -
dine-purine-pyrimidine mo tif py rim i dine-purine- pyrimi -
dine.21,22  The av er age sta bi liz ing ef fect of one mC re place -
ment has a nom i nal ef fect of less than 2 °C.

The in flu ence of Mg2+

Elec tro static screen ing in the pres ence of di va lent
metal ions may re lieve re pul sion be tween the charged phos -
phate groups of the three strands. How ever, the ef fect is not
equiv a lent in all re com bi na tion-like tri plexes. The gen eral
trend is that the sta bi liz ing ef fect is higher in less sta ble tri -
plex but lower in more sta ble ones, with one ex cep tion, the
C3G3A6. We found that the Tm1’s are in creased by 7.0, 5.3,
5.4, 4.7, 1.9, 1.0, and 1.9 °C in (CT)3A6 (Tm1 = 36.1 °C),
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Fig. 1. UV melt ing curves of the C3A9 and of the hair -
pin du plex com po nent. Only the first de riv a tive
of the UV melt ing curves are shown. C3A9:
dashed line; the hair pin du plex (5′- C 3A9C4T9G3):
dot ted line. The ex per i men tal con di tions are de -
scribed in the ‘Ma te rials and Methods’.



C3A9 (Tm1 = 40.5 °C), mC3A9 (Tm1 = 43.3 °C), C5A7 (Tm1 =
44.9 °C), (CA)5A2 (Tm1 = 48.5 °C), (mCA)5A2 (Tm1 = 53.2
°C), and (CG)3A6 (Tm1 = 56.3 °C), re spec tively (Ta ble 3).

DIS CUS SION

The for ma tion of re com bi na tion-like tri plex of all four
R-form base tri ads

The for ma tion of re com bi na tion-like tri plexes of C3A9,
C5A7, and (CA)5A2 which in volve only A*(A B T) and C*(C
B G) base tri ads were re ported pre vi ously.13 In this pa per, we
de signed tri plexes with the third sin gle strand iden ti cal, and
with par al lel ori en ta tion, to one of the hair pin du plex stems in 
or der to re veal the con tri bu tion of two ad di tional tri ads,
G*(G B C) and T*(T B A). In the mean time, the ef fect of the
se quence de pend ence can be stud ied by se quence vari a tions
(Ta ble 1). The ef fect of sub sti tu tion of cytidines by mC in the
third strand of the oligomer, and the ad di tion of Mg2 + ion to
the for ma tion of tri plex with a re com bi na tion-like mo tif were 
also re ported. All tri plex for ma tions are sup ported by the
mix ing curves (data not shown) and by the UV ther mal melt -
ing tem per a ture data.

The rel a tive sta bil i ties of R-form base tri ads
The melt ing tem per a tures of all the stud ied hair pin

dou ble stranded he li ces from high to low are 5′-
 (CG)3A6C4T6(CG)3 > 5′-C3G3A6C4T6C3G3 > 5′-(CA)5A2C4T2(TG)5

> 5′-C5A7C4T7G5  > 5′-C3A9C4T9G3 > 5 ′-(CT)3A6C4T6(AG)2 ~ 
5′-C3T3A6C4T6A3G3  (Ta ble 3). In spite of the con tri bu tion of
the C4 loop, this or der is very close to the ∆G cal cu lated by
the near est neigh bor stack ing ef fect shown in the ‘Re sults’.20

These data are within 1.1 °C to the Tm2 in the tri plex (Ta ble 3). 
This is within the er ror of UV melt ing tem per a ture mea sure -
ment. The Tm2 is thereby as signed to the for ma tion of the du -
plex, and the Tm1 is the melt ing tem per a ture of the third strand 
dis so ci ated from the du plex.

From the sum mary in Ta ble 3, we can see that the type
and num ber of base tri ads in the tri plex dom i nate the sta bil ity
of re com bi na tion-like tri plex. The or der of sta bil ity of the
base tri ads is G*(G B C) > C*(C B G) > A*(A B T) > T*(T B A).
The pos tu lated hy dro gen bond ing schemes of these four base
tri ads12 is shown in Fig. 2. Aside from the fact that the third
strand must be par al lel to, and be the same as, one strand of
the du plex, other cri te ria are: the bases in the du plex are in
Wat son-Crick pair ing; the third strand is lo cated in the ma jor
groove of the du plex; and the bases of the third strand and the
bases in du plex are as so ci ated with at least two hy dro gen

bonds. It is in ter est ing to note that G*(G B C) has three hy dro -
gen bonds be tween the base of the third strand and those in
the du plex. Thus, it is the most sta ble base triad of all. It is
also found that the above four base tri ads have the low est en -
er gies among those in the same cat e gory by the o ret i cal cal cu -
la tion.12 For in stance, al though T*(T B A) is the least sta ble
among the four base tri ads, it is still rel a tively easy to form
C*(T B A), G*(T B A), and A*(T B A). There fore, this can pro -
vide some guid ance for se quence pick ing in tri plex for ma -
tion.

The sec ond fac tor dom i nat ing the sta bil ity of the tri -
plexes is the se quence of the third-stranded oligomer in our
study. Thus, the near est-neighbor stack ing ef fect will gov ern
the sta bil ity when the com po si tion of the base triad is the
same. The con clu sion can eas ily be ob served as the sta bil i ties
of (CG)3A6, (CA)5A2, and (CT)3A6 are larger than those of
C3G3A6, C5A7, and C3T3A6, re spec tively. On the other
hand, the Tm1’s of (CT)3A6 and (CA)5A2 are still less than
those of C5A7 and C3G3A6. This may in di cate that the type
of base triad plays a ma jor role on the sta bil ity.

The mC mod i fi ca tion on the third-stranded oligomer
and tri plex sta bil ity in the var i ous tri plex mo tifs

In the clas si cal py rim i dine-purine-pyrimidine mo tif,
cytidines in the third strand have to be protonated to form a
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Fig. 2. The pos tu lated hy dro gen bond ing schemes of
R-form tri plex. The bases in the third strand are
shaded. The pos si ble hy dro gen bonds are pre -
sented by dot ted lines. The N and C1 ’ at oms are
de noted by filled and open cir cles, re spec tively.



C+*(G B C) triad. The pos i tive charge of the cytidines in the
third strand is nec es sary to en able Hoogsteen base pair ing
with guanines.21,22 The sta bil ity at neu tral pH, how ever, was
re al ized by mod i fi ca tion of the C’s to mC in this study (Ta ble
3). Gen erally, mC sta bi lizes tri plex for ma tion in the clas si cal
py rim i dine-purine-pyrimidine mo tif.21-25 This holds true also
for the re com bi na tion-like par al lel mo tif stud ied hith erto.
The re place ment of three out of five cytidines by mC in the se -
quence (CA)5A2, re sult ing in the sin gle strand 5 ′-mCACA
mCACA mCAAA, sta bi lizes the tri plex by 4.7 °C. Sim i larly,
re plac ing all three cytidines in the sin gle strand C3A9 by mC,
re sult ing in the sin gle strand 5′-mC mC mCAAAAAAAAA,
the tri plex melt ing in creases by 2.8 °C. The smaller sta bi li za -
tion ef fect may be ex plained by the un fa vor able jux ta po si tion 
of the mC that was avoided in the first ex am ple 5 ′-mCACA
mCACA mCAAA. These re sults are in agree ment with the sta -
bi li za tion found in the clas si cal py rim i dine-purine- pyrimi -
dine mo tif when mC re places cytidine.21-25 Since the Tm1’s of
mC3A9 and (mCA)5A2 are lower than those of C5A7 and
C3G3A6, re spec tively, the methylation of cytidine also plays 
a mi nor role, com pared to the com po si tion of base triad, to
the sta bil ity of the tri plex.

The dif fer en tial sta bi liz ing ef fect ex erted by the pres -
ence of the Mg2+ ions

The sta bi liz ing ef fects of 20 mM of Mg2 + ions to
(CT)3A6, C3A9, mC3A9, C5A7, (CA)5A2, (mCA)5A2,
C3G3A6, and (CG)3A6 in 200 mM Na+ ions are 7.0, 5.3, 5.4,
4.7, 1.9, 1.0, -0.6, and 1.9 °C (Ta ble 3). The first four are
prom i nent and can eas ily be de tected in UV melt ing ex per i -
ments. The re sults in di cated that the sta bi liz ing ef fect is
larger for the less sta ble tri plexes. This is sim i lar to the ef fect
on var i ous DNA struc tures (i.e., per fect du plex, hair pin du -
plex, du plex with bulge loop, and du plex con tain ing a mis -
matched base pair) stud ied pre vi ously in our lab o ra tory. 26

The re sults showed the Mg2+ has the larg est sta bi liz ing ef fect
on DNA du plex with mis matched or bulged loop (less sta ble
du plex) and ex erted a min i mal ef fect on a hair pin du plex
(more sta ble du plex).26 Thus, the sta bi liz ing ef fect of Mg2+

may re lieve re pul sion be tween the charged phos phate groups
on the back bone of the three oligonucleotides in tri plex. The
Mg2 + ions tend to com pen sate the less sta ble or dered struc -
tures such as du plex and tri plex more ef fec tively. It is in ter -
est ing to note that the Mg2+ ex erted equal sta bi liz ing ef fect on 
the C3A9/mC3A9 and (CA)5A2/(mCA)5A2 pairs. This re sult
in di cates that Mg2+ af fects only the sugar-phosphate back -
bone but not the bases. Finally, the Mg2+ has very lit tle ef fect
on the hair pin du plex por tion of the re com bi na tion-like tri -

plex (Ta ble 3), con gru ent with our pre vi ous stud ies.26 The re -
sult may sug gest that the for ma tion of re com bi na tion-like tri -
plex can fur ther be sta bi lized by ap pro pri ate (such as spermi -
dine in ref er ence 26) cat ions. Fur ther ex plo ra tion is worth
pur su ing.

CON CLU SIONS

We found that two more base tri ads (T*(T B A) and
G*(G B C)) in ad di tion to (A*(A B T)14  and C*(C B G)13 can
con trib ute to the for ma tion of re com bi na tion-like tri plexes.
They ex hibit ma jor sta bi liz ing ef fects in tri plex for ma tion,
and their strengths have been stud ied sys tem at i cally and thor -
oughly. We have pro vided a sys tem atic ap proach to ex am ine
the con tri bu tion of the ma jor fac tors af fect ing sta bil ity of the
tri plexes, in clud ing: the or der of the se quence, the in tro duc -
tion of  mC, and the Mg2+ ions. We have pro vided some guide -
lines in re lax ing the re stric tions on tri plex for ma tion. The re -
sults re ported here might have im por tant im pli ca tions in
com pli cated bi o log i cal sys tems where tri plex for ma tion is
pos si ble.
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