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Abstract: Formation and dissociation of DNA triplex are reversibly photoregulated by cis < trans
isomerization of the azobenzene tethered to the third strand. When the azobenzene takes the trans from,
a stable triplex is formed. Upon the isomerization of trans-azobenzene to its cis form by UV light irradiation
(300 < 4 < 400 nm), however, the modified oligonucleotide is removed from the target duplex. The triplex
is re-formed on photoinduced cis — trans isomerization (4 > 400 nm). The photoregulating activity
significantly depends on the position of azobenzene in the third strand, as well as on the geometric position
(meta or para) of its amido substituent. For m-amidoazobenzene, the photoregulation is the most effective
when it is tethered to the 5'-end of the third strand. However, p-amidoazobenzene should be introduced
into the middle of the strand for effective regulation. In the optimal cases, the change of T, of the triplex,
caused by the cis <> trans isomerization of azobenzene, is greater than 30 °C. UV—visible and CD
spectroscopy, as well as computer modeling studies, clearly demonstrate that the trans-azobenzene
intercalates between the base pairs in the target duplex and thus stabilizes the triplex by stacking interactions.
On the other hand, nonplanar cis-azobenzene destabilizes the triplex due to its steric hindrance against
the adjacent base pairs.

Introduction azobenzene to the third strand. Stable duplexes or triplexes were
Triple-helix formation is one of the most promising methods formed when the azobenzene took the trans form, but they were
for sequence-specific recognition of a DNA duplex. Various hotably destabilized bygis-azobenzene.
applications have already been proposdd. particular, the In the present paper, photoregulation of triplex formation is
“antigene strategy” is an elegant and versatile approach toinvestigated in detail. Dependencies of photoregulating activity
interfere with gene expression in both transcription and replica- on (1) the position and number of azobenzene in the third strand,
tion.2 Enormous amounts of information have been accumulated (2) the sequence of the duplex target, and (3) the structure of
on the preparation of triple helixes which are sufficiently stable the azobenzene moietyr{ or p-amidoazobenzene) are pre-
under physiological conditions and resistant against enzymaticsented. Furthermore, the mechanism of photoregulation is
degradatior?.However, little has been known about the meth- clarified in terms of UV-visible and circular dichroism (CD)
odology to form triplexes at a given place and time and to break spectroscopy as well as thermodynamic and computer modeling
them at will. If triplex formation can be controlled by outer ~analyses.
stimuli such as light and electric signal, then the scope of
application should be extendéd.
Previously, formation of a DNA duplex was photoregulated Photoregulation of DNA Triplex Formation by m-Amido-
by using cis<> trans isomerization of azobenzene attached to azobenzene-Tethered OligonucleotidesThe X™ involving
one of the two strandsFurthermore, in a preliminary com-  metaamidoazobenzene-(C=0)—NH—azobenzene) is intro-
munication triplex formation was photoregulated by tethering duced to various positions in homopyrimidine sequences (see

Results

(1) (a) Crooke, S. TMethods EnzymoR00Q 313 3-45. (b) Heéne, C.; Scheme 1). Typical melting curves of"Xij/alt triplex are
Thuong, N. T.; Harel-Bellan, AAnn. N.Y. Acad. Scl992 660, 2733, presented in Figure 1. The third strand™s, in which
(ggaﬁ?vgfp_s;-bﬁﬂ;ﬁgﬁrbf’mﬁ"M(ﬁ{aggaﬁg’;,egj’g%;‘}zgg?‘228- @ m-amidoazobenzene is tethered to theefid of a 13-mer

(2) (@) Wang, G.; Seidman, M. M.; Glazer, P. Bciencel996 271, 802~ homothymidine, binds to the 4T3 portion in the a/t duplex

805. (b) Barre, F. X.; Giovannangeli, C.; ldae, C.; Harel-Bellan, A. . . . ..
Nucleic Acids Res1999 27, 743-749. (c) Cogoi. S. Papozzi. V.;  (Scheme 1) to form a triplex. Before UV light irradiation, the

Quadrifoglio, F.; Xodo, L Biochemistry2001, 40, 1135-1143. Tmis 29.6°C (the solid line in Figure 1). Here, the azobenzene
(3) (a) Silver, G. C.; Sun, J. S.; Nguyen, C. H.; Boutorine, A. S.; Bisagni, E.;
Hélene, C.J. Am. Chem. Sod 997, 119 263-268. (b) Maruyama, A.;

Katoh, M.; Ishihara, T.; Akaike, TBioconjugate Cheml997, 8, 3—6. (c) (5) (a) Asanuma, H.; Ito, T.; Yoshida, T.; Liang X. G.; Komiyama, Ahgew.

Thomas, T.; Thomas, T. Biochemistryl993 32, 14068-14074. Chem., Int. Ed.1999 38, 2393-2395. (b) Asanuma, H.; Liang X. G.;
(4) Photoresponsive oligonucleotides to regulate DNA functions were synthe- Yoshida, T.; Komiyama, MChemBioChen00Q 2, 39—-44. (c) Asanuma,

sized: (a) Fujimoto, K.; Matsuda, S.; Takahashi, N.; Saitd, Am. Chem. H.; Liang, X. G.; Komiyama, MTetrahedron Lett200Q 41(7), 1055~

S0c.200Q 122 5646-5647. (b) Grigoriev, M.; Praseuth, D.; Guieysse, A. 1058. (d) Yamazawa, A.; Liang, X. G.; Asanuma, H.; KomiyamaAwigew

L.; Robin, P.; Thuong, N. T.; Héne, C.; Harel-Bellan, AProc. Natl. Acad. Chem., Int. Ed200Q 39, 2356-2358.

Sci. U.S.A1993 90, 3501-3505. However, few reports have been made  (6) Asanuma, H.; Liang, X. G.; Yamazawa, A.; Yoshida T.; Komiyama, M.

on the photoregulation of triplex formation. Angew. Chem., Int. E200Q 39, 1316-1318.
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Scheme 1. Structures of the Azobenzene Units (XM, XP) as Well
as the Sequences of the Duplex Targets and the Third Strands
Used in This Study?
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5/ -CGTCGGTTT-ARARAAAAAARAAAA-TTTCGTGGC-3’
3’ -GCAGCCAAA-TTTTTTTTTTTTT-AAAGCACCG-5"
aglct

5'-CGAGTT~AAGAAGARAAAAAGA-TTGAGC-3"
3'-GCTCAA-TTCTTCTTTTTTCT-AACTCG-5"'

The third strands:
X*T,,: 5 =X*TTTTTTTTTTTTT-3'
TX*T,,: 5’ -TX*TTTTTTTTTTTT-3'
T,XT,,: 5 -TTX*TTTTTTTTTTT-3'
TX"T,:  5'~TTTTTTX*TTTTTTT-3’
T.X®: 5/ =TTTTTTTTTTTTTX®-3’
X*T,,Cst 5 ~X*TTCTTCTTTTTTCT-3’
Tyt 5/ -TTTTTTTTTTTTT-3’
XpTu: 5 -X®*TTTTTTTTTTTTT-3’
TX*T,,: 5’ -TXPTTTTTTTTTTTT-3’
T,X°T,,: 5/ -TTXPTTTTTTTTTTT-3'
T,X*T,,: 5’ -TTTXPTTTTTTTTTT-3’
TAXPTQ: 5/ -TTTTXPTTTTTTTTT-3’
T XPT,: 5’ -TTTTTXPTTTTTTTT-3'
THPT,: 5/ —TTTTTTXPTTTTTTT-3'
T.XPTs: 5/ -TTTTTTTXPTTTTTT-3"
T,X?: 5/ -TTTTTTTTTTTTTX®-3’
XPT XPT, . 5/ -X*TTTTTTX*TTTTTTT-3"

aTwo benzene rings on azobenzene are designatedaes j.

mostly (>90%) takes the trans form, as indicated by the-UV
visible spectrum and the reversed-phase HPLC. Upon irradiating
the solution with UV light (300< 4 < 400 nm) at 5C°C, the
azobenzene in XT3 is isomerized to its cis form> 80%).
Concurrently, theTl, is lowered to 10.£C (the dotted line).
The difference inTy, between the trans form and the cis form
(ATy) is as large as 19.2C. By irradiation with visible light

(A > 400 nm), thecis-azobenzene is isomerized (about 90%)
back to the trans form, and the melting curve is almost
superimposed with that (the solid line) before the UV light
irradiation. This reversible change is repeated without apparent
deterioration.

The Ty, values for the triplexes of a series of modified
homothymidines (X™T;) with the target a/t duplex are
presented in Table 1. Two diastereomers T}, with respect
to the chirality of X", were completely separated by the HPLC,
except for X"T13 and T;3X™ (see Experimental Section). The
Tm values for each of the diastereomers (polar fractions and
less polar fractions) are listed in this table. The differences
between these diastereomers are rather small,
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Figure 1. Melting curves (a) and their first derivatives (b) for ttrans:
XMTig/alt triplex (solid line) and thecisXMTig/alt triplex (dotted line).
[X™MT13) = [a/t] = 2.0uM, [MgCl;] = 0.2 M, 10 mM HEPES buffer, pH
7.0. The melting curve of duplex target aft(= 73.0°C) is not shown
here.

70

Table 1. Melting Temperatures (Tm's) of Triplexes Formed from
the Duplex Target a/t and the Third Strand Containing
m-amidoazobenzene at Various Positions?

polar fraction® less polar fraction®

Tw/°C Tw/°C
third strand trans cis AT/°C® trans cis ATy/°C
Ti3 40.0
XmT 448 46.3 26.2 20.1
TX™T12 31.2 27.8 34 325 27.0 5.5
ToXMTqq 22.0 18.9 3.1 22.6 20.0 2.6
TeX™T7 24.8 20.3 45 29.5 16.2 13.3
TygXmd 39.3 37.2 2.1

a[TiX"T;] = [a/t] = 2 uM, [MgCl3] = 1.0 M, and pH 7.0 (10 mM
HEPES buffer)? Two diastereomers with respect to the chirality df.X
The isomer which elutes faster in the reversed-phase HPLC is designated
as the polar fraction (see Experimental Section for detdilShange offy,
induced by the trans> cis isomerizationd The diastereomers could not
be separated by HPLC.

The triplex is most stable wheérans-azobenzene is tethered
to the B-end of the third strand (XT13). Its Ty, is even higher
(by 6.3 °C) than that of the native triplexFa/t” With the
transX™M inside the strand, the triplex is less stable (Thgis
15—-22 °C lower than that of XTy3). On the other hand, the
stability of the triplex ofcis-azobenzene is rather independent
of the position of X". As a result, theA Ty, for X™T13(20.1°C)
is far greater than the values—«8 °C) for TXMT1, ToX™MT1y,

although th&nd TeX™T7. When the azobenzene is at theeBd (T1aX™),

effects were far more remarkable in the photoregulation of
duplex formatior?

1878 J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002
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-10 10 T /38 c 50 70 Figure 3. Enhanced change of melting profiles of triplex formation between
XPTeXPT7 (polar fraction, involving two azobenzene moieties) and a/t duplex
Figure 2. Melting curves for the triplextrans-X™T1,C3/ag/ct (solid line) either in the trans (solid line) or the cis form (dotted lin€), values are
and cis-X™T1;Cs/ag/ct (dotted line). [XT11Cg] = 1.5 uM, [ag/ct] = 1.0 listed in the last line of Table 2 with those of the less polar fraction.
uM, [KCI] = 140 mM, [MgCh] = 1.5 mM, [spermine} 0.8 mM, 15 mM
sodium cacodylate buffer, pH 6.9. XTy3 Tq3X

Table 2. Melting Temperatures (Tn's) of Triplexes Formed from
the Duplex Target a/t and the Third Strand Containing
p-amidoazobenzene at Various Positions?

polar fraction® less polar fraction®
Tal°C Tal°C
third strand trans cis AT,/°Ce trans cis AT,/°C
Tiz 40.0
XPT 4 47.3 33.0 14.3
TXPTy2 32.9 24.1 8.8 36.1 23.8 12.3
ToXPT11 33.9 14.7 19.2 35.0 18.5 16.5
T3XPT10 36.7 10.8 25.9 36.6 10.2 26.4 0 . : : . L L
TaXPTg 41.0 6.1 349 408 7.2 33.6 50
TsXPTg 41.7 4.3 37.4 41.2 5.7 34.5 ()
TeXPT7 42.1 7.0 351 433 9.0 34.3 40
T7XPTg 42.2 6.0 36.2 42.5 8.0 345 S
TgXPd 406 345 6.1 ~ 30
XPTeXPT7 48.4 <0 >48.4 46.7 <0 >46.7 = 20
a[TXPT;] = [a/t] = 2 uM, [MgCl;] = 1.0 M, and pH 7.0 (10 mM HEPES 10 o
buffer). ® Two diastereomers with respect to the chirality & XChange X
of Tm induced by the trans> cis isomerization? The diastereomers could e

not be separated by HPLC. 0 5 4 5 8 10 12 14

. . . . . . Position of X residue (i in T XT)
the triplex is stable with eithetransazobenzene or its cis b

isomer, and thu&\T,, is small. Figure 4. Effect of the position of the X residue in homothymidine on the

. . ‘s - Tm of the triplex (a). Closed circles, trans formmamidoazobenzene; open
8 m
Formation of triplexes containing a'GC triplet® (e.g., the circles, cis form ofp-amidoazobenzene; closed triangles, trans form of

X"T1.Cs/ag/ct triplex in Scheme 1) is also successfully photo-  m-amidoazobenzene; open triangles, cis fornmeimidoazobenzene. The
regulated, as shown in Figure 2. TR, between the trans  data for the polar fractions in Table 1 and 2 are plotted. In (b)/Afig
and the cis forms is 11.4C. When one of the A/T pairs at values induced by the cis> trans isomerization are shown fqr

ith he 5end h 3 d fth T Lo a/ amidoazobenzene (closed circles) amdmidoazobenzene (closed triangles).
either t_ e Send or the 3end of the Ad/Ta3 portion in an a/t The horizontal axis refers to thevalue in TXPTj or TX™T;.
duplex is changed to T/A, G/C, or C/G, the changd\ih,, for
the triplexes with X'T,3 is marginal AT, = 16.6-22.5°C, destabilizes the triplexig, = 4—7 °C), and thu\T,'s for these
see Supporting Information Table 1). The present photoregu- modified oligonucleotides exceed 3Q. For all the sequences,
lation is applicable to versatile combinations of oligonucleotides. the differences between the diastereomers are marginal.

Photoregulation of DNA Triplex Formation by p-Amido- Still greaterATy, (>48 °C) is obtained by introducing two

azobenzene-Tethered Oligonucleotide$he T, values for the p-amidoazobenzene molecules to one homothymidine sequence
modified homothymidines bearingamidoazobenzene PXn (Figure 3). TheTn, of thetrans XPTeXPT-/a/t triplex is 48.4°C,
Scheme 1) are shown in Table 2. When phamidoazobenzene ~ whereas the corresponding valuecaXPTeXPT-/alt is too low
is at the 5end (XT13), the triplex of the trans form is most  to be measured precisely( °C).°
stable, but the cis triplex is also rather stable. T, is 14.3 Comparison of the Photoregulating Activity betweenm-
°C. TheAT, of TXPTJ/alt is slightly smaller than that of X 14/ and p-Amidoazobenzene-Modified Oligonucleotides.The
alt, mainly because the trans triplex is less stable. It is melting temperatures of X™Tj/a/t and TXPT/a/t are graphically
noteworthy that the photoregulation is especially efficient when summarized in Figure 4 as a function of the position of the X
XP is tethered to the middle of the third strand. This- residue in homothymidine. When the X residue is tethered to

azobenzene ingKPTy, TsXPTg, TeXPT7, and XPTg enormously

(9) Before UV irradiation, more than 85% of the azobenzene moieties in
XPTgXPT7 adopt the trans form. Upon UV light irradiation at 3G, both

(8) The cytosines of the third strand are protonated even at neutral pH: Leitner, of the transazobenzenes are isomerized to the cis form (cis fraction is
D.; Schraler, W.; Weisz, KBiochemistry200Q 39, 5886-5892. about 70%).

J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002 1879
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100 Table 3. Thermodynamic Parameters for the Triplex Formation

[ r/"/_$ between Ti3 or X™T13 and the a/t Duplex?@
f 80 | AH° AS® AG°(310K)
£ _.o"" third strand Twl°CP (kJ mol—1) (I K=t mol™Y) (kI mol=?)
2 60 Tis 225 -176 —481 —27.0
3 : L transX™T13  30.2 ~159 —409 -31.9
ks b CisX"MT13 10.7 —119 —304 —24.7
= 40 0
‘?:‘) I .6"" a[MgClz] = 0.2 M, at pH 7.0 (10 mM HEPES buffel)[T13] = [X™T13]
o 20 = [a/t] = 2 uM.
& r

O:HH|.H‘|.‘.‘|H,‘|HH (a) 5.0
0 10 20 30 40 &0 I

T1°C “ie
Figure 5. Photoisomerization of the azobenzene moiety from the trans to \—Io
the cis form by irradiating UV light to XT13in the absence (closed circles) s 00
or the presence (open circles) of the a/t duplex target at various temperatures. = i
[XMT13) = [a/t] = 10 uM, [MgCl5] = 0.2 M, 10 mM HEPES buffer, pH <
7.0. Tw's of trans and cis-X™Tyg/a/t are 37.9 and 20.8C, respectively.

50 I L | I S
300 400 500 600
Wavelength/nm

the end of the strand (X% or T13X), the geometric position of

the amido group on the azobenzene has only a small effect on

the T, In the trans forms, both meta and para isomers stabilize (b) 5.0

the triplexes in similar magnitudes. Destabilization of triplexes I

by their cis forms is also similar. Accordingly, th&Ty's -

induced by the cis> trans isomerization are close to each other. ‘_5 »
On the other handyramidoazobenzene inside the third strand s 00y

significantly lowers theTl,, and the magnitudes of change by E

the trans form are almost the same as those by the cis form

(compare the open triangles with the closed triangles in Figure

4a). Thus, theATy is small (see the triangles in Figure 4b).

The ATy, is maximized with X'T13. This trend is entirely Wavelength/nm

inverted with p—am|doazo_benzeng. Wher? X6 tethered inside Figure 6. Circular dichroism spectra of X'15/a/t (a) and XT1y/a/t (b) at

the strand, thény of the cis form is greatly lowered (the open ¢, either in the trans (solid line) or cis form (dotted line) kg =

circles in Figure 4a), but thE,, of the trans form is less affected  [XPT13 = [a/t] = 10 uM, [MgCl;] = 0.2 M, 10 mM HEPES buffer, pH

(the closed circles). ThusgXPTs, TeXPT7, and TXPTe provide 7.0.

the maximumAT,, (>30 °C).

300 400 500 600

Efficiency of Photoinduced Trans— Cis Isomerization of other triplexes containing azobenzene, similar results were
Modified Oligonucleotides at Various Temperatures.For ~ Obtained (data not shown).
single-stranded XT3, the efficiency of trans— cis isomeriza- At 0 °C, thetrans-azobenzene in single-strandeains-X T3

tion by UV light irradiation is not much dependent on the exhibits an absorption maximum at 325 nm which corresponds
temperature (the closed circles in Figure 5). The photoequilib- t0 thez—z* transition. When the a/t duplex is added and the
rium is attained within 1 min. When the a/t duplex is added to triplex is formed, the absorption maximum shifts toward longer
the solution, however, the temperature dependency is nowWwavelength (331 nm; see Supporting Information Figures 2 and
remarkable (the open circles). The transis isomerization is 3). This bathochromic shift is consistent with the intercalation
less efficient at lower temperatures, where the triplex is firmly ©Of trans-azobenzene into the base pairs in the trigfexs
formed. The amount ofis-azobenzene in photoequilibrium is ~ €Xpected, the change is almost nil when the temperatures are
only 24% for the photoirradiation at 1. The isomerization ~ higher than thd, of triplex. With thecis-azobenzene, however,
efficiency rapidly increases with increasing temperature. Note these spectral changes are small. On the formation™dfX
that, in the present paper, the melting temperaturesisf a/t and XTi4/alt triplexes, weak but explicit CD is induced in
azobenzene-bearing strands are measured after the UV irradiathe 306-500 nm region (Figure 6). At temperatures above the
tion at 50°C. There, the photoisomerization occurs efficietly. ~ Tm, almost no CD is induced.

Thermodynamic and Spectroscopic Analysis of the Photo- Molecular Modeling of the Triplexes Bearing Azobenzene.
regulation. To shed light on the mechanism of photoregulation, The structures of XTig/a/t, XPTiga/t, TeX™T7/alt, and BXPT/
thermodynamic and spectroscopic analyses were carried out@/t, determined by molecular modeling, are presented in Figures
The exothermic change-AH°) for transX™Ts/a/t is about 7 and 8! Only the azobenzene and its neighboring base pairs
40 kJ mof! greater than that focisX™T13/a/t (see Table 3).
The entropy term partially compensates this factor. These facts(11) Both diastereomers with respect to the chirality of the X residue were
. . . . subjected to molecular modeling. Since no significant difference was
indicate that favorablAH® is the primary driving force for the observed between the energy-minimized structures for these two diaster-

i i ilig ati i eomers, only one of them is presented: in Figure 7, the diastereomer taking
efficient stabilization of triplex by thérans-azobenzene. For the R-configuration of the X residue is depicted, while that Sf
configuration is presented in Figure 8. Note that the azobenzene moieties
(10) The dissociation of triplex by UV irradiation has been experimentally in these figures protrude in the same direction with respect to the backbone,

evidenced: Supporting Information Figure 1. although the expression of the absolute configurat®or(S) is reversed.

1880 J. AM. CHEM. SOC. = VOL. 124, NO. 9, 2002
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trans-X™ cis-X™

trans-X™ cis-X™

(b)

trans-XP cis-XP

Figure 7. Energy-minimized structures of'X15/a/t (a) and XTigalt (b)
either in the trans (left) or the cis form (right) obtained from computer
modeling, viewed along the helix axis. The azobenzene moiety (red) and trans-Xp cis-XP a-fing

it ighboring b. i displayed for clarity.
1S neighiboring base pairs are dispiayed for clartty Figure 8. Energy-minimized structures ofsX™T-/a/t (a) and FXPT-/a/t

. . (b) either in the trans (left) or the cis form (right) obtained from computer
are shown for the purpose of clarity. Tlrans-azobenzene in modeling, viewed along the helix axis. The zobenzene moiety (red) and its

XMTi4/alt and XTy5/alt intercalates between the adjacent base neighboring base pairs are displayed for clarity.

pairs in almost the same manner (the left-hand side in Figure ) ] ) )

7): botha and rings of azobenzene are intercalated between  Unlike transazobenzene, the photoisomerized cis form takes
the base pairs. Inis-X™T15/a/t andcis-XPT1/a/t, however, the the nonplanar structure due to the steric repulsion between ortho

o ring flips out from the base pairs (the right-hand side). hydrogens# Nonplanarcis-azobenzene is unfavorable for the
When the azobenzene is located in the middle of the third intercalation or, rather, seriously destabilizes the triplex due to
strand. the manners of intercalation of trens-azobenzene in  Steric hindrance against the adjacent base pairs. These arguments

the triplexes are significantly dependent on the position of its &€ @lso consistent with the computer mgdeling in Figures 7
substituent. Thet ring of m-amidoazobenzene trans TeXMT/ and 8. The smaller induced CD of tlogs-X"™T13 than that of

alt is located in the wide-spaced major groove (Figure 8a, left). the trans-X™MT,3 also supports the incomplete intercalation of
Direct interaction with the thymine or the adenine of the ajt CiS-azobenzene. .

duplex is unlikely. On the other hand, the ring of p- On the basis of these results, the mechanism of the present
amidoazobenzene ittans TeXPT/alt is located just near the photoregul_ation of triplex formation can_be proposed as fol-
thymine of the a/t duplex (Figure 8b, left). When the azobenzene lows: th_e incorporatettans-azobenzene mtercg!ates betw_een
takes the cis form, the ring flips out from the base pairs for base pairs of the DNA duplex target and stabilizes the triplex

both p- and m-amidoazobenzene (Figure 8a,b, right). by the. §tac[<ing interacFion, Whjle nonplanais—azobenzgn_e
destabilizes it due to steric repulsi&tiThe greater exothermicity

Discussion (—AH°®) for the formation oftrans-X™T,3/a/t than the corre-

Mechanism of Photoregulation Induced by Cis< Trans sponding value for the cis isomer is mostly ascribed to both
Isomerization of AzobenzeneAll the results demonstrate that ~ the free energy of stacking interaction and the absence of steric
triplexes are stabilized more greatly byns-azobenzene than ~ repulsion.
by cis-azobenzene. The magnitude of stabilization (or destabi-  Difference of the Photoregulating Activity betweenm- and
lization) depends on the sequence and geometry of the amidoP-AmidoazobenzeneWhen an azobenzene is tethered to the
group on the azobenzene (Tables 1 and 2). Thus, visible light5'-end of homothymidine, the geometric position of the amido
irradiation (cis— trans isomerization of azobenzene) induces 9roup on the azobenzene does not significantly affecTihef
the formation of triplexes, whereas UV light irradiation (trans the triplex in either the trans form or the cis form (Figure 4).
— cis isomerization) induces its dissociation. The plaramns Since the X residue at thé-Bnd has a sufficient freedom of
azobenzene intercalates between the adjacent base pairs, dgolecular movement, the trans forms of batt and p-

clearly evidenced by the spectroscopy (bathochromic shift of (13) (a) Kubista, M., Aerman, B.. Norde, B.J. Phys. Che.088 92, 2352

the absorption maximukhand negatively induced CD in Figure 2356. (b) Lyng, R.; Rodger, A.; NofdeB. Biopolymers1992 32, 1201
6).13 This structure is also supported by the computer modeling élzol; égigﬁfgggaﬁ? jggz_sgg% Seidel, A.; Norde, B.; Graslund, A.
(Figures 7 and 8). Botla. and 8 rings of azobenzene moiety  (14) Robertson, J. MJ. Chem. Sacl939 232-236.
i (15) Consistently, a phenylazonaphthalene, introduced into 'teadb of Ty,

are CompletEIy intercalated. showed a greater photoregulating activity on triplex formation than did an
azobenzene. Its larger size is more favorable for both the stacking
(12) A similar bathochromic shift was observed on the triplex formation of interactions (trans form) and the steric repulsion (cis form): Liang, X. G.;

p-amidoazobenzene-attached oligonucleotides. See ref 6. Asanuma, H.; Komiyama, Ml etrahedron Lett2001, 42(38), 6723-6725.
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amidoazobenzene can take the position which is the mostphosphoramidite monomers, CPG columns, reagents for DNA synthesis,

appropriate for the intercalation. Consistently"T%s/a/t and

and Poly-Pak cartridges were purchased from Glen Research Co.

Xpleajt have almost the same energy_minimized structures Alkaline phosphatase was pUrChased from Wako Pure Chemical

(Figure 7). Similarly, the steric hindrance caused by ¢ie

azobenzene can be minimized due to its notable mobility. As a

result, theT,, for XM is similar to that for X in both their trans
and cis forms.

In contrast, a significant difference betweef! And X is
brought about when they are incorporated to the interior of the
third strand (see Figure 4). As"X(in either the trans form or
the cis form) is shifted from the'®nd of homothymidine to
its center, thel/'s of the corresponding triplexes are gradually
lowered. The molecular movement ofamidoazobenzene is

Industries Ltd., and snake venom phosphodiesterase was from Boe-
hringer Mannheim.

Synthesis and Purification of the OligonucleotidesThe oligo-
nucleotides used in this study were synthesized on an ABI DNA/RNA
synthesizer model 394 by phosphoramidite chemistry. The synthesis
was carried out according to the conventional protocols, and no special
program was needed. The coupling efficiency of the amidite monomer
carrying an azobenzene was as high as those of conventional monomers,
as judged from the coloration of the released trityl cation. The oligomers
involving azobenzene moieties were successfully deprotected by treating
with 25% ammonia solution for 12 h at 58C without any side

considerably restricted here so that its overlapping with the basereactions.

pairs of the duplex cannot be optimized (Figure 8a). Thus, the
triplex is not much stabilized. The steric repulsion in the cis
isomer is not drastic, since its ring is located in the wide-
spaced major groove. Accordingly, the tran<is isomerization
induces only small change Gf,.

For the para isomer Xin the middle of the third strand, the
trans triplex is notably stabilized, and th, is not much
dependent on the position oPXThetrans-p-amidoazobenzene
protrudes in the direction of thymine in the duplex target and
intercalates there (Figure 8b). The triplex is sufficiently
stabilized through stacking interactiolsln contrast, theTy,
for the cis triplex is greatly dependent on the position 6f X
and takes a steep minimum when the résidue is placed in
the center. The nonplan&is-azobenzene cannot completely
intercalate due to the steric hindrance betweencthieng and
the thymine in the duplex. Rathasis-azobenzene disturbs the
structure of the triplex drastically, and tlering is forced to
come out to the groove (Figure 8b). Consequently, the cis form
enormously destabilizes the triplex, and thusThef the triplex
involving cis-XP is far lower than that o€is-X™.

Conclusion
(1) DNA triplex formation is reversibly photoregulated by

introducing azobenzene into the side chain of the third strand.

This photoregulation is effective for all the duplex targets
investigated in this study. When twp-amidoazobenzene

residues are simultaneously introduced into the third strand, the

photoregulation is still more effective\l, > 48 °C).

(2) Stabilization of the triplex by thérans-azobenzene is
attributed to the intercalation of the planar trans form between
base pairs of the DNA duplex, while the triplex is destabilized
by nonplanarcis-azobenzene due to steric hindrance. This is
the origin of the present photoregulation.

(3) For them-amidoazobenzene-modified third strand, pho-

To introduce an azobenzene to theeBd, 3-CE (5-cyanoethyl
phosphoramidites) and thé-&upports (CPG columns) were used, and
the synthesis was achieved from tHe®3 terminus. The purification
was done by using Poly-Pak cartridges and then by reversed-phase
HPLC (Merck LiChrospher 100 RP-18(e) column). The eluent was a
linear gradient of the mixture of acetonitrile and@ (containing 50
mM ammonium formate): from 12/88 to 15/85 in 60 min. All the
oligonucleotides used were characterized by MALDI-TOFMS (negative
mode), where the differences between calculated and observed values
were within+0.1% (see Supporting Information Table 2).

Each modified oligonucleotide carrying one azobenzene moiety has
two diastereomers with respect to the chirality of the carbon atom in
X™ and X°. Moreover, the azobenzene moiety in each diastereomer
involves trans and cis isomers. In the present study, these four isomers
were completely separated by reversed-phase HPLC under the condi-
tions described above. The first and the third fractions (in the order of
increasing retention time) were the cis and the trans isomers of one
diastereomer (designated as “polar fraction”), and the second and the
fourth fractions were the cis and trans isomers of the other diastereomer
(“less polar fraction” When an azobenzene was introduced to the
5'- or 3-end of an oligonucleotide (XT3, XPT13, T13X™, and TizXP),
the diastereomers could not be sufficiently separated by HPLC, and
thus they were used as the mixtures. In the casePaEXT, only
two diastereomers of the four possible ones, probably based on the
chirality of the inside X, could be separated.

The concentration of oligonucleotides was determined by enzymatic
digestion with alkaline phosphatase and snake venom phospho-
diesterase. Experimental error was within 10%. The concentration was
given on a per-strand basis.

Photoisomerization of the Azobenzene Tethered to Oligonucle-
otides. The light source for the photoirradiation was a 150 W xenon
lamp. For the trans— cis isomerization, an UV-D36C filter (Asahi
Tech. Co.) was used, and the UV light (3804 < 400 nm; 5.3 mW
cm™?) was irradiated at 50C (unless noted otherwise). The cis
trans isomerization was achieved by irradiating the visible light (

400 nm; 230 mW cr?) obtained by using an L-42 filter (Asahi Tech.
Co.). In both cases, a water filter was used to cut off infrared light.

toregulation is the most effective when the azobenzene is The irradiation time was 10 min. The isomerization was monitored by

tethered to the'send ATy, = 19.2°C). Forp-amidoazobenzene,
however, theAT,, is maximized ¢ 30 °C) by attaching it to
the interior position.

Application of this method to the photoregulation of various

UV —visible spectra and/or HPLC analysis. Before HPLC analysis, the
triplex was diluted to 1/100 by water, and the third strand was
dissociated from the duplex target. By these treatments, the fraction of
the cis isomer op-amidoazobenzene was kept above 70% throughout
the measurement. The cis isomerrofamidoazobenzene was much

enzymatic reactions (based on the antigene strategy) is currentlymoIre stable, so its content was kepB0%:7

underway.

Experimental Section

Materials. The phosphoramidite monomers carrying an azobenzene

were synthesized as described previodshAll the conventional

(16) The much highely, of trans-XP than that oftransX™ is ascribed to the
more efficient intercalation of the ring.
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Measurement of Melting Temperature. The melting curve of the
triplex was obtained by measuring the change of absorbance at 280
nm versus temperature. A Jasco model V-530 spectrophotometer

(17) The cis— trans thermal isomerization af-amidoazobenzene is quite slow
(ref 5¢). At 37 °C, the half-life for the cis form is 64 h, while the
corresponding value for the para isomer is 1 h. This feature is advantageous
for practical applications.
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equipped with a programmable temperature controller was used. The

melting temperatureT(,) was determined from the maximum in the
first derivative of the melting curve. Both of the heating and cooling
curves were measured, and hevalues obtained from them coincided
with each other within 2.0C. The T, values presented here are an
average of 24 independent experiments. The errorTgf values is
+1.0°C.

The mole ratio of the center strand (containing a homopurine

Molecular Modeling. The Insight ll/Discover 98.0 program package
was used for molecular modeling by conformational energy minimiza-
tion. The azobenzene residue attached to the third strand was built using
the graphical program. The phosphate group was treated as a nondis-
sociating state. Neither water nor positively charged counterions were
explicitly included in the energy minimization. Their effects were
simulated by a sigmoidal, distance-dependent, dielectric function. B-type
duplex target a/t (Scheme 1) was assumed, and the CFF force field

portion), the second strand (containing a homopyrimidine portion), and was used for calculation. Computations were carried out on a Silicon
the third strand was 1:1.2:1. When the third strand was composed of T Graphics Octane workstation with the operating system IRIX64 Release

only (a/t duplex target), buffer containing 0.2 or 1.0 M Mg@hd 10
mM HEPES (pH 7.0) was used, and the temperature ramp foFthe
measurement was 1°€C min—*. When the third strand was composed
of both T and C (ag/ct duplex target), the buffer containing 140 mM
KCI, 15 mM sodium cacodylate (pH 6.9), 1.5 mM MgChnd 0.8

6.5.

As an initial structure of calculation, an azobenzene moiety was
placed between the base pairs since spectroscopic analyses strongly
indicated the intercalated structure of the azobenzene. It was confirmed
that the initial position of the azobenzene did not significantly affect

mM spermine was used. In this case, the temperature ramp was as smathe energy-minimized structures, as long as the azobenzene was placed

as 0.1°C min™? since hybridization occurred so slowly under the
conditions employeét
Spectroscopic MeasurementsThe UV—visible spectra and CD

spectra were measured on a Jasco model V-530 and a Jasco mod

J-725, respectively. Both of them were equipped with programmed
temperature controllers.

Determination of Thermodynamic Parameters for the DNA
Triplex Formation. The enthalpy changé\H°) and the entropy change
(AS’) were determined according to ed®lL.

Tnf1 = (2.3(R/AH®) log(C/4) + (AS’1AH®) (2)
whereC; is the sum of the concentration of the duplex target and that
of the third strandR is the gas constant). TH@& values were changed
from 1.0 to 50uM. The change of Gibbs free energy at 37 (AG°-
(310)) was calculated from th&H® and theAS’.

(18) Roude, M.; Faucon, B.; Mergny, J. L.; Barcelo, F.; Giovannangeli, C.;
Garestier, T.; Héne, C.Biochemistry1l992 31, 9269-9278.

(19) (a) Albergo, D. D.; Marky, L. A.; Breslauer, K. J.; Turner, D. H.
Biochemistry1981, 20, 1409-1413. (b) Petersheim, M.; Turner, D. H.
Biochemistryl983 22, 256-263.

between the base pairs before calculation.
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