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Abstract: We recently described the synthesis and helix assembly properties of expanded DNA (xDNA),
which contains base pairs 2.4 A larger than natural DNA pairs. This designed genetic set is under study
with the goals of mimicking the functions of the natural DNA-based genetic system and of developing
useful research tools. Here, we study the fluorescence properties of the four expanded bases of XDNA
(XA, XC, XG, xT) and evaluate how their emission varies with changes in oligomer length, composition, and
hybridization. Experiments were carried out with short oligomers of xXDNA nucleosides conjugated to a
DNA oligonucleotide, and we investigated the effects of hybridizing these fluorescent oligomers to short
complementary DNAs with varied bases opposite the xDNA bases. As monomer nucleosides, the xXDNA
bases absorb light in two bands: one at ~260 nm (similar to DNA) and one at longer wavelength (~330
nm). All are efficient violet-blue fluorophores with emission maxima at ~380—410 nm and quantum yields
(Pq) of 0.30—0.52. Short homo-oligomers of the XDNA bases (length 1—4 monomers) showed moderate
self-quenching except xC, which showed enhancement of ®; with increasing length. Interestingly, multimers
of XA emitted at longer wavelengths (520 nm) as an apparent excimer. Hybridization of an oligonucleotide
to the DNA adjacent to the xDNA bases (with the XDNA portion overhanging) resulted in no change in
fluorescence. However, addition of one, two, or more DNA bases in these duplexes opposite the xXDNA
portion resulted in a number of significant fluorescence responses, including wavelength shifts, enhance-
ments, or quenching. The strongest responses were the enhancement of (xG), emission by hybridization
of one or more adenines opposite them, and the quenching of (xT), and (xC), emission by guanines opposite.
The data suggest multiple ways in which the XDNA bases, both alone and in oligomers, may be useful as
tools in biophysical analysis and biotechnological applications.

Introduction tive approach to modifying DNA, by replacing all the natural
bases with a new set of expanded base analogues, each of which
ontains an added benzene rifgThese size-expanded (xXDNA)
)ases retain the WatseiCrick hydrogen-bonding motif and are
capable of selectively recognizing their natural Wats@nick
partners This recognition gives rise to expanded base pairs,
extended by 2.4 A relative to a natural pair due to the benzo-
fusion. Single XDNA pairs in the context of natural DNA have
been investigate@and fully expanded xDNA helices, which

are more stable than natural DNA, have been documented as

The design and synthesis of novel DNA base analogues has
been the target of considerable research over the past decad
Many base analogues have been designed with intention of
expanding the genetic alphabBettudying DNA assembly and
replication? or finding new tools for researchall aimed at
altering or enhancing function in the context of the natural
genetic system. Our laboratory has recently explored an alterna-

(1) (a) Rappaport, H. mucleic Acids Red.988 16, 7253-7267. (b) Piccirilli,

J. A.; Krauch, T.; Moroney, S. E.; Benner, S. Nature199Q 343 33—
37. (c) McMinn, D. L.; Ogawa, A. K.; Wu, Y.; Liu, J.; Schultz, P. G;
Romesberg, F. El. Am. Chem. Sod999 121, 11585-11586. (d) Tae, E.
L.; Wu, Y. Q.; Xia, G.; Schultz, P. G.; Romesberg, F. E.Am. Chem.
S0c.2001, 123 7439-7440. (e) Hirao, |.; Harada, Y.; Kimoto, M.; Mitsui,
T.; Fujiwara, T.; Yokoyama, SJ. Am. Chem. So®Q004 126, 13298~
13305. (f) Henry, A. A.; Olsen, A. G.; Matsuda, S.; Yu, C.; Geierstanger,
B. H.; Romesberg, F. El. Am. Chem. So2004 126, 6923-6931. (g)
Leconte, A. M.; Matsuda, S.; Hwang, G. T.; Romesberg, FAERgew.
Chem., Int. EJ2006 45, 4326-4329. (h) Yang, Z.; Hutter, D.; Sheng, P.;
Sismour, A. M.; Benner, S. ANucleic Acids Re2006 34, 6095-6101.
(i) Yang, Z.; Sismour, A. M.; Sheng, P.; Puskar, N. L.; Benner, S\Nécleic
Acids Res2007, 35, 4238-4239.

(2) (a) Moran, S.; Ren, R. X.-F.; Kool, E. Proc. Natl. Acad. Sci. U.S.A.
1997 94, 10506-10511. (b) Kool, E. TAnnu. Re. Biochem.2002 71,
191-219. (c) Geyer, C. R.; Battershy, T. R.; Benner, SS&ucture2003
11, 1485-1489. (d) Paul, N.; Nashine, V. C.; Hoops, G.; Zhang, P.; Zhou,
J.; Bergstrom, D. E.; Davisson, V. Ghem. Biol.2003 10, 815-825. (e)
Kincaid, K.; Beckman, J.; Zivkovic, A.; Halcomb, R. L.; Engels, J. W
Kuchta, R. D.Nucleic Acids Res2005 33, 2620-2628. (f) Zhang, X.;
Lee, |.; Zhou, X.; Berdis, A. JJ. Am. Chem. So@006 128 143-149.
(9) Sun, Z.; McLaughlin, L. WBiopolymers2007, 87, 183-195.
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well.8 The biophysical and biochemical functions of this DNA
mimetic are being explored as an alternative genetic set.
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In addition to the unusual stability and structure of XDNA, time (600 s) for nonnatural nucleotides. All oligomers were deprotected
the extended conjugation imparted by the benzene ring insertionin concentrated ammonium hydroxide (3&, 16 h), purified by
renders the xXDNA bases fluorescent in aqueous buffees, preparative 20% denaturing polyacrylamide gel electrophoresis, and
property virtually absent in natural DNA. Because of the ability isolated by excision and extraction from the gel, followed by dialysis
of xDNA bases to interact with the natural genetic system via against water. The recovered material was quantified by absorbance at

. . . e 2 ith | tincti fficient t i th t-
their Watson-Crick hydrogen-bonding edges, their inherent 60 nm with molar extinction coefficients determined by the neares
_neighbor method. Molar extinction coefficients for unnatural oligomers

fluorescence_makgs these baS(_as potentlal!y usefql both as bas"ﬁ/ere estimated by adding the measured value of the molar extinction
probes of biological mechanisms and interactions and as coefficient of the unnatural nucleoside (at 260 nm) to the calculated
biotechnological reporters, such as for specific DNA sequence. yajue for the natural DNA fragments. Previous studies have shown
Although many fluorescent labels have been tethered to DNA, that xDNA bases have very low hypochromicity in XDNA oligomérs.
fewer fluorophores are available as nucleobase replacements foMolar extinction coefficients for xDNA nucleosides used were as
probing structure, dynamics, and mechanisms directly within follows: dxA, ezs0 = 19 800 M* cm™%; dxG, €260 = 8100 M~ cm™;

the helical stacRe1%In addition, there are only rare examples  dXT, €260 = 1200 M™* cm™; dXC, €260 = 5800 M™* cm~*. Nonnatural
wherein the use of multiple fluorescent DNA base analogues oligomers were character_ized by MAL_DI-TOF mass spectrometry (data
in the same structure has been demonstréitedd in none of '€ given in the Supporting Information, SI, Table S2).

these systems were the actual fluorophores intended to interact OPtical Methods. Steady-state fluorescence measurements were

. . carried out at 2«M concentration (each strand) on a Spex Fluorolog 3
with DNA as nature designed. In contrast to these prececjents’fluorescence spectrometer (4-nm slit width) equipped with Lauda

every base of "_m xDNA oligomer is inherentl_y emiSSiV_e a”‘?' Brinkmann RM6 temperature controller at 2&. Samples were
has the potential to change fluorescence with alterations in pyffered at pH 7.0 with 100 mM NaCl, 10 mM Mggland 10 mM
hybridization, sequence, and environment. Na-PIPES. Buffers were not deoxygenated. Excitation wavelengths for
To apply the fluorescence of xDNA bases in a directed and strands containing XDNA bases were as follows: dxA and dxC, 330
useful manner, it is necessary to explore and characterize hownm; dxG and dxT, 320 nm. Fluorescence lifetime measurements were
the fluorescence is affected not only for the xXDNA monomers, carried out on a PTI Easylife instrument using 325-nm LED for
but also in their oligomeric state, and in the context of single- exgitation of all xDNA bases. Fitting and'analysis was perfqrmed u;ing
and double-stranded structures. Here, we report the first of these €!X32 software. To prevent aggregation and reabsorption of light,
studies. We have taken a systematic approach to study shortsagEf;ynfrsig;gjsteg;oagzib;% rlztsl’o(r;iax&gilfpl\e:isn ;T:nst(r)é?zs were
XDNA .ollglomers of simple sequence and have evaluated their calculated in aqueous solution as reported previdéislgcording to
behavior in the absence and presence of DNA complementsy, . equation:
having varied sequence and structure. We report the observation
of several potentially useful fluorescence changes as a result of
the interaction of xXDNA bases with each other and with
hybridizing DNA bases. Among the new findings are (a) long-
wavelength excimer emission from adjacent xA residues, (b)
enhancement of emission of (xfand (xG), by hybridization
opposite adenines, and (c) quenching of emission of (%) Results
hybridization opposite T or guanines. Overall, the results suggest
multiple ways in which these compounds may be employed as
useful reporters of structure and sequence.

D, = DH(A AN (Ex/ER)X(l R/IX)*(nXZInRZ)

DAPI (lex = 355 nm,lem = 458 nm,® = 0.05 in water) was used as
a reference. In all samples, total area under the curve was integrated.

Sequence DesignFull exploration of XDNA fluorescence
is complicated by the fact that it carries high sequence
complexity; for example, the full eight-base xXDNA genetic set
Experimental Section has 512 (8 different trimer sequencés?l’here_fore, for this
] o o initial study we chose a simple homo-oligomeric expanded-base
Nucleoside Phosphoramidite Derivatives of dxA, dxG, dxT, dxC. sequence series ((XG)(XA)n, (XT)n (XC)y Figure 1) and
Syntheses of these four compounds were carried out as preViOUS|ysystematically varied the length from one to four monomers
A .
reported To investigate the effects of DNA hybridization near or

Oligonucleotide SynthesisOligodeoxynucleotides were synthesized . . .
on an Applied Biosystems 394 DNA/RNA synthesizer on antol opposite these xXDNA bases, we conjugated the xDNA oligomers

scale and possessed'gBosphate group. Coupling employed standard [0 @ constant 10mer DNA oligonucleotide sequence. This
B-cyanoethyl phosphoramidite chemistry, but with extended coupling &llowed us to hybridize complementary DNAs of varying length
and sequence near the fluorescent xXDNAs and to observe any

(7) Gao, J.; Liu, H.; Kool, E. TJ. Am. Chem. So@004 126, 11826-11831. responses in emission. In each xDNA sequence, the natural base

() () o N S o orrice. A e h A, cham. &, adjacent to the expanded base was chosen to be thymine, after

_1?761%%83237—1?%; ig)#Sodde, F.; Toulmd.-J.; Moreau, SBiochem- preliminary data suggested that a single xDNA base (xT, xC)

istry f . . . .

(10) (a) Rist, M. J; Marino, J. FCurr. Org. Chem.2002 6, 775-793. (b) was not strongly quenched by neighboring pyrimidindse
Okamoto, A.; Tainaka, K.; Saito, I. Am. Chem. So€003 125, 4972~ initial set of complementary DNAs was composed of 10mers
4973. (c) Coleman, R. S.; Berg, M. A.; Murphy, C.Tktrahedron2007, . .

63, 3450-3456. (d) Wilson, J. N.; Kool E. TOrg. Biomol. Chem2006 complementary only to the DNA portion carrying the XDNA
4, 4265-4274. (e) Trkulja, 1.; Biner, S. M.; Langenegger, S. M.iréa, i i i i i
R. ChemBioChor®007 & 2527 oligomers (with the resulting du_plex having dang!lpg XDNA

(11) (a) Cuppoletti, A.; Cho, Y.; Park, J. S.; Stster, C.; Kool, E. T. bases), or 11mers or 12mers with one or two additional DNA
Bioconjugate Chenm2005 16, 528-534. (b) Mart) A. A.; Jockusch, S.; H _
Li, Z.; Ju, J.; Turro, N. JNucleic Acids Re2006 34, e50. (c) Wilson, J. base.s placed opposite the XDN.A. bases. As unexpected char
N.; Gao, J.; Kool, E. TTetrahedron2007, 63, 3427-3433. (d) Mayer- acteristics were observed, additional complementary strands

Enthart, E.; Wagner, C.; Barbaric, J.; Wagenknecht, HTétrahedron H ; H

2007 63, 34343439, were also synthesized (vide infra).

(12) (a) Liu, H.; Gao, J.; Maynard, L.; Saito, D. Y.; Kool, E. I.Am. Chem.
S0c.2004 126, 1102-1109. (b) Liu, H.; Gao, J.; Kool, E. T. Org. Chem. (13) Williams, A. T. R.; Winfield, S. A.; Miller, J. NAnalyst1983 108 1067
2005 70, 639-647. 1071.

3990 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008



Fluorescence of Size-Expanded DNA Bases ARTICLES

A absorption spectra of the duplexes relative to the single-stranded
cases. In this case, the xDNA oligomers are in an overhanging
24 A NH; % arrangement and are not placed opposite any DNA bases.
</N:©\)§N «Nﬁ‘\NH However, they are larger than the adjacent thymine and are
HO o N NZ HO o N N)\NH2 expected to overlap (perhaps by stacking) with the adenine in
the opposite strand as well. Nevertheless, no change in absor-
HO dxA HO axG bance is seen on addition of this complementary DNA strand
for any of the 16 xDNA-containing oligomers.
o] NH, Fluorescence of xDNA Oligomersf = 1—4) in Single-
NH SN Stranded and Duplex ContextsEmission spectra of the single-
HO. N,go HO. N,go stranded oligomers were measured using the long-wavelength
0 H 0 H absorbance maxima for excitation (Table 1). The spectra (Figure
HO daxT o o 4) show_ed that the XDNAs reta}ined their monomer emission
maxima in strands with one terminal xDNA and were unaffected
B electronically (with one exception) by the neighboring natural
thymidine. Interestingly, the emission maximum of the single
XDNA strands xG case (which is adjacent to thymine) was blue-shifted from
5-ATA CCA AAG T Xp-3' X) the monomer xG nucleoside by about 20 nm (from 410 to 390
5-ATA CCA AAG T XXp-3' (X)2 nm). Direct comparison between the strands containing a single
5-ATA CCA AAG T XXXp-3' = (X)3 XxDNA base (xN) showed that xA and xC appeared to have
S-ATACCAAAG T XXXXp-3"  (X)4 the brightest emission as judged by values of quantum yield
X = dxA, dxG, dxT, dxC multiplied by molar absorptivity (Table 2). With sequential
addition of xDNA monomers, (x@and (xT), oligomers showed
Natural DNA complement strands no change in emission wavelength or peak shape. The,(xG)
. . series displayed a red shift (compared with the (x&se),
53[? 8ﬁ$88 m%g. which restored the emission maximum back to that of the
5-YY ACTT TGG TAT-3' monomer XG nucleoside, apparently mitigating any electronic
L interaction with the neighboring thymine. Finally, the (xA)
5 ?ggi?r?ng series was quite different, and monomer wavelength emission

was completely suppressed as a new longer-wavelength emission
Y =dA, dG, dT, dC appeared at 520 nm (Figure 4A). This apparent excimer emission
Figure 1. Nucleosides and strands used in this study. (A) The four xONA (S€€ below) increased in intensity with the number of adjacent
monomers. (B) Synthesized sequences for studying effects of xDNA length XA residues.
and hybridization on fluorescence. Excitation spectra for all 16 of the single-stranded oligomers
) . o are given in the Sl. They revealed bands both at the long-
Monomer Properties. We previously reported preliminary wavelength absorption maxima and-a260 nm, thus closely

fluorescence spectra (in methanol) for the four monomer regempling the absorption spectra. Thus, the data show that the
deoxynucleosides in separate repéftblote also that the XA f5rescence of all XDNA bases can be elicited with excitation

and xG bases were previously studied as ribonucleosides bygjther at~260 nm or at the long-wavelength peaks (3333
Leonard and co-workers, who first observed their fluoresc&iée.

For reference here, we repeated the deoxynucleoside fluores- g orescence spectra of the xXDNA lone strands before and
cence measurements and additionally measured excitation.

- C ' ""after addition of the control 10mer DNA complement showed,
spectra and fluorescence lifetimes, which had not been previ-j, general, very little effect on fluorescence emission wavelength
ously reported. The four monomer emission spectra are given o intensity. On average there was only slight (if any) quenching
in Figure 2, and the optical data are presentgd m_TabIe 1. Time-4¢ fluorescence on hybridization (less than 15% change),
resolved fluorescence decay profiles are given in the Sl. indicating minimal interstrand electronic interaction between the

Absorbance of xDNA Oligomers in Single-Stranded and  yangling xDNAs and the opposite strand. Most notable were
Duplex Contexts. Figure 3 and Figures S1 and S2 in the SI 14 simple duplexes of (x@)and (xG), which showed

show the absorption spectra of single strands and duplexesgigpificant emission enhancements relative to the single xDNA
containing XDNA bases. Observation of the long-wavelength ¢yang (Figure 5).

absorbance bands of each of the xDNA-conjugated single  comparing the quantum yields of the monomer nucleosides
strands (xN)-4 found no significant ground-state electronic (i, methanol) to the monomers conjugated to the DNA (agueous
interactions between one, two, three, or four adjacent XDNA b tfer) e observed that the latter values were lower, suggesting
monomers, as judged by a lack of change in peak/valley shapey, ot gither the buffer or (perhaps more likely) the adjacent DNA
or wavelength of the bands. Neither was there a significant 4enches the xDNA to some extent. The single xC and xT cases
mteractl.on apparent with the adjacent thymldlne, as judged by were quenched by about 2-fold as DNA conjugates, while XA
comparison of the monomer nucleosides and the DNA- 5,4 xG were quenched by a factor of approximately five.
conjugated monomers. To assess the degree of self-quenching occurring between

In addition, on hybridization with the control DNA comple- 6 ypNA bases (if any) in oligomers of varied length, relative
ment (thus giving one through four overhanging xXDNA bases

at the end of a DNA duplex), there was minimal change in (14) Scopes, D. I.; Barrio, J. R.; Leonard, N.Skiencel977, 195 296-298.
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Figure 2. Normalized excitation and emission spectra for xDNA free nucleosides in methanol. (A) Excitation (dash&ghline393 nm) and emission
(solid line, 1ex = 333 nm) spectra of dxA. (B) Excitatiofldm = 413 nm) and emissiortéx = 320 nm) spectra for dxG. (C) ExcitatioA«n = 377 nm) and
emission fex = 321 nm) spectra for dxT. (D) Excitatioddn = 388 nm) and emissiom{x = 330 nm) spectra for dxC.

Table 1. Summary of Photophysical Data for Free xXDNA
Nucleoside Monomers in MeOH

abs.

em.

absorptivity (Table 2). The data showed that of all XDNA
strands, those containing xAs or XCs were the best fluorophores,
with (xC)4 being the overall brightest because of a surprising

mz:g‘n‘]‘er éjna*) (11?:1) (Lm?;;fxcm) (L/nféfﬁcm) (M;I’(')'H) fl':;:;‘:ns:e(:;e ?['/?]:‘;'l‘e:;) increase in quantum yield relative to strands containing two and
Y 333 393 11080 19800 0.4 3 2900 three adjacent xCs. xDNA strands composed of XGs were overall
X, . .

G 220 413 3400 5100 0.40 78 1400 the Weake§t of the four, not ungxpected because of lower
dxT 320 377 3400 1200  0.30 27 1000 quantum yields and molar absorptivity of xG.

dxC 330 388 4100 5800 0.52 4.0 2100

Effects of Hybridizing DNA Bases opposite the xDNA

Oligomers. To explore the effects of bases directly opposite
XDNAs on fluorescence, next we evaluated emission of the
quantum yields were determined for each single-stranded xDNA oligomers upon hybridization with DNA complements
sequence (Figure 6). The quantum yield data showed that allcontaining one or two overhanging natural base(s) (A, T, C, G)
of the homodimers of expanded bases exhibited substantialopposite the XDNA portion. Data are shown in Figures 7 and 8
(~50%) quenching relative to their respective monomers. In in comparison to the xDNA single-strand duplexes and with
addition, for three of the cases, fluorescence was further no added DNA bases opposite the XDNA. For a single base
quenched, albeit slightly, on increasing the length to three or opposite the xDNAs (Figure 7), fluorescence of xDNA strands
four identical xDNA bases in the sequence. However, theyxC) containing XA (one to four monomers) were least affected,
series was strikingly different, as the quantum yield increased showing virtually no change in emission. Only modest quench-
on addition of the third and fourth monomers. Very similar data ing by a T opposite the xA residues was observed, which was
were observed for the duplex series for all cases (Figure S5),also apparent in strands containing xG. In the case of xC and
again showing little effect of a neighboring complementary xT, however, quenching by a single T base was pronounced,
DNA on the optical properties of the overhanging xDNA with 2—4-fold decrease in emission observed in &)ntaining
oligomers. duplexes as compared to the case with no DNA base opposite
Overall brightness of the single-stranded XDNA oligomers (or as compared with the xDNA-containing single strand alone).
was calculated as the product of quantum yield times molar As for cases with a single C, G, or A in the complement strand

aBrightness calculated aSmax P

3992 J. AM. CHEM. SOC. = VOL. 130, NO. 12, 2008
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Figure 3. Absorption spectra of xDNA-containing oligomers used in this study. Sequences contain one, two, three, and four of the same XxDNA base on the
single-stranded'3nd, all at equimolar concentration. Data f88B00 nm are shown; see Sl for full spectra. (A) Spectra of single strands with one to four

xA monomers. (B) Spectra of single strands with one to four xG monomers. (C) Spectra of single strands with one to four xXT monomers. (D) Spectra of
single strands with one to four xC monomers. Measurements were made in aqueous buffer (100 i@ &1 Mg?", 10 mM NaPIPES, pH 7.0).

opposite the XDNAs, fluorescence changes were generally small Two new complementary strands containing four and six
or zero. adjacent adenines in the &verhang region were synthesized
When two identical natural DNA bases were in the comple- and used in hybridization experiments as before. Figure 9 shows
ment strand opposite the xXDNAs, the effects on xXDNA base representative results with the whole polyadenine series (see
fluorescence were greater. Figure 8 shows the emission spectrdrigures S14S17 for the complete data set). In the (xG)
for a representative subset; full data are given in Figures-S10 and (XT}-4-conjugated strands, fluorescence emission increased
13 in the SI. In the (xG)series, two adenines placed opposite Yyet further on hybridization with complements containing four
resulted in enhancement and red-shifting of (x@) the (XA}, overhanging adenines relative to those with two; the maximum
series, two adenines enhanced and red-shifted the monomeenhancement on hybridization was ca. 75% with ¢gxHow-
fluorescence band at 393 nm, but had no effect on the excimerever, the cases with six A residues surprisingly resulted in the
band of the longer (xA), cases. The xDNA pyrimidine loss of emission enhancement. As for the (x&Jands, both
responses were different: the main response was quenching?2 and A, showed the strongest enhancements of all the XDNAs,
caused by addition of two G bases opposite either{RCJXT)n. with up to a 2-3-fold increase upon hybridization. Interestingly,
Polyadenine Enhancement EffectThe above data revealed @ further extension to Aresulted (as with the expanded
two substantial and strikingly opposite classes of response of Pyrimidines) in a loss of the effect. Finally, the (xAyeries
xDNAs to addition of DNAs directly opposite them in a showed only slight enhancements in selected cases widmé
duplex: the first was enhancement of fluorescence of the As.
expanded bases by one or more adenines, and the second was Polyguanine Quenching Effect. To explore further the
quenching of the expanded pyrimidines by one or more effects of guanines opposite the fluorescent XDNA oligomers,
guanines. We therefore synthesized additional DNAs to further we prepared additional DNA complement strands containing
explore these special cases. First we addressed the polyadeningree, four, six, seven, eight, and nine consecutive guanines at
fluorescence enhancement, to determine whether fluorescenceheir 5 termini. Representative results are shown in Figure 10
emission would be enhanced further by additional A’s opposite (see also S| Figures S3&21). Results of hybridization
the xDNA residues. experiments showed that, in some cases, strong quenching
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Figure 4. Emission spectra of the single strands in this study. (A) Emission spectra of $k&hds (excitation 333 nm). (B) Emission spectra of (xG)
strands (excitation 320 nm). (C) Emission spectra of (sEjands (excitation 321 nm). (D) Emission spectra of p&ands (excitation at 330 nm). See
Figure 3 for conditions.

Table 2. Relative Brightness? of xXDNA Oligomers in This Study o4 "o
(xA),  brightness  (xG), brightness  (xT),  brightness  (xC),  brightness —:*g;;"mmp'ﬂ"e“‘{‘om”
X!
(xA); 890 (xG) 270 (xTp 480 (xC) 1300 o2 —— (xG)2 + complement (10mer)
(xA), 660 (xG)h 270  (xTp 480 (xCy 1300 )
(xA)s 660 (xGy 610 (xT 610 (XCy 2300 5
(xA)s 890  (xG) 410 (xT) 270 (xCx 3400 5
8
aBrightness calculated agmax P §
2
occurred, and in nearly all cases, the degree of quenching
correlated well with the number of guanines on the complement
strand. The (xG) oligomers were quenched to the greatest

extent, exhibiting up to 95% quenching for a complement with 340 330 440 490 540
six consecutive guanines in the overhang. The (ligomers Wavstength (nm)
were second most strongly quenched, and in both f>e@} Figure 5. Emission spectra (excitation 320 nm) of xDNA-containing strands

(XT)s strands, the cases with three consecutive expanded base%onéa"}ingfo”e (tk_"ue) f';‘r’]‘d two (yle“OW)thGlsd a”d(thz" change in emti_SSilf’;‘
. on duplex rormation with a complementary mer (red, green, respectively).

Were_ q_uer?Ched_ the most strongly (95 _ar]d 65%, res[_)(':'Ct'\"':‘ly)'AII samples 2uM (each strand) in the buffer described in Figure 3.

Hybridization with complements containing seven, eight, and

nine consecutive guanines did not result in further increases in _ o

guenching, as some emission from (x@hd (xT) was restored are the fluorescence properties of the individual xDNA bases,

in these duplexes (Figure $22). As was observed with the two- Which could be useful in applying them as tools in biochemical

base DNA complements, the (xAnd (xG), cases showed no ~ and blophy3|cal studies. As general quorophqrt_a; their high

significant quenching by multiple guanines (Figures S20 and dquantum yields and moderate molar absorptivities compare

S21). reasonably well with common blue fluorophores: for example,
_ _ dansyl @em = 0.03,¢ = 5300 M~' cm™Y)15 and DAPI @em =
Discussion 0.04,e = 27 000 M cm1).26 However, the xXDNA monomers

The above data _y|eId basic information bOth_ on oligomeric (15) Werner, T. C.; Bunting, J. R.; Cathou, R.Boc. Natl. Acad. Sci. U.S.A.
XDNAs and on their monomer components. First to be noted 1972 69, 795-799.
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Figure 6. Trends in quantum yields of xDNA single strands used in this
study as adjacent xDNA bases are added at then8. (A) Data for
oligomers containing the expanded purines x@&plid line) and (xA)
(dashed line). (B) Data for oligomers containing the expanded pyrimidines
(XC)n (solid line) and (xT) (dashed line). See Experimental Section for
methods and conditions.

are distinct from most fluorophores by being nucleobase
analogues, and there are relatively few of those available for
comparison. 2-Aminopurine (2AP¥em = 0.68,¢ = 6000 M
cm1),Y” coumarin deoxyribosidel{em = 0.65,¢ = 23 500 M"'
cm1),16.18tC deoxycytosine analogu®gny, = 0.20,e = 4500

M~ cm™1),1° and pyrene deoxynucleosidd®d, = 0.12,¢ =

47 000 M~ cm~1)1ic are among the most prominent examples.

(16) Du, H.; Fuh, R. A;; Li, J.; Corkan, A.; Lindsey, J.Bhotochem. Photobiol.
1998 68, 141-142.

(17) (a) Ward, D. C.; Reich, E.; Stryer, L. Biol. Chem.1969 244, 1228-
1237. (b) Smagowicz, J.; Wierzchowski, K. I. Lumin.1974 8, 210~
232.

(18) Jones, G., lI; Jackson, W. R.; Choi, C.; Bergmark, WIJRPhys. Chem.
1985 89, 294-300.

(19) (a) Wilhelmsson, L. M.; Holiig, A.; Lincoln, P.; Nielsen, P. E.; Nofde

Am. Chem. 80(200], 123 2434—2435 (b) Wllhelmsson L. M
Sandln P.; Holme, A.; Albinsson, B.; Lincoln, P.; Norde B. J. Phys.
Chem. 82003 107, 9094-9101.

Like many nucleoside analogues, the XDNA bases can be
guenched to some extent by neighboring DNA bases; this is
also true of most of the above dyes excepttCThis quenching

has been useful for 2AP and pyrene deoxyriboside, because such
context-dependent dyes can report on changes in structure of
DNA adjacent to the fluorophore. Further experiments will be
needed to evaluate how the xDNA bases are affected by other
neighboring DNA bases besides thymine. Some xDNA bases,
such as xA, are robust fluorescence emitters even inside the
double helix. This unique property coupled with xA’s defined
geometry in DNA are potentially useful in probing DNA
structure via FRET or anisotrog§22° Finally, like 2AP and

tC analogues, the xXDNA bases retain the ability to recognize
complementary DNA basés812° and thus there are likely to

be biophysical applications where they may prove useful in
contexts where the added size is not problematic. In some
applications, large-sized nucleobases have in fact proven
advantageous; for example, pyrene has been used to “flip out”
complementary bases in studies of DNA repair enzy?hés.
addition, it has been shown that a strand composed of all xDNAs
can bind a natural complement with high affinftyn conjunc-

tion with the results reported above, it is feasible that a simple
strand of all inherently fluorescent xDNA bases could be used
to detect mismatched DNA. Future studies will be directed
toward this possibility.

Our experiments show that positioning successive xDNA
bases together changes their emission properties in varied ways
depending on their length. The data establish that ;0anRd
(XG)n oligomeric strands of xDNA bases retain their fluores-
cence with moderate self-quenching. Interestingly, the(s&ye
behaves differently, increasing overall intensity with greater
length, with both quantum yield and light-gathering ability rising
over the series. Finally, the (xA)cases behave the most
distinctly, yielding a long-wavelength (520 nm) emission with
two or more monomers. This is characteristic of excited-state
dimer (excimer) emissidA and closely resembles the behavior
seen previously for the fluorescent pyrene deoxyribo3ide.
Recent studies have made much use of the pyrene monomer/
excimer dual behavior in genetic reportiffgfor example,
adjacent binding of two pyrene-containing probes on a genetic
target can yield distinct excimer emissi$ilhe current results,
in conjunction with xA’s capacity to retain fluorescence on
hybridization, suggest that xA may potentially be useful in
similar types of applications; the ability of XA to retain Watson
Crick-like recognition may add further capabilities as well.

(20) (a) Engman, K. C.; Sandin, P.; Osborne, S.; Brown, T.; Billeter, M.; Lincoln,
; Norde, B.; AIblnsson B Wllhelmsson L IVNucIechmds Re9004

32, 5087-5095. (b) Rachofsky E. L.; Osman, R.; Ross, J. B.
Biochemistry200Q 40, 946—956.

(21) (a) Jiang, Y. L.; Kwon, K.; Stivers, J. T. Biol. Chem2001, 276, 42347
42354. (b) Beuck, C.; Singh, |.; Bhattacharya, A.; Hecker, W.; Parmar, V.
S.; Seitz, O.; Weinhold, EAngew. Chem., Int. E@003 42, 3958-3960.

(22) Valeur, B.Molecular Fluorescence: Principles and Applicatiorist ed.;
Wiley-VCH: Weinheim, Germany, 2002; p 94.

(23) Winnik, F. M.Chem. Re. 1993 93, 587-614.

(24) (a) Ebata, K.; Masuko, M.; Ohtani, H.; Kashiwasake-JibuPkotochem.
Photobiol. 1995 62, 836-839. (b) Okamoto, A.; Ichiba, T.; Saito, J.
Am. Chem. So2004 126, 8364-8365. (c) Hwang, G. T.; Seo, Y. J,;
Kim, B. H. J. Am. Chem. So2004 126, 6528-6529. (d) Fujimoto, K.;
Shimizu, H.; Inouye, MJ. Org. Chem2004 69, 3271-3275. (e) Yamana,
K.; Fukunaga, Y.; Ohtani, Y.; Sato, S.; Nakamura, M.; Kim, W. J.; Akaike,
T.; Maruyama, A.Chem. Commun2005 2509-2511. (f) Yang, C. J.;
Jockusch, S.; Vicens, M.; Turro, N. J.; Tan, Rfoc. Natl. Acad. Sci. U.S.A.
2005 102 17278-17283. (g) Kashida, H.; Asanuma, H.; Komiyama, M.
Chem. Commur2006 2768-2770.

(25) Paris, P. L.; Langenhan, J. M.; Kool, E. Nlucleic Acids Resl99§ 26,
3789-3793.
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Figure 7. Fluorescence emission spectra of duplexes with a single DNA base opposite the xDNA domains. The DNA complements contain either zero
(black line) or one A, G, T, C (yellow, green, orange, violet, respectively) in the overhang region opposite the xXDNA residues. In each cas@cBuoresce

of the single xDNA strand is shown in red for comparison. (A) Spectra of £cAptaining duplexes (excitation 333 nm). (B) Spectra of x&@ntaining

duplexes (excitation 320 nm). (C) Spectra of (xtdntaining duplexes (excitation 321 nm). (D) Spectra of gxdntaining duplexes (excitation 330 nm).

See Figure 5 for conditions. See Figures-S® for the full data set.

Wavelength (nm)

The ability of xDNAs to retain, lose, or enhance fluorescence which it is reasonable to speculate that specific pairing may
on binding a complementary strand could prove useful in the form, howeveri® and this pairing may translate to the unique
realm of probes for hybridization or DNA structure. Because response observed. For example, with three xC residues at the
XDNA sequences are compl&® we limited the sequences to  end of the DNA duplex opposite three (or more) guanines it is
short xXDNA homo-oligomers for this initial study. Our results very possible (if not likely) that three xXDNA base pairs are
show widely varied effects of hybridizing natural bases opposite formed. Thermal denaturation data (SI) illustrate a marked
the xXDNA residues, from no effect, to substantial enhancement stabilization of the duplex on adding one G to three G’s opposite
of emission, to strong quenching. The data suggest that inthe (xC} oligomer (35, 50, 57C, respectively) with stability
complex xDNA sequences it may be difficult (at least until more leveling off on further addition of overhanging G’s. This
studies are available) to predict the fluorescence changes thasuggests additional stabilization by Watsdgrick-like base pair
occur on hybridization. However, the results do show clear and formation in the xC-G examples. In contrast, in the &T)
reliable changes for simple sequences, which suggest immediateligomer, which would not be expected to fully pair with G,
applications in probes where sequence choice is flexible, suchstabilization is not as pronounced (35, 35,°83 with placement
as in overhanging ends and in stems of stéoop-type probes. opposite one, two, three G residues, respectively). It is possible

Note that in the present context we make no general that the (xT) oligomer forms a wobble geometry with G bases,
assumptions about whether the xDNA residues at the end of awhich may explain the slight stabilization observed. In addition,
10mer_DNA wiII_form base pairs or not with DNA bases placed _(26) Liu, H.: Lynch, S. R.: Kool, E. TJ. Am. Chem. So@004 126, 6900~
opposite them in a complementary strand. There are cases in ~ 6905.
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Figure 8. Fluorescence emission spectra of xXDNA-conjugated strands containing two ideh#EM A& residues hybridized with complements containing
two adjacent A, G, T, or C’s (yellow, green, orange, violet, respectively) opposite the xXDNA. In each case, fluorescence of the single xDNA sivamd is sh
in red for comparison, and the black line shows the complement lacking any bases opposite the xXDNA. (A) Data.f¢B)>@gta for (xG). (C) Data for

(XT)2. (D) Data for (xC). Conditions are the same as those in Figure 7. See SI for full data set.

previous data with single xXDNA bases in the middle of otherwise some specific cases, fluorescence emission actually increases
all-DNA duplexes suggest that the single xDNA pairs do form, on duplex formation, and in some cases quite substantially. For
although the DNA-XDNA junction appears to be destabilizing example, xG strands showed a 2-fold increase in emission
as a result of the difference in sizédowever, addition of up when hybridized in a duplex opposite multiple adenines. It is
to three XDNA base pairs at this junction actually resulted in interesting that the effect is most pronounced with @)t is
slight stabilization in that previous report, which may better weak with (xT), and (xC), and is absent for (xA)cases. The
explain the present cases with multiple XDNAs opposite multiple reason for this enhancement is not yet clear. It is possible that
DNAs. In the current experiments with mismatched cases (suchthe unfavorable interaction of the larger purine bases in the
as (xT)k opposite @), multiple structural arrangements are complementary strand causes the xXDNA bases to distort, which
possible, including wobble-type duplex, some form of mutually may mitigate some self-quenching. Thermal denaturation studies
intercalated structure, or no well-defined structure at all. Thus, with the (xG}-substituted oligomer (SI) showed that increasing
conclusions from the present data are best limited to geometriesnumbers of adenines on the opposing strand opposite; (ich)
at the ends of duplexes. Future experiments will be directed atnot cause significant duplex stabilization (34, 35, 84for one,
fluorescence behavior in other structural arrangements of XDNA two, and four A’s, respectively). In contrast, when (x®)as
bases. paired with complements containing multiple G’s (which did
Although quenching of some of the xDNAs by nearby DNA not cause emission enhancement on hybridization), marked
was an expected outcome, it was surprising to observe that, forstabilization was observed (34, 40, 48 for one, two, and four
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Figure 9. Fluorescence enhancement of xXDNA bases by natural adenines
placed opposite. Data show emission spectra of xDNA-conjugated strands
containing two xGs or xTs hybridized with complements having up to six

adenines. (A) Data for (xGpubstituted cases. (B) Data for (xBubstituted - L
cases. (Data for all cases shown in the SI.) See Figure 8 for conditions. Of fluorescence by guanine is not unexpected. Guanine is most

easily oxidized of the natural bases and has been shown to

G's, respectively). This may suggest less helical distortion undergo photoinduced electron transfer (PET) to other fluoro-
(which might lead to emission enhancement) in the (&G) phores, especially GG doublets and poly G sequeficés.
cases. Structural studies would be useful in probing this Recent theoretical calculations of xDNAs have provided HOMO
possibility. Regardless of the mechanism, one can imagine probeLUMO energies for all expanded baséswhich corroborate
designs that take advantage of this enhancement for reportingthat XC and XT are most likely to undergo PET from guanine.
on specific nucleic acid structures or sequences (for example,Overall, the reason for most favorable quenching of xC by
polyadenine sequences) and the selective response of som@uanines may be due to either favorable photophysical interac-
xDNA bases with each of the natural DNA bases. tions, or to XDNA base pair formation, or both. Recent literature

Our experiments also reveal a second (and opposite) stronghas shown t_hgt excited statt_as in natural guanine are muc_:h_ shorter
change in xDNA fluorescence upon hybridization; namely, the IVed when it is WatsorCrick hydrogen-bonded to cytidine,
quenching of expanded pyrimidines by multiple G bases. The élative to nonpairing® This possibility may give xDNA
degree of quenching we observe is substantial (up to 95%),(28)

(a) Torimura, M.; Kurata, S.; Yamada, K.; Yokomaku, T.; Kamagata, Y.;

reaching levels of quenching commonly observed with com- Kanagawa, T.; Kurane, RAnal. Sci.2001 17, 155-160. (b) Saito, |.;
mercial dye-quencher pait$The photophysical and structural cakayama, M.; Sugiyama, H.; Nakatani, K.Am. Chem. Sod995 117,

reasons for this quenching are as yet unclear, although quenching29) fgsnztﬁ's(?gaefgém; Sumpter, B. G.; Wells, JJ.Ghys. Chem. B005

(30) (a) Sobolewski, A. L Domcke, W.; &y, C. Proc. Natl. Acad. Sci. U.S.A.

(27) Marras, S. A. E.; Kramer, F. R.; Tyagi, Bucleic Acids Res2002 30, 2005 102, 17903-17906. (b) Schwalb, N. K.; Temps, B. Am. Chem.
el122. S0c.2007, 129, 9272-9273.
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advantages over other base analogues not capable of pairingnolecules have the added advantage of requiring no separate
with the natural genetic system. fluorophore either, and thus these experiments suggest some
The expanded pyrimidine oligomers were selectively quenched particularly efficient and compact probe designs that make use
by a single opposing thymidine. Quenching of (x@jas most of (a) the inherent fluorescence of xDNA, (b) the internal
dramatic (~75%) of all the series, although all (xXases were  quenching by guanines, and (c) the high stability and selectivity
guenched (Figure S9). The strong fluorescence quenching abilityof xXDNA helices. Future studies will be directed at exploring
of thymine has been observed with other fluorophores such assuch designs.
pyrené? and has been attributed to PET from the excited-state  Overall, our data show clearly that, in some cases (such as
fluorophore to thymine, the mostly readily reduced DNA base. with xC-G pairing and with polyadenine targets), it is possible
Given the similar electronics of xC and X¥it seems reasonable  for size-expanded DNA bases and oligomers to selectively
that the expanded pyrimidines are affected differently than the recognize and report on DNA sequences and structures via their
xA and xG oligomers. built-in fluorescence. The ability of the four expanded bases of
The quenching experiments are useful in delineating a strongxDNA to interact favorably with the natural genetic system as
guenching response, since equilibria between quenched andwell as report on this interaction may confer multiple uses of
emissive states have been widely applied recently in sequencethis unusual genetic set in the arena of nucleic acid detection
based probes such as molecular beaébheleed, the fact that  and reporting/probing of biological structures and events.
the present quenching occurs from the DNA residues (as
opposed to a conjugated explicit quencher molecule) has some
potential advantages. For example, recent studies have madéGM©3587) for support.

use of quenching of pyrene by thymine to construct “quencher-  sypporting Information Available: ~Absorption, emission,
less” designs of beacon-type proliéi the present case, XDNA  and excitation spectra of all duplexes; fluorescence lifetime data;

(31) (a) Tyagi, S.: Kramer, F. Riat, Biotechnol1996 14, 303308, (b) Tyagi. mass spectrometr!c data for xD_NA contfilnl_ng ollg_onucleotldes,
S.; Marras, S. A. E.; Kramer, F. Rlat. Biotechnol200Q 18, 1191-1196. and thermal melting data. This material is available free of
(c) Santangelo, P. J.; Nix, B.; Tsourkas, A.; Bao,Naicleic Acids Res. i .
2004 32, e57. (d) Tan, W.; Wang, K.; Drake, T. Qurr. Opin. Chem. charge via the Internet at http.//pubs.acs.org.
Biol. 2004 8, 547—553. (e) Martj A. A.; Jockusch, S.; Stevens, N.; Ju, J.;
Turro, N. J.Acc. Chem. Re007, 40, 402-409.

(32) Seo, Y. J.; Ryu, J. H.; Kim, B. HOrg. Lett.2005 7, 4931-4933. JA0782347
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