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ABSTRACT

Tandem repeats of the telomeric DNA sequence
d(T4;G4) of Oxytricha nova are capable of forming
unusually stable secondary structures incorporat-
ing Hoogsteen hydrogen bonding interactions. The
biological significance of such DNA structures is
supported by evidence of specific recognition of
telomere end-binding proteins in the crystal state.
To further characterize structural polymorphism of
Oxytricha telomeric DNAs, we have obtained and
interpreted Raman, ultraviolet resonance Raman
(UVRR) and circular dichroism (CD) spectra of the
tandem repeats d(G;T4G;) (Oxy1.5), d(T;,G4)> (Oxy2)
and dTg(T;G4)2 (T60xy2) and related non-telomeric
isomers in aqueous salt solutions. Raman markers
of Oxy1.5 identify both C2’-endo/anti and C2’-endo/
syn conformations of the deoxyguanosine residues
and Hoogsteen hydrogen bonded guanine quartets,
consistent with the quadruplex fold determined pre-
viously by solution NMR spectroscopy. Raman,
UVRR and CD signatures and Raman dynamic
measurements, to monitor imino NH—ND exchan-
ges, show that the Oxy1.5 antiparallel quadruplex
fold is distinct from the hairpin structures of Oxy2
and T60xy2, single-stranded structures of d(TG)s
and dTg(TG)s and previously reported quadruplex
structures of d(T;G;); (Oxy4) and dGi,. Spectral
markers of the telomeric and telomere-related DNA
structures are tabulated and novel Raman and
UVRR indicators of thymidine and deoxyguanosine
conformations are identified. The results will be
useful for probing structures of Oxytricha telomeric
repeats in complexes with telomere end-binding
proteins.

INTRODUCTION

Telomeres, the protein-DNA complexes that protect the ends
of eukaryotic chromosomes from degradation and fusion, are
essential for a variety of cellular functions (1). The telomeric
DNA strand that is oriented in the 5°—3’ direction is

distinguished by multiple repeats of the sequence d(T,A,,
G3_4), where n and m are small integers. The guanine-rich
telomeric segment may range in size from several base pairs to
tens of kilobase pairs. A single-stranded overhang at the
terminus of the guanine-rich strand is a feature that is
conserved among protozoa (2), yeast (3) and mammals (4). In
the ciliated protozoan Oxytricha nova this telomeric 3’
overhang consists of the 16 base sequence d(T4Gy),, also
referred to as Oxy2. Recent studies suggest that molecular
mechanisms of telomere maintenance may also be conserved
among different eukaryotic species (5,6).

Telomeric DNA sequences are remarkable for their ability
to form highly stable quadruplex structures in vitro (7). An
intermolecular quadruplex structure of the Oxytricha telo-
meric sequence d(G4T4G4) (Oxyl.5), in which Hoogsteen
hydrogen bonded guanine quartets (Fig. 1A) tether four
strands in parallel (Fig. 1E), has been reported to accompany
thermal denaturation of the Watson—Crick duplex d(G4T4Gy)-
d(C4A4Cy) in the presence of high concentrations of alkali
metal ions (8). On the other hand, the tandem repeat d(T,Gy)4
(Oxy4) readily forms an intramolecular quadruplex distin-
guished by antiparallel folding of the DNA backbone and
guanine quartets (8). Alkali metal ions facilitate conversion of
this ‘foldback’ structure to the intermolecular parallel
quadruplex (9,10). Variants of the foldback secondary struc-
ture have also been demonstrated for dimers of Oxy1.5 in the
crystal (Fig. 1B) (11) and solution (Fig. 1C) states (12). In the
case of Oxy2, a solution hairpin fold stabilized by Hoogsteen
G-G pairs has been proposed (Fig. 1D; 10).

Folded secondary structures of Oxytricha telomeric
sequences are characterized by thymidine loops (dT4) and
Hoogsteen hydrogen bonded dG residues in both the C2’-
endolsyn and C2’-endolanti conformations. Because Raman
marker bands have been established for both the dT, loop and
for syn and anti dG moieties (8,10,13—15), Raman spectros-
copy provides a convenient probe of these structural features.
In addition, Raman monitoring of hydrogen isotope exchange
dynamics differentiates between guanines involved in the
formation of Hoogsteen pairs and quartets (10,15). The
capability of Raman spectroscopy to probe equilibrium and
dynamic properties of telomeric DNA structures can be
extended to dilute DNA solutions (~10 uM) through the
technique of UV resonance Raman spectroscopy (UVRR)
using 257 nm excitation (16-19).
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Figure 1. (A) Hoogsteen hydrogen bonded guanine quartet. (B) Crystal
structure of d(G4T4;G4) (Oxyl.5) incorporating guanine quartets (11).
(C) Solution structure of Oxyl.5 incorporating guanine quartets (12).
(D) Hairpin structure of d(T4G4), (Oxy2) incorporating G-G pairs (10).
(E) Parallel-stranded quadruplex structure of Oxy2 (9).

Here, we report Raman and UVRR signatures of the
secondary structures formed by the Oxytricha telomeric DNA
sequences Oxyl.5, Oxy2 and T60xy2 in aqueous solutions
containing either Na* or both Na* and K*. We also compute
difference spectra diagnostic of structural transitions between
folded and unfolded states of these sequences. The T60xy?2
oligomer differs from Oxy2 by the addition of six dT residues
at the 5’ terminus. Such a 5" leader may be required for
recognition of telomeric DNA by cellular telomere-binding
factors in vivo (20-22). The Raman and UVRR spectra are

complemented by corresponding circular dichroism (CD)
spectra, which are compared with previously reported CD
profiles of telomeric DNA (23). The results allow identifica-
tion of tertiary folds common to different repeats of the
Oxytricha telomeric sequence and provide a reference library
for future characterization of structure transformations
induced by binding of telomere-specific factors. The present
results extend previous Raman investigations of Oxy2 and
Oxy4 (8-10,15) and X-ray and NMR studies of Oxyl.5
(11,12,24-26).

MATERIALS AND METHODS
Sample preparation

Oligonucleotides d(G4T4G4) (Oxyl.5), d(T4Gs), (Oxy2),
dT¢(T4Gy), (T60xy2), d(TG)g and dT¢(TG)g were synthe-
sized by standard methods and purified on an ISCO model
2350 HPLC system (ISCO, Lincoln, NE) using a Hamilton
PRP-1 reversed-phase column. The column was heated to
90°C to ensure denaturation of DNA secondary structure
during purification. For HPLC, samples were dissolved in
0.1 M triethylamine acetate, pH 8. Optima grade acetonitrile
(Fisher Scientific, Pittsburgh, PA) was used for elution. The
first chromatographic step separated detritylated failure
sequences from the correct sequence containing the trityl
group. Peak fractions were pooled, lyophilized and detrity-
lated in 80% acetic acid. The pure oligonucleotide was
obtained after a second chromatographic step. The samples
were desalted by dialysis (1000 molecular weight cut-off)
against water. DNA concentrations were determined using
an average nucleotide molar extinction at 260 nm of
9850 M-!-cm~!. Purified DNA was dissolved to 15 mg/ml in
water and adjusted to pH 7.2 = 0.2, using either dilute HCI or
NaOH, and lyophilized. The lyophilizate was dissolved to
~30 mg/ml in 50 mM TEN sample buffer (10 mM Tris pH 7.2,
1 mM EDTA, 50 mM NaCl).

The samples of Oxyl.5, Oxy2 and T60xy2 examined by
spectroscopic methods were also characterized by PAGE
under non-denaturing conditions (data not shown). Oxyl.5
migrated as a single, highly folded species, presumed to be a
quadruplex. Both Oxy2 and T60xy2 migrated more slowly
than Oxy1.5 but more rapidly than the single-stranded models
d(TG)g and dTe(TG)g. This is consistent with the formation of
similarly folded secondary structures distinct from the
quadruplex (10).

Raman spectroscopy

Aliquots (6 pl) of samples were sealed in glass capillary tubes
(Kimax no. 34507) for Raman spectroscopy. Spectra were
excited with the 532 nm line of a solid state Nd:YVO, laser
(Verdi model V; Coherent, Santa Clara, CA) using 200 mW of
radiant power at the sample. Rayleigh scattered light was
separated by a notch filter. Raman scattered light was
collected with a single spectrograph (500M; SPEX
Industries, Metuchen, NJ) equipped with a liquid nitrogen-
cooled, charge-coupled device detector. The spectrometer was
calibrated with indene and CCl, as wavenumber standards.
Reported Raman wavenumbers are accurate to =1 cm! for
sharp bands and to within =2 cm™! for broad or overlapping
bands. Sample temperature was maintained at 10°C during



data collections by use of a thermostat designed for the 90°
scattering geometry. In a typical data collection protocol, four
10 min exposures were accumulated and averaged. Solvent
compensations and other spectral manipulations were accom-
plished using standard software routines (Galactic Industries
Corp., Salem, NH).

Time-resolved Raman spectroscopy to monitor deuterium
exchange of Oxyl.5 in D,O solution was carried out using
protocols similar to those described previously for Oxy4 and
Oxy2 (10,15). Briefly, the DNA was lyophilized from 50 mM
TEN sample buffer and redissolved to the same volume in
D,0. The sample was sealed in a glass capillary and
thermostated at 20°C for collection of data as H—D exchange
progressed.

UV resonance Raman spectroscopy

Samples of dTg(TG)s, dTe(T4Gy4)2, d(TG)s, d(T4Gy4), and
d(G4T4G,) were prepared in low salt (25 mM Na,SO,) and
high salt (25 mM Na,SO,4, 150 mM KCI) buffers at DNA
concentrations of 10, 10, 14, 14 and 19 uM, respectively, by
dilution of 30 mg/ml stock solutions. An aliquot (120 ul) of
each sample was transferred to a cylindrical quartz cell
mounted in an air-driven thermostated sample rotator
(~300 r.p.m.). UVRR spectra were excited with the 257 nm
line of a continuous wave, frequency-doubled argon ion laser
(model FreD; Coherent, Santa Clara, CA) using ~1 mW of
radiant power at the sample. Further details of this instru-
mentation have been described (27,28). No sample photo-
decomposition could be detected for exposure times up to
~6 min. Wavenumbers of reported UVRR bands are accurate
to =2 cm.

Circular dichroism spectroscopy

CD spectra in the region 240-330 nm were recorded on a
Jasco-720 spectropolarimeter (Jasco, Easton, MD) using
cells of 1 cm optical path and an instrument scan speed of
20 nm/min with a response time of 1 s. For CD spectroscopy,
DNA solutions were prepared at 3 uM in 10 mM sodium
phosphate, pH 7.5.

RESULTS AND INTERPRETATION

Characterization of telomeric and non-telomeric DNA
sequences

Circular dichroism spectroscopy. CD spectra (240-330 nm) of
non-telomeric sequence isomers d(TG)g and dT¢(TG)g
(Fig. 2A) exhibit a single sharp ellipticity maximum at
280 nm and a minimum of lesser amplitude near 258-260 nm,
consistent with single-stranded helical conformations stabil-
ized by the stacking of bases (29,30). CD spectra of Oxyl.5,
Oxy2 and T60xy2 (Fig. 2B) are more complex. Oxyl.5, two
molecules of which form a quadruplex containing only
interstrand hydrogen bonding (Fig. 1C; 12), exhibits a trough
at 265 nm and peaks at 246 and 295 nm diagnostic of guanine
quartets (23). Figure 2B shows that this signature changes as
the d(G4T4Gy) sequence is extended by 5’-thymidylate leaders
of four (Oxy2) and 10 residues (T60xy2). Thus, Oxy?2 exhibits
substantially lower amplitudes at 246, 265 and 295 nm and a
distinct positive band at 278 nm not apparent in the Oxyl.5
CD spectrum. For T6Oxy2, the attenuations of positive
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ellipticities at wavelengths below 260 nm and above 290 nm
are even more pronounced and the spectrum is strongly
dominated by a maximum at 278 nm and minimum at 258 nm.

Computed T60xy2 — Oxy2 and dT¢(TG)s — d(TG)g
difference spectra are virtually superimposable (Fig. 2C),
indicating similar folds. Also, the difference signatures of
Figure 2C closely approximate the spectra of Figure 2A,
implying a single-stranded base stack for the dTe leader.
Likewise, the Oxy2 — d(TG)g and T60xy2 — dTe(TG)sg
differences of Figure 2D are nearly congruent, consistent with
a common G4T4G, fold. CD signatures of these sequences are
thus well explained as sums of modules contributed by
constituent folds.

A further manipulation of the CD data is instructive.
Assuming that the CD contribution from the single-stranded
5’-dT, leader of Oxy2 can be represented by 2/3 of the CD
contribution from the dTg leader of T60xy?2 (as generated in
Fig. 2C), then the difference Oxy2 — dT4 (Fig. 2D, filled
circles) should approximate the CD contribution of the
G,T4G,4 fold of Oxy2. We propose this CD profile,
characterized by ellipticity maxima near 255 and 300 nm, as
diagnostic of the secondary structure of the folded G4T4G4
domain of Oxy2. This fold consists of a hairpin stabilized by
Hoogsteen G-G pairs (10) and the proposed CD signature
differs significantly from that of the Oxyl.5 quadruplex
(Fig. 2B). The data of Figure 2D are also consistent with a
hairpin secondary structure for the folded G4T,G, domain of
T60xy2. In summary, the CD data distinguish the antiparallel
quadruplex fold of the Oxyl.5 dimer (Fig. 1C) from the
antiparallel hairpin folds of Oxy2 and T60Oxy2 monomers
(Fig. 1D). Further distinction is provided by the Raman and
UVRR spectra discussed below.

The telomeric DNA samples yielding the CD spectra of
Figure 2B were also examined by PAGE under non-
denaturing conditions (data not shown). The gels confirm
that T60xy2 and Oxy2 migrate as hairpins and that the
preparations are free of appreciable quantities of quadruplexes
or higher order aggregates.

Raman spectroscopy. The Raman spectrum of Oxyl.5
(Fig. 3A, top trace) exhibits prominent phosphodiester mark-
ers at 835 and 1091 cm™!, indicating g-/g~ O—P conformations
of the C5"-05’-P-03’-C3’ network. This conformation also
occurs in double-helical B-DNA and telomeric quadruplexes
(8,31). Raman markers at 1336 and 684 cm™! identify the C2’-
endol/anti dG conformation, whereas the marker at 1325 cm™!
and the partially resolved shoulder near 670 cm~! identify C2’-
endo/syn dG (8,32,33). Thymidines of the Oxyl.5 loop
produce the weak band near 610 = 2 cm~! and also contribute
to the Raman intensity near 668 cm=! (15,30). Markers near
610 and 668 cm™! are assigned to thymidines of the dT, loop
(15,34). The data indicate comparable populations of C2’-
endolanti and C2’-endo/syn dG conformers and predominantly
C2’-endolanti dT conformers in Oxyl.5. Raman markers at
1482 and 1722 ¢cm™!, which are sensitive to guanine hydrogen
bonding (8,15,35,36), indicate that both N7 and O6 participate
in interbase hydrogen bonding (Table 1). All of the key Raman
markers of Oxyl.5 are therefore consistent with the structure
of Figure 1C.

The Oxy2 and T60xy2 Raman signatures are distinguished
from Oxyl.5 by the intensities of thymidine marker bands
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Figure 2. Circular dichroism spectra (240-330 nm). (A) d(TG)g (filled triangle) and dT(TG)g (open triangle). (B) Oxy1.5 (filled circle), Oxy?2 (filled triangle)
and T60xy2 (open square). (C) Differences: T60xy2 — Oxy2 (open square) and dT¢(TG)g — d(TG)g (filled square). (D) Differences: Oxy2 — dTy (filled circle),
Oxy2 — d(TG)g (filled triangle) and, T60xy2 — dT(TG)g (open triangle). Data were obtained on a Jasco-720 spectropolarimeter (20 nm/min scan speed; 1 s
response time; 1 cm path) from 3 uM DNA samples in 10 mM sodium phosphate, pH 7.5, at 20°C.

(Fig. 3A). Oxy2 and T60Oxy2 also exhibit electrophoretic
mobilities and protium/deuterium (H/D) exchange kinetics
characteristic of a hairpin structure containing Hoogsteen G-G
pairs (Fig. 3A) (10). As in the case of Oxy1.5, these secondary
structures contain equal populations of C2’-endo/syn and C2’-
endolanti dG conformers and primarily C2’-endo/anti dT
conformers in their dT, loops.

In contrast to the telomeric DNA sequences of Figure 3A,
for which the dominant peak of the 660—690 cm™! interval
occurs at 684 cm~!, the non-telomeric sequences of Figure 3B
exhibit their dominant peak at significantly lower wave-
number. Thus, the bands centered at 675 cm™! in d(TG)g and
at 669 cm! in dT¢(TG)s consist mainly of overlapping
contributions from the dT conformer (C2’-endo/anti dT at
~668 cm™!) and the principal dG conformer (C2’-endo/syn dG
at 675 cm™!). The greater dT composition in dT¢(TG)g versus
d(TG)g has the effect of displacing the band to a slightly
lower wavenumber value (Table 1). Interestingly, the 1300-
1350 cm! profile of each non-telomeric sequence also appears
to consist of two overlapping components, a dominant peak at
1322 ¢cm™! (C2’-endo/syn dG) and a weaker shoulder at
1336 cm™! (C2’-endo/anti dG). The minor population of the
latter dG conformer presumably accounts for the broad wing
on the high wavenumber side of the 675 cm™! peak in d(TG)g

and the 669 cm™! peak in dT¢(TG)s. The non-telomeric
sequences of Figure 3B lack a dT loop and therefore give no
marker near 610 = 2 cm!. Likewise, Raman bands charac-
teristic of solvent-exposed guanine N7 and O6 sites (1486 and
1686 cm™') replace the markers (1482 and 1722 cm™)
diagnostic of Hoogsteen N7 and C6=0 hydrogen bonding
interactions of the G-G pairs. Also, the guanine Raman marker
at 1575 cm™!, which is sensitive to solvation of the exocyclic
C2-NH, group, differs from the analogous band (1580 ¢cm™)
in telomeric DNA (15). Thus, Raman markers diagnostic of
either hairpin or quadruplex secondary structures are absent
from Raman spectra of d(TG)g and dT(TG)g. On the other
hand, the prominent DNA backbone markers at 836 and
1091 ecm! in Figure 3B indicate the same local phosphodiester
conformation (g7/g) as in telomeric sequences. The secondary
structure for both of the non-telomeric sequences is apparently
a base-stacked single strand.

UVRR spectroscopy. The strucutral significance of the UVRR
signatures of Figure 3C and D can be understood by reference
to UVRR studies of model structures (17,28,36,37) and
comparison with the off-resonance data of Figure 3A and B.
For telomeric structures, the guanine UVRR markers at 1324
and 1482 cm™!' (Fig. 3C) coincide with their off-resonance
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Figure 3. (A) Raman spectra of Oxyl.5, Oxy2 and T60xy2. (B) Raman spectra of d(TG)g and dT(TG)g. In (A) and (B) solutions contained DNA at
30 mg/ml in 10 mM Tris pH 7.2, 1 mM EDTA and 50 mM NaCl and were maintained at 10°C. Dashed lines in (A) and (B) indicate bands discussed exten-
sively in the text. (C) UVRR spectra of Oxyl.5, Oxy2 and T60xy2. (D) UVRR spectra of d(TG)g and dT(TG)g. In (C) and (D) the DNA solutions (10—
20 uM, see text) also contained 25 mM Na,SO, for use of the 981 cm™' band of SO, as a reference intensity and wavenumber standard. The inset at the
upper left in (C) and (D) shows a 5-fold ordinate amplification of the 600-900 cm™! interval.

counterparts and indicate Hoogsteen hydrogen bonding and
C2’-endolsyn dG, respectively (Table 1). Conversely, for the
non-telomeric structures, the guanine UVRR markers at 1321
and 1484 cm™! identify C2’-endo/syn dG without Hoogsteen
hydrogen bonding. Unique to the telomeric UVRR signatures
of Figure 3C is a well-resolved shoulder (~1603 ¢cm™) to the
intense guanine marker at 1577 cm~!. The corresponding
shoulder in non-telomeric structures, which appears at much
lower wavenumber (~1596 c¢m™'), has been assigned to a
guanine ring vibration involving in-plane bending of the
C2-N1-H linkages (36). We ascribe the observed shift to the
presence of Hoogsteen hydrogen bonding (N1-H:-O6) in
telomeric sequences in lieu of solvent hydrogen bonding
(N1-H---OH,) in non-telomeric sequences.

In contrast to the distinctive UVRR markers of dG
conformers, UVRR markers of dT are rather similar for
telomeric and non-telomeric DNAs. Bands at 784 and
1182 cm™! in Figure 3C shift slightly to 787 and 1185 cm!
in Figure 3D, consistent with the observations in Figure 3A
and B. In addition, no UVRR band is observed near 610 cm™!
for the dT,4 loop. The shift of the 1363 cm~! dT marker of
Oxyl.5 to 1366 cm™! in Oxy2 and 1372 cm™! in T60xy2 (cf.
Fig. 3C and D) indicates an underlying conformation-sensitive
(syn versus anti) contribution from dG rather than a change of

dT conformation. For d(TG)g and dT¢(TG)g the sharp peak
observed near 1370-1372 cm! reflects the virtual coincidence
of a C2"-endo/syn dG marker (~1371 cm™") with the C2’-endo/
anti dT marker (~1371 cm™). On the other hand, in Oxy1.5 the
population of C2’-endo/anti dG conformers contributes at a
wavenumber lower than 1371 cm™!, which results in the
appearance of the composite band peak near 1363 cm™'.
Similar overlapping effects explain the data observed for
Oxy2 and T60xy2. The thymine UVRR marker of highest
wavenumber (~1653 cm™!) is quite distinct from the Raman
marker (~1662 cm™'), consistent with experimental and
theoretical studies (34) showing that the UVRR and Raman
bands are due to coupled double bond stretching vibrations
(involving both C4=0 and C5=C6 internal coordinates) rather
than to a pure C4=0 stretching mode.

Hydrogen isotope exchange of guanine imino sites in Oxyl.5.
Telomeric DNA secondary structures exhibit retardation of
guanine amino (N2H,—N2D,) and imino (NIH—NI1D)
exchanges, which are conveniently measured by time-
resolved Raman spectroscopy (15). Representative Oxyl.5
data (Fig. 4, top) illustrate resolution of amino (fast) and imino
(slow) exchanges. Difference spectra for sequential exchange
processes are shown in Figure 4 traces D (= B — A) and
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Table 1. Raman and UV resonance Raman bands of Oxytricha telomeric DNA and related non-telomeric DNA sequences in H,O and D,0 solutions?

Telomeric repeat® Non-telomeric isomer® Assignmentd Comment®
Raman’ UVRRe Raman’ UVRR?
608 (603) dT T, diagonal loop
612 T4 hairpin loop
668 (651) 668 (655) dT C2’-endolanti
675 (679) 680" (677) 675 (675) 676 (677) dG C2’-endolsyn
684 (683) 680" (677) dG C2'-endolanti
746 (734) 740 (732) 747 (736) 737 (733) dT T(N3)!
782 (782) 784 (785) 787 (786) 787 (784) bk OPO; dT glg
835 (832) 836 (831) bk OPO glg
(980) dG ND def G(N1, N2)i
1018 1023 (1018) dG NH def; dT G(N2)
1028 (1030) 1030 (1034) dG
1085 (1085) 1085 (1085) dG
1091 (1091) 1091 (1090) bk PO, intensity standard
1140 1141 dT
1180 (1155) 1182 (1157) 1182 (1157) 1185 (1157) unpaired dT T(N3)
1237 (1242) 1238 (1242) 1237 (1237) 1239 (1244) dT T(N3)
(1268) (1267) (1264) dT ND def T(N3)
1325 (1325) 1324 (1320) 1322 (1318) 1321 (1319) dG C2’-endolsyn
1336 (1336) u u u u u dG C2'-endolanti
1363k (1357) 1363' (1360) u (1359) u (1356) dG ND, def G(N2), C2'-endolanti
1372 (1372) u (1373) 1372 (1374) 1371 (1374) dT; dG dG C2’-endolsyn
(1403) (1403) dG ND,ND, def (N1, N2y
1412 (1410s) (1407) 1411 (1410s) dG; dT
1420 (1420) 1416 (1415) C5'H, def
1482 (1478) 1482 (1478) 1486 (1476) 1484 (1477) dG N7 H-bond
1536 (1535) 1534 (1535) 1536 (1536) 1533 (1534) dG
1580 (1580) 1577 (1578) 1575 (1574) 1572 (1574) dG N7 H-bond
1605 1603 1597 (1603) 1596 dG NH def N1H H-bond
1662 (1662) 1655 (1659) 1661 (1659) 1653 (1658) dT C=0 str 04 H-bond
1722 (1689) 1686 (1685) dG C=0 str 06 H-bond

aRaman and UVRR bands are given in cm™!' units (no data indicates no band observed; u indicates unresolved wavenumber; D,O solution data are in
parentheses). Relative Raman and UVRR intensities (not listed) vary among sequences in accordance with T:G content and conformation (see text). Data are

compiled from this work and previous results (8,10,15,30,32,34,37,45).
"Data apply to Oxy1.5, Oxy2 and T60xy2 unless otherwise noted.
Data apply to d(TG)g and dTs(TG)s.

dAbbreviations: bk, backbone; def, deformation; str, stretch. Standard notation is used for deoxynucleosides and chemical groups.
¢Parentheses indicate sites of deuteration. Standard notation is used for deoxynucleotide conformations.

fOff-resonance excitation (532 or 514.5 nm).
eUV resonance excitation (257 nm).

hComposite of C2’-endo/syn dG (~675 cm™!) and C2’-endolanti dG (~684 cm') markers.

iVery weak in UVRR spectra.

IThe band shifts to ~1392 cm™! in d(G,) upon N2 amino deuteration and to ~1400 cm™' when the N1 imino site is additionally deuterated.

kShoulder to the more intense band of dT at 1372 cm™!.
'Overlap of dT and dG markers.

E (= C - B), respectively. Guanine H/D exchanges produce
shifts of Raman peaks from ~1018 to 980 cm™!, 1367 to 1356
cm™!, 1482 to 1480 cm™! and 1722 to 1713 cm™! (cf. traces A, B
and C of Fig. 4) (15). In the computed difference spectra, the
separate effects of amino and imino exchanges are more clearly
differentiated. Note, for example, that the imino exchange
process results in a peak/trough profile at 1689/1717 cm™!
which provides a basis for quantification of the NIH—-N1D
exchange rate. The traces in the upper panel of Figure 4 and
related time-dependent spectra yield the exchange kinetics
profiles shown in the bottom panel of Figure 4.

We interpret the results of Figure 4 (bottom) as indicative of
at least two distinct phases of guanine imino exchange in
Oxyl.5. The more rapidly exchanging fraction (phase 1),
which is complete at time 7 < 100 min with apparent rate k =
1.39 X 102 min’!, represents N1H sites that are only
marginally protected by the quadruplex secondary structure.
These are likely to reside in the peripheral G quartets (Fig. 1C).

The more slowly exchanging fraction (phase 2), which
exchanges in the period ~100 < ¢ < ~4275 min with apparent
rate k = 3.86 X 10* min~!, represents more protected N1H
sites, presumably those of the internal G quartets (10,15). The
phase 2 protons of Oxyl.5 exchange at a rate that is more
similar to those of hairpins (10) and extended quadruplexes
(15). The guanine H/D exchange data in the bottom panel of
Figure 4 may also be fitted to a single exponential function
(not shown) with first order rate constant k = 5.9 X 103 min/,
which is close to values reported for hairpins (10). The results
of Figure 4 further imply that approximately equal populations
of protons exchange in phases 1 and 2. We conclude that G
quartets of the NMR determined Oxyl.5 quadruplex (12) are
not as well protected from H/D exchange as those in the
quadruplex structure of Oxy4 (15). This could reflect either the
fundamental structural difference between the two quadru-
plexes (i.e. two interleaved chains in Oxyl.5 versus a single
foldback chain in Oxy4) or different exchange mechanisms.
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In Oxyl.5, as in previously investigated Oxytricha telo-
meric DNA structures (10,15), the thymine imino exchange
(N3H—N3D) is not time-resolved by the experimental
protocol employed here. Nevertheless, thymine imino deuter-
ation is evident from the deuteration shifts of several thymine
Raman bands, including 668—651, 746—734, 1180—1155
and 1237—1262 cm™!, as shown in traces A and B of the top
panel of Figure 4.

Signatures of Oxytricha telomeric DNA structure
transformations

TEBP subunits bind to the Oxytricha telomeric DNA repeat
and induce conformational rearrangements (20-22,38). In the
case of Oxyl.5, the fold induced in the DNA chain by the
nucleotide-binding domains of the o and B subunits has been
revealed in the X-ray crystal structure of a ternary complex
(25,26). Because no other telomere complex has proven
amenable to X-ray structure determination, alternative probes
of TEBP-induced DNA structure transformations are required.
Raman and UVRR difference signatures have the potential to
reveal such DNA transformations (39,40) and provide a
reference library for identification of tertiary folds common to
other telomeric sequences.

Hairpin. A Raman difference spectrum diagnostic of hairpin
formation in T60xy2 can be generated by subtracting the
spectrum of the single-stranded sequence isomer dTg(TG)g
from the spectrum of T60Oxy2 (Fig. SA). Because the dT and
phosphodiester conformations are very similar in T60xy?2 and
dT¢(TG)g, they make no major contribution to this difference
spectrum. Figure SA thus exhibits peaks diagnostic of the dT,
loop, G-G pairs and the mixed dG conformer (syn + anti)
populations of T60xy2 and troughs diagnostic of the unfolded
chain and uniform dG conformer (all syn) populations of
dTs(TG)s.

In Figure 5A difference peaks (+) and troughs (-) at 611(+),
744(+), 779(+), 1167(-), 1181(+), 1234(+), 1372(+) and
1665(+) cm™! are due to dT and those at 685(+), 1311(-),
1337(+), 1477(+), 1491(-), 1570(-), 1583(+), 1597(-),
1615(+), 1694(-) and 1722(+) cm™ are due to dG. The
peaks at 685 and 1337 cm™' identify the C2’-endo/anti dG
conformation of the hairpin, which is only a minor component
of single-stranded dTe(TG)s. The trough at 1311 cm™' is
assigned to C2’-endo/syn dG, which is the dominant con-
formation in the single strand. The C2’-endo/syn and C2’-
endolanti dG conformations alternate in the quadruplex and
presumably also in the hairpin. The peak/trough pairs at 1477/
1491 and 1583/1570 cm™! reflect the N7 hydrogen bonds of
G-G pairs in the hairpin, which are formed at the expense of
solvated N7 sites in the single strand. Similarly, the 1722/
1694 cm™! pair reflects different O6 hydrogen bonding
environments in the hairpin and single strand. The negative
difference band at 1597 cm! and relative maximum at
1615 cm™' may reflect altered hydrogen bonding of imino
proton (N1H) sites. Other generally weak difference bands in
the 800-1100 cm~! region are assigned to the expectedly
small conformational differences between the deoxyribosyl
phosphate backbones of T60xy2 and dT4(TG)g. The promin-
ent peak at 1017 cm™!, which originates in large part from
a guanine mode involving the exocyclic C2-NH, group
(10), may also reflect different NH, hydrogen bonding
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of SO,»).

environments in hairpin and strand. It is interesting that the
difference spectrum of Figure 5A exhibits many features in
common with the previously computed difference spectrum of
Oxy2 between 10°C (hairpin) and 90°C (thermally unfolded)
(41), although the latter reflects additional spectral perturb-
ations caused by base unstacking at the higher temperature.
Subtraction of the Raman spectrum of d(TG)g from that of
Oxy?2 yields a difference spectrum (not shown) that is very
similar to Figure 5A.

Figure 5B shows the UVRR difference spectrum computed
between Oxy2 and d(TG)g, both at 10°C. With the possible
exception of a barely distinguishable peak near 1029 cm~! due
mainly to guanine, no peaks or troughs occur in the region
600-1300 cm™!. This is consistent with the low UVRR cross-
sections for vibrational modes within this spectral interval
(28). However, a rich pattern of difference bands occurs in the
1300-1700 c¢cm' interval. The observed UVRR difference
spectrum, with peaks and troughs at 1317(-), 1338(+),
1356(+), 1475(+), 1493(-), 1562(-), 1579(+), 1610(+) and
1685(-) cm!, closely resembles the corresponding off-
resonance difference profile (compare the 1300-1700 cm™!

intervals of Figure 5A and B), confirming similar folds.
A simplifying advantage of the UVRR signature is the
absence of Raman bands from the deoxyribosyl phosphate
backbone.

Figure 5C shows the UVRR difference spectrum computed
for Oxy2 between 10 and 70°C. This difference spectrum
reflects thermal denaturation of the Oxy2 secondary structure.
It is very similar to that of Figure 5B, which underscores the
attribution of peaks to dG and dT residues of the hairpin fold
and troughs to dG and dT in the single strand. This similarity
further confirms that the d(TG)g single strand is a reasonable
model for the denatured hairpin of similar base composition.
The UVRR difference profile, unlike the off-resonance Raman
difference profile, is uncomplicated by Raman contributions
from the DNA backbone.

We also computed the UVRR difference spectrum (not
shown) for d(TG)g between 10°C (minuend) and 70°C
(subtrahend). As expected, this difference spectrum is feeble
in comparison with that of Figure 5C. It consists only of
troughs of low intensity in the region 1300-1700 cm™!, which
reflect recovery of Raman hypochromism at the higher
temperature upon disordering of the d(TG)g single strand.

Thymidine leader. The upper trace of Figure 6A shows the
Raman difference spectrum obtained by subtracting the
spectra of Oxy2 and T60xy2, which represents the Raman
spectrum of dT¢ attached to a hairpin fold (Oxy2). Similarly,
the lower trace of Figure 6A represents the Raman spectrum of
dTj attached to an alternating dT/dG single strand. The Raman
signature of the thymidine leader is not significantly affected
by the DNA fold to which it is attached. This signature is very
similar to the Raman spectrum of poly(dT) (30). Figure 6B
illustrates the same point for the UVRR spectrum.

Quadruplex. The top panel of Figure 7 shows the difference
spectrum obtained by compensating the Raman spectrum of
the Oxyl.5 quadruplex for contributions of dG and dT
residues in a single-stranded sequence isomer. The corres-
ponding UVRR difference signature is shown in the bottom
panel of Figure 7. Interestingly, the Raman and UVRR
signatures of Figure 7 exhibit many similarities to their
counterparts in Figure 5. Important distinctions, however, are
the relative amplitudes of peaks and troughs in the 1450-
1750 cm™! interval. For example, the band near 1723 c¢cm™,
which is a specific marker of Hoogsteen O6 interaction, is
more intense in Figure 7 than in Figure 5SA, consistent with the
greater number of Hoogsteen hydrogen bonding interactions
per guanine residue of the quadruplex. Another interesting
difference between Figure SA and the top panel of Figure 7 is
the wavenumber value of the thymidine loop marker (611
versus 605 cm™!). This may signify different loop geometries
in the respective structures. We propose the difference spectra
of Figure 7 as the Raman and UVRR signatures diagnostic of
the Oxy1.5 quadruplex.

DISCUSSION AND CONCLUSIONS

We have reported and interpreted Raman, UVRR and CD
spectra of the Oxytricha telomeric DNA sequences Oxyl.5,
Oxy?2 and T60xy2 and of the non-telomeric sequence isomers
d(TG)g and dT¢(TG)g. This work extends the database of DNA



T60xy2 - Oxy2

g

Raman Intensity

dT(TG)s- d(TG)4

T60xy2 - Oxy2

1374

UVRR Intensity

dT(TG)s - d(TG),
*

700 900 1100 1300 1500 1700
Wavenumber (cm™)

Figure 6. (A) Raman signatures (10°C) of the thymidine 5" leader generated
by the differences T60Oxy2 — Oxy2 (top trace) and dT¢(TG)s — d(TG)g
(bottom trace). (B) UVRR signatures (10°C) of the thymidine 5" leader gen-
erated by the differences T60xy2 — Oxy2 (top trace) and dTe(TG)g —
d(TG)g (bottom trace). Asterisks indicate uncompensated intensity of the
reference intensity standard (981 cm™! band of SO4>).

structures probed by the UVRR method and correlates the
UVRR spectra (257 nm excitation) of Oxy1.5, Oxy2, T60xy2,
d(TG)s and dTe(TG)g with corresponding off-resonance
Raman spectra (532 nm excitation). The greater sensitivity
of UVRR spectroscopy facilitates identification of telomeric
DNA folds in solutions that are several orders of magnitude
more dilute than those typically employed in off-resonance
Raman studies. Raman and UVRR spectra are complemented
by CD spectra, confirming and extending previously reported
CD results and providing a correlation between CD and
vibrational spectra. We find that Oxy1.5 exhibits the positive
and negative CD bands near 295 and 265 nm, respectively,
proposed as diagnostic of a quadruplex (23). Conversely,
Oxy2 and T60xy2 contain only the positive bands near
300 and 255 nm, proposed as diagnostic of the hairpin fold (10).

In the 2.5 A X-ray crystal structure of Oxy1.5, two strands
of he dodecanucleotide form a quadruplex having antiparallel
strand topology (Fig. 1B; 11). However, in the NMR solution
structure of Oxyl.5, the quadruplex comprises two strands
interleaved to combine both parallel and antiparallel strand
orientations (Fig. 1C). The quadruplex structure of Figure 1C
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has also been discovered within the lattice of an O.nova
TEBP/DNA co-crystal solved at 1.86 A resolution (25).
Because the buffer conditions employed in the present
experiments more closely approximate those in the solution
NMR and co-crystal X-ray studies, it is reasonable to assume
that the Oxy1.5 structure examined here adopts the quadruplex
strand topology of Figure 1C rather than that of Figure 1B.
This is consistent with the Raman, UVRR and CD results and
is also supported by the H/D exchange measurements.

Raman marker bands diagnostic of specific dG conform-
ations and interactions in telomeric DNA structures have been
reported previously (8,42). The present work shows that
comparable dG markers occur within the 1300-1700 cm!
interval of UVRR spectra. UVRR spectra of telomeric DNA
sequences also exhibit a novel dG marker at 1600 = 5 cm™!.
No comparable band can be resolved in off-resonance Raman
spectra, owing to an apparently low off-resonance Raman
scattering cross-section and possible obscuration by intense
neighboring bands of the guanine (1575 cm™') and thymine
rings (1660 cm™). In accordance with previous work
(8,15,36), we assign the 1600 cm~' marker to a vibration
involving the guanine N1H imino group, and note that it
appears at a higher wavenumber value in natively folded
structures (~1605 cm™!, Fig. 3A) than in single-stranded non-
telomeric DNA (~1597 cm™!, Fig. 3B). We propose this
UVRR marker as a means of distinguishing the N1H---O6
hydrogen bond between two guanines (e.g. in Hoogsteen G-G
pairs or G quartets) from the N1H--OH, hydrogen bond
between guanine and solvent.

It is interesting to note that at DNA concentrations (10—
20 uM) employed for UVRR spectroscopy a parallel-stranded
quadruplex is not induced by prolonged heating of either
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Table 2. Raman and UVRR markers of Oxytricha telomeric DNA and related folds?

Marker (cm™") Assignment Diagnostic telomeric DNA fold®
610 = 2 dT, loop anti-ll quadruplex or hairpin
674 = 3 C2’-endolsyn dG anti-ll quadruplex or hairpin (50% dG)
682 = 2 C2'-endolanti dG anti-ll quadruplex or hairpin (50% dG)

Il quadruplex (100% dG)
1324 = 2 C2'-endolsyn dG anti-ll quadruplex or hairpin (50% dG)
1333 = 3 C2'-endolanti dG anti-ll quadruplex or hairpin (50% dG)

Il quadruplex (100% dG)
1361 = 2¢ C2’-endo/anti dG anti-ll quadruplex or hairpin (50% dG)

Il quadruplex (100% dG)
1481 = 2 dG N7 strong Hoogsteen H-bond anti-ll quadruplex or Il quadruplex
~1486 dG N7 weak H-bond to H,O
1579 = 1 dG N2H interbase H-bond anti-Il quadruplex, Il quadruplex or hairpin
~1574 dG N2H H-bond to H,O
1603 = 2 dG N1H interbase H-bond anti-ll quadruplex, Il quadruplex or hairpin
~1595 dG N1H H-bond to H,O
1722 = 2 dG O6 interbase H-bond anti-ll quadruplex, Il quadruplex or hairpin
~1686 dG O6 H-bond to H,O

aData compiled from this work and previously published results (8,10,15,30,32,34,37,45).
bData apply to Oxyl.5, Oxy2 and T60xy2. Symbols: Il, parallel; anti-ll, antiparallel. Where appropriate,

percentage residues affected are given in parentheses.

°Band center depends on G:T content due to overlap with dT marker, 1370 cm™'.

Oxyl.5, Oxy2 or T60xy2, irrespective of salt concentration.
Conversely, such quadruplexes are readily formed at the much
higher DNA concentrations (10—-100 mM) usually employed
in off-resonance Raman studies (9). Thus, UVRR provides a
decisive advantage over off-resonance Raman spectroscopy
for investigating antiparallel quadruplexes without the
complication of parallel quadruplex formation.

The H/D exchange of guanine imino (N1H—NI1D) sites in
Oxyl.5 is biphasic, with rates of 1.39 X 1072 and 3.86 X
10* min™!. The overall exchange process can also be
described in terms of a single rate constant of 59 X
103 min~!, which is intermediate between values reported
for Oxy2 (4.6 X 1073) and T60xy2 (9.6 X 1073 min™!) (10).
Much slower rates (~10-¢ min™!) are exhibited by the foldback
(antiparallel) and extended (parallel) quadruplex structures of
Oxy4 (15). Therefore, although the Oxyl.5 quadruplex
contains G quartets of high stability, it does not exhibit the
same degree of H/D exchange protection observed for Oxy4
quadruplexes. One plausible explanation for this finding is that
guanine exchange depends not simply on the nature of
interbase hydrogen bonding but also on DNA strand topology.
For example, in both the solution NMR and co-crystal
X-ray structures of the Oxyl.5 quadruplex (12,25), the
strand topology results in a very wide groove (10 A) that
is not present in the Oxy4 quadruplex structures (43,44). The
wide groove of the Oxyl.5 structure may facilitate solvent
penetration for more rapid guanine proton exchanges. This is
analogous to the case of B-DNA. It is also possible that H/D
exchanges may proceed by different mechanisms in Oxyl.5
and Oxy4 structures.

The distinctive structure and H/D exchange kinetics
observed for Oxy1.5 vis-a-vis Oxy2 and T60xy2 demonstrate
that the single-stranded 5 leader sequence (the so-called 3’
overhang) plays an important role in telomeric DNA structure
and dynamics. The single-stranded dT, sequence of Oxy2 (or
dT,( sequence of T60Oxy2) may function to stabilize hairpin
formation in the d(G4T4G,4) sequence to which it is linked.

Quadruplex formation, whether by a mechanism of strand
association in the case of Oxyl.5 or folding in the case of
Oxy4, is presumably disfavored if a stable hairpin is formed
initially. The single-stranded overhang may thus provide a
natural barrier to quadruplex associations.

In Table 2 we list the key Raman and UVRR markers
identified in this and previous work. This tabulation includes
many new Raman markers not previously recognized as
diagnostic of dG and dT conformations and of base hydrogen
bonding interactions in telomeric DNA folds. The data of
Table 2 are considered important for Raman and UVRR
classifications of telomeric DNA structures, for the design of
future experiments to probe structures of Oxytricha telomeric
repeats in complexes with TEBP subunits and for the use of
Raman and UVRR probes in investigating other protein—-DNA
interactions.
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