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Optimization of Fluorescent 8-Heteroaryl-Guanine Probes for
Monitoring Protein-Mediated Duplex-»G-Quadruplex Exchange+

Kaila L. Fadock,” Richard A. Manderville,*® Purshotam Sharma® and Stacey D. Wetmore*®

In this study, we describe the thermal and optical properties of the thrombin binding aptamer (TBA) that has been
modified at syn-G-tetrad positions with fluorescent 8-heteroaryl-2'-deoxyguanosine derivatives consisting of pyrrolyl
("dG), furyl (“"dG), thienyl ("dG), benzofuryl (**"dG), indolyl ("dG) and benzothienyl (*"dG). Insertion of the modified
base into the syn-Gs position of TBA decreases duplex stability, but enhances stability of the antiparallel G-quadruplex
(GQ) structure produced by TBA in the presence of K* ion and its molecular target, thrombin. The resulting modified TBA
(mTBA) oligonucleotides have been employed in duplex->GQ exchange to monitor thrombin binding affinity and rates of
GQ formation driven by thrombin binding. Our studies demonstrate that 8-heteroaryl-dG bases can be inserted into syn-
G-tetrad positions of TBA without perturbing thrombin binding affinity and that the 8-thienyl-dG ("dG) analog is
particularly useful as an emissive probe for monitoring duplex->GQ exchange due to its heightened emissive sensitivity to
change in DNA topology compared to the other 8-heteroaryl-dG analogs. The positional impact of a single ™dG probe
versus multiple ™4G incorporation at syn-G sites of TBA highlight an advantage for di-substituted mTBA oligonucleotides
for increased emission intensity and rates of duplex->GQ exchange that can be vital for diagnostics through aptamer

detection strategies.

Introduction

Nucleic acid aptamers are single-stranded DNA/RNA-based
ligands that bind molecular targets with high affinity and
specificity for applications as therapeutic agents and diagnostic
tools.™? They are generated by an in vitro selection method
commonly named SELEX (systematic evolution of ligands by
exponential enrichment).3’4 Aptamer modifications can
enhance their utility, and it has been demonstrated that sugar
and phosphate modifications promote nuclease resistance for
Additionally, base modifications
increase chemical diversity for enhanced proteing’11 and small
molecule binding,lz’13 and targeting cancer cells.**

Aptamer base modifications can also provide a diagnostic
signal for target detection. For G-rich oligonucleotides that
fold into G-quadruplex (GQ) structures, 8-aryl-2'-
deoxyguanosine (8-aryl-dG) residues can replace normal G
nucleobases within G-tetrads without disturbing H-bonding
interactions and GQ folding.ls_18 Furthermore, aryl ring
attachment to the 8-site of dG extends the m-surface of the G
1318 The G-G base-

improved therapeutic use.”®

nucleobase to afford a fluorescent G mimic.

“Department of Chemistry & Toxicology, University of Guelph, Guelph, ON, Canada
N1G 2W1, E-mail: rmanderv@uoguelph.ca

b Department of Chemistry & Biochemistry, University of Lethbridge, Lethbridge,
AB, Canada T1K 3M4, E-mail: Stacey.Wetmore@uleth.ca

1 Electronic supplementary information (ESI) available: Fig. S1-S4 described in the

text, NMR spectra of synthetic samples, MS spectra of modified TBA

oligonucleotides. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

& - syn
& - anti

Fig. 1 Structures of 8-heteroaryl-dG residues and the GQ produced by TBA (5'-
GGTTGGTGTGGTTGG-3’), anti-Gs are shown in red, syn-Gs are shown in blue.

stacking and restricted motions within GQ structures can
amplify the emission of the 8-aryl-dG base compared to its
emission in the single-strand or especially in the duplex.15 This
fluorescence sensitivity to GQ folding should permit the
application of duplex>GQ exchange19 as an effective strategy
for detecting molecular target binding by the wide variety of

nucleic acid aptamers that produce GQs upon ligand
binding.zo’21
Recently, we established proof-of-concept for probe

performance by inserting the fluorescent 8-furyl-dG ("dG)
base into the thrombin binding aptamer (TBA),**?* which
represents the most commonly employed GQ-based
aptamer.25 Native TBA folds into an intramolecular antiparallel
GQ in the presence of certain metal cations and thrombin.?®
The GQ structure contains two G-tetrads with alternating syn-
and anti-G residues and three Ioops.27 In K*-solution, the TBA
duplex is more stable than the GQ (duplex thermal melting
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temperature (T,) ~ 11 °C greater than the GQ) permitting
GQ—>duplex exchange to be monitored by addition of the
complementary strand to the GQ structure.”® However, due to
a syn-preference, the UG modification strongly enhances GQ
stability at syn-Gs (AT,, ~ 9 °C) and strongly decreases duplex
stability (AT,, ~ -7 °C), making the GQ more stable than the
duplex (GQ T, ~ 4 °C greater than duplex).22 Furthermore, the
4G probe exhibits quenched fluorescence in the duplex, but
lights-up in the GQ due to effective energy-transfer from the
natural G bases.”” These characteristics permitted the use of
4G at syn-Gs for monitoring K* ion*? and thrombin binding®®
using duplex->GQ exchange.

Although our studies with "~ dG at the syn-G; position of TBA
demonstrated the potential utility of 8-heteroaryl-dG residues
for monitoring GQ-folding-aptamer/protein interactions using
fluorescence spectroscopy, several important factors must be
explored in order to optimize probe performance. Specifically,
alternative 8-heteroaryl-dG nucleosides have been reported
and such analogues may be more effective than "“dG at
signaling thrombin binding by fluorescence spectroscopy. TBA
also contains three other syn-G positions (G;, G1g and G4, Fig.
1) that have yet to be tested for probe performance. Similarly,
the impact of multiple probe incorporation has yet to be
established. Furthermore, the thrombin binding affinity of the
modified TBA (mTBA) containing F'dG was not compared to
the native 15mer and the binding studies were carried out in
Na*-solution®® despite TBA producing a more stable GQ
structure with a K* ion, which is also known to enhance the
thrombin-inhibiting effect of the aptamer.26 Thus, further
studies are warranted to optimize 8-heteroaryl-dG probe
performance at syn-G-tetrad positions within TBA, determine
their impact on thrombin binding affinity compared to native
TBA in K'-solution, and establish their impact on the rate of
duplex->GQ exchange driven by thrombin binding.

In the present study, we describe the thermal (UV-vis T,
values) and optical (circular dichroism (CD) and fluorescence)
properties of mTBA duplex and GQ structures containing syn-
G, 8-heteroaryl-dG residues (furyl (""dG), pyrrolyl (*'dG),
thienyl ("dG), benzofuryl (**'dG), benzothienyl (*""dG) and
indolyl ('nddG), Fig. 1). Thrombin binding by the mTBA samples
in K™-solution using duplex->GQ exchange established the 5-
membered 8-thienyl derivative ™dG as the best performing
turn-on emissive probe for thrombin detection. The ™G
analog was then selected for further studies to establish
positional and multiple probe impact on the rate of
duplex->GQ exchange and thrombin binding affinity to the
mTBA oligonucleotides. Our results reveal important new
information concerning the utility of internal fluorescent DNA
base surrogates for monitoring target binding by aptamers
that produce antiparallel GQ structures.

Fur

Results and discussion

Probe performance at syn-Gs. The
nucleosides were synthesized as previously described,zg’
converted into phosphoramidites (Scheme 1) for use on a DNA
synthesizer (see ESI for NMR spectra of phosphoramidites and

8-heteroaryl-dG
30
and
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Scheme 1 Synthesis of 8-heteroaryl-dG phosphoramidites

ESI-MS data (Table S1) and spectra of mTBA oligonucleotides)
for 8-heteroaryl-dG probe incorporation into syn-Gs of TBA.
Full synthetic details for phosphoramidites derived from
*rdG>° and "™dG>! have been previously described.

Thermal melting studies (Table 1) were initially carried out to
determine the impact of the 8-heteroaryl-G modification on
duplex (T.,’s in Na'-solution) and GQ (T,’s in K'-solution)
stability. As noted previously for "dG at syn-Gs,>> the 8-
heteroaryl-dG modifications decrease duplex stability, but
enhance GQ stability. In general, it was noted that the X =S
heteroatom (Tth and BTth) had a greater destabilizing
influence on duplex stability and a diminished influence on GQ
stability (see AAT,, values) compared to X = NH (*"dG and
"4G) and X = O (*"dG and ®™"dG). For each heteroatom it was
also noted that the 5-membered derivatives tended to be less
destabilizing in the duplex and more stabilizing in the GQ
compared to their 8-benzoheteroaryl-dG counterparts.

Table 1 UV-thermal melting parameters for mTBA with syn-Gs 8-heteroaryl-dG probes

d

Modification T’ (BT1)? oup T (ATm) 6a AAT,
Native 64.5 53.5 -11.0
dG 58.0 (-6.5) 64.5 (11.0) 6.0
rdG 58.0 (-6.5) 62.5(9.0) 45
™dG 56.5 (-8.0) 60.5 (7.0) 4.0
4G 56.5 (-8.0) 62.5 (9.0) 6.0
BdG 56.5 (-8.0) 61.5 (8.0) 5.0
4G 52.0 (-12.5) 55.0 (1.5) 3.0

“Tm values in °C were determined from solutions of 6 uM oligonucleotide in 100 mM
M* phosphate buffer pH 7.0 with 0.1 M MCl (M = Na*, duplex; M = K*, GQ)). Samples
were monitored at 260 nm (duplex) or 295 nm (GQ) over 5 ramps at a rate of 0.5 °
C/min and are reproducible within 3%. b ATy = T (mTBA duplex) — T, (native TBA
duplex). ¢ ATy, = T, (MTBA GQ) — Ty, (native TBA GQ). All 8-heteroaryl-dG modifications
of the mTBA samples are present at the syn-Gs position. d AATy = Trea - Tmbup.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Fluorescence excitation and emission spectra of mTBA GQ for A 5-
membered rin%) series, "'dG (blue dotted), "'dG (red soljd), and ™dG (green
dashed) and B benzoheteroaryl series, "dG (blue dotted), *dG (red solid), and

dG (green dashed). All spectra of mTBA oligonucleotides (6 nuM) were
recorded in 100 mM potassium phosphate buffer, pH 7, with 0.1 M KCl at 10 °C.

Circular dichroism (CD) was utilized to confirm the duplex
and antiparallel GQ structures of the mTBA samples. Typical
duplex CD spectra were obtained with negative peaks at 240
nm and positive peaks at 260 nm. The GQ CD spectra
confirmed an antiparallel structure with positive peaks at 245
and 290 nm and negative peaks at 260 nm (Fig. S1, ESI).

The emission and excitation spectra of the mTBA GQ
structures highlight the relative emission wavelengths and
intensities of the various probes (Fig. 2). For the 5-membered
ring derivatives (Fig. 2A), the GQ of mTBA containing ™dG was
the most emissive (dashed green trace), exhibiting an almost
3-fold intensity compared to the mTBA GQ
containing ™'dG (solid red trace, Fig. 2A). The excitation
spectrum of the mTBA GQ containing the 4G probe exhibited
an energy transfer band at ~ 290 nm as a diagnostic feature of
GQ, formation.”®***”®*  The ™dG probe also exhibited the
greatest stokes shift (Av = 95 nm, Table 2) with the most red-
shifted emission wavelength (Aen = 411 nm, Table 2) of the 5-
membered derivatives. In contrast, the pyrrolyl derivative
P"dG exhibited guenched emission in the GQ structure (dotted
blue trace, Fig. 2A) with a weak energy transfer band in the
excitation spectrum.  All
quenched emission in the duplex structures and lacked energy
bands in the excitation spectra (Fig. S2, ESI).
Compared to the emission intensity of the probes in the GQ
structures, the '"dG probe displayed a 10.8-fold increase in
emission intensity (/. values, Table 2), compared to 6.2-fold
for "'dG and 1.7-fold for "'dG.

The benzoheteroaryl series of probes tended to be brighter

increase in

5-membered probes displayed

transfer

in the GQ structure than the 5-membered ring counterparts
and exhibited distinct 290 nm charge transfer bands in their
excitation spectra (Fig. 2B). For this series, the most emissive
BRU4G (red solid trace), although *™"dG showed
similar emission intensity (dashed green trace) along with a
more red-shifted emission wavelength (418 nm for BTG vs.
405 nm for ®™'dG, Table 2). The "™dG derivative exhibited
quenched emission compared to BRUr4G and ®™dG (dotted blue
trace, Fig. 2B) and a blue-shifted A, (392 nm, Table 2). The

derivative was

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Fluorescence titrations (6 uM mTBA) carried out with thrombin, (A
"dG@5, duplex->GQ, initial trace of duplex depicted by solid line, while dashe
traces depict GQ formation upon successive addition of thrombin. (B)
Normalized fluorescence responses (initial fluorescence of the duplex set toy =
0) for the protein binding titrations of mTBAs@5 for ™'dG (blue circle), ""dG (red
diamond), ™dG (green triangle) and *""dG (black square).

benzoheteroaryl probes were also more emissive than their 5-
membered ring counterparts in the duplex structure (Fig. S2).
Consequently, they exhibited smaller /.. values than FU'dG and
4G (4.8 for °™"dG, 3.0 for "™dG and 1.3 for ®""dG, Table 2).

To estimate the thrombin binding affinity of the mTBA
oligonucleotides, thrombin-aptamer fluorescence titrations
were carried out (6 uM [mTBA]) in 100 mM potassium
phosphate buffer pH 7.0 with 0.1 M KCI at 37 °C. The mTBA
samples were initially annealed to 1.1 equivalents of the
complementary strand to produce the duplex and quench the
emission of the 8-heteroaryl-dG probe. Addition of thrombin
promoted GQ formation, which triggered an increase in
emission intensity of the internal 8-heteroaryl-dG probe.
Titrations were carried out with the four derivatives (F“rdG,
™dG, "dG and ¥“dG) that provided the greatest I, values
(Table 2). A representative titration for the mTBA sample
containing ™G at syn-Gs is presented in Fig. 3A. Thrombin
titrations of the other three derivatives are provided in Fig. S3
(ESI). Plots of the normalized fluorescent intensity (initial
fluorescence of the duplex was set to y = 0, see Fig. 3B) versus
[protein] (Fig. 3B) indicated a 1:1 mTBA/thrombin interaction
and provided dissociation constants (Ky) ranging from 4.4-6.8
UM (Table 2). For native TBA binding in K'-solution at 37 °C, a
5'-fluorescein (FAM)-labeled single-strand TBA sample was
monitored for thrombin binding affinity using fluorescence
polarization (FP),"**? which provided a Ky value of 4.9 uM
(Table 2). This value is around one order of magnitude larger
than the Ky value for thrombin binding by unlabeled TBA at 25
°C using isothermal titration canrimetry.33 Taking into account
differences in methodology including instrumentation,
temperature and protein origin, our titration data indicates
that the internal 8-heteroaryl-dG probes do not perturb
thrombin binding compared to the 5'-FAM-labeled TBA
sample. It was also noted that the ability of the internal probe
to enhance GQ stability (Table 1) did not provide enhanced
binding affinity to the protein.

J. Name., 2013, 00, 1-3 | 3
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Table 2 Photophysical parameters of syn-Gs-modified mTBA and dissociation constants
for thrombin binding

Table 3 Thermal melting parameters, photophysical properties and dissociation
constants for "dG-mTBA oligonucleotides

Mod. AeXeq Aemegq Aveq et Kq ,
(nm) (nm) (nm) (uM)
Native NA NA NA NA (4.9 £0.1)
dG 310 379 69 1.7 n.d.
frdG 315 378 63 6.2 5.7+0.1°
™dG 316 411 95 10.8 4.6+0.2°
"dG 325 392 67 3.0 6.8 +0.4°
UG 335 405 70 4.8 4.4+0.1°
¥hdG 330 418 88 1.3 n.d.

‘I, is the emission intensity (1) of lea/Ipup- P R? values for thrombin titrations were >
0.97. © Dissociation constant for 5'-FAM-labeled TBA determined via fluorescence
polarization (FP). ? Dissociation constants for internal syn-Gs probes by fluorescence
emission titrations upon duplex->GQ exchange.

Positional impact of ™dG. Given that the ""dG probe exhibited
the greatest light-up emission upon duplex->GQ exchange (/¢
values Table 2) and had minimal effect on thrombin binding, it
was selected for further studies to gauge the positional impact
of an 8-heteroaryl-dG probe within alternate syn-G-tetrad
positions of TBA. The AT, values of mTBA duplex and GQ with
™dG incorporated into positions G;, Gs, Gyg, and Gy, are
presented in Table 3. Incorporation of ""dG within the different
syn-positions indicated that probe location had an effect on
overall tertiary stability. As expected, the duplex structure was
significantly destabilized by incorporating ™MdG at internal G; or
G,o positions, with AT, values of -8.0 °C and -9.0 °C,
respectively. When located at G; or Gy4, which are at or near
the end of the duplex, the stability was less affected (AT,
values of -3.0 °C and -3.5 °C). In terms of fluorescence
response, ™dG at Gy provided the greatest /.. value of 21.6,
compared to 10.8 for Gs, 5.6 for G4 and 3.1 for G;. The G;
modification at the end of the DNA strand had the lowest /.
value due to its highly emissive nature in the duplex likely from
decreased 7-stacking in the helix (6-fold increase in emission
for "dG at G; compared to Gs and G,4). For ™MdG at the two
internal duplex positions (Gs and G;g), the mTBA samples
exhibited similar quenched emission in the duplex, but the
probe was ~ 2-fold more emissive in the GQ at Gy versus Gs.
In fact, the TG probe at Gs within the GQ was the least
emissive (/gq, Table 3).

In an effort to provide an explanation for the quenching of
™dG emission at Gs relative to the other syn-positions,
geometric features of mTBA GQ structures were examined
using molecular dynamics (MD) simulations (Figure 4, ™G
probe in yellow; see also Table S2 (ESI) for relative free
energies of ™MdG mTBA GQ structures). The hydrogen-bonding
and stacking interactions of 4G at G, and Gy, were similar to

4| J. Name., 2012, 00, 1-3

3 AT AT, b Ky (FPKd)C
Site(s) . Ioy R I Irel
CCow " (Cea % (M)

1 -3.0 181 8.0 564 3.1 58+0.1
5 -8.0 30.1 7.0 324 10.8 46%0.2
54%£0.2

10 -9.0 31.5 10.5 681 21.6
(5.3 +1.4)
14 -3.5 127 8.0 707 5.6 49%0.1
5.9+0.6

1,10 -11.0 207 18.5 1362 6.6
(8.3+1.1)
5,10 18.5 76.5 18.5 734 9.6 80+13
! ’ ' ’ ' (5.9+0.7)
1,5,10, 14 n.d n.d >36.5 822 n.d (6.7 £0.6)

% AT, values compared to native TBA duplex (65.0°C) and GQ (53.5°C). P el is the
emission intensity (1) of lgo/lpyp- © Dissociation constants (Ky values) determined by
fluorescence emission titrations upon duplex->GQ exchange or via FP (values in
brackets). R? values were > 0.98.

native TBA. Although the guanine moiety in ™dG interacts with
T13 when the probe is at G4, no additional interactions were
observed with the thienyl group at G; and G;,. At Gy, ™dG
forms nonspecific interactions with the sugar moieties of
residues constituting the TGT loop (highlighted in green, Fig.
4C). However, none of the nucleobase moieties of the TGT
loop stack with the thienyl moiety of dG. Nevertheless, the
™dG probe at G, possesses the largest interaction energy with
the surrounding residues compared to all other positions
(Table S2, ESI), which may explain why the mTBA GQ modified
at Gy has the highest T,, value of the mono-substituted mTBA
oligonucleotides (Table 3). In contrast to the other syn-
positions, additional stacking interactions occur between hdG
and T,, and a nearly T-shaped interaction occurs between the
thienyl moiety and T, when the probe is at Gs (T, and T; in
green, Fig. 4B). Thus, the MD simulations demonstrate that the
™dG probe at Gs is present in a more crowded environment
compared to all other probe locations.

The interactions between ""dG at Gs and the T, and Ty
residues may hinder free rotation of the 8-thienyl group, which
can quench fluorescence. For example, we previously
demonstrated that 8-heteroaryl-dG nucleosides exhibit
quenched emission with increased solvent rigidity.30 The "dG
probe has a twisted ground-state structure that in non-viscous
water achieves planarity in the excited-state, which accounts
for its relatively large stokes’ shift (Av). With
viscosity, excited-states and ground-states have similar
geometries,34 which can quench fluorescence if the excited-
state remains twisted and cannot achieve planarity.

increased

This journal is © The Royal Society of Chemistry 20xx
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Fifg. 4 A#ortion of the MD representative GQ structures showing the orientation
of the "dG probe (yellow) in positions G; (A), Gs (B), Gip (C), and G4 (D),
interacting with bases in the TGT or TT loops (green) and Gs in the G-tetrad (red
and blue).

For multiple probe incorporation into TBA it was desirable to
have one "'dG at position G;o because it provided the best
emissive response to the change in DNA topology and the
greatest influence on GQ stability (Table 3). For the
disubstituted mTBA samples, internal probe placement (Gs +
Gyo) had a greater destabilizing influence on duplex stability
than mTBA with "dG at G, + Gyo. For the tetra-substituted
™dG mTBA oligonucleotide, a reliable T,, value for the duplex
could not be established due to the stability of the GQ
structure even in the presence of excess complementary
strand. In the GQ topology, the AT, values for the
disubstituted and tetra-substituted mMTBA samples were
essentially the sum of the individual AT,,’s determined for the
monosubstituted samples (i.e. G; (8.0) + Gy (10.5) = 18.5 °C).

Increasing the number of probes within mTBA also increased
the absorbance intensity for the TdG probe at 320 nm in the
UV-vis spectra of the mTBA oligonucleotides in an additive
manner (Fig. 5A). The fluorescence emission intensity of the
™dG probes at ~ 415 nm in the duplex structure also increased
in an additive manner following excitation at 320 nm (/pyp,
Table 3). For example, the emission intensity of the
disubstituted mTBA duplex (G; + Gyo) was 207, while summing
the contributions from the individual "dG probes is 212.5 (i.e.
181 + 31.5 = 212.5). Within the antiparallel GQ structure, the
CD spectra of the tetra-substituted and the di-substituted (Gs +
Gi0) MTBA samples displayed positive induced CD (ICD) bands
at 320 nm (Fig. 5B) with the tetra-substituted sample
exhibiting the strongest ICD band (black trace, Fig. 5A).
Interestingly, the di-substituted mTBA GQ with the probes in
the same G-tetrad (G; + G, blue trace, Fig. 5B) failed to
exhibit an ICD band. Mono-substituted mTBA samples also
lack ICD bands in their CD spectra (red trace, Fig. 5B, see also
Fig. S1, ESI) suggesting a requirement for at least two ™G

This journal is © The Royal Society of Chemistry 20xx
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G in position Gy (red traces), G; + Gy (blue traces), Gs + Gio (orange traces)
and Gy + Gs + Gyo + Gy (black traces).

probes present in separate G-tetrads in order to observe a
positive ICD band.

In terms of fluorescence response, the di-substituted (G; +
Gy9) MTBA GQ (blue trace, Fig. 5C) with the probes in the same
G-tetrad was the most emissive. In fact, the emission intensity
of the di-substituted derivative (/lgq = 1362, Table 3) was
slightly greater than the sum of the individual contributions
from G; + Gy (i.e. 564 + 681 = 1245). In contrast, the di-
substituted mTBA GQ (Gs + G, orange trace, Fig. 5C) and
especially the tetra-substituted mTBA GQ (black trace, Fig. 5C)
exhibited quenched emission compared to what would be
expected from summing the intensities from the individual
probes (i.e calculated for tetra-substituted mTBA QG; lgq =
2276, observed lgq = 822). One factor that could play a
contributing role in the observed emission intensities is the
efficiency of energy-transfer within the GQ structures. We
previously utilized the ratio of excitation intensity at 290 nm
(charge transfer band) versus the intensity at 320 nm (direct
probe excitation) as an indicator for charge-transfer efficiency
for the ""dG probe in a GQ." For the mono-substituted Gio-
mTBA GQ (red trace, Fig. 5C) the l,90//550 ratio is 1.42, which
drops to 1.21 for the di-substituted (G; + G;9) GQ with the
probes in the same G-tetrad. However, in the di-substituted
(Gs + G19) mMTBA GQ with the probes in stacked G-tetrads the
ratio drops to 1.15, while in the tetra-substituted analog the
ratio further drops to 0.97. These results suggested that the
energy-transfer efficiency decreases when 8-heteroaryl-dG
probes are placed in separate G-tetrads that undergo m-
stacking. However, di-incorporation of 8-heteroaryl-dG probes
in the same G-tetrad of antiparallel GQ structures can enhance
emission intensity for fluorescence detection of target
molecules.
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Thrombin binding  titrations of the MdG-mTBA
oligonucleotides (see Fig. S4, ESI for representative titrations)
were carried out at 37 °C in K™-solution using both duplex->GQ
exchange and FP (see Ky values, Table 3). Site-specific studies
indicated that the syn-location of the ™dG modification in
mTBA does not greatly affect the aptamers ability to bind to its
molecular target, thrombin (at least compared to binding by
5'-FAM-labeled TBA). Furthermore, multiple incorporations
did not strongly hinder protein binding affinity. Overall, the
results established that 8-heteroaryl-dG probes can be placed
in multiple syn-G-tetrad positions of TBA with minimal impact
on protein binding affinity. Interestingly, the ability of the ™G
modification to greatly increase GQ stability at syn-G positions
did not impact the affinity of thrombin for the mTBA
oligonucleotide. This observation may be due to the fact that
thrombin interacts with the loops of TBA, not the bases in the
G-tetrad.”®

Rates of duplex->GQ exchange. For native TBA, Mendoza and
coworkers recently determined rates of GQ—>duplex by adding
FAM-labeled complementary strand to the preformed GQ.”®
Duplex production quenched the FAM emission, permitting
the rate of duplex formation to be monitored as function of
time. At 37 °C in 100 mM K*-solution, the unfolding of the GQ
structure took place rapidly with a half-life of ~ 5 min (based
on predictions from normalized emission intensity traces for
TBAzS). For the mono- and di-substituted "dG-mTBA
oligonucleotides, rates of GQ formation as a function of time
could be monitored by measuring the increase in ™G
fluorescence intensity driven by addition of thrombin to the
preformed duplex in K*-solution (100 mM) at 37 °C. For these
the mTBA oligonucleotides (2 uM)
annealed to 1.1 equiv. complementary strand and samples
were monitored at A, 290 nm (the GQ energy transfer band)
and A¢m 415 nm. A baseline reading was obtained over a 30
second period, followed by manual injection of 2 equiv. of
thrombin protein with less than 2 seconds of dead time before
collection. Rate experiments with the tetra-substituted mTBA
sample were not carried out due to the inability to produce
the duplex in K'-solution given the enhanced stability of the
GQ structure (Table 3).

Florescence emission traces as a function of time (Fig. 6)
showed the anticipated increase in emission intensity at 415
nm, due to production of the GQ structure required for
thrombin binding. Apparent first-order rate constants (kgps,
min'l) and half-lives (t;/;, min) for GQ formation (i.e thrombin
binding) are given in Table 4. For the mono-substituted
derivatives, the rate of GQ formation was particularly slow for
the G;-mTBA oligonucleotide, while placement of the probe at
Gjp provided the fastest rate of GQ formation (t;/; = 8.36 min).
Significant increases in reaction rate were observed for the di-
substituted mMTBA samples, especially for the Gs + Gy
derivative. The thrombin binding rates could be correlated
with the difference in T,, for the duplex and GQ structures
(AT, values, Table 4.) These experiments demonstrate a real
advantage for the di-substituted mTBA oligonucleotides, as
increased GQ emission intensities (IGQ, Table 3) coupled with

experiments, were
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Fig. 6 Normalized gmission intensity traces upon GQ formation driven by
thrombin binding to "dG-mTBA for (A) mono-substituted derivatives, position G;
(blue), Gs (green), Gy (red), and Gy4 (black) and (B) di-substituted derivatives,
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Table 4. Change in duplex and GQ T, values and calculated reaction rate constants and
half-lives for GQ formation by mTBA duplexes driven by thrombin addition

Site(s) (Duf)TS.uad) Kobs (Min™)° t1/2 (min)°
Native 11.0 - -
1 0.5 0.016 + 0.001 423
5 -4.0 0.070 + 0.010 9.95
10 -8.0 0.083 + 0.006 8.36
14 0.0 0.046 + 0.008 15.1
1+10 -18.0 0.136 + 0.009 5.10
5+10 -26.0 0.794 + 0.060 0.87

“ AT, values of 6 uM TBA duplex in Na'-solution — 6 uM TBA GQ in K'-solution. °
Determined in 100 mM potassium phosphate buffer pH 7, p = 0.1 M KCl, at 37 °C
starting from 2 uM mTBA duplex. Reaction initiated by addition of 4 puM
thrombin. Apparent rate constants were averaged from two independent
repetitions. “t;/,= 0.693/Kops.

increased rates of protein binding can be vital for diagnostic
applications.

Conclusions

The current work has uncovered key information that permits
optimization of probe performance for monitoring target
binding by aptamers. Specifically, among the series of 8-
heteroaryl-dG probes consisting of (furyl ("daG), pyrrolyl
(*"dG), thienyl (""dG), benzofuryl (*“"dG), benzothienyl (°""dG)
and indolyl ('nddG), the 8-thienyl-dG derivative (Tth) possesses
the best optical properties monitoring duplex->GQ
formation, as determined at the syn-Gs position of the
thrombin binding aptamer (TBA). The probe exhibits
quenched emission in the duplex that shows a 10.2-fold

for

increase in emission intensity upon GQ formation and does not
perturb thrombin binding to the mTBA oligonucleotide. Of the
four syn-G-tetrad positions of TBA, placement of the ™dG
probe at Gj, produces the most stable GQ structure and
provides the greatest increase in emission intensity (/¢ = 21.6)
compared to the duplex emission. The ™dG modification
minimally perturbs thrombin binding affinity to the mTBA
sample regardless of ™dG probe syn-G-tetrad position and
number of "dG probes incorporated. Although increasing the
number of dG probes within syn-G positions of mTBA
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increases the duplex emission intensity in an additive manner
(intensity = summation of intensities from the individual ™dG
probes), the best emission response occurs with two ™dG
probes incorporated in the GQ
structure, while placement in separate stacking G-tetrads
quenches due to diminished charge-transfer
efficiency. Finally, increasing the number of ™dG probes within
TBA dramatically increases the rate of duplex->GQ exchange
driven by thrombin binding, which has important implications
for diagnostics through aptamer detection strategies. These
findings highlight the utility of ™dG as an internal base
modification with excellent fluorescent switching properties,
which can now be applied towards aptasensor development of
other antiparallel G-quadruplex containing systems.

into the same G-tetrad

emission

Experimental Section

Materials and Methods

Boronic acids, Pd(OAc),, 3,3',3"-phosphinidynetris-
(benzenesulfonic acid) trisodium salt (TPPTS), and other
commercial compounds were used as received. NMR spectra
were recorded on Bruker 300 or 400 MHz spectrometers in
either DMSO-dg or CDCl; referenced to the respective solvent.
All UV-Vis and fluorescence spectra were recorded with
baseline correction, stirring, and temperature control in 10
mm light path quartz cells. Water for buffers or spectroscopic
solutions was of high purity obtained from a filtration system
(18.2 MQ). High-resolution mass spectra were recorded on an
Agilent Q-Tof instrument using electrospray ionization.

Oligonucleotide synthesis

Oligonucleotide synthesis of the 8-heteroaryl-dG mTBA
samples were carried out on a 1 pmol
BioAutomation Corp. MerMade 12 automatic DNA synthesizer.
The oligonucleotides were cleaved from the solid support and
deprotected using 1 mL of 30% ammonia hydroxide solution at
55 °C for 6 hours and purified by reverse phased HPLC.
Oligonucleotides were quantified using extinction coefficients
obtained from http://www.idtdna.com/analyzer/applications/
oligoanalyzer with mTBA assumed to have the same extinction
coefficient as native TBA. Samples were then resuspended in
Milli-Q water and purified using an Agilent HPLC instrument
equipped with an autosampler, a diode array detector,
fluorescence detector and autocollector, as previously outlined
in detail.*> Ms experiments for identification of the mTBA
oligonucleotides
quadrupole ion trap SL spectrometer in
electrospray ionization mode (see ESI for MS spectra). mTBA
samples were prepared in 90% Milli-Q filtered water/10%
methanol containing 0.1 mM ammonium acetate.

scale on a

were conducted on a Bruker amaZon

the negative

Thermal denaturation and CD Studies

All melting temperatures (T,'s) of mTBA samples were
measured on a Cary 300-Bio UV-Vis spectrophotometer at a
concentration of 6.0 uM mTBA in 100 mM M'—phosphate
buffer pH 7.0 with 0.1 M MCl where M*= K" or Na*. Duplex
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studies were prepared with 1.1 equivalents of complementary
strand purchased from Sigma-Aldrich and used without further
purification. The UV absorption was monitored as a function of
temperature at either 295 nm for GQ, or 260 nm for duplex,
and consisted of forward-reverse scans from 10 to 90 oC at a
heating rate of 0.5 °C/min, and was repeated at least three
times. The T,, values were calculated by determining the first
derivative of the melting curve through the Varian Thermal
software. CD spectra were performed on a Jasco J-815 CD
spectrophotometer equipped with a thermal controlled 1 x 6
multicell block. The annealed samples obtained from the T,
studies were measured at 10 °C in quartz cells (110-QS) with a
light path of 1 mm and monitored between 200 and 400 nm at
a bandwidth of 1 nm and scanning speed of 100 nm/min. All
samples were scanned a minimum of 6 times and corrected for
background.

Fluorescence measurements and protein titrations

The fluorescence of the annealed mMTBA samples were
measured on a Cary Eclipse Fluorescence spectrophotometer
as both excitation and emission spectra in quartz cells
(108.002F-QS) with a path length of 10 mm at 10°C. Excitation
and emission slit widths were kept constant at 5 nm, with the
exception of the multiply-incorporated ™dG strands, which
were obtained with 2.5 nm excitation and 5 nm emission slit
widths. Protein titrations were performed on duplex samples
at a concentration of 6.0 UM in 100 mM potassium phosphate
buffer pH 7.0 with 0.1 M KCl with 1.1 equivalents of
complementary strand. A Hellma Analytics 119.004F-QS quartz
cell with pathlength of 10 x 2 mm was used with stirring and
temperature controlled at 37 °C. Titrations proceeded
according to a previously published protocol23 with additions
of 5 pL of a 100 uM thrombin protein solution in 100 mM
sodium phosphate buffer pH 7.0 with 0.1 M NaCl. Scans were
taken 10 minutes after addition of the protein, until a final
concentration of two equivalents of protein had been added. A
plot of the fraction of oligonucleotide bound versus [thrombin]
generated a binding isotherm that was
SigmaPlot 13.0 to obtain Ky values.

analyzed with

Fluorescence polarization

Samples of single-stranded mTBA (6 uM) were prepared in 100
mM potassium phosphate buffer pH 7.0 with 0.1 M KCl ina 1
mL quartz cell (114F-QS). Solutions were run on a PTI
QuantaMaster Fluorimeter System at 37 °C and measured at
the A, and A., of each respective modification. Time-based
polarization method was used and the anisotropy was
averaged over a period of 30 seconds using Felix 32 software.
Protein titrations were carried out the same as the
fluorescence protein titrations, 24 additions of 5 uL of a 100
UM thrombin protein solution to reach 2 equivalents, with only
5 minutes of manual mix time required after each addition.

Kinetic measurements

Solutions of mTBA annealed duplex (2 uM) were prepared in a
Hellma Analytics 119.004F-QS quartz cell with pathlength of 10
x 2 mm with stirring and temperature controlled at 37 °C.
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Samples were monitored at A, 290 nm, the energy transfer
band, and A., 415 nm. A baseline reading was obtained over a
period of 30 seconds, followed by manual injection of 2
equivalents of thrombin prepared as a 200 uM stock in 100
mM sodium phosphate buffer pH 7.0 with 0.1 M NaCl with 2
seconds or less of dead time before collection. Kinetics were
calculated with first order rate equation using the Marquardt
non-linear regression analysis on the Cary Eclipse Kinetics
Software V 1.1(133). The kinetic runs were performed twice
and data was averaged.

Computational Details

Following the approach used in a previous study of modified
TBA (mTBA),22 the NMR-based structure of the non-modified
15mer thrombin binding aptamer (PDB code: 148D, eighth
frame) was used as a starting structure for molecular dynamics
(MD) simulations. Structures of TBA containing ™dG at the syn-
G,;, Gs, Gig or Gy, position were built by carrying out the
appropriate C8 modification using Gaussview (Version 5.0).36
Initial structures were built with the syn-conformations of ™dG
with two different orientations about the linkage between dG
and the thienyl moiety (defined as the dihedral angle (0) about
the thienyl-dG bond with respect to N9 and S). However, the
conformations with 0~0° is more favourable than 6~180°
(Table S2), and therefore only the structure with 6~0° are
discussed in the main text. The parmbscO37 modification to the
parm9938 force field was used for simulating the natural
nucleosides (dA, dC, dG and dG), while GAFF* parameters
were used for ""dG. Partial charges for ™dG were calculated
using the RED v.111.8%° program interfaced with Gaussian 09.

The DNA was immersed in a 15 A octahedral box of TIP3P
water molecules using the TLEAP module of AMBER 11.** Since
previous studies suggest that a single potassium ion bonds the
15mer TBA,42 the folded TBA was stabilized by placing a
potassium cation in the geometrical center of the GQ stem. In
synchrony with previous MD simulations on mTBA,22 the initial
ion coordinates were determined by averaging the Cartesian
coordinates of the 06 atoms of the guanines forming the GQ
stem (i.e., G1, G2, G5, G6, G10, G11 and G15). The system was
further neutralized by placing 13 sodium ions at random
positions inside the water box, in accordance with the protocol
implemented in the TLEAP module of AMBER11.*

Minimization of the solvent and ions was initially performed
for 500 steps using the steepest descent algorithm followed by
another 500 steps using the conjugate gradient minimization
algorithm, with the DNA held fixed using a force constant of
500 kcal mol™ A™% Subsequently, 2500 steps of minimization
(1000 steps of steepest descent followed by 1500 steps of
conjugate gradient) were performed on the entire system with
all constraints on DNA removed. The system was subsequently
heated from 0 to 300 K with the DNA restrained using a force
constant of 10 kcal mol™ A for 20 ps under constant volume.
Finally, 20 ns of unrestrained MD simulations were carried out
for each system at constant temperature (300 K) and pressure
(1 atm) using AMBER 12.”* The bonds involving hydrogen
atoms were constrained using SHAKE and a 2 fs time step was
used throughout the simulation.
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The stability of the MD simulations was confirmed through
analysis of root mean square derivations (RMSD) in the
backbone residues over the course of the simulation, which
indicated that no large fluctuations in the structures were
observed over the MD trajectory. A free energy analysis was
carried out using representative snapshots from the MD
trajectories after removing the water and ions. Specifically, the
molecular mechanics energy (which is the sum of the energy
terms stemming from deviations in the bond lengths, bond
angles and dihedral angles from their equilibrium values, as
well as the van der Waals interaction potential and the
electrostatic energy contributions) and the solvation free
energy (which is the sum of the electrostatic solvation energy
and the nonploar contribution to the solvation free energy)
were calculated using the Poisson-Boltzmann method, while
the entropy term was estimated from normal mode
calculations using the molecular mechanics Poisson-Boltzmann
surface area calculations (Ml\/I—PBSA)44 method as
implemented in AMBER 11 and 12. The molecular mechanics
and solvation free energy terms were calculated using 1000
snapshots (i.e., 1 snapshot every 20 ps), while the entropy
term was calculated using 100 snapshots (i.e., 1 snapshot
every 200 ps).

Phosphoramidite synthesis

General procedures for the three steps in the phosphoramidite
synthesis (Scheme 1) have been previously detailed.”® For
compound numbering see Scheme 1.
NZ-(DimethyIformamidyl)-8-(2"-pyrrolyl)-2'-dG la. Afforded
0.28 g of a grey powder (59% yield). *H NMR (400 MHz, DMSO-
de) & = 11.67 (s, 1H), 11.45 (s, 1H), 8.47 (s, 1H), 6.92 (s, 1H),
6.49 (s, 1H), 6.40 (t, J=7.2 Hz, 1H), 6.19 (s, 1H), 5.28 (s, 1H),
4.96-4.93 (m, 1H), 4.47 (bs, 1H), 3.83 (bs, 1H), 3.66 (m, 1H),
3.54 (m, 1H), 3.24 (m, 1H), 3.13 (s, 3H), 3.03 (s, 3H), 2.13-2.11
(m, 1H). *C NMR (400 MHz, DMSO-d) 6 = 158.5, 157.8, 156.9,
150.8, 142.9, 121.4, 121.0, 120.4, 110.4, 109.4, 88.0, 85.0,
71.5, 62.3, 41.3, 37.5, 35.0. HRMS Calcd for Cy7H,0N;0," [M-H’
1:386.1582; found 386.1584.
NZ-(Dimethylformamidyl)-8-(2"-thienyl)—2'-dG 2a. Synthesis
afforded 1.02 g of a white powder (63% vyield). 'H NMR (400
MHz, DMSO-dg) 6 = 11.48 (bs, 1H), 8.49 (s, 1H), 7.76 (s, 1H),
7.49 (s, 1H), 7.21 (s, 1H), 6.30 (t, J=7.2 Hz, 1H), 5.27 (bs, 1H),
4.86 (bs, 1H), 4.47 (bs, 1H), 3.82 (bs, 1H), 3.64 (m, 1H), 3.53 (m,
1H), 3.31 (m, 1H), 3.14 (s, 3H), 3.04 (s, 3H), 2.15-2.11 (m, 1H).
13C NMR (400 MHz, DMSO- dg) 6 = 158.1, 157.2, 156.8, 150.7,
142.2, 131.7,128.8, 128.2, 127.9, 120.1, 87.6, 84.5, 70.8, 61.8,
40.8, 36.8, 34.6. HRMS Caled for C;5H,;NgO,S"
[M+H"]:405.1340; found 405.1341.
NZ-(DimethyIformamidyl)-8-(2"-indo|yl)-2'-dG 3a. Synthesis
generated 1.14 g of a beige powder (74% yield). "H NMR (400
MHz, DMSO-dg) 6 = 11.84 (s, 1H), 11.53 (s, 1H), 8.51 (s, 1H),
7.63 (d, J=7.6 Hz, 1H), 7.43 (d, J=8.0 Hz, 1H), 7.15 (m, 1H), 7.02
(m, 1H), 6.89 (s, 1H), 6.54 (m, 1H), 5.32 (d, J=4.0 Hz, 1H), 4.96
(t, J= 5.4 Hz, 1H), 4.51 (bs, 1H), 3.87 (m, 1H), 3.67 (m, 1H), 3.56
(m, 1H), 3.30 (m, 1H), 3.15 (s, 3H), 3.04 (s, 3H), 2.17 (m, 1H).
3C NMR (400 MHz, DMSO-d¢) & = 158.7, 157.9, 157.3, 151.3,
142.2, 137.1, 128.2, 127.3, 123.3, 121.3, 120.7, 112.3, 103.4,
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88.4, 85.3, 71.4, 62.3, 41.6, 37.6, 35.1. HRMS Calcd for
C,1H,4N50," [M+H"]: 438.1834; found 438.1882.
Nz-(DimethyIformamidyl)-8-(2"-benzofuryI)-2'-dG 4a.
Afforded 0.97 g of a beige powder (65% yield). "H NMR (300
MHz, DMSO-dg) 6 = 11.56 (s, 1H), 8.53 (s, 1H), 7.78 (d, J=7.5 Hz,
1H), 7.69 (d, J=8.4 Hz, 1H), 7.46 (s, 1H), 7.41-7.38 (m, 1H), 7.35-
7.32 (m, 1H), 6.56 (t, J=7.2 Hz, 1H), 5.28 (d, J=4.5 Hz, 1H), 4.86
(s, 1H), 4.51 (bs, 1H), 3.84 (m, 1H), 3.66 (m, 1H), 3.55 (m, 1H),
3.23 (m, 1H), 3.16 (s, 3H), 3.05 (s, 3H), 2.23-2.20 (m, 1H). “*C
NMR (400 MHz, DMSO-dg) & = 158.2, 157.3, 154.2, 150.7,
145.7, 138.3, 127.5, 125.7, 123.6, 121.8, 120.7, 111.4, 108.2,
87.6, 84.4, 70.7, 61.7, 40.8, 37.5, 34.6. HRMS Calcd for
C,1H3NgO5 [M+H1:439.1724; found 439.1722.
5'-0-(4,4'-Dimethoxytrityl)-Nz-(dimethylformamidyl)-8-(2"-
pyrrolyl)-2'-dG 1b. Synthesis afforded product as a pale yellow
powder (0.43 g, 89%). *H NMR (300 MHz, DMSO-dg) 6 = 11.67
(bs, 1H), 11.40 (bs, 1H), 8.33 (s, 1H), 7.24 (m, 2H), 7.14-7.11
(m, 7H), 6.94 (m, 1H), 6.75 (m, 1H), 6.68 (dd, J=8.7, 7.5 Hz, 4H),
6.39 (m, 1H), 6.21 (m, 1H), 5.34 (bs, 1H), 4.81 (m, 1H), 3.93 (m,
1H), 3.66 (s, 6H), 3.44 (m, 3H), 3.02 (s, 3H), 3.00 (s, 3H), 2.26
(m, 1H). *C NMR (300 MHz, DMSO-dg) 6 = 157.9, 157.8, 157.4,
157.3, 155.9, 150.0, 145.0, 142.9, 135.7, 135.6, 129.8, 127.9,
126.3, 121.0, 119.8, 113.3, 110.3, 108.7, 85.4, 85.0, 84.3, 70.4,
63.6, 55.2, 40.9, 37.2, 34.9. HRMS Calcd for CsgHaoN;Og"
[M+H"]: 690.3035; found 690.3045.
5'-0-(4,4'-Dimethoxytrityl)-NZ-(dimethyIformamidyl)-8-(2"-
thienyl)-2'-dG 2b, Synthesis generated product as a white
powder (1.29 g, 74%). *H NMR (300 MHz, DMSO-dg) 6 = 11.50
(bs, 1H), 8.36 (s, 1H), 7.75 (m, 1H), 7.71 (m, 1H), 7.22 (m, 3H),
7.11-7.09 (m, 7H), 6.68 (dd, J=9.0, 4.8 Hz, 4H), 6.34 (m, 1H),
5.35 (d, J=4.8 Hz, 1H), 4.84 (m, 1H), 3.92 (m, 1H), 3.67 (s, 6H),
3.52-3.47 (m, 2H), 3.13 (m, 1H), 3.03 (s, 6H), 2.29-2.24 (m, 1H).
13C NMR (400 MHz, DMSO-dg) & = 158.3, 158.3, 158.2, 157.8,
156.9, 150.8, 145.42, 143.2, 136.1, 136.1, 133.0, 129.9, 129.3,
128.6, 128.3, 128.1, 128.0, 126.9, 120.5, 113.4, 85.9, 85.5,
84.6, 70.8, 63.7, 41.4, 39.3, 35.2. HRMS Calcd for CagHs;NgOgS
[M-H]: 705.2501 ; found 705.2495.
5'-0-(4,4'-Dimethoxytrityl)-NZ-(dimethyIformamidyl)-8-(2"-
indolyl)-2'-dG 3b. Synthesis afforded product as an off white
powder (0.50 g, 53%). 'H NMR (400 MHz, DMSO-dg) 6 = 11.90
(s, 1H), 11.56 (s, 1H), 8.40 (s, 1H), 7.65 (d, J=8.0 Hz, 1H), 7.45
(d, J=8.0 Hz, 1H), 7.23-7.02 (m, 12H), 6.65-6.63 (m, 4H), 6.55
(m, 1H), 5.40 (d, J=5.2 Hz, 1H), 4.92 (m, 1H), 3.98 (m, 1H), 3.62
(s, 3H), 3.60 (s, 3H), 3.56 (m, 1H), 3.16(m, 2H), 3.05 (s, 6H),
2.34 (m, 1H). C NMR (400 MHz, DMSO-d¢) & = 157.8, 157.7,
157.5, 156.4, 150.4, 145.1, 142.8, 136.8, 135.7, 129.5, 128.0,
127.6, 127.2, 126.5, 122.7, 120.8, 120.2, 119.6, 118.1, 111.8,
102.7, 85.5, 85.0, 84.3, 70.5, 63.3, 55.0, 41.1, 37.3, 34.7. HRMS
Calcd for C,,H4oN506" [M+H]: 740.3191; found 740.3189.
5'-0-(4,4'-Dimethoxytrityl)-NZ-(dimethyIformamidyl)-8-(2"-
benzofuryl)-2'-dG 4b. Synthesis afforded product as a beige
powder (0.18 g, 43%). 'H NMR (300 MHz, DMSO-dg) 6 = 11.57
(bs, 1H), 8.40 (s, 1H), 7.75 (d, J=7.2 Hz, 1H), 7.63 (d, J=7.5 Hz,
1H), 7.55 (s, 1H), 7.41 (t, J= 8.1 Hz, 1H), 7.35 (t, J= 7.5 Hz, 1H),
7.20 (m, 2H), 7.10 (m, 7H), 6.68 (m, 4H), 6.60 (m, 1H), 5.38 (d,
J=5.1 Hz, 1H), 4.77 (m, 1H), 3.96 (m, 1H), 3.65 (s, 6H), 3.43 (m,
3H), 3.05 (s, 3H), 3.04 (s, 3H), 2.32 (m, 1H). *C NMR (300 MHz,

This journal is © The Royal Society of Chemistry 20xx

Organic-& Biomolecular, Chemistry

DMSO-dg) & = 158.3, 158.3, 158.0, 157.4, 154.7, 150.8, 146.5,
145.4, 139.3, 136.0, 130.0, 130.0, 128.2, 128.2, 127.0, 124.1,
122.4,121.1, 113.4, 111.8, 108.4, 86.0, 85.5, 84.6, 70.8, 63.9,
55.5, 41.6, 38.2, 35.4. HRMS Calcd for C,HuNgO," [M+H']:
741.3031 ; found 741.3037.
3'-0-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-
DMT-NZ-(dimethylformamidyI)-8-(2"-pyrro|y|)-2'-dG 1c. The
amidite was obtained as yellow-green foam (0.25 g, 62%). 'H
NMR (400 MHz, CDCl3) & = 9.99 (bs, 1H), 9.67 (bs, 1H), 8.40,
8.35 (s, 1H), 7.33-7.09 (m, 9H), 6.90-6.88 (m, 2H), 6.67-6.62 (m,
4H), 6.45-6.39 (m, 1H), 6.26-6.24 (m, 1H), 5.25-5.10 (m, 1H),
4.18-4.17 (m, 1H), 3.69 (s, 3H), 3.68 (s, 3H), 3.55-3.51 (m, 3H),
3.38-3.27 (m, 2H), 3.01-2.97 (m, 6H), 2.90 (s, 1H), 2.84 (s, 1H),
2.41-2.38 (m, 1H), 1.14-1.12 (m, 12H). **C NMR (400 MHz,
CDCl3) &6 = 158.2, 157.7, 157.5, 155.3, 150.4, 144.7, 143.9,
135.6, 130.0, 127.9, 127.6, 126.6, 121.4, 121.3, 120.9, 120.2,
117.7, 113.0, 110.6, 109.8, 85.9, 84.8, 84.3, 84.0, 74.3, 74.1,
73.3, 73.1, 63.2, 62.6, 58.3, 58.2, 58.1, 55.1, 43.2, 41.2, 36.7,
35.1, 24.5, 24.3, 20.3, 20.2. >'P NMR (300 MHz, CDCl;) 6 =
148.7, 148.6. HRMS Calcd for C,7Hs,NgO,P" [M+H']: 890.4113;
found 890.4100.
3'-0-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-
DMT-NZ-(dimethylformamidyl)-S-(Z"-thienyl)-Z'-dG 2c. The
amidite was obtained as a pale green foam (0.17 g, 43%). 'H
NMR (300 MHz, CDCl3) & = 9.06 (bs, 1H), 8.35-8.29 (s, 1H), 7.60
(m, 1H), 7.38-7.36 (m, 1H), 7.31-7.29 (m, 2H),7.21-7.00 (m,
9H), 6.66-6.60 (m, 4H), 6.30-6.26 (dd, J= 4.2 Hz, 1H), 5.14-5.00
(m, 1H), 4.13-4.11 (m, 1H), 3.67-3.66 (m, 7H), 3.46-3.27 (m,
6H), 2.99 (s, 3H), 2.91 (s, 3H), 2.29 (m, 1H), 1.21-1.17 (m, 4H)
1.11-0.98 (m, 9H). **C NMR (400 MHz, CDCl;) & = 158.4, 157.7,
157.5, 155.7, 150.8, 144.8, 144.2, 135.9, 132.2, 130.0, 128.8,
128.4, 128.1, 127.7, 127.5, 126.8, 121.0, 117.6, 113.0, 86.1,
84.9, 84.3, 73.7, 63.6, 58.3, 55.2, 43.4, 43.3, 41.2, 37.0, 35.2,
24.4, 20.2. *'P NMR (300 MHz, CDCl5) & = 149.0, 148.8, 14.3,
13.8. HRMS Calcd for C47H56N807PS+ [M+H"]: 907.3725; found
907.3717.
3'-0-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-
DMT-NZ-(dimethylformamidyI)-8-(2"-indo|yl)-2'-dG 3c. The
amidite product was obtained as a white foam (0.17 g, 27%).
'H NMR (400 MHz, CDCl5) & = 9.57 (bs, 1H), 8.61 (bs, 1H), 8.45-
8.37 (s, 1H), 7.61 (m, 1H), 7.38-7.36 (m, 3H), 7.19-7.09 (m,
10H), 6.65-6.56 (m, 5H), 5.12 (m, 1H), 4.27-4.25 (m, 1H), 3.67-
3.66 (m, 6H), 3.51-3.50 (m, 3H), 3.46-3.41 (m, 2H), 3.05 (s, 6H),
3.02 (s, 1H), 2.99 (s, 1H), 2.35 (m, 1H), 1.12-1.09 (m, 12H). 2*C
NMR (400 MHz, CDCl;) 6 = 158.4, 157.8, 157.7, 155.6, 150.9,
144.7, 143.4, 136.4, 135.7, 130.1, 128.6, 126.8, 126.7, 123.7,
120.8, 120.2, 117.6,117.0, 111.3, 103.9, 86.0, 84.6, 84.4, 73.5,
63.3, 62.8, 58.2, 46.0, 43.4, 41.3, 34.5, 24.7, 24.4, 20.2, 20.1.
*p NMR (300 MHz, CDCl;) & = 148.5, 148.3. HRMS Calcd for
Cs1HsoNgO5P* [M+H"]: 940.4270; found 940.4259.
3'-0-[(2-Cyanoethoxy)(diisopropylamino)phosphino]-5'-O-
DMT-NZ-(dimethylformamidyl)-8-(2"-benzofuryl)-Z'-dG 4c.
The amidite was obtained as a white foam (0.27 g, 67%). 'H
NMR (400 MHz, CDCl3) 6 = 8.59 (bs, 1H), 8.43-8.38 (s, 1H),
7.63-7.61 (m, 1H), 7.53-7.45 (m, 2H), 7.35-7.33 (m, 3H), 7.23-
7.21 (m, 5H), 7.16-7.14 (m, 3H), 6.79-6.77 (m, 3H), 6.72-6.66
(m, 4H), 4.98 (m, 1H), 4.23-4.22 (m, 1H), 3.75-3.73 (m, 6H),
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3.56-3.53 (m, 3H), 3.38-3.35 (m, 2H), 3.07-3.06 (m, 4H), 3.00-
2.99 (m, 4H), 2.37-2.34 (m, 1H), 1.18-1.04 (m, 12H). *C NMR
(400 MHz, DMSO-dg) 6 = 157.9, 157.7, 157.4, 157.1, 154.3,
150.3, 145.9, 144.8, 138.8, 135.4, 129.5, 129.4, 127.9, 127.7,
126.5, 125.8, 123.6, 121.9, 120.7, 118.9, 112.8, 111.3, 108.0,
85.2, 84.1, 73.5, 63.0, 62.5, 58.3, 54.9, 46.3, 40.2, 34.7, 33.2,
24.2, 19.8, 19.1, 18.7. *'P NMR (300 MHz, CDCl;) & = 148.5,
148.3. HRMS Calcd for Cg;HsgNgOgP™ [M+H']: 941.4110; found
941.4098.
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