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Abstract

Pteridine nucleoside analog probes are highly fluorescent and offer different approaches to
monitor subtle DNA interactions with other molecules. Similarities in structure and size to native
nucleosides make it possible to incorporate these probes into oligonucleotides through the stan-
dard deoxyribose linkage. These probes are formulated as phosphoramidites and incorporated
into oligonucleotides using automated DNA synthesis. Their position within the oligonucleotide
renders them exquisitely sensitive to changes in structure as the oligonucleotide meets and reacts
with other molecules. Changes are measured through fluorescence intensity, anisotropy, lifetimes,
spectral shifts, and energy transfer. The fluorescence properties of pteridine nucleoside analogs as
monomers and incorporated into single and double stranded oligonucleotides are reviewed. The
two guanosine analogs, 3MI and 6MI, and two adenosine analogs, 6MAP and DMAP, are reviewed

in detail along with applications utilizing them.

INTRODUCTION

Pteridines are naturally occurring, highly
fluorescent compounds that were first isolated
from butterfly wings in 1889. There is an exten-
sive literature on the subject of these molecules
most of which is concerned with the organic
synthesis of various derivatives or clinical for-
mulations used in the treatment of cancer and
other diseases.

This Article will concentrate on pteridines
used as nucleoside analogs incorporated into
DNA. The development of pteridines for DNA
applications has focused on those compounds
that are similar in structure to native nucleo-
sides, are stable enough to withstand the
caustic treatment used in automated DNA syn-
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thesis and are highly fluorescent (1,2).
Structurally similar to native nucleosides, the
pteridines described here are incorporated into
DNA through a deoxyribose moiety identical
to that of native DNA with no “linker-arm”
attachment involved.

Because of this native-like linkage to DNA,
these probes are very closely associated with
neighboring bases rendering them exquis-
itely sensitive to subtle changes that occur in
the DNA structure surrounding them.
Changes in base stacking or base pairing in
the vicinity of these probes are reflected by
distinct changes in the fluorescence proper-
ties of the pteridine.

This sensitivity to neighboring bases is not
duplicated by conventional linker-attached
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probes which are more removed from these
interactions by the length of the carbon chain
connecting them to the DNA. Probes which are
dissimilar to nucleosides in size and structure
cannot be linked to the DNA through a
deoxyribose moiety without a linker because
they would most likely disrupt the DNA ter-
tiary structure and therefore not allow native-
like interactions. Placement of these bulky
probes on extended linkers allows their use
without disruption of DNA interactions at the
cost of distancing them from the site of interest.
The use of a deoxyribose linkage confers
another advantage besides the proximity to
events of interest. Conventional, linker-
attached probes can allow independent move-
ment of the fluorophore leading to more
complex results that can be difficult to inter-
pret. Because of the relationship between fluo-
rescence quenching of the pteridine probes and
the identity of neighboring bases, it is logical to
assume that the probes are somewhat involved
in base stacking. This environment should
greatly limit the independent movement of the
probe. Anisotropy results using pteridine
analogs have supported this hypothesis (2a).
Another feature of these probes that can be
used to advantage is that they are quenched
when incorporated into an oligonucleotide
(sometimes referred to as self-quenching).
While at first this quenching may not seem to
be advantageous, this feature can be used in
many ways to monitor changes in tertiary
structure occurring within the DNA as the
bases interact with other molecules. Because
most of the quench experienced by the pteri-
dine probes in an oligonucleotide is due to base
stacking interactions, events that affect base
stacking are reflected directly by changes in
fluorescence properties. It has been demon-
strated experimentally that disruptions in the
tertiary structure of DNA can clearly be moni-
tored through changes in fluorescence inten-
sity using the pteridine nucleoside analogs
(1-3). In many cases, when using the nucleo-
side analog probes, the products of a reaction
do not need to be separated prior to analysis, a
distinct advantage over other methods.
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These probes also have a favorable spectral
position, with absorption near 350 nm which
overlaps well with the emission spectrum of
tryptophan. In a fluorescence resonance energy
transfer system, tryptophan, which emits near
350 nm would be the donor and these fluo-
rophores could serve as acceptors, if within ~30
Angstroms of the tryptophan (4). In a trp con-
taining protein that binds DNA, this would
allow one to map the binding with respect to
the tryptophan.

In the following pages, the fluorescence prop-
erties of pteridine nucleoside analogs are
described first as monomers and then as they are
incorporated into single and double stranded
oligonucleotides. This is followed by descrip-
tions of applications utilizing these analogs.

FLUORESCENCE PROPERTIES
OF PTERIDINE NUCLEOSIDE
ANALOG MONOMERS

In a search for potential nucleoside analog
probes, Hawkins and coworkers (2) first mea-
sured the relative quantum yields (Q) of the
18 ribo- and deoxyribo-pterdine compounds
shown in Figure 1. Probes 6, 7-9, and 11-16
(lower portion Fig. 1) were found to have very
low Qrel’s (<0.033) and consequently were not
examined further. Probes 1, 2, 4 (3MI), 5, 10, 17
(6MI) and 25 (upper part of Fig. 1) were found
to be highly fluorescent and worthy of further
consideration. Spectral properties of probes
that were investigated further are grouped
according to structural similarities in Table 1.
The adenosine analogs, (1, 2, and 25) have a 4-
amino-7-oxo configuration and only differ by
the presence and placement of a phenyl group.
Probe 2 (6-phenyl substituted) has the lowest
Qrel and shortest mean lifetime. The guanosine
analogs, probes 4 (3MI), 5, and 17 (6MI) (2-
amino-4,7-oxo derivatives) differ only by pres-
ence and placement of a methyl group. These
probes exhibit similar Qe (0.70 to 0.88) and
species-concentration-weighted lifetimes (ty)
ranges from 5.63 to 6.54 ns. Probe 10 is the 2-
0X0-4-amino-6,7-methyl substituted probe and
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Chemical structures of the pteridine nucleoside analogs. Compounds are grouped

according to similarities in their chemical structures. Reprinted with permission from ref. 1. Probe
4 is also referred to as 3MI and probe 17 is 6MI.

Table 1
Fluorescence properties of Pteridine Nucleoside Analogs. (Adapted from ref. 1.)

Probe EXmax® Empmay” Qrel® Ti (ns)4 0 %l Tm® <t>h

1 354 444 0.41 171=1.91 01=0.19 1,=9.9 3.84 3.64
T,=4.05 0=0.81 1,=90.1

2 358 440 0.16 71=0.76 01=0.67 I,=59.6  0.87 0.85
’C2=1.05 0(2=0.33 Iz=40.4

25 334 443 0.27 71=2.37 01=0.19 I1=11.6 3.92 3.80
7,=4.13 0=0.81 1,=88.4

4 (3MI) 348 430 0.88 71=3.54 01=0.02 I1=1.2 6.54 6.51
7,=6.58 0,,=0.98 1,=98.8

5 348 430 0.87 171=1.81 01=0.37 I,=146 5.63 4.65
1,=6.26 0=0.63 1,=85.4

17 (6MI) 340 431 0.70 171=5.45 01=0.20 =175 6.38 6.35
‘Cz=6.58 0(2=O.80 Iz=82.5

10 336 400 0.54 171=3.16 01=0.97 ,=92.8 3.52 3.31
17,=8.14 0=0.03 1,=7.2

aExcitation maximum; PEmission maximum; ‘Relative quantum yield; dlifetime for each component of a multi-expo-
nential model; ¢pre-exponential for each component of a multi-exponential model; fpercent fluorescence intensity for
each component of a multi-exponential model; 8species-concentration-weighted lifetime; hin’censi’cy—weighted lifetime.
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Fig. 2. Four analogs developed for incorporation into oligonucleotides. 3MI (probe 4) and 6MI
(Probe 17) are the two guanosine analogs. 6MAP and DMAP are the two adenosine analogs.

it has a Qe of 0.54 and a 1, of 3.52 ns. Table 1
lists the fluorescence properties for these com-
pounds. From the group that were initially
evaluated, probes 4 (3MI) and 17 (6MI) were
chosen for further study.

Changes in pH from 5.0 to 8.0 had no mea-
surable effect on the emission spectrum of 3MI,
but the emission spectrum of 6MI was shifted
10 nm to the red when the pH was increased
from 7.0 to 8.0. A pH titration of DAS (decay
associated spectra) for these two probes
revealed that the lifetime components for 3MI
also remained unchanged over the pH range
from 7.0 to 9.0, while lifetime components for
6MI underwent a blue shift in the longest lived
DAS and a smaller increase in the shorter lived
component (1). These DAS demonstrate a pH
dependent equilibrium between a minimum of
2 emitting species.

Driscoll and others (5) have studied the flu-
orescence of 3MI monomer in solution. In
steady-state and time-resolved fluorescence
quenching studies using acrylamide to evalu-
ate the accessibility of solvent to 3MI, their
measurements indicate that acrylamide and
3MI form a ground-state complex as evidenced
by static quenching. They also observed that
there is very little dynamic quenching as
demonstrated by a k, of 1 x 108 M s7, an order
of magnitude less than that expected for small,
well solvated molecules. In other experiments,
Driscoll and others compared the steady state
and time-resolved fluorescence characteristics
of 3MI and 3,8-dimethylisoxanthopterin
(DMI), a pteridine compound identical to 3MI
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except for a methyl group in place of the
deoxyribose moiety. Because the results for
both of these compounds were similar, they
concluded that the ribose ring probably does
not shield the isoxanthopterin ring from
dynamic interactions with solutes. In the same
study, Driscoll et al observed that the
anisotropy decay of 3MI monomer in buffer
could be described by a single rotational corre-
lation time near 80 ps. Modeling studies using
the HYDRO program (6) suggest that this rota-
tional correlation time is reasonable for 3MI
hydrogen bonded to four water molecules.
Two pteridine-based adenosine analogs, 4-
amino-8-(2-deoxy-B-D-ribofuranosyl)5’-O-
dimethoxy-trityl-6-methyl-7  (8H)-pteridone
(6MAP) and 4-amino-8-(2-deoxy-B-D-ribofura-
nosyl)5’-O-dimethoxy-trityl,-2,6-dimethyl-7
(8H)-pteridone (DMAP) have recently been
developed. (M. Hawkins, et al. submitted) The
chemical structures of these probes are shown
in Figure 2. Probe 25 (equivalent to 6MAP
without the methyl group) was evaluated in
the first study (Fig. 2 in ref. 1) and initially
seemed to be an ideal fluorescent adenosine
analog but was found to be quite unstable.
Other potential adenosine analogs, probes 1
and 2 (equivalent to 6MAP and DMAP with
phenyl groups in place of the methyl groups)
(Fig. 2) (1) were more stable than probe 25,
however, the phenyl groups present on these
two analogs exhibited a strong quenching
effect and due to their size and structure were
not ideally suited for our purposes. 6MAP and
DMAP were developed by substituting methyl
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Table 2
Oligonucleotide sequences with 3MI substituting for G (2).

aCglrel

PTR1
PTR2
PTR3
PTR4
PTR5
PTR?7
PTRS
PTR9

QU1 G1 G1 U1 Q1 O1 U1 U1

-GTFTGGAAAATCTCTAGCAGT-3 0.13
-GTGTFGAAAATCTCTAGCAGT-3 0.10
-GTGTGFAAAATCTCTAGCAGT-3 0.03
-GTGTGGAAAATCTCTAFCAGT-3 0.06
-GTGTGGAAAATCTCTAGCAFT-3 0.14
-CACACCTTTTAFAGATCGTCA-3 0.04
-CACACCTTTTAGAFATCGTCA-3 0.05
-CACACCTTTTAGAGATCFTCA-3 0.29

aRelative quantum yield.

groups for the phenyl groups present in probes
1 and 2. The methyl moieties stabilize these
compounds without the steric and quenching
problems associated with the phenyl groups of
probes 1 and 2. Because 6MAP is structurally
identical to probe 2 (1) except for the substitu-
tion of a methyl group for a phenyl group in
the 6-position, a comparison of the Q’s
between probe 2 (0.16) and 6MAP(0.38) reveals
the quenching effect associated with the
phenyl moiety as compared to that of the
methyl moiety.

The two adenosine analogs, 6MAP and
DMAP showed no detectable degradation (as
measured through loss of fluorescence inten-
sity in their emission scans) after exposure to
ambient light and room temperature for > 24
hours. Relative quantum yields for 6MAP and
DMAP are 0.39 and 0.48 with excitation max-
ima of 310 and 330 nm respectively and emis-
sion maxima at 430 nm. Fluorescence decay
curves of both probes are mono-exponential
exhibiting lifetimes of 3.8 and 4.8 ns for tMAP
and DMAP respectively.

The four probes that have been incorpo-
rated into oligonucleotides are 3MI, 6MI,
6MAP and DMAP. The others have not been
pursued for reasons of instability (probes 5
and 25), unfavorable structure (probes 1 and
2) or complications in the DNA synthesis
(probe 10). The synthetic method for 3MI is
published in Hawkins 1995 (2). The following
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section will describe the fluorescence proper-
ties of these four analogs as they are incorpo-
rated into oligonucleotide single and double
strands.

FLUORESCENCE PROPERTIES
OF PTERIDINE NUCLEOSIDE
ANALOG-CONTAINING
OLIGONUCLEOTIDES

All four of the pteridine analogs, 3MI, 6MI,
6MAP, and DMAP are incorporated into
oligonucleotides using an automated DNA
synthesizer following standard techniques (2).
During the process of synthesis and purifica-
tion no special treatment was given to the
probe-containing oligonucleotides.

Guanosine Analog-Containing
Oligonucleotides

The first fluorescence evaluation of pteridine
nucleoside analog-containing oligonucleotides
was done on the series of 3MI-containing
oligonucleotides (listed in Table 2) in which
3MI was substituted for guanosine at various
sites (1). Quantum yields listed in Table 2 show
that incorporation of 3MI into an oligonu-
cleotide substantially quenches its fluorescence
intensity (as compared to the 0.88 of the
monomer form). Fluorescence is maximally
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quenched when the fluorophore is next to
purines and least quenched when next to
pyrimidines.

Hawkins and others (1) compared the fluo-
rescence properties of 3MI and 6MI in
oligonucleotides representing two different
environments, PTER8 and PTER9 (sequences
shown in Table 2). Results, presented in Table 3,
suggest that 6MI is subject to the same quench-
ing patterns as 3MI, exhibiting substantial
quenching when inserted into a purine rich seg-
ment of the oligonucleotide (PTERS8) but much
less quench when inserted into a pyrimidine
rich segment (PTER9). In annealing studies of
3MI- and 6MlI-containing strands (pairing
these two guanosine analogs to cytidine in the
opposite strand) quenching for either 3MI or
6MI is not substantially increased upon anneal-
ing. This suggests that most of the quenching
originates in base stacking rather than base
pairing interactions. For PTER 8, the fluores-
cence signal is very severely quenched (96%) in
the single strand for each, 3MI and 6MI, and no
additional quench is detected upon annealing.
For PTER 9 containing 6MI, quench increases
from 56% to 64% with annealing, and for PTER
9 containing 3MI, there is a smaller increase in
quench (from 64% to 68%) when the labeled
strand is annealed to its complement. The
greater quenching effects seen with 6MI upon
annealing, suggest that 6MI is more involved
in base pairing than 3ML

In the same study, Hawkins and others (1)
found that the emission spectrum of 6MI shifts
7 nm to the red for the probe incorporated into
a double strand as compared to unincorpo-
rated monomer 6MI. The emission spectrum of
3MI incorporated into a double strand revealed
a red shift of 2 nm as compared with the emis-
sion spectrum of the 3MI monomer.

Lifetimes, mean lifetimes, and amplitudes
for 3MI and 6MI incorporated into single and
double strands are shown in Table 3. In the
monomer form, the dominant component of
the intensity decay curve for 3MI and 6MI has
a lifetime of 6.58 ns and 6.26 ns, respectively,
but when each of these two fluorophores are
incorporated into an oligonucleotide, decay
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curves become more complex with shorter life-
time components becoming more prominent.
Formation of a double-strand in the highly
quenched environment of PTERS increases the
complexity even further for both 3MI and 6MI.
In the less quenched environment of PTER9
there is no measurable increase in the complex-
ity of the decay curve and no substantial
change in <t> in the double strand for 3MI,
however the decay complexity for 6MI
increases dramatically under the same condi-
tions (Table 3). Based on these data and on the
T,, measurements described below, 6MI
appears to participate in base pairing interac-
tions, while 3MI does not. Given the structural
features of 3MI, we would expect it to partici-
pate little in base pairing interactions. This may
in part explain the differences in the observed
changes in fluorescence properties of 3MI- and
6MI-containing oligonucleotides.

Disproportionate changes in quantum yield
and <t> suggest that quenching of 3MI and
6MI is because of a combination of static and
dynamic events. Pure dynamic quench is asso-
ciated with proportional changes in quantum
yield and <t> while static quench should not
be accompanied by a change in <t>. The ter-
tiary structure of the oligonucleotide may
expose the fluorophore to collisional events
from its surroundings (dynamic quenching) or
it could position the fluorophore in contact
with other bases or backbone quenchers within
the oligonucleotide (static quenching). In the
3MI-containing PTERS single-stranded oligonu-
cleotide, the fluorophore is surrounded by
purine bases and the Qe is 96% quenched
compared with the monomer but the <t> of
3MI changes only 30% (6.51 ns to 4.54 ns)
under the same conditions (1). This suggests
that static quench arising from the surrounding
purines is the primary (but not the only)
quenching mechanism.

Hawkins and others (1) showed that a pH
titration of the emission spectra and DAS of
3MI and 6MI yielded a shift in the emission
spectrum of 6MI between pH’s 7.0 to 8.0 and
an increase in one of 6MI’s lifetime compo-
nents over the pH range from 7.0 to 9.0. These

Volume 34, 2001



Fluorescent Pteridine Nucleoside Analogs

Table 3
Fluorescence properties of 3MI (probe 4) and 6MI (probe 17)
in single and double strands (1).

Probe PTER Q%? T°(ns) 04€ %l;4 Tm

3MI 8 Ss 96 171=2.35 01=0.41 [=21.2 5.27
T2=6.06 (Xz=0.59 Iz=78.8

3MI 8 ds 96 71=0.21 01=0.70 [;=10.0 4.60
1,=2.88 op=0.16 =325
13=6.35 03=0.13 [3=57.5

3MI 9 Ss 64 T71=2.54 a1=0.31 I,=17.8 4.74
1,=b.22 0=0.69 1,=82.2

3MI 9 ds 68 171=1.86 a1=0.33 I1=14.5 4.81
1,=5.31 op=0.67 [,=85.4

6MI 8 Ss 96 71=0.30 a1=0.81 [1=25.6 3.90
’5222.21 06220.14 122313
13=7.28 03=0.06 I3=43.1

6MI 8 ds — 71=0.21 01=0.83 [;=33.0 2.59
17=1.20 0=0.13 1,=30.4
73=5.89 03=0.03 [3=36.6

6MI 9 Ss 56 171=3.45 01=0.25 =141 6.51
1=7.01 0=0.75 [,=85.9

6MI 9 ds 64 71=0.26 01=0.88 =434 2.79
1,=1.04 a=0.09 ,=17.0
15=6.30 03=0.03  1;,=39.6

263

2% quench relative to the fluorescence of the monomer; Plifetime for each component of a multi-expo-
nential model; pre-exponential for each component of a multi-exponential model; % fluorescence
intensity for each component of a multi-exponential model; ®species-concentration-weighted lifetime.

DAS provide a clear signature of an excited
state reaction. For 3MI, a shift in the emission
spectrum similar to that of 6MI was not seen.
This suggests that there is a protonation at the
3-position which is protected by the methyl
group in 3MI. A minimum of 2 emitting species
(e. g. tautomers) would be needed to explain
these DAS.

Adenosine Analog-Containing
Oligonucleotides

In an analysis of 6MAP and DMAP it was
found that the fluorescence properties of these
probes follow similar patterns to those of 3MI

and 6MLI. Lifetimes, mean lifetimes, and ampli-
tudes for 6BMAP and DMAP incorporated into
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single strands are listed in Table 4 (see Table 5
for sequences) (M. Hawkins, et al. submitted).
The monomer forms of 6MAP and DMAP dis-
play mono-exponential decay with lifetimes of
3.8 and 4.8 ns, respectively, but when these flu-
orophores are incorporated into an oligonu-
cleotide, decay curves become more complex
with shorter lifetime components of the decay
curve becoming more prominent. Because of
the small variation in the range of Qs for
oligonucleotides containing 6 MAP or DMAP, it
is difficult to determine a pattern of fluores-
cence quenching. (Table 5) The Qy.’s for 3MI-
containing oligonucleotide ranged from 0.04
to 0.29 (Table 2), while the range for 6MAP-
containing oligonucleotides (PTR28, Table 5)
was <0.01 to 0.04, and for DMAP-containing
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Table 4
Fluorescence properties of 6MAP and DMAP single strands (Hawkins, M.,
Pfleiderer, W., Jungmann, O., and Balis, F., submitted).

Hawkins

20ligonucleotides containing 6MAP

PQ,el °Ti(ns) doy €%l fta(ns)  8<T>(ns)

PTR21 0.01 71=0.69 01=0.30 9.6 2.58 2.15
1,=2.78 0,,=0.70 90.4

PTR25 0.01 71=2.93

PTR27 71=0.29 01=0.40 9.2 2.26 1.26
To=1.54 0,=0.53 64.6
13=4.73 03=0.07 26.2

PTR28 0.041 71=0.17 01=0.38 5.9 1.82 1.09
17=1.15 0,=0.40 42.3
13=2.56 03=0.22 51.8

HP21 0.01 71=0.69 0y=0.41 13.1 2.85 2.16
1,=3.18 0,=0.59 86.9

HP22 >0.01 71=0.61 01=0.52 17.5 2.68 1.81
1,=3.12 0,=0.48 82.5

HP23 0.01 71=0.48 01=0.59 21.1 2.13 1.34
T,=2.58 0,p,=0.41 78.9

2Oligonucleotides containing 6MAP

PTR32 0.02 71=0.40 01=0.39 8.1 2.7 1.92
1,=2.90 0p=0.61 91.9

PTR38 0.11 71=0.77 0y=0.42 16.6 2.46 1.95
1,=2.80 0,,=0.58 83.4

HP33 0.02 71=0.28 01=0.65 17.1 2.14 1.06
1,=2.52 0,=0.35 82.9

3See Table 5 for sequences; Prelative quantum yield; “lifetime for each component of a multi-compo-
nent model; dpre—exponential for each component of a multi-exponential model; ¢percentage fluores-
cence intensity for each component of a multi-exponential model; fintensi’ty-weighted—life’cime;

8species-concentration-weighted lifetime.

oligonucleotides (PTR28, Table 5) was <0.01 to
0.11. It is interesting that the two adenosine
analogs are so much more severely quenched
within an oligonucleotide than the two guano-
sine analogs. The two highest quantum yields
are shown by PTR28 for 6MAP(0.04) and
PTR38(0.11) for DMAP (identical sequences) in
which the probe is surrounded by pyrimidines.
Quantum yields of HP22 and HP32 (identical
strands with 6MAP and DMAP respectively)
are much lower than one would expect if the
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purine/pyrimidine trend was followed.(both
are <0.01) Because these are such small num-
bers, it is important not to over interpret them.
Many other factors may impact the quench of
these probes in an oligonucleotide. It is inter-
esting that the overall sequence and position-
ing of the probes in the HP21-24 and HP31-34
series is the same and, regardless of the imme-
diate neighboring base identity, they are all
very quenched. DAS for 6MAP- or DMAP-con-
taining double strands have not been exam-
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Oligonucleotides containing 6MAP or DMAP at position of F.

Table 5

6MAP-containing strands are numbered 21-29 and

DMAP-containing strands are numbered 31-39. (Hawkins, M.,

Pfleiderer, W., Jungmann, O., and Balis, F., submitted)

265

Sequence (5 —3") w/6MAP(Qye) w/DMAP(Qyel)
gtgtggFaaatctctagcagt PTR21(0.01) PTR31(0.02)
gtgtggaaaFtctctagcagt PTR22(0.02) PTR32(0.02)
gtgtggaaaatctcFtagcagt PTR23(0.01) PTR33(0.01)
actgctFgagattttccacac PTR24b(0.01) PTR34(0.01)
actgctagFgattttccacac PTR25(0.01) PTR35(0.02)
actgctagagFttttccacac PTR26(nd) PTR36(0.02)
actgctagagattttccFcac PTR27(nd) PTR37(0.11)
actgctagccFttttccacac PTR28(0.04) PTR38(0.11)
attccacaaFgccgtgtca HP21(0.01) PTR31(0.02)
agaggtgtccFectgtggaga HP22(<0.01) HP32(<0.01)
agaggtgtacFcctgtggaga HP23(<0.01) HP33(0.02)
agaggtgtaaFaatgtggaga HP24(<0.01) HP34(<0.01)

aRelative quantum yields (Qy) are listed in the parentheses; °’nd means not done.

Table 6
Oligonucleotides containing 6MAP (Mukerji, L., et al., unpublished).
Name Sequence? 30,1(SS)? Qrel (duplex)?
A3-1 5 -CGCAFATTTCGC-3 0.071 0.053
A3-2 5 -CGCAAFTTTCGC-3’ 0.153 0.081
T3-1 5 -CGCTTTAFACGC-3 0.093 0.049
AT-1 5 -CGCATFTATCGC-3’ 0.164 0.021

2F denotes the position of the fluorophore in the oligonucleotide strand. For control

sequences F=A.

bQuantum yields are relative to the 6MAP monomer.

ined. A comparison of Qs of single and dou-
ble 6MAP-containing strands is listed in Table
6 (I. Mukerji, et al. unpublished). Note that
these numbers are somewhat higher than those
reported in Table 5 because they are calculated
relative to the monomer 6MAP instead of qui-
nine sulfate as a standard. This data (Table 6)
describes an increase in quenching upon dou-
ble strand formation similar to that seen with
3MI and 6ML.

Cell Biochemistry and Biophysics

MELTING TEMPERATURES

Tm’s have been measured for oligonu-
cleotides containing each of the four pteridine
probes, 3MI, 6MI, 6MAP, and DMAP. In
Hawkins et al. (1) melting temperatures of the
series of 3MI- and 6MI-containing oligonu-
cleotides (shown in Table 2) show that 3MI-
containing oligonucleotides display a T
depression approximately equivalent to that of
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Table 7
MeltingTempertures of pteridine adensine analog-containing oligo’s
(Hawkins, M., Pfleiderer, W., Jungmann, O., and Balis, F., submitted)

Hawkins

20ligo w/6MAP Tm(°C) Oligo w/DMAP Trm(°C)
PTR21 56.1° PTR31 52.4°
PTR22 53.5° PTR32 51.8°
PTR23 54.8° PTR33 53.8°
PTR24 57.2° PTR34 54.6°
PTR25 55.3° PTR35 57.0°

PTR36 51.6°

PTR37 51.0°
Control 57.8° Control 57.8°

Table 8

A analog annealing potential different bases (Hawkins, M.,
Pfleiderer, W., Jungmann, O., and Balis, F.,, submitted)

Base complementary to pteridine analog

T A C G
aPTR22 (6MAP) b53.5 43.8 42.8 45.2
PTR32 (DMAP) 51.8 45.2 45.6 46.8

aSee Table 5 for sequences; *(Ty,"C)

a single base pair mismatch. The Tp,’s of dou-
ble-stranded 6MI-containing oligonucleotides
are very similar to the Tp’'s of the controls,
however, suggesting that 6MI may participate
in base-pairing (1).

Melting temperatures of 6MAP and DMAP-
containing oligonucleotides with the adenosine
analogs paired to thymidine are shown in Table
7 (M. Hawkins, et al. submitted). As one would
expect from the structures, Tr,’s for 6MAP are
more similar to those of controls (not containing
fluorophores) than DMAP, however, in either
case these two probes appear to be quite com-
patible with double strand formation. In an
experiment designed to further characterize the
impact of 6MAP and DMAP in a double strand,
each was incorporated into the same sequence,
paired with the different native bases and eval-
uated. It is clear from the results in Table 8, that

Cell Biochemistry and Biophysics

even though both probes show some destabi-
lization compared to the control, they each are
more stable when paired with thymidine than
with any of the other three bases.

P1 NUCLEASE DIGESTION
OF 6MAP OR DMAP- CONTAINING
SINGLE STRANDS

P1 nuclease digestion of probe-containing
single strands serves as a way to determine if
quenching of a probe within an oligonucleotide
is a function of incorporation into a strand, or
from degradation of the probe during DNA
synthesis. By digesting separate strands con-
taining either 6MAP or DMAP, we were able to
recover the expected fluorescence intensity of
the monomer form of each probe. (M Hawkins,
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et al. submitted) In order to determine this we
measured the fluorescence intensity of a single
strand containing one of the probes before and
after complete digestion by P1 nuclease.
Digestions were done at 37°C overnight. The
increase in fluorescence intensity caused by the
P1 nuclease digestion was then compared to the
difference in relative quantum yields between
the single strand containing the probe and the
monomer form of the same probe. The results
revealed that the fluorescence intensity of these
probes is fully recoverable upon digestion. The
experiment was done on one strand containing
6MAP (PTR25, Qe 0.011) and two separate
strands for DMAP (PTR35, Q,0.02 and PTR37,
Qre0.11). In each case the fluorescence intensity
increase was as expected for full recovery of the
monomer form. We have also done this experi-
ment with 3MI and 6MI with similar results. (M
Hawkins, et al. submitted)

SUMMARY OF FLUORESCENCE
PROPERTIES

All four of the pteridine probes, 3MI, 6MI,
6MAP, and DMAP, are quite blue with excita-
tion maxima ranging from 310 to 348 nm and
emission maxima ranging from 430 to 431 nm.
Of the two guanosine analog probes, 3MI has
the highest quantum yield (0.88 for 3MI com-
pared to 0.70 for 6MI) and between the two
adenosine analogs, DMAP(Q, = 0.48) is
slightly brighter than 6MAP (Qye = 0.39). The
effects of incorporation into an oligonu-
cleotide are quite similar for all four probes,
although the guanosine analogs do not appear
to be as heavily quenched as the adenosine
analogs. In each of the four probes, the
quench of fluorescence caused by incorpora-
tion into an oligonucleotide is fully reversed
through digestion of the single strand with P1
nuclease, a strong indication that these probes
do not undergo measurable degradation dur-
ing DNA synthesis and purification. The
recoverability of the fluorescence intensity is
also an indication of the value of each of these
probes for monitoring events that affect the
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tertiary structure of DNA. If a probe-contain-
ing strand is bent or cleaved in the process of
an interaction, the potential increase in fluo-
rescence intensity is considerable. If, for
example, a 3MI containing strand has a Qe
>.02, then a complete digestion of that strand
has the potential for an increase of approxi-
mately 45 fold as 3MI is completely removed
from base interactions.

Evidence from measurement of T,,’s suggest
that 6MI and 6MAP are the most native-like in
double strand formation. 3MI, because of the 3-
position methyl group would not be expected
to anneal very efficiently and the evidence sup-
ports this assumption. 3MI is, however, no
more destabilizing than a single base pair mis-
match. Ty,’s of DMAP-containing strands are
slightly more depressed than those of 6MAP-
containing strands but the double strands are
still somewhat less perturbed than a single
base pair mismatch in the same position.

In terms of stability, 3MI appears to be the
most unaffected by continuous exposure to
the excitation maximum. 3MI was tested in
time-based acquisition experiments under
exposure to 350 nm excitation for 2 hours at
37°C, without a detectable loss of fluorescence
intensity (2). 6MI, 6MAP and DMAP all dis-
play a very slow rate of degradation (evi-
denced by a loss of fluorescence intensity)
under time-based acquisition at excitation
maxima. Because this loss of fluorescence is
only observed during exposure to the excita-
tion maximum in each case, it can be mini-
mized by scanning at intervals to minimize
the exposure. All four of the probes show no
detectable loss in fluorescence intensity dur-
ing the course of five successive emission
scans. (M Hawkins, et al. unpublished)

The interpretation of the lifetime, quenching
and intensity data must take into account the
fact that the probe (in a given oligonucleotide
environment) may not be homogeneous with
respect to position. Some of the changes that we
see may be due to unusual orientation in only a
small fraction of the probe-containing oligonu-
cleotide especially if that small fraction has a rel-
atively higher fluorescence intensity. This is a
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problem shared by all fluorescent probes. In
interpretation of steady state data, one must
always be aware of the possibility that the
changes being recorded may be coming from a
subpopulation of probe. One way to avoid this
ambiguity is to use time resolved techniques.
From the fluorescence characteristics of
these four probes one can envision a number of
ways to take advantage of their unique charac-
teristics to monitor structural changes in DNA.
In the following pages, we will describe appli-
cations that utilize these highly fluorescent
analogs in ways that take advantage of the flu-
orescence properties we have defined.

APPLICATIONS USING PTERIDINES

HIV-1 Integrase Assay

A very simple and direct way to take advan-
tage of the incorporated pteridine nucleoside
analogs is to monitor changes in fluorescence
intensity that occur in response to changes in
oligonucleotide structure. An assay was
designed to monitor endonucleolytic cleavage
activity of integrase protein from HIV-1 using
this property (2).

The retrovirally-encoded HIV-1 integrase is a
multi-functional protein responsible for the inte-
gration of viral DNA into the host cell’s genome
(7,8). The first step of the mechanism is cleavage
of a specific dinucleotide from the 3’-ends of the
long terminal repeat (LTR) sequence at either
end of the double stranded DNA provirus (3"-
processing reaction). Cleavage is followed by
other steps, resulting in the integration of the
HIV-1 genome into the host cell’s DNA. The
pteridine-based assay focuses on the cleavage
step of this reaction.

The integrase catalyzed 3’-processing and
strand transfer reactions have previously been
studied in vitro using recombinant protein and
short double-stranded oligonucleotides (21-
mers) with sequences identical to either the U5
or U3 terminus of HIV-1 DNA, as model sub-
strates (9-12). In the real time pteridine-based
assay, 3MI, is site-specifically inserted into the

Cell Biochemistry and Biophysics

Hawkins

GTGTGGAAAATCTCTAGCAFT - 3’
CACACCTTTTAGAGATCGTCA - §°

Integrase

GTGTGGAAAATCTCTAGCA -3* + FT-3’
CACACCTTTTAGAGATCGTCA - 5°

Fig. 3. Integrase 3’-processing reaction
with 3MlI-containing substrate (substituting
for G). The cleavage reaction of integrase
releases the 3MI containing 3’ terminal dinu-
cleotide from the strand. 3MI is denoted as F.
Adapted from ref. 2.

cleavage site of the double-stranded 21-mer U5
substrate. Figure 3 shows a schematic of the
integrase cleavage step with release of 3MI (F)
from the oligonucleotide which results in an
increase in fluorescence intensity that can be
monitored in real time (Fig. 4).

The increase in fluorescence intensity was
linear for up to 20 minutes. A blank rate (reac-
tion without integrase protein) showed only
slight increases for up to two hours under the
same conditions. The rate of the increase in
fluorescence intensity is proportional to the
rate of the integrase 3’-processing reaction.
The potential increase in fluorescence inten-
sity generated by the release of the 3MI-con-
taining dinucleotide is illustrated by the
marked difference in the fluorescence emis-
sion profiles of the 3MI-containing oligonu-
cleotide and the 3MI-containing dinucleotide
shown in Figure 5.

The removal of the fluorophore from a single
or double-stranded oligonucleotide through the
action of any endo- or exo-nuclease may be pre-
sumed to be easily monitored through changes
in fluorescence intensity as well. This increase
has also been observed using other enzymes
including P1 nuclease and Exonuclease III (M
Hawkins, et al., submitted) (3).
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Fig. 4. The real-time kinetic trace of fluo-
rescence intensity depicts the blank rate prior
to addition of HIV-1 integrase (0 to 1700 sec),
the increase in fluorescence intensity following
addition of integrase (1700 to 2880 sec), and
cessation of the reaction following the addition
of EDTA (>2880 sec) which chelates man-
ganses, a required cofactor. The fluorophore in
this substrate is 3MI (Probe 4). Reprinted with
permission from ref. 2.

Alkyl Transferase Coupled Assay

Enzymes that are very selective may not
accept substitution of a pteridine for a purine
within their active site. In the following assay
for the DNA repair protein, O° Alkylguanine
DNA alkyltransferase (AGT) we describe a
way to circumvent this problem by coupling
other enzymatic reactions to AGT activity (3).
The coupled system allows monitoring of the
real time function of AGT within a single reac-
tion mixture.

AGT is one of the more important alkyl
transferase proteins responsible for DNA
repair (13-15). This protein removes alkyl
adducts from DNA consequently counteract-
ing the cytotoxic effect of alkylating agents
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Fig. 5. Comparison of the fluorescence
emission spectra for the 3MI-containing sub-
strate oligonucleotide and the 3MI containing
dinucleotide cleavage product. 3MI is also
Probe 4. Reprinted with permission from ref. 2.

used in cancer chemotherapy. AGT has a
highly conserved internal cysteine acceptor site
that covalently bonds to alkyl groups attached
to the O%-position of guanine, irreversibly inac-
tivating the protein. This makes it a good target
for inhibitors that would enhance the efficacy
of cancer treatment with alkylating agents. The
pteridine-based method is an extension of an
assay by Wilson and coworkers (16).

In Figure 6, the substrate for the AGT assay
is shown with 3MI represented by F and a Pvu
Il restriction site containing O°-methyl gua-
nine (G-Me) in the recognition sequence. The
substrate also has a 6 or 7 base overhang on
each 3’ end. In the coupled series, a restriction
endonuclease, Pvu II, will only cleave if and
only if AGT first repairs G-Me. In the next
step, Exonuclease III (Exolll) will only signifi-
cantly digest the substrate after Pvu II cleav-
age because of its preference for double
stranded substrate. Unmodified substrate is
protected from Exo III digestion by 3" over-
hangs designed into the substrate. In the
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Fig. 6. Fluorescence-based AGT assay sequence. Reprinted with permission from ref. 3.

series, the shorter product of Pvu II cleavage
(not containing the fluorophore) dissociates
rapidly at 37°C.

This technique is particularly attractive
since it allows real time monitoring of AGT
activity in a single 100 pl volume. Figure 7
shows the blank rate, which is attributed to a
possible nickase activity of Exo III along with
the AGT rate which has been shown to be pro-
portional to the amount of AGT in the reaction
mixture.

We are currently using this assay to study
the impact of AGT inhibitors such as O-6 ben-
zyl guanine in cell culture and in patients
undergoing treatment with Temazolamide, an
alkylating agent. In this study peripheral blood
mononuclear cells are isolated from the blood
of patients. The cells are then lysed and exam-
ined for AGT activity using the assay. By com-
paring the AGT activity in the cells before and
after the patient has received a dose of AGT
inhibitor we can determine how effectively the
inhibitor is working.

Cell Biochemistry and Biophysics

Bulge Hybridization Probes

Hybridization of oligonucleotides contain-
ing pteridine nucleoside analogs can be
detected in some cases by simply observing the
additional quench associated with annealing
(2). In order to enhance detection of annealing,
however, we have developed the following
application. (M. Hawkins and F. Balis, unpub-
lished) Because the quench in fluorescence
intensity seen upon incorporation of these
probes into oligonucleotides is largely attribut-
able to base stacking interactions, it was rea-
soned that any disruption in the base stacking
arrangement would have a direct influence on
the fluorescence intensity. In this application,
we explore the effects of forcing a one, two, or
three base bulge within a double strand by not
providing base pairing partners in the bulge.

The pteridine probe, 3MI, is incorporated
into an oligonucleotide that is perfectly comple-
mentary to a known target sequence, except for
the insertion of the fluorophore. When anneal-
ing occurs, the probe is squeezed out of the
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Fig. 7. Real time fluorescence intensity
profile of a reaction responding to AGT repair
of the methylated substrate shown along with
a blank which contains all components of the
assay except for AGT. 3MI (Probe 4) is used in
the substrate. Reprinted with permission from
ref. 3.

strand (it doesn’t have a base-pairing partner)
partially relieving quench associated with base
stacking. This leads to increases in fluorescence
intensity up to 27 times the fluorescence of the
single strand. Although some increase in fluo-
rescence intensity is seen with 2 or 3 base
bulges, the greatest increase is seen with the
single base forced out. The degree of increase
displayed after annealing the two strands is
dependent on the identity of the bases nearest
to the fluorophore, (Table 9) with the greatest
increases resulting from the pteridine sur-
rounded by adenosines. In this environment
the probes are very heavily quenched in a sin-
gle strand, consequently the background fluo-
rescence (before annealing) is very low.

This highly specific technique may be used
to determine the presence or absence of specific
DNA sequences in a mixture without the need
for separation of annealed or labeled products.
Initial studies using 3MI in bulge hybridization
to determine the presence of PCR products are
very promising. In this application, the probe
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strand is designed to bind to the region of
product which is between (but not overlap-
ping) the primers. The probe strand is added to
the standard PCR mixture before processing in
the standard fashion through thermocycling.
After amplification, the fluorescence of con-
trols (containing no template) are compared
with the fluorescence of reactions containing
known amounts of template. Resulting
increases in fluorescence are usually between 3
and 4 fold over the blank. (M Hawkins and F
Balis, unpublished)

Anisotropy Studies on HU Protein

Studies done at Wesleyan University (2a)
have utilized steady state fluorescence
anisotropy using 3MI fluorescence to monitor
the binding of the HU protein to duplex DNA.
HU, a multifunctional histone-like prokaryotic
protein, does not bind specifically to a particu-
lar sequence of DNA, but does preferentially
bind supercoiled and bent DNA. Functioning
primarily as an architectural protein similar to
HMG, HU facilitates the binding of other pro-
teins to their target sequences by either stabi-
lizing DNA in a bent conformation or possibly
inducing a bend upon binding (17).

Fluorescence anisotropy measurements
were used to determine the equilibrium bind-
ing constants and stoichiometry of HU binding
to a 13 bp duplex (H1-13-1) and two 34 bp
duplexes (H1-34-1 and H1-34-2) of DNA. The
two 34-bp duplexes differ in the placement of
the 3MI probe: 5 bases from the 3" end for H1-
34-1 and in the middle of the duplex for H1-34-
2. Previous studies had suggested that HU
binds to 9 bp of duplex DNA; however, stoi-
chiometry experiments performed using either
fluorescence anisotropy or analytical ultracen-
trifugation indicate that 2 HU dimers bind to
H1-13-1 and 3 HU dimers bind to H1-34-1 and
H1-34-2, respectively. Gel mobility shift assays
(GMSA) are indicative of the formation of
HU:DNA complexes with stoichiometric ratios
of 4 and 5:1 with the 34 bp duplexes. Also, the
average apparent binding constants deter-
mined by GMSA are 34 fold greater than those
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Table 9
Fluorescence increase of bluge forming sequences with 3MI in
positions marked F (Hawkins, M., and Balis, F., unpublished data)

5 to 3 sequence

RD9 cttgagcceccgaFaactctgactegg 220x
HP6 cctctaagaggtgtaaFaatgtggagaatctee 27x
RD11 agcagt tgctaaagaa Faattgaacacgctcggacttgc 21x
HP4 cctctaagaggtgtaaFagtgtggagaatctcc 14x
RD4 tagacgcttctcaaFaactggaca 12x
PCR2 gcaagatggagaaacaaFggctggagccaa 11x
JS-6 taaataaFaatagtaggtagggctatacattct 9x
RD7 cctgagegtgagaFaagctggac 8x
JS-5 tggagaaFgagctacacctggccgtcaggceage 7X
PCR4 attccacaaFgccgtgtca 6X
PCR1 ggctttcgagagFaacccactaccca 5x
RD5 agaagaagataaFagagcgaggcgtcecca 4x
A1Sf-1 ctgcagFaatgggatagagtgcatccagtg 3x
RD1 cagaFaaccacaacat 2x
HP5 cctctaagaggtgtccFectgtggagaatctec 0.3x
HPR cctctaagaggtetacFagtgteggagaatctec -1.5x

2fold increase over single strand

determined by fluorescence anisotropy. The
increased affinity of HU in the gel is attributed
to the caging effect induced by the medium
(18,19). A GMSA was also performed with the
13 bp duplex, however the 13 bp HU-DNA
complex undergoes relatively fast dissociation,
as detected by smearing in the gel, preventing
an accurate determination of an apparent bind-
ing constant using this method.

Fluorescence anisotropy assays were per-
formed at a constant concentration of DNA
duplex with increasing concentrations of HU
protein. As expected, in the absence of HU, the
shorter 13-bp duplex has a lower initial
anisotropy value relative to the 34 bp duplexes.
The H1-34 duplexes exhibit a greater change in
anisotropy (Ar~ 0.067) upon complex forma-
tion than the H1-13-1 duplex (Ar= 0.033). The
binding curves can be analyzed assuming an
independent binding site model. Under these
conditions the binding constants are well
within error of each other with a microscopic k
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of 0.36 £ 0.09 uM™! for the 34 bp duplexes (H1-
34-1 and H1-34-2) and 0.62 + 0.16 uM™" for the
13 bp duplex (H1-13-1). For H1-13-1, the step-
wise binding constants are K; = 2k and K; =
k/2, where k is the microscopic binding con-
stant. Similarly, for the 34 bp duplexes, the
stepwise binding constants in terms of the
microscopic binding constant are: K; = 3k, K, =
k and K3 = k/3. As shown by the fits in Figure
8, the data are well described by this noninter-
acting binding site model, indicating a lack of
cooperativity.

HU exhibits a marked preference for bent
DNA and facilitates circularization of DNA
(20,21). Upon binding to HU, the 34 bp
duplexes, H1-34-1 and H1-34-2 exhibit an
increase in fluorescence intensity, which is con-
sistent with increased solvent exposure of the
nucleoside analogue. There is a 43% increase in
fluorescence intensity upon HU binding to the
H1-34-1; in contrast, the fluorescence change for
the H1-34-1 duplex is only 23%. This increase in
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Fig. 8. DNA-binding affinity of HU to 34-
and 13-bp duplexes determined by fluoresc-
nence anisotropy wusing 3MI (probe 4).
Microscopic binding constants were deter-
mined using an independent binding site
model, with 3 sites for the 34-bp duplexes and
2 sites for the 13 bp duplex. (O) H1-34-1, Ka =
0.24uM1, for clarity r shown = r-valves + 0.04;
Ar=0.067. (©) H1-13-1, Ka=0.48 uM™!, Ar=0.033.
Inset depicts the same binding curveon a lin-
ear scale.

fluorescence intensity is strongly suggestive of
a structural deformation of the DNA that leads
to an unwinding of the helix and possible
unstacking of the DNA bases. The relative dif-
ference in the fluorescence intensity change of
the H1-34 duplexes upon protein binding is
attributed to the degree of quenching caused by
the nucleic acid bases adjacent to the 3MI probe.
In the H1-34-1 oligonucleotide 3MI is located
between two adenosine residues; whereas, in
H1-34-2 it is between an adenosine and thymi-
dine. The two flanking adenosines in H1-34-1
quench the 3MI fluorescence to a greater extent
and because of this relative difference in fluo-
rescence quenching, the H1-34-2 duplex
exhibits a greater change in fluorescence inten-
sity upon protein binding. No change in fluo-
rescence intensity is observed upon HU
binding to the H1-13-1 duplex.
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Fig. 9. DNA-binding affinity of HU to 34-
bp duplexes determined by fluorescence inten-
sity using 3MI (probe 4). (O) H1-34-1,
Ka=0.4pM1. ((J) H1-34-2, Ka=0.34pM". Inset
depicts the same binding curve on a linear
scale.

As shown in Figure 9, the increase in fluo-
rescence intensity as a function of HU concen-
tration exhibits saturable binding, similar to
that observed with fluorescence anisotropy.
Assuming an independent binding site model,
analysis of the curves yields a microscopic k
value of 0.44 £ 0.05 UM}, in good agreement
with that determined by fluorescence
anisotropy. The relative similarity in the bind-
ing constants determined for both the intensity
and the anisotropy measurements is sugges-
tive of a concerted reaction where HU binding
to the DNA is also accompanied by bending.

Mukerji and co-worker’s observations
reveal that for the 34 bp duplex the number of
complexes detected by GMSA is not consistent
with the number of complexes observed by flu-
orescence anisotropy and analytical ultracen-
trifugation; although the measured binding
constants are comparable. In contrast, all three
methodologies are indicative of the formation
of a 2:1 HU: DNA complex with the 13 bp
duplex. The results from the stoichiometry
data suggest that the length of the DNA duplex
modulates either the size of the binding site or
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the mode of binding. In this study the overall
20-40% increase in intensity of 3MI fluores-
cence upon protein binding to a 34 bp duplex is
indicative of decreased base stacking interac-
tions and consistent with a model of induced
bending. These results suggest that increased
bending upon HU-DNA complex formation
may be responsible for the different relative
mobilities of the complexes in the gel.

Investigating DNA A-Tract’ Structure
with 6MAP

The fluorescent adenosine analog, 6MAP has
been used to examine the structure of DNA “A-
tracts’, which consist of 2 or more adjacent ade-
nine residues. (I. Mukerji, et al. unpublished)
When A-tracts are repeated in phase with that
of the DNA helix, these sequences exhibit cur-
vature or bending. Gel mobility measurements
have revealed that A-tracts of 6 residues exhibit
the maximum amount of curvature (22).

6MAP was substituted for an adenine
residue in 4 different strands (see Table 6). The
tirst two vary the probe position relative to A
tracts(A3-1 and A3-2), and the last two are con-
sidered to be straight (T3-1 and AT-1).
Quantum yields relative to monomer 6MAP
from the four oligonucleotide sequences in
double and single strands are shown in Table 6.
Results reveal that the fluorescence intensity is
quenched by ~90% in all four oligonucleotides,
relative to free monomer. The adjacent
nucleotide neighbors strongly influence the
degree of quenching, with maximum quench-
ing observed with the probe surrounded by
adenines (A3-1 and T3-1, Table 6) and less
quenching with the probe adjacent to pyrim-
idines (A3-2 and AT-1, Table 6). Incorporation
into the single strand does not significantly
affect the emission maximum.

Duplex formation further quenches 6MAP
fluorescence and follows the same pattern as
that seen for 3MI and 6MI by Hawkins, et al
(1). The AT-1 oligonucleotide has the highest
relative quantum yield as a single-strand and
experiences the greatest quench upon duplex
formation (87%). In the A3-1 duplex the fluo-
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rescence yield is only quenched by 26% relative
to the single-stranded oligonucleotide. The
absence of a large change in fluorescence yield
probably indicates that in the A3-1 oligonu-
cleotide the 6MAP probe stacks well with the
adjacent adenine bases, however these interac-
tions are not as strong when the neighboring
bases contain at least one pyrimidine. These
nearest neighbor interactions are not sufficient
to explain the relative quantum yield of the
duplexes and undoubtedly, other factors, such
as local structure of the duplex, also influence
the relative yields. The most striking example
of this is the A3-2 duplex, which has one neigh-
boring pyrimidine and the highest fluores-
cence yield in the duplex, while the AT-1
duplex with two neighboring pyrimidines has
the lowest yield.

Duplex formation also leads to a shift in peak
emission to shorter wavelengths for all the
duplexes studied with 6MAP. The A3-1 and AT-
1 duplexes exhibit the largest shifts of —14 and
—13 nm, respectively. The emission shift appears
to be more reflective of local nucleic acid struc-
ture rather than local environment caused by
neighboring residues, since the A3-1 and T3-1
duplexes have the same neighboring residues;
however, the emission maximum of A3-1 shifts
-14 nm while that of T3-1 only shifts -8 nm.
Similarly, the A3-2 duplex exhibits the smallest
shift in emission maximum, which may reflect
the local structure close to the probe. In the case
of the A3-2 duplex, the probe position is located
at the 3"-end of the A-tract.

Spectroscopic and calorimetric evidence sug-
gests that A-tract duplexes undergo a transition
from a bent to a straight conformation and this
transition is centered at 35°C. (23-25) This pre-
melting transition is characteristic of A-tract
duplexes containing an ApT step, such as in A3-
1 and A3-2, but is not observed in duplexes con-
taining a TpA step, such as T3-1 (25). In light of
our interest in the structure of the above
duplexes (Table 6), we have monitored the flu-
orescence behavior of the single- and double-
stranded oligonucleotides as a function of
increasing temperature. We observe that the
fluorescence intensity of the monomeric probes
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and the single-stranded oligonucleotides
decrease relatively linearly as a function of tem-
perature. This decrease in intensity is attributed
to an increase in the relative efficiency of other
processes such as internal conversion and
vibrational relaxation. Additionally, increasing
the temperature causes a -9 nm shift in peak
emission for the 6MAP monomer and an aver-
age shift of =7.2 £ 0.9 nm in emission maximum
for the 6MAP single-stranded oligonucleotides.
This decrease in peak emission wavelength is
attributed to decreased solvent stabilization of
the excited state as a consequence of greater
thermal motion.

The 6MAP-containing duplexes also exhibit
emission maxima shifts as a function of
increasing temperature. For all 4 duplexes at
80°C, the emission maximum shifts to the same
value (£ 1 nm) as that observed for the single-
stranded oligonucleotides at 80°C. This behav-
ior is consistent with exposure of the 6MAP
probe to solvent and an absence of stacking
interactions at high temperature. The fluores-
cence intensity of the duplexes can also be
monitored as a function of temperature. Since
the fluorescence yield of the single-stranded
oligonucleotides is greater than that of the
duplexes (Table 6), a decrease in fluorescence
intensity is observed initially followed by an
increase in intensity. A ratio of the fluorescence
intensity of the duplex to the single-stranded
oligonucleotides yields a sigmoidal curve that
is characteristic of the cooperative DNA melt-
ing process (Fig. 10). By ratioing the data the
decrease in fluorescence intensity as a conse-
quence of increased temperature is suppressed.
Similar profiles are obtained if the ratio is done
with the monomer and not the single-stranded
oligonucleotide. The maximum shift in peak
emission occurs at the same temperature as the
Tm from the fluorescence intensity change.
Melting temperatures determined from the
intensity curves are consistently higher
(+5-9°C) than those determined from UV
absorption measured at 260 nm. Although the
source of the discrepancy between the UV and
fluorescence data is not clear, it is important to
note that the fluorescence data reports on one
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Fig. 10. Fluorescence intensity of the dou-
ble-stranded 6MAP-containing duplexes rela-
tive to the single-stranded oligonucleotides as
a function of temperature.

site in the oligonucleotide; whereas, the UV
absorption profiles represent an average of all
the nucleic acid bases present. In addition, the
two techniques are probably reporting on dif-
ferent events in the melting process; specifi-
cally, UV absorption reports on the unstacking
of the bases and fluorescence profiles monitor
both solvent exposure and unstacking. These
two events may represent the beginning and
end stages of the melting process.

The derivatives of the fluorescence melting
profiles (Fig. 11) reveal a clear difference in
melting profile between that the A-tract and
non-A-tract containing sequences. The melting
profile of A3-1 () exhibits two distinct maxima
representative of two transitions centered at 30
and 62.5°C, while that of AT-1 (L) only has one
maximum centered at 60°C. This premelting
transition is also observable in the melting pro-
files of A3-1 (¢) and A3-2 (<), but not T3-1 (+)
duplexes (Fig. 10). The influence of 6MAP on
the melting behavior cannot be discounted;
however, this influence should also be mani-
fested in the control duplexes T3-1 and AT-1,
which show no evidence of a premelting tran-
sition. The fluorescence data, which specifi-
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Fig. 11.

First derivative of the data shown in figure 10 for 6MAP-containing duplexes. For clar-

ity, only the A3-1 and AT-1 duplexes are shown. A3-1 exhibits two distinct maxima indicative of
two transitions at 30 and 62.5°C. AT-1 has one maximum at 60°C.

cally investigates only one site in the DNA
duplex, therefore reveals that the locus of the
premelting transition is in the A-tract.
Furthermore, the highest relative quantum
yield is observed for the A3-2 duplex, in which
6MAP is located at the 3’ end of the A-tract.
This increased fluorescence yield is suggestive
of greater solvent exposure of 6MAP in that
duplex relative to the other duplexes studied
and is consistent with the junction model of
bending (22) (Mukerji, I, et al.).

RNA Polymerase

The utility of 6MI and 3MI as spectroscopic
reporters of the interaction of RNA polymerase
with both single-and double helical DNA has
recently been investigated (W Swingley, M
Strainic and P deHaseth, unpublished). The
natural target of RNA polymerase is the double
stranded promoter DNA, the specific DNA
sequence where RNA synthesis is initiated (see
ref. 26) (26). After the initial contact between
RNA polymerase and the double stranded pro-
moter DNA is established, a series of
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rearrangements takes place, resulting in the
formation of the initiation-competent complex,
in which strand separation has occurred over a
region of about 14 base pairs which includes
the start site of transcription. It is thought that
the latter complex, usually referred to as the
“open” complex to reflect the strand separa-
tion, is stabilized by interactions of the separate
single strands with RNA polymerase, rather
than with each other. Indeed it has been found
that RNA polymerase is able to sequence-
specifically interact with stretches of single
stranded DNA (27,28).

In prior studies it was demonstrated that the
fluorescence of 2-amino purine (2AP), when
substituted in the strand-separation region of
double stranded promoter DNA, or in single
stranded DNA containing certain promoter
sequences, was greatly enhanced upon interac-
tion with RNA polymerase (29-31). These
results are consistent with an unstacking of the
bases in single stranded DNA when it interacts
with RNA polymerase. While 2AP substitution
has been a useful means to monitor the inter-
action of DNA with RNA polymerase, there are
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Table 10
Comparisonof probes in single strands
(Swingley, S., Strainic, M., and deHaseth, P,

unpublished).
kax 10° (M5 kq(s™h
2AP 0.75+0.7 09 +0.1
3MI 1.05 + 0.02 2,24 +0.04
6MI 0.56 + 0.02 1.22 +0.05

several disadvantages to its use. An important
one is 2AP’s low quantum yield which necessi-
tates the introduction of two or more substitu-
tions in order to obtain a workable signal at the
low DNA concentration dictated by the neces-
sity for maintaining a large excess of RNA
polymerase in certain types of experiments.
Finally, an obvious limitation is that it could
only be used in existing A-T base pairs.

To determine if the 3MI and 6MI base
analogs would constitute a suitable alterna-
tive to 2AP, first the kinetics of the interaction
of RNA polymerase with identical single-
stranded 15 mers bearing a 3MI or 6MI at
the identical position, or two 2 AP at a posi-
tion with 2 adjacent A-T base pairs, was
studied. The fluorescence of the base
analogs was monitored at the appropriate
wavelengths as a function of time with a
stopped flow fluorometer. The oligonu-
cleotides used had the following sequence: 5’
AACTATAATTGACTC3’. The substitutions
with 3MI or 6MI were at the position of the G;
substitution with 2AP was at the two A’s at
the 5 end. The average results from 3 separate
determinations (at 25°C in the buffer as previ-
ously used) are displayed in Table 10.

It can be seen that the results with the 3
probes are very similar to each other as well as
to previously published results with a longer
oligo (31). The errors for the 3MI and 6MI-con-
taining oligonucleotides are smaller than for
the oligonucleotide containing 2AP, likely due
to the greater signal obtained with the former,
despite the fact that they contained only 1 sub-
stitution rather than 2 for the 2AP.
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The use of 2AP for the study of the kinetics
of open complex formation at the rrnBP1 ribo-
somal RNA promoter of E. coli was problem-
atic, as the region of strand separation is very
G-C rich. Here, the use of 6MI was expected to
be especially beneficial (note that 3MI does not
lend itself to use in double helical DNA as it
does not participate in base pairing with C).
The partial sequence of the synthetic promoter
used for these studies is as follows:

5-AATTTCCTCTTGACAGGCCGGAATAACTCCC-
TATAATGCGCCACCACTGACCTGACAGCGGAA-
CAA-3

3-TTTAAAGGAGAACTGTCCGGCCTTATTGAGGG-
ATATTACGCFGTGGTGACT GGACTGTCGCCTTGTT-5

Two important RNA polymerase recognition
sequences are shown in bold and the region
that becomes strand separated in an open com-
plex has been underlined; the start site of RNA
synthesis is at the bold A in this region and the
6MI substitution is at the position of the bold F.
Upon mixing RNA polymerase (at 12 nM) and
6MI-substituted promoter DNA (at 2nM), a
time-dependent increase in 6MI fluorescence is
observed, as shown in Figure 12 (average of 10
independent mixing events).

A pseudo first order rate constant of 0.28 +
0.3 s7! is obtained by fitting the data (red line
represents the fit). Applying a two step model
for the formation of an open complex to a
series of such pseudo first order rate con-
stants collected at various RNA polymerase
concentrations, (30,32) an overall rate con-
stant of 5 x 107 M! s7! is obtained. This is in
good agreement with estimates obtained with
a 2AP substituted promoter (substitution at
the bold A in the sequence shown above)
which gave a marginally useful signal, as
well as with determinations by others using
manual mixing methods applied to very
dilute solutions in order to slow the rate of
complex formation. (33)

We conclude that 3MI and 6MI substituted
oligonucleotides show great promise as useful
agents for monitoring the interaction of RNA
polymerase with DNA.
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Fig. 12. Time dependent increase in 6MI (Probe 17) fluorescence upon mixing 12nMRNA
Polymerase and 2nM 6MI-substituted promoter DNA (Avg of 10 independent mixing events). Note
that becasue of the electronics of the instrument the baseline is negative (Swingley, S., Strainic, M.,

and deHaseth, P., unpublished).

Intracellular Transport
of Oligonucleotides

The use of pteridine nucleoside analogs for
intracellular work is complicated because of
high levels of endogenous pteridine fluores-
cence with excitation and emission properties
similar to those of the pteridine probes, result-
ing in high background fluorescence. One way
to overcome this problem is to place multiple
probes in a single oligonucleotide in the bright-
est possible environment (surrounded by
pyrimidines in the sequence). This very bright
oligonucleotide can then be used to track such
things as the fate of therapeutic antisense
oligonucleotides.

An example of this approach is given by
work at Mt. Sinai in New York by B Hanss and
coworkers. (B Hanss, unpublished) The focus
of the research is to study the molecular mech-
anism of oligonucleotide internalization.
Overall oligonucleotide uptake by most tis-
sues in vivo is relatively low, the highest being
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in kidney, liver and brain (34-38). The Hanss
group has used isolated perfused renal tubules
and an oligonucleotide containing six 3MI
molecules as a model to study the kinetics of
oligonucleotide uptake in the kidney. For the
most part, previous studies on the kinetics of
oligonucleotide uptake, have used oligonu-
cleotides end-labeled with either a radioiso-
tope or a fluorescent tag such as fluorescein
isothiocyanate (FITC). The rate of uptake for
FITC-labeled oligonucleotides appears to be
considerably slower than that of radio-labeled
oligonucleotides (39). Because of its smaller
and less obtrusive structure, 3MI, is being
used to explore the source of this discrepancy.
Preliminary results have shown that the
oligonucleotide (5" -FtccFctcFtctFctcFttcFe-3")
containing 3MI at the site of each F, is clearly
taken up by isolated perfused renal tubules. A
real time visualization of the process using flu-
orescence microscopy interfaced with digital
video capture has shown the rapid uptake of
the oligonucleotide. In another experiment,
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following discontinuation of the infusion, a
delocalization of the brightness revealing the
efflux of the 3MI-containing oligonucleotide is
clearly apparent (B Hanss, unpublished).

This application demonstrates how the
background fluorescence can be overcome by
the fluorescence intensity of the 3MI guanosine
analog.

SUMMARY AND OUTLOOK

The ideal probe, one that closely resembles
the natural bases and is highly fluorescent, is
quite elusive. The characteristics that make
guanosine recognizable from the point of view
of a protein, for example, are complex and
numerous. The size, shape and electron distri-
bution within guanosine all contribute to its
being recognized. Nothing can mimic this per-
fectly without being guanosine and conse-
quently being only faintly fluorescent. Our
objective is to create the most native-like, stable
and highly fluorescent probes possible. There
are substantial differences between fluorescent
nucleoside analogs and native nucleosides and
yet the similarities in overall shape, size and
linkage, allow us to place a fluorophore within
the DNA without totally disrupting the tertiary
structure. Even though structural studies have
not yet been done, we expect the disruption to
the DNA is minimal because of the acceptance
of the pteridines in the DNA by proteins that
require a double stranded substrate.

Using the fluorescent pteridine nucleoside
analogs makes it possible to observe subtle
changes in DNA by monitoring a variety of flu-
orescence properties, frequently in a real time
format. They provide us with a window on
DNA structure and its relationship with its
environment.
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