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Abstract: The properties of fluorescein are substantially altered upon conjugation to nucleic acids,
affecting not only the molar absorptivities and fluorescence quantum yields but also the protolytic
equilibrium constant and fluorescence lifetimes. Around neutral pH, the fluorescein moiety is
present as both mono- and dianion, and the, pKlating them is increased from 6.43 for free
fluorescein to about 6.90 for fluorescein attached to both single- and double-stranded oligonucle-
otides of at least 12 bases/base pairs. This difference reflects the local electrostatic potential around
the nucleic acid, which is calculated to28 mV. The molar absorptivities and spectral responses

of the conjugated fluorescein protolytic species are also determined, from which the concentrations
of fluorescein—oligonucleotide conjugates can be calculated by assurajg: = 62000/[1

+ 10 ®PH=6-90) + 12000/[1 + 1075990 (M~ cm1). The fluorescence quantum yield of the
conjugates depends, in a complex way, on temperature, environment and oligonucleotide length,
sequence and conformation, and must be determined for each experimental situ&tiv®98 John

Wiley & Sons, Inc. Biopoly 46: 445—-453, 1998

Keywords: fluorescein—oligonucleotide conjugates; local electrostatic potential; local pH; proto-
lytic equilibrium; FITC fluorescence energy transfer; dye labeled oligonucleotides

INTRODUCTION in studies of nucleic acids and proteins. Together
with, for example, tetramethyl-rhodamine, it can be
One of the most commonly used fluorescent dyes used in energy transfer measurements to determine
today is fluorescein. It has a very high molar absorp- distances within and between molecutéduorescein
tivity in the visible region, a large fluorescence quan- is also used to label macromolecules for detection in,
tum yield, and a high photostability, which makes it for example, capillary electrophoresisand to label
very useful in applications where a high sensitivity is primers used in automated DNA sequencing.
needed. Furthermore, it is commercially available in The spectroscopic properties of free fluorescein
many derivatives, like fluorescein isothiocyanate and have been thoroughly studiéd but less attention has
fluorescein succinimidyl ester, which can be co- been given to changes induced upon conjugation of
valently attached to macromolecules and amino acids. fluorescein derivatives to macromolecules. The molar
Therefore, fluorescein derivatives are frequently used absorptivity of fluorescein has been reported to drop
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by about one third upon conjugation to DNZand the
fluorescence quantum vyield to drop by 26% when a
fluorescein-labeled oligonucleotide is hybridized with
its complementary strandThe protolytic equilibrium
constants relating the mono- and dianion of fluores-
cein attached to various tRNAand to the protein
histone H5’ have also been determined. However,
there has, to date, been no systematic study of the
spectroscopic and chemical properties of such com-
plexes, which is required for quantitative studies.

In this work, we characterize the properties of
fluorescein—-DNA conjugates. We determine absorp-
tion, fluorescence excitation and fluorescence emis-
sion spectra, molar absorptivities, and fluorescence
quantum yields of fluorescein attached to single- and
double-stranded oligodeoxyribonucleotides of various
lengths and sequences. We also determine thg pK
relating the fluorescein monoanion—dianion equilib-
rium, and find it reflects the local electrostatic poten-
tial at the nucleic acid.

MATERIALS AND METHODS

Fluorescein was purchased from Sigma, and fluorescein
isothiocyanate (FITC) and tetramethyl rhodamine isothio-
cyanate (TRITC) from Molecular Probes, Inc. All oligode-
oxyribonucleotides (Table I) were synthesized on an Ap-
plied Biosystems 380B DNA synthesizer using standard
phosphoramidite chemistry with an amino group attached
through a hexylcarbon linker at thé-end (ABI Aminolink

2) or at the 3-end (Glen Research’-2mino-Modifier C7
CPG; Figure 1). FITC and TRITC were attached to the
DNA according to a previously published procedtitex-
cept that the reaction was carried out in M.2Zarbonate
buffer (pH 10). Excess dye was removed by size exclusion
chromatography on a Sephadex G-25 column eluted with
0.IM NH,Ac. All oligonucleotides and oligonucleotide—
dye conjugates were purified on a 20% denaturing poly-
acrylamide gel, electroeluted, and then precipitated in eth-
anol. To ascertain that there were equal amounts of both

strands in the double-stranded samples the duplexes were

Table | Oligonucleotide Sequences

Name Sequence

IwW 5'-CTA CTC GAT-3

9C 5-ATC GAG TAG-3

12w 5-CTA CCT TTC GAT-3

12C 5-ATC GAA AGG TAG-3'

15W 5-CTA CCT GCA TTC GAT-3

15C 5-ATC GAA TGC AGG TAG-3
18W 5-CTA CCT GCA GAA TTC GAT-3
18C 5-ATC GAA TTC TGC AGG TAG-3

N
. \/\/\(\DNA-S'-phosphate]

oH

FIGURE 1 Chemical structure of the fluorescein moiety
of oligonucleotide-5-fluorescein (top) and oligonucleotide-
3'-fluorescein (bottom).

purified on a 20% native polyacrylamide gel, electroeluted,
and ethanol precipitated.

The DNA analogue PNA, which has the sugar—phos-
phate backbone replaced by uncharged N-(2-aminoethyl)-
glycine units** was a gift from Professor Peter Nielsen at
the Panum Institute in Copenhagen. It had the sequence
H-aha-TTC TTC TTT T-NH, reading from the carboxy- to
the amino-terminal, where H-aha is an amino-hexyl-alkyl
linker that can react with FITC. Fluorescein was attached to
the PNA using the same procedure as was used with the
DNA, and the PNA-fluorescein conjugate was purified by
extensive dialysis first against 0/1NaCl and then against
water.

Fluorescein-5thiourea (FI-NH) was made by adding 5
L of 5M NH,Ac to 40 uL of 10 mg/mL FITC in dimethyl
sulfoxide (DMSO). After 10 min, another mL of 5M
NH_,Ac was added and the reaction mixture was left at room
temperature over night. The sample was then diluted 20
times using DMSO and purified by high performance liquid
chromatography. This gave one clearly separated main
product (FI-NH,) that was evaporated to dryness and dis-
solved in water.

The protolytic equilibrium constants and absorption pro-
files of the fluorescein—~DNA conjugates were determined
using chemometric analysis of a set of absorption spectra
recorded at different pH as described elsewhéré Fluo-
rescence excitation profiles were determined from a set of
excitation spectra recorded at different emission wave-
lengths, and the emission profiles were determined from a
set of emission spectra recorded at different excitation
wavelength, by Procrustes rotation analysis using the
DATAN program>*4:15

Fluorescence quantum yields of FI-Nind of the fluo-
rescein-DNA conjugates were determined in 1M m
Na,CO,/NaHCQO;, pH 8.8, relative to free fluorescein in
0.1M NaOH, which was assumed to have a quantum vyield
of 0.931618



Fluorescein—Oligonucleotide Conjugates 447

All absorption measurements were done on a Cary4 0.6
spectrophotometer using 1 cm path length and a spectral
bandwidth of 1 nm. The fluorescence measurements were
done in a square 1-cm cell on a Spex FLE22spectroflu-
orometer. In all fluorescence measurements, the absorption
was below 0.05 to minimize the inner-filter efféStFluo-
rescence lifetimes were determined by the phase-modula-
tion technique using a scattering solution as reference,
which was assumed to have zero lifetime. 0.0
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RESULTS

Protolytic Equilibrium Constants
and Absorption Profiles

Molar ratio

Fluorescein exists in several protolytic forms. Around
neutral pH the mono- and dianionic species are
present and they have quite different spectroscopic
properties. The monoanion absorbs at 453 and 472 nm
and has moderate fluorescence, while the dianion ab-
sorbs at 490 nm and is intensively fluorescemt. 0.5 ]
applications at physiological pH it is therefore impor-
tant to know the protolytic equilibrium constant that
relates their concentrations. We have determined the go.w-
protolytic equilibrium constant for several single- g
stranded (ss) and double-stranded (ds) fluorescein-<
modified oligonucleotides between 9 and 18 bases in %%
lengths. They were synthesized in pairs of comple- o000 . , , .
mentary strands, denoted W and C (Table 1), and 350 400 Wave4lzggth om) 500 850
fluorescein was attached to thé-énd of either of

them (Figure 1). This way we could form two du- FIGURE 2 Top: Absorption spectra of Fl-oligo9W in 50
plexes of the same length, where the sequence closesfM Tris-HCl buffer at pH 6.18, 6.90, 7.37, 7.83, 8.53, 8.85,

to the fluorescein was different. In a few cases. fluo- and 9.09. Middle. Calculated concentrations of Fl-oligo9wW
rescein was also attached to the oligonucleotide Meno- ©) and dianion ¥) and concentrations predicted by
3'_end the determined pK (lines). Bottom: Calculated spectral

The protolytic constant and the absorption profiles profiles of Fi-oligo9W mono-- - - -) anddianion (—).
of the mono- and dianion of fluorescein were deter-
mined by chemometric analysis of a set of absorption rized in Table Il. The protolytic equilibrium constant
spectra recorded at different pfiThe result obtained ~ was not affected by the oligonucleotide length and did
for oligonucleotide 9W with fluorescein attached to not depend on whether the DNA was single or double
the 5-end, is shown in Figure 2. The top graph shows stranded. In all cases, the pKvas close to 6.90,
the recorded absorption spectra, the middle graph except for fluorescein attached to the shortest oligo-
shows the calculated concentrations of the fluorescein nucleotides (9 bases/base pairs), where it was 7.11 for
mono- and dianion (symbols) and the concentrations the single strand and 7.02 for the duplex.
predicted by the equilibrium expression (lines), and The spectral shift of the fluorescein dianion in-
the bottom graph shows the calculated absorption creased with increasing oligonucleotide length, being
profiles of the fluorescein mono- (dashed line) and 3.5 nm for the single-stranded 9-mer and 5.6 nm for
dianionic (solid line) species. The profiles were es- the double-stranded 18-mer. The monoanion, on the
sentially identical to those of free fluorescein but for other hand, showed no systematic change in shift with
red shifts of about 6.5 (monoanion) and 3.5 (dianion) oligonucleotide length. The smallest shift (4.9 nm)
nm. The protolytic equilibrium constant was 7.11. was observed for the single-stranded 12-mer, and the

The pK, values and absorption profiles for the largest shift (6.8 nm) for the double-stranded 12-mer.
other fluorescein—oligonucleotide conjugates were The average spectral shift of the fluorescein species
determined accordingly, and the results are summa-was 5.3 nm. It was somewhat larger for the monoan-

0.20 A
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Table Il Properties of Fluorescein—Oligonucleotide Conjugates

Redshift of Absorption (nm)

Oligonucleotide Bases or Fluorescence

Type Base Pairs pK Quantum Yield& Monoanion Dianion

Free fluorescein — 6.43 0.93 0 0

FL-NH, — 6.44 2 1

PNA 10 6.46 4 2.2

ss DNA 9 7.11 0.63(W), 0.68(C) 6.5 35
12 6.90 0.27(W), 0.61(W3) 4.9 4.6
15 6.92 0.72(W), 0.61(C) 6.3 47

0.52(W3), 0.54(C3)

ds DNA 9 7.02 5.3 4.3
12 6.89 0.27(C) 6.8 5.2
15 6.90 0.17(W) 5.8 5.5
18 6.88 0.12(W), 0.33(C) 5.8 5.6

W or C indicates if the dye is attached to the W- or C-strand (Table 1); 3 indicates that the dye is attached ‘enitheodherwise 5

ion (average 5.9 nm) than for the dianion (average 4.8 labeled (FR), and one unlabeled (U). The concentra-

nm), and also larger for double-stranded (average 5.5tion of U was determined from its absorption at high

nm) than for single-stranded (average 5.1 nm) oligo- temperature, where the oligonucleotides have lost all

nucleotides. secondary structure and the absorptivity is the sum of
The effect of the chemical modification of the the contributions from the individual nucleotides:

carboxyphenolic ring of fluorescein upon attachment

to the oligonucleotide was studied by reacting FITC g,0=ng-11.7+ nc- 7.3+ n,-15.4

with ammonium acetate. This produces fluorescein- I

5’-thiourea (FI-NH), which is characterized in Figure +nr-8.8(mM™em™) (1)

3. The spectra of its protolytic species and the, pK ) o ) )
(6.44) are practically identical to those of free fluo- ©260iS the molar absorptivity of the oligonucleotide at
rescein (6.43. 260 nm andny is the number of bases of type®°

To test the effect of oligonucleotide charge, we ASSUMINg

attached fluorescein to the DNA analogue PNA,

which is built up by the same nucleotide bases as err(A) = ep(A) + er(A) — &y(A) 2
DNA but has an uncharged backbdreThe pK, of

FI-PNA was 6.46, which is not very different from the concentrations of F, R, and FR were determined

that of free fluorescein and FI-NHTable I1). relative to U by fitting the absorption spectra of the
four oligomers according to Eqg. (3) (Figure 4).

Molar Absorptivities AN g = ke A + ke AR + - Ay (3)

It is far from trivial to determine the concentrations of

fluorescein—oligonucleotide conjugates. It is not cor- where A(A), are the absorption spectra of the oli-
rect to assume that the absorption at 260 nm reflectsgomers and; are fitting parameters that can be ex-
the concentration of the oligonucleotide, since fluo- pressed as the concentration ratigs= crr/Cg, kg
rescein also has substantial absorption in the uv re- = cg/cg andk, = —cgg/cy. Sincecy is known, the
gion? and this contribution is unknown. We have concentrations of the other oligomers can also be
used another way to determine the concentrations of calculated. This was done for six samples with oligo-
fluorescein-labeled oligonucleotides. In addition to nucleotide lengths of 12, 15, and 18 base pairs that
the fluorescein-labeled oligonucleotide, we synthe- had fluorescein attached to theénd of either the W-
sized the complementary oligonucleotide labeled with or C-strand. At pH 7.46 the molar absorptivity of
tetramethyl-rhodamine. With these two strands, and conjugated fluorescein was 512601400M* cm™?*

the corresponding unlabeled ones, we could form four at its absorption maximum (494 nm), and for conju-
duplexes: one labeled with fluorescein (F), one la- gated tetramethyl-rhodamine it was 896601100V *
beled with tetramethyl-rhodamine (R), one doubly cm™* (556 nm).
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FIGURE 3 Top: Absorption spectra of FI-NJHn 10 mM

phosphate buffer at pH 5.14, 6.04, 6.45, 6.85, 7.06, 7.28,

and 7.68. Middle: Calculated concentrations of FI-NH

mono- ) and dianion /) and concentrations predicted by

the determined pK (lines). Bottom: Calculated spectral

profiles of FI-NH, mono- ¢ - - - -) anddianion (—).

Fluorescence Quantum Yields

The fluorescence quantum yields of the fluorescein
dianion attached to the oligonucleotides were deter-
mined relative to free fluorescein (Table IlI). The
guantum yields varied considerably, but were in all
cases substantially lower than the quantum yield of
free fluorescein (0.93F18At 25°C, the lowest quan-
tum yield (0.12) was observed for fluorescein attached
to oligo18W in the duplex form, and the largest quan-
tum yield (0.72) was observed for fluorescein attached
to single-stranded oligo15W.

For all oligomers the fluorescence quantum yield
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FIGURE 4 Absorption spectra of a 15-base pairs oligo-
nucleotide duplex labeled with fluorescein- ¢ - -), with
tetramethyl rhodamine ¢-- - -), with both fluorescein and
tetramethyl rhodamine (——), unlabeled (- - - -), and the
best fit of F, R, and U to FR {- - --). Spectra were
measured in 30 M Tris, 20 M NaCl, and 1 nM EDTA at
pH 7.46.

dianion of fluorescein to totally dominate, and the
decrease in quantum yield was not an effect of shift-
ing the protolytic equilibrium. The redshift of the
absorption spectrum with increasing temperature
(Figure 5, inset, and Ref. 5) was taken into account
when calculating the quantum yields. A similar de-
crease in fluorescence quantum yield was observed
for other fluorescein-modified oligomers studied,
while free fluorescein did not show this dependence
on temperature (data not shown).

To test if protein binding affected the fluorescence
qguantum vyield of fluorescein-DNA conjugates, we
added the recombination protein RecA. This protein
polymerizes onto DNA until it covers the entire oligo-
nucleotide (see, for instance, Ref. 21). When added to
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FIGURE 5 Fluorescence quantum yield of Fl-oligo12W

decreased with increasing temperature. This is Shown 4q 3 function of temperature. Spectra were measured in 10

in Figure 5 for oligo12W, whose quantum yield de-

mM carbonate buffer at pH 8.8. Quantum yields are cor-

creases from 0.27 at 1°C to 0.18 at 80°C. The mea- rected for temperature variations in absorption. Inset: Wave-
surement was done at a pH (8.8) high enough for the length of absorption maximum as a function of temperature.
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1.0 length of about 5 nm. The responses for the oligomer
@ @ O in duplex form were the same (not shown).

0.8+
p 0
®
067 f DISCUSSION
47 Using fluorescein as a probe for protein bindfg,
DNA hybridization, and ligand bindin&’ in fluores-
cence energy transfer measureménétc., requires
0.04—— : : : . . : detailed knowledge about the spectroscopic and
0 200 400  B0O 800 1000 1200 1400 chemical properties of fluorescein—nucleic acid con-
Time (min) jugates. We have characterized several conjugates,
FIGURE 6 Increase in fluorescence quantum vyield of Which will hopefully provide a base for such applica-
fluorescein-labeled 12 base pairs duplex upon addition of tions. Further, we show that when these properties are
RecA protein. Sample contained Qu8/ oligomer duplex, known, the local electrostatic potential around the

2.6 uM RecA, 20 nM phosphate buffer (pH 7.53), 50Mh nucleic acid can be estimated from the spectra of the
NaCl, 4 "M MgCl,, and 40uM ATPyS. conjugated fluorescein.

Fluorescence quantum yield

The Protolytic Equilibrium is Shifted

the double-stranded fluorescein-modified 12-mer, the .
. . ! m Toward the Monoanion

guantum yield increased more than fourfold, becom-
ing as high as the quantum yield of free fluorescein For fluorescein conjugated to nucleic acids, the jsK
(Figure 6). about 6.90 (Table II). This is considerably higher than

Fluorescence Lifetimes

-
1
Il

The FI-DNA conjugates have complex fluores-
cence decay. Under all conditions, including high
pH where only the dianion is present, at least dou-
ble exponential decays were observed. This is dif-
ferent from free fluorescein, which at high pH has a
single exponential lifetime of 4.1 msThe fluores- ]
cence lifetimes were independent of temperature. 0
For Fl-oligo12W at pH 8.8, they were 3:80.1 and 850 400 450 500 400 450 500
1.2 + 0.3 ns between 20 and 50°C. Their relative Wavelength (nm) Wavelengh (nm)
contributions however, varied. The preexponential
factor of the long-lifetime component decreased
from 0.84 at 20°C to 0.74 at 50°C.

Fluorescence intensity (a.u.)

Fluorescence Excitation and Emission
Profiles

Fluorescence intensity (a.u.)

Figure 7(top) shows excitation spectra of FI- 0350 AN S AL A LA A
oligo15W recorded using different emission wave- Wavelength (nm) Wavelength ()
lengths at pH 6.18 (left) and pH 7.17 (right). By

chemometric analysis the excitation spectra (bottom FIGURE 7 Fluorescence excitation spectra of Fl-
left) of the monoanionic (dashed line) and dianionic ©/I9015W at pH 6.18 (top left) and at pH 7.17 (top right)
(solid line) species, as well as the emission intensities Masured using emission wavelengths 510, 520, 530, 540,

at the emission wavelengths used (bottom right, sym- 550, 560, 570, 580, 590, 600, and 650 nm. Bottom left:
14g . 9Nt SYM- calculated fluorescence excitation profiles of Fl-oligo15W
bols) were calculatett** Corresponding analysis of mono- ¢ - - - -) and dianion (—). Bottom right: Calcu-

emission spectra is shown in Figure 8. The excitation |ated intensities at the emission wavelengths used of mono-
and emission profiles of conjugated fluorescein are (©) and dianion ), compared to the emission spectra
essentially identical to those of free fluoresceiex- determined in Figure 8 (lines). The pH was adjusted using
cept that there was a spectral shift to longer wave- 10 mM phosphate buffer.
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FIGURE 8 Fluorescence emission spectra of Fl-
oligol5W at pH 6.18 (top left) and at pH 7.17 (top right)

measured using excitation wavelengths 390, 400, 410, 420,

430, 440, 450, 460, 470, 480, 490, and 500 nm. Bottom left:
Calculated fluorescence emission profiles of Fl-oligo15W
mono- ¢ - - - -) anddianion (—). Bottom right: Calcu-

lated intensities at the excitation wavelengths used of mono-

(©) and dianion V), compared to the excitation spectra
determined in Figure 7 (lines). The pH was adjusted using
10 mM phosphate buffer.

for free fluorescein, which has a pkif 6.43° Several
effects may contribute to this difference. The negative
electrostatic potential around the polyanionic DNA is

expected to repel the dianion more than the monoan-

ion, which should shift the equilibrium toward the
monoanion, hence increasing the pRoth the cova-
lent modification of the carboxyphenylic moiety of

fluorescein, and stacking interaction between the xan-
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with the nucleic acid bases it only marginally effects
the pK, Since neither chemical modification of fluo-
rescein nor its attachment to an uncharged nucleic
base polymer has significant effect on its pKve
conclude that the shift of fluorescein pkpon cova-
lent attachment to DNA is caused by the electrostatic
potential of the phosphate backbone.

Probing the Local Electrostatic Potential

We find no essential difference when comparing the
protolytic equilibrium constants of fluorescein—nu-
cleic acid conjugates in single- and double-stranded
form (Table II). This implies that there is no major
difference between the potential around single- and
double-stranded oligonucleotides. Although one may
intuitively think that the electrostatic potential should
be larger around double-stranded than around single-
stranded DNA, our results are in agreement with
theoretical predictions based on the counterion con-
densation theorg® Record et al. have estimated that
there are effectively 0.76 monovalent cations associ-
ated with each phosphate in double-stranded DNA,
and about 0.44 with each phosphate in single-stranded
DNA.?%2" This results in a net charge ef0.48 per
base pair in double-stranded DNA anrd).56 per
base in single-stranded DNA. Hence, the theory even
predicts a somewhat more negative electrostatic po-
tential around single-stranded oligonucleotides. Inter-
estingly, for the oligonucleotides we have studied we
find a somewhat higher por single strands than for
duplexes, in agreement with this prediction (Table II).
The local electrostatic potentigdaround the DNA
is given by®

= —[R-T-In10/(N,-e)]- ApK,
—59.2- ApK, (mV) (at 25°C) (4)

thene ring system of fluorescein and the nucleic acid whereApK, is the difference between the plh the

bases, may also affect the pK

To test the effect of the covalent modification we
studied FI-NH, which is fluorescein chemically mod-
ified as in the fluorescein—oligonucleotide conjugates.
Its pK, was 6.44, which is essentially the same as for
free fluorescein (6.43). Clearly, the chemical modifi-
cation has no effect on the pkn accordance with
previous findings that substitutions on the carboxy-
phenyl ring hardly affect the spectroscopic properties
of fluoresceirt?

The effect of attachment was studied using the
uncharged DNA analogue PNA. The pKf FI-PNA
was 6.46 (Table 1), which is only slightly larger than
that of free fluorescein. Hence, if fluorescein stacks

presence and absence of the electrostatic poteRtial,
is the universal gas constari,is the absolute tem-
perature in KN, is the Avogadro constant, arelis
the elementary charge. For modified oligonucleotides
of at least twelve bases, irrespective of whether they
are single or double stranded, the K about 6.90.
For free fluorescein, the ps 6.43° This givesApK,
= 0.47, which corresponds to an effective electro-
static potential of~28 mV. For the 9-mers the pKs
about 7.06, corresponding th~ —37 mV.

The fluorescein moiety is attached to the DNA via
a six-carbon linker and a thiourea bond, which are
flexible and about 10-15 An length. Its distance
from the DNA is therefore not well defined. The rms
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end separation of a polyethylene chain is on average 1200M % cm™%, which gives a total molar absorp-

| - 2+ N, whereN is the number of €-C bonds
andl is the bond lengtR? In our case this corresponds
to about 5-7 A However, it should be considered a
lower limit, since both protolytic species are nega-
tively charged, and repelled by the nucleic acid.
Our finding that the fluorescein pks independent

tivity of the fluorescein—nucleic acid conjugate of

€404 pH) = 62,000[1 + 10 (PH-650]

+12,000[1 + 10PH-69](M~tecmY) (5)

of oligonucleotide length above 12 bases/base pairS'FIuorescence Quantum Yield Depends

implies that the electrostatic potential is fully devel-

oped at this length. This is considerably shorter than

expected from Monte Carlo simulations of counterion
distribution, which predict that the concentration of

on Temperature, Environment, and
Oligonucleotide Length, Sequence,
and Conformation

cations at the oligonucleotide end increases up to The fluorescence quantum yield of the conjugated

about 24 base¥®

Fluorescein Absorption is Reduced
by Conjugation to Nucleic Acids

We determined the molar absorptivity of fluorescein—
oligonucleotide conjugates to 510@0* cm™* at 494
nm and pH 7.46. At this pH, both the fluorescein
mono- and dianion are present, and the, p&lating
their concentrations is 6.90 (Table Il). Hence, at pH
7.46, 72% of the fluorescein is dianion and 28% is
monoanion. This allows us to normalize the spectral
responses determined in Figure 2, giving a molar
absorptivity of 62,00M ' cm™* at 494 nm for the
dianion, and of 23,000 * cm ! at 478 (and 459) nm
for the monoanion. In previous studies, only effective
molar absorptivities at particular pH values were de-
termined. Clegg et dl.obtained 46,000 * cm™* at

pH 8.3, and Mergny et &aft obtained 36,000 *
cm * at pH 7.0. Assuming pK= 6.90 these deter-
minations correspond to 48,000 cm ! and
56,000M * cm™* for the fluorescein dianion. Both

fluorescein dianion depends on the oligonucleotide
length, its sequence, where the dye is attachéai(3
5’ end), and also on the oligonucleotide conformation.
For double-stranded oligonucleotides, we found quan-
tum vyields between 0.17 and 0.33, while for the
single-stranded ones, with the exception of oligonu-
cleotide 12W, the quantum yields were between 0.52
and 0.72. Clearly, double-stranded nucleic acids seem
to reduce the quantum yield of fluorescein to a much
larger extent than single-stranded ones. For FI-
oligo1l2W the quantum yield was only 0.27. At
present we do not know the reason for its low fluo-
rescence efficiency. It has been suggested that fluo-
rescein may interact sequence specifically with
DNA,*233which could affect the fluorescence. How-
ever, we do not think this is the reason for the low
fluorescence of Fl-oligo12W since the oligonucleo-
tides in each series (W or C) have the same terminal
sequence and Fl-oligo12W is the only one with diver-
gent fluorescence.

The fluorescence quantum yield of fluorescein—
oligonucleotide conjugates decreases with increasing
temperature (Figure 5). We have ruled out that this is

values are somewhat lower than those we obtained, due to increasing amounts of monoanionic fluores-
which we believe is because they determined the cein, since the measurements were done at pH 8.8

concentrations of the fluorescein~-DNA conjugates
from the uv absorption underestimating the fluores-
cein contribution. It is clear, though, that the molar
absorptivities of both the fluorescein mono- and dian-
ion in the conjugates are considerably lower than
those of free fluorescein (29,000 and 76100
cm ! at maximum absorption for the mono- and
dianion, respectively).

Above pH 5, the fluorescein mono- and dianion are

where essentially all fluorescein is present as dianion,
which was also verified by absorption measurements.
It must therefore be due to a decrease in quantum
yield of the dianion. The addition of RecA protein to

fluorescein—oligonucleotide conjugates increases the
fluorescence severalfold, reaching a level similar to
that of free fluorescein (Figure 6). This implies that

the reduced fluorescence quantum vyield of fluores-
cein—oligonucleotide conjugates is not due to the co-

the only fluorescein species present. From their molar valent attachment, but is caused by some noncovalent

absorptivities and the pkof 6.90 for oligomers of at

interaction between the fluorescein and the nucleic

least twelve bases/base pairs, it is possible to deter-acids.

mine the concentration of fluorescein—oligonucleo-
tide conjugates by absorption. At 494 nm, which is the
wavelength of maximum absorption of the dianion,
the molar absorptivity of the fluorescein monoanion is

The temperature dependence of the quantum yield,
the effect of protein binding and also the biexponen-
tial fluorescence decay of conjugated fluorescein di-
anion (Table II), suggest that fluorescein—oligonucle-



otide conjugates exist in at least two conformational 16.
states, each with a different quantum yield. The less

luminescent conformation is favored by duplex for-

mation and high temperature, hence having higher

entropy, and it may be disrupted by protein binding.
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