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Abstract

Of the many optical bioassays available, sensing by fluorescence anisotropy have great advantages
as it provides a sensitive, instrumentally simple, ratiometric method of detection. However, it is
hampered by a severe limitation as the emission lifetime of the label needs to be comparable to the
correlation lifetime (tumbling time) of the biomolecule which is labelled. For proteins of moderate
size this is in the order of 20-200 ns, which due to practical issues currently limits the choice of
labels to the dansyl-type dyes and certain aromatics dyes. These have the significant drawback of
UV/blue absorption and emission as well as an often significant solvent sensitivity. Here, we
report the synthesis and characterization of a new fluorescent label for high molecular weight
biomolecules assay based on the azadioxatriangulenium motif. The NHS ester of the long
fluorescence lifetime, red emitting fluorophore: azadioxatriangulenium (ADOTA-NHS) was
conjugated to antr-rabbit Immunoglobulin G (antAgG). The long fluorescence lifetime was
exploited to determine the correlation time of the high molecular weight antibody and its complex
with rabbit Immuniglobulin G (1gG) with steady-state fluorescence anisotropy and time-resolved
methods: solution phase immuno-assay was performed following either steady-state or time-
resolved fluorescence anisotropy. By performing a variable temperature experiment it was
determined that the binding of the ligand resulted in an increase in correlation time by more than
75 %, and a change in the steady-state anisotropy increase of 18%. The results show that the
triangulenium class of dyes can be used in anisotropy assay for detecting binding events involving
biomolecules of far larger size than what is possible with the other red emitting organic dyes.

Introduction

Fluorescence polarization assay is one of the most common methods in drug development
and other research areas employing high-throughput screening.1=* The sizes of molecules
that can be detected in these assays are limited as the emission lifetime of the fluorescent
label has to be well-matched with the rotational correlation time of the molecules and
complexes under investigation. Most efficient organic fluorophores have short lifetimes, as a
consequence polarization assay involving organic dyes are limited to the case of small
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labelled proteins and peptides binding to much larger biomolecules.? Currently, the
fluorescent labels capable of detecting the slow rotational motion of large biomolecules are
small aromatic molecules such as dansyl and pyrene derivatives. These have lifetimes in the
10-30 ns range, but have the considerable drawback of absorption and/or emission in the
UV as well as significantly solvent dependent emission properties.>—8 Furthermore, the
highly energetic UV excitation wavelengths are not suited for cellular applications as they
result in enhanced photodegradation, significant auto-fluorescence and interference from
scattering phenomena.l: 9 10 Following excitation at wavelengths out of the blue region of
the spectrum emissive transition metal complexes have been used to detect large
biomolecules such as Immunoglobulin G.2: 11

However, the initial anisotropy for such complexes is intrinsically low, decreasing the
dynamic range of the measurement. Furthermore, the emission lifetimes of these complexes
are in the micro- to milli-second range. These two facts imply that the metal complexes are
not ideally suited for detection of medium sized biomolecules. The azaoxa-triangulenium
class of dyes,12-14 in the following represented by azadioxatriangulenium (ADOTA™, Figure
1), are bright organic dyes with a long fluorescence lifetime (~25 ns) and emission in the
red.1 16 The fluorescence lifetimes are comparable to those of dansyl and pyrene. However,
the emission at 550-600 nm results in much reduced interference from protein auto-
fluorescence and Rayleigh scattering.2 17 Here, we report the synthesis and first assay-type
study using this new long lifetime fluorescence polarization probe.

Results and Discussion

The synthesis of the amine reactive ADOTA* dye: ADOTA-NHS; is shown in Scheme 1.
The procedure follows classical triangulenium dye synthesis.12: 18.19 The carboxylic acid
group was introduced in the triangulenium skeleton using methyl 4-amino-butanoate as
nucleophile in a substitution reaction on the readily available
tris(dimethoxyphenyl)methylium ion (1).12- 20 The resulting acridinium salt (2) was isolated
in 73-91 % yield. 2 was subjugated to pyridine hydrochloride mediated ring-closure to form
the azadioxatriangulenium dye (3); this proceed in an isolated yield of 94 %. From 3, the
activated ester (ADOTA-NHS, 4) was obtained in 40 % by reaction with TSTU. Detailed
synthetic procedures and full spectroscopic characterization of the new compounds 2, 3 and
4 are included as Supporting Information.

To demonstrate the properties of ADOTA-NHS as a biolabel, the dye was conjugated to
anti-rabbit 19G (antagG in the following) with a standard labelling protocol (see Supporting
Information for details). Using absorption spectroscopy we determined that the labelling
procedure resulted in an average of 3.3 labels per antAgG. The free ADOTA® dye is solvent
insensitive; in water its emission quantum yield is determined to 41% and its fluorescence
decay is monoexponential with a fluorescence lifetime of 17 = 20.1 ns (see Supporting
Information Figure S1 for details). These values compare well with the reported quantum
yield of 49% and lifetime of 23.2 ns in acetonitrile1® 21—where the ion is known to be well
solvated—and indicate that despite being an organic molecule of moderate size, the dye is
well behaved in water. After conjugation to antagG, the fluorescence intensity decay can be
fitted to a biexponential decay model and the fluorescence lifetime has been reduced to an
amplitude averaged lifetime of <t>,, = 10.1 ns. The first of the components account for 61
% of the amplitude and have a fluorescence lifetime of T; = 14.5 ns, where the second
component is much shorter lived with a fluorescence lifetime of only T, =3 ns. The
biexponential decay characteristics of the dye-conjugate are a consequence of labels situated
in several different microenvironments. The amplitudes of the two components in the fit of
the time-resolved emission profile show that 39% of the emitting labels are situated close to
a fluorescence quencher on the protein surface (T, = 3 ns vs. Tf = 20.1 ns), where 61% of the
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population of emitting labels is only moderately quenched by the surrounding protein
surface (T = 14.5 ns vs. T = 20.1 ns). As ADOTA™* has been shown to be quenched by
amines,16 the quenching is expected to be found in a fraction of the labels in close proximity
to the amino groups of e.g. lysine.22 In the antAgG-lgG complex the quenched fraction rises
slightly from 39 % to 41%, this is in agreement with the assumption of quenching by surface
amino groups, as the total number of these will increase in the event of binding. The
photostability of ADOTA is similar to that of rhodamine 6G, see supporting information
for details.

The fluorescence anisotropy of ADOTA™ is rg = 0.38 in rigid media?!, very close to the
ideal value of rq = 0.4.22 As the fundamental anisotropy and the fluorescence lifetime are
known, we can investigate the motion of the labelled biomolecules by following anisotropy
of the emission (r) and using the Perrin equation (Equation 1).

T0 T
—=14+-=1+6D
, 5 T Eql

Ineq. 1 fis the rotational correlation time of the biomolecule, and D is the rotational
diffusion coefficient. Even if the biomolecules are immobilized the measured anisotropy for
the dye label will be considerably less than that of the immobilized dye. This is due to the
local motion of the biomolecule around the label-biomolecule linking site and the motion of
the label itself; the dye will never be completely constrained. Here, flexibility must be
expected from the propyl linker chain, even though its rotation has some constrains,23 as
well as from the methylene groups in lysine.

The measured anisotropy is as expected lower than r, even though the overall motion of the
antibody is limited. Figure 2 shows the fluorescence emission and excitation anisotropy of
ADOTA-antAgG and the ADOTA-antlgG-lgG bioconjugates superimposed on the
ADOTA-NHS spectra. At room temperature the maximum anisotropy obtained for
ADOTA-antngG-1gG is r = 0.13 while that of ADOTA-antAgG isr = 0.11. These values
are roughly a factor of three lower than the immobilized value. The contribution of local
motion of the label to the measured anisotropy can be estimated by extrapolating a fit of 1/r
against temperature to T = 0.22 The intercept of this fit and the y-axis yields the apparent
maximum anisotropy ro2°P, which corresponds to the anisotropy in the absence of the slow
overall motion of the biomolecule. By using the apparent anisotropy ro2°P in the Perrin
equation a more accurate determination of the hydrodynamic volume of the protein can be
performed.

The binding of ADOTA-antilgG to the complimentary antibody is accompanied by a
numerically large increase in molar weight, but the relatively increase is only a factor of 2.
When using the Perrin equation the binding is measured as a change of Ar = 0.02. This is a
relatively small change compared to experiments where a small ligand bind to a larger
protein, where the value goes from r a2 0.00 up to r = 0.3-0.4.2 It is however clearly
measurable, even with the considerable quenching of the label by quenchers in the
biomolecules. After determining the fluorescence anisotropy at several temperatures the
molecular weight (M) can be determined for ADOTA-antlgG and the ADOTA-antlgG-1gG
complex by rewriting and reorganizing the Perrin equation in Equation 1 to:22

1 TR
R * PPPLY
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Ineq. 2 and eq. 3 the factors n, V, R, and T are the solvent viscosity, biomolecules volume,
gas constant, and temperature respectively. The factors v and h in eg. 3 is the density of the
biomolecules and its hydration respectively. From the slope of a plot of 1/r against T the
volume of the biomolecules can be calculated; a set of values are compiled in Table 1. Note
that the Perrin equation inherently assumes that the rotor is spherical, and the results will
reflect this assumption, see the discussion below.

A set of assumptions are made when calculating the molecular weight of biomolecule rotors
from the correlation time: i) the rotor is assumed to be either oblate, prolate or spherical, ii) a
hydration number describing the co-rotating body of water is assumed and iii) the hydration
is assumed to uniformly distributed over the biomolecule. For IgG and 1gG-1gG complexes
none of these assumptions are valid. 1gG is a T-shaped rotor, the shape of the complex is
even more complicated; and the individual domains of IgG have independent degrees of
freedom that allows movement of each segment.24 25 The hydration of a complex shape will
be higher than a similar hydration of a sphere: standard hydration of small proteins = 0.23
ml/g22, typical hydration of IgG = 0.59 ml/g.2* Finally, the assumption of a uniform
hydration will never be true, when monitoring a binding event, as the binding will release
significant numbers of surface bound water molecules in creating the protein-protein
interface in the complex. All these issues can be addressed in an extensive study using
ADOTAY and selectively labeling the different domains of IgG, with this approach the
rotational correlation of each part of 1IgG can be determined individually.

The values in Table 1 are calculated using the crude assumption that the hydration is 0 ml/g
and that antlgG and antlgG-lgG are spherical rotors. If a density of the biomolecule of 0.75
ml/g and the hydration of 0.23 ml/g22 are used the molecular weight of the biomolecules
become: M anti1gg = 144 kKDa, M complex = 211 kDa and Mg = 71 kDa. The apparent
weight of anfigG itself is close to the expected 150 kDa, but the weight of the complex and
IgG is underestimated due to the factors described above.

The difference in fluorescence anisotropy of the binding of anfagG to an 1gG of similar size
is detectable, and this difference can be correlated to the change in size of the complex.
While a large change in anisotropy upon binding of 19G to antlgG would be preferable, the
change here is clear and easily detectable on standard equipment. Developing red emitting
long-lifetime probes that are less quenched on a protein surface, and thus have longer
lifetimes that are even better matched to biomolecules of this size is a current focus of our
research.

More detailed information on the motion of the dye-biomolecule conjugate can be extracted
from time-resolved anisotropy measurements. Here, we are interested in separating the
rotational diffusion of ADOTA-antAgG from the local motion of the dye. This allows for a
direct comparison of the rotational diffusion of ADOTA-antgG to that of the ADOTA-
antngG-1gG complex, without having the signal polluted by the anisotropy loss arising from
local motion. Figure 3 shows the correlation time of the antibody and the antgG-1gG
complex as a function of temperature next to the same experiment using steady-state
fluorescence anisotropy. The results of the two experiments are summarized in Table 1. For
ADOTA-antigG at 20° C the anisotropy decay is bi-exponential with correlation times of 0,
=52 ns and 8, = 1.1 ns (see Supporting Information Figure S2 for details). After
complexation with the 1gG, the longer component of the correlation time increases to 04 =
91 ns, while the shorter component increases to 0, = 1.4 ns. 8, is associated to the local
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movement of the label and is responsible for the majority of the fluorescence anisotropy loss
in the labelled antAgG. 0 is attributed to the overall rotational motion of the antibody. That
the anisotropy decay only contains a single long correlation time for both ADOTA-antagG
and the ADOTA-antlgG-1gG complex indicates that the overall motion of both
biomolecules can be approximated to that of a sphere in solution. This simplifies the steady-
state analysis and justifies the use of the Perrin equation to directly calculate the molecular
weight through equation 3.22 The observation indicating a spherical rotor can be due to the
random distribution of the 3—4 labels on each 1gG molecule, further study will show if this is
the case.

The advantage of time-resolved measurements can be seen when observing the large
increase in correlation time on ligand binding relative to the increase in steady-state
anisotropy. The source of the relatively small change measured in steady-state anisotropy is
the large anisotropy-loss due to rapid local motion of the dye. Time-resolved measurements
bypass this problem by separating the contributions in the steady-state anisotropies into
components. Here, the local and overall motions are on different time scales and separation
of these components is easy. The advantages of the time-resolved methods are further
demonstrated as the error in the measurement is an order of magnitude smaller than for the
steady-state measurement after averaging over all temperatures. The absolute values of the
molecular weight from these time-resolved measurements are shown in Table 1 with no
hydration. If a density of the biomolecule of 0.75 ml/g and a hydration of 0.23 ml/g are used
the numbers become: M antjjgG = 129 kDa and M gomplex = 232 kDa for ADOTA-antigG
and the ADOTA-antlgG-1gG complex respectively. These number are significantly lower
than the accepted values.28, highlighting the errors of the simplified treatment of the
rotational motion and the hydration.

The time-resolved and the steady-state measurements do not agree on a molecular weight of
the ligand Mg =103 kDa and Mg =71, demonstrating the inherent difficulty in using
these methods to obtain the molecular weight of large molecules; a difficulty possibly
originating in the hydration of the biomolecules. Both methods can be used for detection of
binding events in molecular sensing and binding assays, where the focus is on a relative
changes in a parameter rendering the actual mass change irrelevant.

Conclusion

We have synthesized the red-emitting, long lifetime fluorescent label ADOTA-NHS (4). The
dye is readily conjugated to biomolecules with standard NHS-ester coupling protocols, and
we have shown that the it can be used in anisotropy based binding assay; even in the very
difficult case of a large biomolecules binding to a similar size ligand. We believe that this
class of long-lifetime, high emission yield red dyes have great potential as biolabels both in
ordinary anisotropy assay and in complex biological systems where UV/blue background
emission is a major concern, but long lifetimes are desirable. We have demonstrated that
detection can be achieved both by steady-state and time-resolved fluorescence anisotropy
methods. The time-resolved methods give more accurate absolute values, smaller error, and
a larger dynamic range. ADOTA" is uniquely suited to this purpose with a long fluorescence
lifetime (tq = 20.1 ns) and emission in the red (Ag = 560 nm).

Methods and Materials

All chemicals were used as received. For the general synthesis of triangulenium dyes see
e.g. reference 12, 13 and 14. For label synthesis and labeling procedure see reference 27 and
28.
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Optical measurements

Absorption spectra were measured on a Cary 50 UV/Vis spectrograph. Steady state
fluorescence spectra were measured in a Cary Eclipse Fluorescence spectrometer equipped
with Cary polarizers. All measurements were performed at an angle of 90 degrees between
excitation and emission, and all samples had absorbances below 0.05 at the excitation
wavelength. Time resolved fluorescence measurements were done on a PicoQuant FT200
TCSPC instrument. The excitation beam was the polarized output of a 470 nm diode laser,
and emission side was equipped with a rotatable Glan-Thompson prism. The TCSPC traces
were analysed using the PicoQuant Fluofit package version 4.2.1. Emission quantum yields
were measured using the standard procedure?? with ADOTA™ in acetonitrile as a reference.
Three solutions of absorbance below 0.05 at the excitation wavelength were used for both
sample and reference. Fluorescence lifetimes were measured in a PicoQuant FT200
instrument at magic angle polarization between excitation and emission using a 470 nm laser
diode. Sample absorbance was kept below 0.05 at the excitation wavelength.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of ADOTA-NHS
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Figure2.

Fluorescence emission and excitation anisotropy of ADOTA-antlgG (dash) and ADOTA-
antlgG-1gG (dot) superimposed on the fluorescence emission and excitation spectrum of
ADOTA-antigG.
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Rotational correlation time (left) from TCSPC traces, and steady-state fluorescence
anisotropy (right) of ADOTA-antlgG (squares) and ADOTA-antlgG-1gG (triangles) as a
function of temperature. Linear fits to the data are inserted to guide the eye.
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Synthesis of ADOTA-NHS
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Summary of results from a variable temperature study of the time-resolved and steady-state fluorescence

anisotropy of anti-rabbit 1gG and an anti-rabbit 1gG - rabbit 1gG complex.

antilgG antilgG-1gG AC
ro 0.36 + 0.001
r PP 0.18 +0.002 0.19 + 0.004 0.01
I's00 nm (20°C) 0.11 +0.004 0.13 +0.005 0.02 (+18 %)
8, (20°C) 52 £15ns 91+£30ns 39 ns (+75 %)
YE ~150,000 Da ~300,000 Da
M Pemnb 187,900 + 18% Da 280,900 + 18% Da 107,000 Da
Meb 150,500 + 1% Da 258,700 + 1% Da 108,200 Da

aMasses taken from ref 26,

b . . . . .
Masses calculated assuming antlgG and antlgG-1gG are spherical rotors with zero net hydration, see text for detail.

cdifference between the free antlgG and the complex.

Method Appl Fluoresc. Author manuscript; available in PMC 2014 January 01.



