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Abstract Fluorescent tagged ligands are commonly used
to determine binding to proteins. However, bound and free
ligand concentrations are not directly determined. Instead
the response in a fluorescent ligand titration experiment is
considered to be proportional to the extent of binding and,
therefore, the maximum value of binding is scaled to the
total protein concentration. Here, a simple model-free
method is presented to be performed in two steps. In the
first step, normalized bound and free spectra of the ligand
are determined. In the second step, these spectra are used
to fit composite spectra as the sum of individual compo-
nents or linear spectral summation. Using linear spectral
summation, free and bound 1-Anilinonaphthalene-8-Sulfon-
ic Acid (ANS) fluorescent ligand concentrations are direct-
ly calculated to determine ANS binding to tear lipocalin
(TL), an archetypical ligand binding protein. Error analysis
shows that the parameters that determine bound and free
ligand concentrations were recovered with high certainty.
The linear spectral summation method is feasible when
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fluorescence intensity is accompanied by a spectral shift
upon protein binding. Computer simulations of the exper-
iments of ANS binding to TL indicate that the method is
feasible when the fluorescence spectral shift between
bound and free forms of the ligand is just 8 nm. Ligands
tagged with environmentally sensitive fluorescent dyes,
e.g., dansyl chromophore, are particularly suitable for this
method.
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Introduction

Many essential processes in living matter require specific
ligand binding and delivery. Molecular recognition between
ligands and partner proteins play central role in many biolog-
ical phenomena. Therefore, characterization of ligand binding
to proteins is critical to understand specificity as well as
capacity of binding. The accurate quantitative description of
ligand binding is fundamental for drug delivery. Numerous
methods (spectroscopic, calorimetric, equilibrium dialysis, gel
filtration, membrane filtration, etc.) are available to study
ligand binding to proteins and to calculate dissociation con-
stants (Kg) [1-9]. In most methods, ligands are tagged with
various reporter groups, such as spin labels, fluorescent labels,
radioisotopes, etc., for selective detection [1, 10—13]. With
rare exceptions, e.g., electron paramagnetic resonance (EPR),
the majority of spectroscopic techniques do not detect bound
and free ligand directly. Therefore, methods have developed to
estimate Ky without knowledge of these components of the
ligand [1, 14-16]. The number of publications that use
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fluorescent binding techniques is rising exponentially (Fig. S1
in the Electronic Supplementary Material). Because intrinsic
fluorescence properties of the proteins are not always amena-
ble to ligand binding studies, fluorophore-labeled ligands are
used with fluorescence spectroscopy. In the typical titration
experiment, the changes in the observable fluorescence pa-
rameters, such as intensity, anisotropy value, and A,,, must
be assumed to be proportional to a multiple of the total protein
concentration [6, 15, 17].

In this study, bound and free ligand concentrations were
determined directly in a fluorescent-ligand titration experi-
ment. Because many fluorescent labels are designed to be
environmentally sensitive, fluorescence linear spectral sum-
mation is very suitable for a number of such fluorescent
ligands. 1-Anilinonaphthalene-8-Sulfonic Acid (ANS), one
of the most popular ligands for binding studies with fluores-
cence spectroscopy, was used as the fluorescent ligand. Tear
lipocalin (TL), a promiscuous and archetypical member of the
lipocalin family [18, 19] was used as the ligand binding
protein. TL is the principal ligand binding protein in tears
[19, 20], comprises about 33 % of total proteins in tears, and
binds a broad array of endogenous and exogenous ligands
[20-24]. Binding of fluorescent ligands to TL, including
ANS, has been extensively studied [21, 25-27]. The studies
were done using the traditional indirect method. The strategy
presented here, linear spectral summation, yields bound and
free ligand concentrations and is widely applicable for
fluorescent-ligand complexes of many proteins.

Material and Methods
Materials

1-Anilinonaphthalene-8-Sulfonic Acid (ANS, high purity)
was purchased from Invitrogen (San Diego, CA). Other
chemicals used to prepare various buffers were purchased
from Sigma-Aldrich (St. Louis, MO).

Mutagenesis and Plasmid Construction

The cDNA of TL in PCR II (Invitrogen) [28], was used as a
template to clone the TL gene spanning bases 115-592 of the
previously published sequence [19] into pET 20b (Novagen,
Madison, WI). Flanking restriction sites for Ndel and BamHI
were added to produce the native protein sequence but with
the addition of an initiating methionine [29]. For ANS binding
the W17Y/F130W (W130 for simplicity) mutant of TL, was
used as a part of an ongoing research project. W130 was
constructed with oligonucleotides (Universal DNA) using
the previously published method of introduction of a point
mutation by sequential PCR steps as previously described
[21].
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Expression and Purification of Proteins

The mutant plasmid was transformed in E. coli, BL 21 (DE3),
cells were cultured, and protein was expressed as indicated by
the manufacturer’s protocol (Novagene). Cell lysis and pro-
tein purification were performed as described previously [30].
Purity of the proteins was verified by SDS tricine gel electro-
phoresis [20]. The protein concentration for W130 was deter-
mined using a molar extinction coefficient €,g¢=
15,040 M ' em ! calculated on the basis of the tyrosine added
to TL, €550=13,760 M ' cm ™' [31].

Absorption Spectroscopy

UV absorption spectra were measured using Shimadzu UV-
2400PC spectrophotometer. To determine the protein concen-
tration more precisely, a minor contribution of the light scat-
tering to the absorption spectra was corrected by plotting the
log of absorbance of the solution versus the log of the wave-
length and extrapolating the linear dependence between these
quantities in the range 330-390 nm to the absorption range
240-330 nm.

CD Measurements

To confirm that the mutant has a native fold, far-UV CD
spectra were recorded (Jasco 810 spectropolarimeter,
0.2 mm path length) using a protein concentration of
1.2 mg/ml. Eight scans from 190 to 260 nm were averaged.
The CD spectrum of W130 is similar in «-helical and (3-sheet
content to the wild type protein indicative of the native
lipocalin fold (data not shown and will be published
elsewhere).

Steady-state Fluorescence Spectroscopy

Steady-state fluorescence measurements were made on a
Jobin Yvon-SPEX (Edison, NJ) Fluorolog tau-3 spectrofluo-
rometer, bandwidth for excitation and emission were 2 nm and
3 nm, respectively. The excitation A was 335 nm. The con-
centration of methanol stock solution of ANS was confirmed
by absorbance at 372 nm, using an extinction coefficient,
€335=7,800 M ' cm™! (Invitrogen). The fluorescence spectra
were corrected for light scattering from buffer.

Fluorescence Binding Assays by Spectral Summation (Direct
or Separative Method)

The TL mutant, W130 (2.8 uM) in 10 mM sodium phosphate
at pH 7.3 was titrated by addition of ANS and the fluorescence
spectra were measured. Following each addition of ANS, the
solution was mixed and allowed to equilibrate for 2 min. At
the end of the titration experiment, the methanol concentration
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did not exceed 2 %. For this method two scaled spectral
measurements, bound and free ANS spectra, are enough to
fully characterize the binding experiment. To obtain the bound
ANS spectrum, mixture of 0.3 uM ANS and 20 uM W130 in
10 mM sodium phosphate at pH 7.3 were prepared and
fluorescence spectrum was measured. The molar excess of
TL ensures that all ANS molecules are bound to the protein.
The free ANS spectrum was obtained using 16.9 uM ANS
solution (without any protein) in the buffer. Each composite
spectrum from the titration experiment was recomposed by
fitting scaled bound (0.3 uM) and free (16.9 uM) ANS spectra
using a program created in LabView (National Instruments,
Austin, TX). In addition, a baseline component was added for
better quality fit. The program uses the “General linear Fit VI”
subVI to fit each experimental spectrum to the linear summa-
tion of the components. The number of components that can
be added is not limited; however, in this study two compo-
nents (excluding the baseline) were satisfactory to fit all
titration spectra. The calculated composite spectrum (S..) is

Seal = (k bound ChoundS. bound) + (k ﬁ’eecfﬁ’ees free)

where, Spo,nq and Sy are the standard bound and free ANS
spectra, respectively. The kpp,nq and kj,. are scaling param-
eters for the bound and free ligands, respectively. The ¢ .4
and c,. are input parameters (in this study, 0.3 uM and
16.9 uM, respectively) for the concentrations of the standard
bound and free ligands, respectively. Thus, unknown molar
concentrations of the ligands are determined as L ;0=
Kk bound€ bouna A0 L oo =k fieoC fiee. The best fit is accomplished
by scaling the coefficients of each component. The quality of
fit is judged by &, (normalized-root-mean-square-deviation)
that was calculated by the following formula:

Z ([?Xpﬂflqal) 2
>, )y’

511 =

where P and [, are the sequence of the experimental and
calculated spectral data, respectively.

In this method, all spectra can be normalized to the same
amplitude. Normalization of the sum of the coefficients
L pouna L fiee=L tora1> 1.€., total concentration of ANS, to the
experimental values yields identical results with that of the un-
normalized experimental spectra. It means that if one has
standard spectra for a given protein, characterization of ligand
binding via this method does not depend on sensitivity of the
device. In fact, a binding experiment can be performed on
various devices, but similar settings should be used to be sure
that spectral width and position are not changed. The ligand
binding data derived from spectral summation were analyzed
by non-linear curve fitting to the following formula using

OriginPro 8 software (OriginLab Corp., Northampton, MA):

B xL}"ee
_ZmaxTfiee (1)

Lyouna = Ks+L 5

where, Lioung and L .. are the bound and free ANS concen-
trations, respectively, K4 is the dissociation constant, B . 1S
maximum bound concentration and stoichiometry (n) was
determined as B ax/P toral, Where P 1S total protein concen-
tration. In addition, for convenience of some readers,
Scatchard analysis of the same data was performed. For a
reader who is not familiar with LabView programming, it
should be noted that summation of the spectral components
to fit the observed spectra (the formula above shown for S.,/)
could be performed by fitting with multiple independent var-
iables using Origin software.

The uncertainty of the determined parameters was accessed
via the F'-statistics, ratio of Xz/szin was determined. Xz was
determined as:

X' = Z (fi_yi)z

i

/i and y; are the sequence of fitted and experimental values,
respectively. Details of the statistics were previously described
elsewhere [32, 33]. Briefly, fitting was performed to determine
the parameters that correspond to the minimum Xmin Value.
Then one parameter was fixed to various values while
allowing variation in the values of the other component to
minimize x> to a new value. F,, was estimated to be 1.08 for
the probability value of 0.32.

Computer Simulations of ANS Binding to TL with Various
Fluorescence Spectral Shifts

In TL, the difference between the fluorescence A, values of
ANS in bound and free forms is about 55 nm. To assess the
limit of applicability of the current method we have simulated
a series of composite spectra in which ratio of bound/free was
identical to that of found in the experimental data. However, in
each series, position of the experimental free ANS spectrum
(Amax 520 nm) was blue-shifted (39 nm, 44 nm and 49 nm,
respectively). To make it similar to the experimental data, 3 %
random noise was added to each simulated spectrum. The
linear spectral summation method was applied to each set of
simulated experiment and the validity of the model was
judged by adjusted R? data of the linear regression analysis.
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Fluorescence Binding Assays by the Indirect (Non-separative)
Method

For comparison, we analyzed the same experimental data for
ANS and TL (W130) by a more traditional method [6, 15, 16,
24]. In this assay, fluorescence intensities at 460 nm were
used. The ligand binding data were analyzed with the follow-
ing formula for one binding site using OriginPro 8 software:

y = OSF |:(Pt +Kd +Lt)_\/(Pt + Kd +Lt)2_4LtPt (2)

where F is a fluorescence scaling factor, K4 is the apparent
dissociation constant, P, is total protein concentration, L, is
the total ligand concentration, and the stoichiometry is as-
sumed to be 1. A titration curve was corrected for the free
ANS contribution. The correction is not a trivial procedure,
because for each data point, the concentration of free ANS
should be estimated for subtraction using the calibration curve
[15]. This procedure is also done with the assumption that the
ligand binding to the protein is 1:1. Another disadvantage of
this method is that the contribution of the fluorescence of the
free ligand and therefore the K4 value depends on the wave-
length chosen for analysis. If in this case 466 nm A, were
chosen for analysis, the contribution to fluorescence of the
free ligand would be greater than if 460 nm were chosen.
Without knowledge of the stoichiometry the resulting error in
the K4 value could not be accurately corrected.

Results and Discussion

ANS binding to native TL as well as to many of its numerous
mutants has been studied previously [23, 25, 34]. ANS binds
within the cavity of TL [23] that results in an enhancement of
the fluorescence intensity and a blue shift in fluorescence A,
(Fig. 1). ANS displays minimal fluorescence in an aqueous
environment with a fluorescence A, of about 520 nm. Upon
binding to W130, ANS fluorescence A« blue shifts to
466 nm and fluorescence intensity increases about 30 fold
(Fig. 1a). Figure S2 in the Electronic Supplementary Material
(ESM) shows the fluorescence spectra at various concentra-
tions of ANS with a constant concentration of W130
(2.8 uM). As an example, the recomposition from summed
bound and free components (along with determined concen-
trations) are also shown in Fig. 1 (recomposition of the fluo-
rescence spectra for all ligand concentrations are provided in
Fig. S2 in the ESM). All spectra are well fit to a sum of the two
components. The free ANS fluorescence spectrum does not
contribute much to the blue side (<450 nm) of the spectra,
whereas the bound ANS spectrum contributes significantly
(Fig. 1). Despite the fact that free ANS fluorescence has very
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Fig. 1 Decompositions of ANS fluorescence spectra of ANS-TL com-
plexes into bound and free components in the ligand titration experiment.
Concentration of the protein was constant, 2.8 uM. Total ANS concen-
trations: a 0.59 puM; (b) 11.64 puM. Black, red, olive and blue lines
represent experimental, best fit to two component spectra, fraction of
bound and free ANS spectra, respectively. Decompositions of the ANS
fluorescence spectra for all ligand concentrations are provided in Fig. S2
in the ESM

little intensity, their contributions in the region of >520 nm
exceed that of bound ANS at concentrations >8 uM (total
ANS) (Fig. S2 in the ESM). The §,, values are below 0.036 for
all of the best fits and experimental spectra. Inspection of the
residuals is also indicative of good fits (Fig. S3 ESM).

Low &, values are necessary but not enough to determine
the parameters explicitly. The uncertainty of the determined
parameters is reflected in a support plane analysis (Fig. 2).
Examination of the xg” surfaces provides valuable informa-
tion about the resolution of the scaling parameters. As an
example W130 (2.8 uM)-ANS (11.64 uM) is shown. Steep
x> surfaces were found for both parameters (Fig. 2); the
parameters were recovered with high certainty.

Area normalized fluorescence spectra of ANS-W130 com-
plexes are shown in Fig. 3. The data suggest two important
points for ligand binding analysis. Firstly, a sharp isosbestic
point observed at about 495 nm verifies that the fluorescence
spectra are composed of two species (bound and free). Sec-
ondly, the integral fluorescence intensities (areas under the
fluorescence curves) are proportional to corresponding (bound
or free) ligand concentrations, otherwise an isosbestic point
could not be observed.
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Fig. 2 Error analysis for the best fit performed for the ANS (11.64 uM)-

W130 (2.8 M) complex. The bound and free concentrations of ANS are
estimated to be 1.72 uM and 9.92 uM, respectively

By summation from just two standard spectra, pure free and
bound components, with subsequent fitting the individual con-
centrations of bound and free ligands in any composite spectra
are revealed. The method does not require any additional
assumptions, such as scaling intensity to protein concentration
and stoichiometric relationships. The data recovered from the
results shown in Fig. S2 ESM are plotted in Fig. 4. Both plots,
rectangular hyperbola (Fig. 4a, formula (1)) and Scatchard
(Fig. 4b), indicate good fits and almost identical results (Kq=
4.3+0.2 uM). Stoichiometry of ANS binding to W130 is close
to 1:1 (n=0.8740.05). It should be emphasized that the stoi-
chiometry value is the derived datum and is not the result of an
assumption of 1:1 binding. In the traditional method curve
fitting is performed under an assumed stoichiometric relation-
ship. To appreciate the spectral summation method, the data
were also analyzed by using the fluorescence intensity at
460 nm (Fig. 5) and fitting to the formula (2). Data were
corrected for the free ANS contribution as described above.
Compared to the spectral summation method, the estimated Ky
value is more than 2 fold lower, 1.8+0.2 uM. For some studies,
the differences in Ky values determined by these two methods
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Fig.3 Areanormalized fluorescence spectra of various concentrations of
ANS with W130 (constant, 2.8 pM). An isosbestic point is apparent at
about 495 nm. Noise reduction of the spectra was performed for clarity.
The procedure did not induce any changes in the shapes of the spectra
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Fig.4 ANS binding to TL (W130) derived from linear spectral summation
method (Fig. S2). Solid lines are the best fits for a rectangular hyperbola
(formula 1) in (a) and linear regression for Scatchard plot in (b)

may be considered insignificant. However, actual stoichiometry
data are lacking for the indirect method and must be assumed.
Therefore, the spectral summation method will be very valuable
in binding studies with varied stoichiometry.

In TL, upon binding the fluorescence A, of the free ANS
(520 nm) shifts the blue side of the spectrum, about 54 nm
(466 nm). The spectral shifts observed for environmental
sensitive chromophores depend on hydrophobicity of the
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Fig. 5 Fluorescence intensity (A=460 nm) as a function of varying
concentrations of ANS with the protein, W130 (2.8 uM). Solid circles-
experimental data corrected for the contribution of free ANS; open

triangles- experimental data, open circles- free ANS intensity, solid line—
best fit to the one binding site (formula 2)
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Fig. 6 Computer simulation of ANS binding to TL with various spectral
shifts. a—c linear regressions for Scatchard plots for spectral shifts of 39 nm,
44 nm, 49 nm, respectively. Data points were recovered from linear spectral
summation method shown in Fig. S4-S6, respectively; Insets: black, red,
olive and blue lines represent simulated (total ANS=9.9 uM), best fit to two
component spectra, fraction of bound and free ANS spectra, respectively. The
positions of the fluorescence A, of simulated free ANS spectra are shown
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binding sites. Therefore, upon binding the same chromophore
will display various spectral shifts for different proteins. To
determine the limit of applicability of the method, a series of
composite spectra with different spectral shifts values were
simulated (see “Material and Methods” for details) and
subjected to the same analysis (Fig. 6). The spectral fitting data
for these series are shown in Fig. S4-S6 ESM. Upon decrease
of the spectral shifts, binding data appear more scattered in
Scatchard plots. As consequences, adjusted R* values decrease
indicating a worse goodness of the fit (Fig. 6). The recovered
data for binding are similar to that of the experimental data. The
dependence of the R? values on the spectral shift reveals that
about 8 nm shift of ANS spectrum is enough for analysis of the
binding data by the linear spectral summation method (Fig. 7).

The method is applicable to a variety of polarity sensitive
ligands, such as dansyl labeled fatty acid and phospholipids;
anilinonaphthalenesulfonate (ANS) and related derivatives;
naphthalene derivatives (acrylodan, prodan, laurdan); dapoxyl
derivatives [35-39]. The method should be also very effective
in competitive ligand binding assays, in which native ligands
displace the bound fluorescent ligand [40, 41].

A direct assessment of the bound and free spin labeled
ligands can also be performed with EPR [13, 21]. However,
EPR requires complex equipment, special expertise, and a
limited selection of spin labeled ligands are available. The
experiments require higher concentrations of ligand and protein
that often approach the limits of solubility. These shortcomings
may make EPR impractical for many laboratories. Linear spec-
tral summation can be applied to UV spectroscopy and would
be highly accessible to biochemistry laboratories. However, the
shifts accompanying ligand binding are often small compared to
fluorescence. The advantages of spectral summation in fluores-
cence spectroscopy are the accessibility of steady state fluorom-
eters, the wide repertoire of available fluorescent ligands and the
sizeable spectra shift that often accompanies ligand binding.

A litany of various multivariate linear-response spectro-
scopic techniques have been developed and applied to many

0 10 20 30 40 50
A between FL of ANS and ANS__ (nm)

bound free

Fig.7 The dependence of the R values on the spectral shift of free ANS
spectrum. Dashed line indicates the R? value of 0.68
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ligand-binding events [42, 43]. In cases where spectral char-
acteristics of individual species are unknown, various binding
models are required, which impose additional constraints to
solve the problem. Use of various binding models to decom-
pose matrix (dose dependent multivariate spectroscopic data)
is also referred as a “hard-modeling” method. In contrast, a
“soft-modeling” method does not use an explicit model in
calculations and is designed to recover a binding model from
data analysis. The method requires the estimation of matrixes
with local rank and pure variable detection methods. Appli-
cations and limitations of both methods were reviewed [44].
In contrast, our proposed method is simple, model free and
does not require complex software. One experimentally ac-
quires spectral components of individual species, bound and
free spectra of ligand. In addition, applicability of two species
in binding as well as linearity of their response can be tested.
Concentration normalized spectra will not display an
isosbestic point if one of the above-mentioned conditions
fails. The method is easy to apply for many ligand-binding
events in which researchers use just fluorescence intensity at
one wavelength. The experimentally determined stoichiome-
try value (n) may be used as quality control in mutant pro-
ductions of many ligand-binding proteins. Values of n less
than 1 may indicate higher oligomer formation and/or the
presence of misfolded proteins, without ligand binding. How-
ever, this information will be overlooked if one uses the
“indirect method” described above. Therefore, the direct
method using linear spectral summation will be widely appli-
cable for routine binding assay applications.
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