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Probing Ligand Protein Binding Equilibria with Fluorescence
Fluctuation Spectroscopy

Yan Chen,* Joachim D. Miiller,* Sergey Y. Tetin," Joan D. Tyner,' and Enrico Gratton*

*Laboratory for Fluorescence Dynamics, University of lllinois at Urbana-Champaign, Urbana, lllinois 61801, and TAbbott Diagnostics
Division, Abbott Laboratories, Abbott Park, lllinois 60064, USA

ABSTRACT We examine the binding of fluorescent ligands to proteins by analyzing the fluctuation amplitude g(0) of
fluorescence fluctuation experiments. The normalized variance g(0) depends on the molecular brightness and the concen-
tration of each species in the sample. Thus a single g(0) measurement is not sufficient to resolve individual species. Titration
of the ligand with protein establishes the link between molecular brightness and concentration by fitting g(0) to a binding
model and allows the separation of species. We first apply g(0) analysis to binary dye mixtures with brightness ratios of 2 and
4 to demonstrate the feasibility of this technique. Next we consider the influence of binding on the fluctuation amplitude g(0).
The dissociation coefficient, the molecular brightness ratio, and the stochiometry of binding strongly influence the fluctuation
amplitude. We show that proteins with a single binding site can be clearly differentiated from proteins with two independent
binding sites. The binding of fluorescein-labeled digoxigenin to a high-affinity anti-digoxin antibody was studied experimen-
tally. A global analysis of the fluctuation amplitude and the fluorescence intensity not only recovered the dissociation
coefficient and the number of binding sites, but also revealed the molecular heterogeneity of the hapten-antibody complex.
Two species were used to model the molecular heterogeneity. We confirmed the molecular heterogeneity independently by
fluorescence lifetime experiments, which gave fractional populations and molecular brightness values that were virtually
identical to those of the g(0) analysis. The identification and characterization of molecular heterogeneity have far-reaching
consequences for many biomolecular systems. We point out the important role fluctuation experiments may have in this area
of research.

INTRODUCTION

There are few chemical systems that consist of a singleation volume connects the residence time to the diffusion
species; these are useful, from an experimental point ofoefficient. If a mixture of species is present, and their
view, as simple model systems. Biological systems typicallyhydrodynamic radius differs significantly, the autocorrela-
contain more than one species, which interact to fulfill theirtion function can be used to resolve multiple species
biological function. The fast and unequivocal identification (Wohland et al., 1999; Schuler et al., 1999; Van Craenen-
and functional characterization of different species of abroeck and Engelborghs, 1999; Klingler and Friedrich,
biological system is a challenging and interesting problem1997; Kinjo and Rigler, 1995). To resolve two species by
Fluorescence correlation spectroscopy (FCS) has proveteir diffusion coefficient, a difference of-2 is needed,
to be a powerful technique for characterizing multiple spe-which corresponds to a molecular weight ratio of 8 (Meseth
cies in biological systems (Starchev et al., 1999; Widengret al., 1999). For example, the autocorrelation function
and Rigler, 1998; Haupts et al., 1998; Rauer et al., 1996)alone is not sufficient to distinguish proteins in their mo-
FCS exploits the fluorescence fluctuations originating fromnomeric or dimeric form. Thus resolving multiple species
a small observation volume. The analysis of the temporabased on their molecular weight alone imposes a severe
decay of the autocorrelation functiog(r), provides rate limit on the practical use of FCS.
coefficients that characterize the kinetic processes of the TO overcome the limitation of the pure autocorrelation
experimental system (Magde et al., 1972; Elson and MagdePproach, two different analytical methods have been intro-
1974). Brownian motion causes molecules to diffuseduced to resolve multiple species. These techniques resolve
through the observation volume. The autocorrelation funcmultiple species based on a difference in their molecular
tion characterizes the average residence time of the mold¥rightness instead of their diffusion coefficient. Higher or-

cules inside the observation volume. The size of the obse/der autocorrelation analysis (Palmer and Thompson, 1987,
1989a, b) and higher order moments analysis (Qian and

Elson, 1990a,Qian and Elson, 1990 b) determine the mo-
lecular brightness from the moments of the experimental

Received for publication 15 November 1999 and in final form 17 April data. The second approach was introduced recently by our
2000. group and is based on the statistics of the photon counting
Address reprint requests to Dr. Enrico Gratton, Laboratory for FIuores-hiStOgram (PCH) (Chen et al., 1999). This method resolves

cence Dynamics, University of lllinois at Urbana-Champaign, 184 Loomis . . . Lo
Lab, 1110 W. Green St., Urbana, IL 61801. Tel.: 217-244-5620: Fax-Multiple species by analyzing the photon count distribu-

217-244-7187; E-mail: enrico@scs.uluc.edu. tions. Biological molecules with either one or two dye labels
© 2000 by the Biophysical Society can be successfully resolved by a single measuremeiit (Mu
0006-3495/00/08/1074/11  $2.00 ler et al., 2000).
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In this article we investigate ligand-protein equilibria. MATERIALS AND METHODS
Specifically, we perform titration experiments to character-
ize the binding of a hapten to antibody and use the fluores: .

. . o Instrumentation
cence fluctuation amplitudg(0) to analyze titration exper-
iments. For a single species tlgg0) value is inversely The instrumentation used for two-photon fluorescence fluctuation experi-
proportional to the number of molecules inside the obserments is similar to that described by Chen et al. (1999). A mode-locked

. o . Ti:sapphire laser (Mira 900; Coherent, Palo Alto, CA) pumped by an
vation volume. By monitoring the changes in M@) val intracavity doubled Nd:YVQ vanadate laser (Coherent) was used as the

ues, one can detect molecular dissociation or aggregation @f,_photon excitation source. The experiments were carried out with a
fluorescent molecules (Berland et al., 1996). For more thazeiss Axiovert 135 TV microscope (Thornwood, NY) with ax®luar oil
one species, the direct relationship betweeng{® value immersion objective (NA= 1.3). For all measurements, an excitation
and the number of molecules breaks down, and one has erlength at 780 nm was used, and the average power at the sample
. . . T ranged from 15 to 20 mW. Photon counts were detected with an APD
take _the. fractional fluorescent intensity of the |nd|_V|du§\I (SPCM-AQ-161: EG&G). The output of the APD unit, which produces
species into account. Thus when two species have identicglr_ puises, was directly connected to a home-build data acquisition card
or similar molecular weights but differ in their molecular (Eid et al., 2000). The photon counts were sampled at 20 kHz for dye
brightness, the fluctuation amplitude contains useful infor-measurements or at 80 kHz for the antibody binding study. The recorded
mation for the resolution of the species. and stored photon counts were later analyzed with programs written for

The di . . PV-WAVE, version 6.10 (Visual Numerics, Inc.), and LFD Globals Un-

e irect calculation of the fluorescence ﬂug:tua’uonIimiteol software (Champaign, IL).

amplitudeg(0) from the photon counts leads to an inflated  Fjyorescence lifetime measurements were performed with a multifre-

value due to the shot-noise contribution. To arrive at thequency cross-correlation phase fluorometer (Gratton et al., 1984). A

correct value of the fluctuation amplitude, the autocorrela488-nm argon ion laser (Stabilite 2017; Spectra Physics) was used as the

tion function is typically measured and fit to a model. The light source. Phase and modulation data were collected for 12 modulation
. . . . frequencies in the range of 4-180 MHz. Fluorescence decay data were

extrapolated time zero value of the fit providg®). In this analyzed with Globals Unlimited software.

paper, we use moment analysis to deterntf@), which

was introduced by Qian and Elson (1990b). This analysis

technique is based on shot-noise subtraction, which utilizes

the relationship between intensity and photon count moSample preparation

ments (Mandel, 1958; van Kampen, 1981). THy(e) is Rhodamine 110, 3-cyano-7-hydroxycoumarin, and fluorescein were pur-
calculated directly from the photon counts, which is eX-chased from Molecular Probes (Eugene, OR). All dyes were dissolved in
tremely fast and easy to perform. This technique requires n80 mM Tris[hydroxymethy]amino-methane (Sigma, St. Louis, MO), and
hardware correlators and no fitting procedures. the pH was adjusted to 8.5 by adding HCI. Dye concentrations were
Binary dye mixtures are used to demonstrate the deperg_etercrjnigebd l?\;/ Tbsolrptign lr)neasurements using the extinction coefficients
. provided by Molecular Probes.
dence Ofg(O) on the molecular brlghtness. Dyes are small Anti-digoxin monoclonal antibody (mAb) was obtained from a hybrid-
molecules. The difference in their diffusion coefficients is oma cell line made by the fusion of spleen cells from RBf/DnJ mice
insufficient for the resolution of multiple species. The mo- immunized with digoxin-bovine serum albumin (Fitzgerald Industries,
lecular brightness difference of the dyes, however, affect§oncord, MA) and SP2/0 myeloma cells by a standard method (Goding,

the fluctuation amplitude significantly and reflects the com-19%9). .Th(? cell line was cloned two times to ensure homogeneous cell
population: once by limiting dilution and once by single-cell clone pick

position of the binary mixture. We further consider ligand micromanipulation with Quixell (Stoelting, Wood Dale, IL). The mAb’s
protein titration experiments from a theoretical point of isotype was determined to be mouse IgG) \fith Clonotyping System-
view and determine the influence of the molecular bright-HRP (Southern Biotechnology Associates, Birmingham, AL). The anti-
ness upong(0). The fit of the g(0) curve of a titration quywas purified from tissue culture meQiaon Poros PrpteinA(Pgrseptive
Biosystems, Framingham, MA). The purity of the protein was verified by

experiment prowdes both the blndlng constant and the nu”_]-odium dodecyl sulfate gel electrophoresis. The monoclonal character of

ber of independent k_)in(?ling sites of the_ system. We €XPElite antibody was confirmed by isoelectric focusing (Pharmacia PhastSys-
mentally study the binding of fluorescein-labeled digoxige-tem, pH gradient 3-10), revealing a pl of 6.55-7.35, with the typical
nin to a high-affinity monoclonal antibody. The microheterogeneity of a mouse monoclonal IgG.

simultaneous (global) fit 0@(0) and the intensity curve not Fluorescein-labeled digoxigenin (Abbott Laboratories, IL) was used in

P . . this study as the ligand. It has a molar extinction coefficiet{) (of 65,800
only recovers the binding coefficie; and the number of M~*cm™* at 494 nm and retains 0.8 of the fluorescein quantum efficiency.

binding sites, but also identifies the heterogeneity of thernis tracer is 99% pure, as confirmed by analytical high-performance

complexed antibody. We confirmed this heterogeneity bwiquid chromatography.

an independent measurement of the fluorescence lifetime. The ligand was dissolved in 50 mM potassium phosphate buffer (pH

Lifetime and fluctuation experiments probe molecular het-8-9) and kept gt constant concentration of }.33 nM durmg the experiment.

erogeneity on widelv different time scales. so that the I.m.tAllquots of antibody were added to 2 ml of ligand solution. The volume of
g . ity wi _y ! : ! IMity,e aliquot ranged from 1 to @l with varying antibody concentrations. The

on the interconversion rate between the heterogeneous poRsiume change due to the addition of antibody solution was less than 1%

ulations can be inferred. of the initial volume and thus is negligible for all practical calculations.

Biophysical Journal 79(2) 1074-1084
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DATA ANALYSIS where ¢ is expressed in counts per second per molecule
. . _ (cpsm).

We use moment analys_|s with shot—n0|s_e subiraction t0 The main advantage of the direct calculatiorg(@) from

recover g(0) from experimental data (Qian and Elson, the first and second moments lies in its computational

1.9903; 1991). This method calculat(®) directly from t_he simplicity and model independence. The experimental ac-
first and se_cqnd moments of the photon counts but '9NO'€R\racy of moment analysis was verified by performing
the dynamic information of the autocorrelation function. A hoton counting histogram analysis, and virtually identical

discus_sion regarding the signal statistics of moments & results were obtained with the two methods (Chen, 1999).
pears in a paper by Kask et al. (1997).

g(0) analysis of a single species g(0) analysis of multiple species

In fluorescence fluctuation experiments, 4{8) values of a 11 9(0) value for multiple species is the sum of all single
single fluorescent species, the time zero values of the aut¢P€cie(0) values weighted by the square of the fractional

correlation function, depend on the average number of moliNtensity (Thompson, 1991):
ecules inside the excitation volume (Thompson, 1991):

Y (Fw) Y (e Ny
0= 3 (% a0 3 (= 0,
00 =i =7, @ 907 2ley) #O=2 e ) w@ O

wherey is a geometric factor and depends only on the Sha'ogvhere(F) is the average fluorescence intensity in c_:ounts per
of the excitation volume, andll is the average number of S€cONd (Cps), and is the total number of species. The

molecules inside the observation voluni&F?) is the vari- 2Verage ﬂuarescence intensity of a mixtuf®,), is given
ance and(F) is the average intensity of the fluorescence® (Fr) = Zm-1(Fp). The intensitxF,,) of themth species

intensity F. However, the experimental observable in a!S 9iven, according to Egs. 3 and 6, by

fluorescence fluctuation experiment is not the fluorescence _

intensity F, but the photon counts A direct calculation of (Fm) = &m " Nin. (8)
0(0) based on the photon counts according to Eq. 1 leads to ,

a vast overestimation of thgf0) value. There is a statistical OF WO species, A and B, the valueg(D) can be expressed
relationship between the fluorescence intensity and the did? ©€ms of the average number of moleculllg, and N,
tribution of the photon counts (Mandel, 1958), which relates2d the molecular brightness, andeg:
the factorial moments of the photon counts to the ordinary - -
moments of the light intensity (van Kampen, 1981): eaNa + &5 Ng

90 = (eaNa + &gNg)?” ®)

ki
(F™ = <(k—m)|> =(k—-1)k=2)--(k—m+ 1)).

If the brightnesses of the two species are identical, Eq. 9
(2)  reduces to the single species case, gl again represents
the total number of moleculds. When the brightnesses of
he two species diffeig(0) does not reflect the total number
of molecules but depends on the brightness and the popu-

Thus the first two moments of the fluorescence intensity ar
related to the moments of the photon counts,

(F) = (K 3) lation of the individual species. Becaugg0) represents
' only a single value, no discrimination between species is
(F?) = (k(k — 1)) = (K& — (K. (4) Possible without additional information. However, if the

two species are coupled by a binding equilibrium, then it is
Equation 1 can now be rewritten in terms of the average angossible to establish the link betweg(®) and the individ-

the variance of the photon counts, ual species by performing a titration experiment. The re-
sulting g(0) values can be evaluated by fitting to a model.

(AR (AR — (k) Photobleaching, triplet state, and other kinetic processes

90 = (F — (k? (5) influence theg(0) value. If such processes are present the

simple analysis based on Eq. 9 breaks down. The additional
Our definition of the molecular brightnessis similar to  process effectively splits each population into subpopula-
that of Chen et al. (1999): tions, which need to be explicitly considered in the analysis
of the g(0) value. Under our experimental conditions no
<§’ (6) photobleaching or triplet state population was detected for
N any of the samples measured.

<>

e =

Biophysical Journal 79(2) 1074-1084
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RESULTS AND DISCUSSION Next we compare the experimentally determined fluctu-

A titrati . t tvpicall ires th ; i . ation amplitudes and the average photon counts with theory.
itration experiment typically requires the systematic vart- g, -, species A and B, the normalized population of

ation of the concentration of one compound, while keepingSpecies A'is given by = N,/(N, + Ng), and species B is

the concentrations of the other compound unchanged. It i iven by 1 — f. The average photon countk) of the

necessary to change the concentration O.f one of the co nixture are given by a linear combination of the photon

ponents by about several orders of magnitude to observe(’a0unts<k y and (k,)

complete titration curve. When one of the species is fluo- A B

rescent, we titrate the fluorescent component by increasing (k) = flka) + (1 — f)(kg). (10)

the concentration of the nonfluorescent species. Therefore,

the total number of fluorescent molecules is kept constantlhus, by using the experimentally obtained fluorescence

but the fluorescence intensity changes according to thétensity (k,) and (kg) and the molecular fraction of the

fractions of free and bound ligand if the binding affectsindividual species, we can calculate the theoretically ex-

fluorescence. pected fluorescence intensityk), from Eq. 10. A good
match between the experimental intensity and the theoreti-
cal curve indicates a well-performed titration experiment

Binary dye mixture (Fig. 1).

To mimic the condition of a ligand-protein titration exper- ~ The theoretical expression gf0) for a binary mixture is

iment, we first study a binary dye mixture to demonstratediven by Eq. 9. Theg(0) value of a mixture is a superpo-

the principle of the experiment. The total number of dyeSition of theg(0) values of the individual species weighted

moleculesN of the mixture is kept constant while the ratio bY the fractional intensity squared. Because the total number

of the two species is varied systematically. We use twd?f fluorescent molecules stays constant during the titration

different dye pairs: 1) 3-cyano-7-hydroxycoumarin with xperiment, Eq. 9 simplifies to

rhodamine 110 and 2) 3-cyano-7-hydroxycoumarin with 21+ 821 —f)

fluorescein. Table 1 lists the molecular brightnessand 9(0) = z A B Z]_

the average number of molecul®§,of the three probes, as N [(eaf + 25(1—1)

determined by moment analysis. Rhodamine 110 is the

brightest fluorophore among the three dyes; for our experlf the brightnesses of the two species are identical, Eq. 11

imental conditions, it is a factor of2 brighter than fluo- reduces to the single-species case, g(@l represents again

rescein and a factor of 4 brighter than 3-cyano-7-hydroxy-thfa total number of moleculdfsl. Whenever the molecular
ightnesses of the two species diffg(Q) does not reflect

coumarin. The three dyes used for these experiments a% | ber of molecules. but d q he brigh
relatively hydrophilic and do not absorb to the surfaces ofine total number of molecules, but depends on the bright-

the sample holder in the concentration range studied (Che@g:iieind the normalized population of the individual
1999). ) . :
The results of the experiments are shown in Fig. 1. In the We used stock solutions of approximately the same dye

first experiment, we started with about three molecules ofoncentration. By mixing the proper volumes of the stock

rhodamine 110 in the observation volume and graduallfogjtiogs' Lhe total numl?jgr of m(I)EIecullialssltays the same,h
increased the fraction of 3-cyano-7-hydroxycoumarin to2Nd 9(0) changes according to Eq. 11. In contrast to the

100% (Fig. 1A). In the next experiment, we used the average photon coungk), g(0) varies in a nonlinear fashion

3-cyano-7-hydroxycoumarin stock solution from the previ-as a function of the fractional concentration of the species

ous experiments and gradually increased the fraction Oq,see Fig. 1). Theg(0) curve starts and ends with the same

fluorescein to 100% (Fig. B). For each mixture, thg(0) value, which simply reflects the fact that a single species of
values and the average photon couftavere determined by the same concentration is measured at the beginning and the
moment analysis. Virtually identical results were obtainedend of the experiment. The(0) value increases when the

by photon counting histogram analysis (data not shown). second component is added,_ app_ro_aches a maximum,
Onad{0), and then decreases to its original value. The nor-

malized fraction of specie®, f,.. Where g,.{0) is
reached, can be determined from Eq. 11:

(11)

TABLE 1 Properties of the fluorescent stock solutions

3-Cyano-7- fo= 1 (12)
hydroxycoumarin Fluorescein Rhodamine 110 max ea’
1+~
e (cpsm) 14,800 32,000 54,500 &g
N 2.61 3.26 2.99

All stock solutions have approximately the same concentration. The bright:rhe value oifmaxdepends only on the bnghtness ratio of the

ness ratio of 3-cyano-7-hydroxycoumarin to rhodamine 110 is 0.27, andly€S€a/eg. Thus ane ratio of 0.27 for rhodamine 110 and
that to fluorescein is 0.46. 3-cyano-7-hydroxycoumarin predicts dp,, of 0.79; a

Biophysical Journal 79(2) 1074-1084
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T T T T T T T T T
1A {2.8x10°
0.04 1
1 2.4x10°
= experimental g(0) 5
0.03+ . 2010 ©
. predicted g(0) T o
S ] =1
[ 1.6x10 Z3
0.02 | &
SC/S =0.27 41.2x10° o
FIGURE 1 Theg(0) value and the fluorescence R :
intensity of a binary dye mixture as a function of 1
molar fraction. A) 3-Cyano-7-hydroxycoumarin 0.01 1 4 8.0x10"
and rhodamine 110.B} 3-Cyano-7-hydroxycou- ¢ aver?ge photon counts j
marin and fluorescein. The total number of fluo- predicted photon counts .
rescent molecules was kept approximately con- 4.0x10
stant during the titration (Table 1). The theoretical 0.00 " T T T i T i T
g(0) and intensity values of the binary mixtures 0 20 40 60 80 100
were calculated according to Egs. 9 and 10 from molar fraction of cyanohydroxy-coumarin (%)
the experimentally determined number of mole-
cules N and molecular brightness of the pure 5
dyes (Table 1). The experimentg(0) () and 0.04 B ' k ' ' ' ' ' ' ' 1.6x10
average photon counts>] are plotted together
with their theoretically predicted curve (——). For
cyano-7-hydroxycoumarin and fluorescein mix-
tures, a variation of 25% in thg(0) values is 0.03
visible at the two end points of the titration curve. 1.2x10°
Differences in the stock concentration of both dyes experimental g(0} o
are responsible for the difference g(0), as ex- — ¢ predicted g(0) 8
plained in the text. S5 0.02- %
S
w
e/e.=0.45 {gox10* 8
0.01 1
o average photon counts
predicted photon counts .
4.0x10
000 T T T T T T T T

0 20 40 60 80 100
molar fraction of cyanohydroxy-coumarin (%)

brightness ratio of 0.45 for fluorescein and 3-cyano-7-hy-whereg,,,(0) is theg(0) value of the corresponding single-
droxycoumarin predicts afy,,, of 0.69. However, careful species cas@,,,;,(0) = y/N. The ratio ofg,,,(0) andg,,;,(0)
inspection of Fig. 1 reveals that the experimerital, de- depends only on the brightness ratio of the dyedgg.
viates slightly from the theoretical value based on Eq. 12Consequently, it is possible to calculaig,(0) from the
We recovered aff,,,, of 0.82 for the rhodamine 110 and brightness ratio of the two species, if the total number of
3-cyano-7-hydroxycoumarin pair, and 0.71 for the fluores-fluorescent molecules is kept constant.

cein and 3-cyano-7-hydroxycoumarin pair. This can be ex-

plained by the fact that the experimental stock concentra-

tions of the different species, although close, are not exactl

Simulation of ligand-protein titrati iment
the same. Thus, to be precise, we have to use Eq. 9 insteaému ation of figand-protein fitration experiments

of Eqg. 11 to describe the experimentgD) values. We just described thg(0) behavior of two noninteracting
By substituting Eq. 12 into Eqg. 11, we obtain an analyticspecies with a fixed number of molecules. Now we trans-
expression folg,,,,(0), form the same concept to ligand protein titration experi-
1 l62)2 ments. Here we limit ourselves to ttg{0) analysis of
Il 0) = Gin(0) - [( + enlee) } (13)  biopolymers with a fixed number of fluorescent ligands and
e e Aeples) |’ explore theg(0) behavior. Our motivation is to gain infor-

Biophysical Journal 79(2) 1074-1084
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mation about species from titration experiments, based only The total number of fluorescent molecules does not
on differences in their molecular brightness values. We firsthange for a single binding site reaction. For equal bright-
discuss the binding of ligands to proteins with one bindingness values of bound and free ligarg{p) is inversely
site and then consider the binding of ligands to proteins wittproportional to the total number of fluorescent molecules
two independent binding sites. and independent of the protein concentration. For different
The binding of a ligand to a single binding site of a brightness values of the free and bound ligaggl,,(0) can
biomolecule is, by definition, a two-species system. We carbe determined by Eq. 13 as longgsande, are known. In
apply the formalism derived for the binary dye mixture fact, any discrepancy between the predicted and measured
directly to this system. The fractional populatibof ligan-  g,,,,{0) indicates that the binding cannot be described by the
ded biomolecules is given by a Henderson-Hasselbalckimple binding model described so far.
equation,f = [1/(1 + 10°9~lodlkely “\which is a conse- Next we examine the binding of a ligand to two indepen-
quence of the bimolecular reaction £ P o C, with a  dent binding sites. The binding of hapten to immunoglob-
dissociation coefficienKp. The fluorescent ligand L with a ulin G (IgG) antibodies is an example of such a reaction.
molecular brightness, binds to the nonfluorescent protein There are now three fluorescent species to consider: the free
P to form the complex C with a molecular brightnessWe  ligand and antibody with either one or two bound ligands.
calculatef for a fixed ligand concentration as a function of The calculation of the concentration of the free ligand, L,
the total protein concentration. Instead of using a lineathe singly liganded protein, PL, and the doubly liganded
concentration scale as in the case of the binary dye mixturespecies, PL, is straightforward (Cantor and Schimmel,
the titration of the binding sites is best displayed on a1980; Winzor and Sawyer, 1995). The binding of ligands to
logarithmic concentration scale. Fig. 2 shows the fluctuatiorprotein with a single site or two independent binding sites
amplitudeg(0) as a function of the total protein concentra- leads to exactly the same intensity dependence as a function
tion for brightness ratios of 1, 4, % and:, assuming a of protein concentration. However, this is not the case for
dissociation coefficientK, of 5 nM and a total ligand the fluctuation amplitudg(0). The molecular brightness of
concentration of 5 nM. The solid line with filled circles in the doubly liganded species is twice the value of the
Fig. 2 represents a brightness ratio of 8, but foK@of  singly liganded speciesc. When an antibody with two

20 nM. ligands leaves the excitation volume, the intensity change is
equivalent to the simultaneous loss of two singly liganded
0.10 : ; antibodies. Thus the intensity fluctuations associated with

the doubly liganded antibody are stronger than those asso-
ciated with the singly liganded one.
Three species with molecular brightness values, 0k,

—o—¢ fe, =8"
——gfe,=4"

0.08+ —v—isz:/M an_d €,¢ contribute to the quct_uation amplit.ude. The calcu-
. /EL:”B* lation of the quctl_Jat|on amphtudg(O)_ requires the use of
. 3 _._K°=L20nM Eg. 7 together with the proper binding model, which con-
@) b nects the populations of the different species. The calcula-
> 0.06 tions were carried out with parameters identical to those for

the single-species case. The results of the simulations are
shown in Fig. 3A. The differences of thg(0) curves when
compared to Fig. 2 reflect the influence of the second
binding site. Even if the binding of the ligand does not lead
to a change in the fluorescence intensity € ¢, ), contrary
to the single binding site casg(0) is not constant. A small
g(0) peak appears, which is caused by the additional fluc-
102 10" 10° 10" 10° 10° 10 tuations of the doubly Iiganded_antibo_dy. B
The two-ligand bound species exists only at specific
total binding sites [nM] protein concentrations. When the protein concentration is
far below itsK, most ligands are free, and the probability
FIGURE 2 Simulation ofg(0) titration curves for a single binding site. that the antibody C"_’lme_s two ligands is very small. Whe_n the
The ligand concentration is fixed at 5 nM. The0) values are plotted as  Protein concentration is much larger than the total ligand
a function of total binding site concentration. The peak position and peakconcentration, proteins start to compete for the free ligand,
height ofg(0) depend strongly on the dissociation coefficigatand the  which results in a negligible amount of protein with two
brightness ratiec/e_ petyveen Fhe bound ar_ld free Iigand. The brightrfess”gand& To better illustrate the influence of the doubly
re}tl(_) of the twq species is varied systematically, while keeping the_dlsso—”ganded species the fractional populations of the free Ii-
ciation coefficient K, = 5 nM) constant ¢pen symbo)s The solid M ; -
symbols represent the titration curve foKg of 20 nM and a brightness 9and and the antibody with one or two ligands are plotted as
ratio of 8. a function of the total concentration of antibody binding

0.04

0.02
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0.1 0 e —rer e e PL, species has a strong influence on the observed fluctu-
A ation amplitude, because Pls twice as bright as PL. This
is especially true when the molecular brightnegsis en-
hanced upon binding. For example, a brightness ratio of
ecle, = 8 yields ag,.(0) that is 1.5 times larger than
Omax(0) for the reciprocal brightness ratio ef/s, = :
Thus, in contrast to the titration of a single binding site, the
symmetry of reciprocal brightness ratios is broken because
of the contribution of the doubly liganded species.

For a single binding site, thg,,,,(0) value is independent
of the dissociation coefficier{y and only depends on the
brightness ratio of the two species. But for two binding
sites, theg,,,,(0) value varies as a function of the dissoci-
i L. ‘ ation coefficientK, even if the brightness ratig-/e, stays
B2 - constant, as illustrated in Fig.AR This again is due to
presence of the population of the doubly liganded species.
10° 102 10" 10° 10" 10° 10°® 10*  An increase in the dissociation coefficiel, requires a

total binding sites [nM] higher concentration of protein to bind an equivalent frac-

L ——¢ /e =8"
——g e =4"
efe =1"
——g /g =1/4"
r——g/e,=1/8" |
——K,=20nM |
*Ky=5nM [

0.08 -
@ 0.06 -

0.04

0.02

tion of ligand. Hence, more protein molecules compete for

1.0 v o B L B s the same amount of ligands. The population of the, PL
% B species gradually decreases, whilg,(O) reaches the as-
- ,' ymptotic value of the single species case in the limit of large
o 08F ! Kp values.
] /
© i
=y 1
8_ 0.6 F ! Anti-digoxin antibody binding study
e free ligand / S L
a o~ singlv licanded ! The result of the titration of fluorescently labeled digoxige-
= S'“gty_ '97‘3’1 eV nin with anti-digoxin antibody is shown in Fig. 4. Thy0)
c 0.4r g)m;mr( )d ! values are directly determined from the raw data by moment
[ A oubly liganded- analysis. The error of each point was determined by repeat-
5 protein (PL) ing the experiments several times. We recovered an exper-
© 0.2F ,’ imental uncertainty of 3%. Both the fluorescence intensity
i / andg(0) are displayed as a function of the total concentra-
00 um..¢*m.n¢..1—,n’..-..{'.'..' LTSN tion of antibody binding sites. The fluorescence of the

o e meeEET™ . ligand is quenched upon binding to the antibody. A large
107 10° 10" 10" 10 10" 10" 10 excess of antibody over hapten leads to the formation of a
total binding sites [NM] singly liganded complex (PL). Thus the limitingf0) value
at high protein concentration and tgé) value of the free
FIGURE 3 () Simulation ofg(0) titration curves for two binding sites.  ligand alone should be identical, regardless of the brightness
The symbols and the simulation parameters are identical to the ones usaifference between the two species. However, experimen-
for Fig. 2, with the exception that two independent binding sites aretally we observe that thg(0) values at the beginning and

considered. The presence of a third species, the doubly liganded speciesnd of the titration are not identical (see Fig. 4). The ratio of
which is twice as bright as the singly liganded species, leads to strongetrh 0 | bet the f d sinalv b dli di
intensity fluctuations. &) The fractional populations of a titration experi- e g( ) value between the iree and singly bound figand IS

ment for a protein with two equivalent binding sites. The fractional ~1.4.
population of the free ligand and protein with one or two bound ligands is  This discrepancy of the experimentally observg(@)
plotted as a function of total binding site concentration. Raeand the  from the theoretically predicted value indicates that, con-
total Iiggnd concentratiqn u§ed for this qalculation are 5 nM. The fractionstrary to our assumption, either the total number of fluores-
of free ligand and protein with a single ligand vary from 1 to 0. The curve . .
of the fraction of the doubly liganded species varies in a bell-shape ent molecules Changed or _more than one SpeCIeS contrib-
fashion. utes to theg(0) value of the singly bound species. TH(®)
value of the singly bound antibodyL) is higher than the
initial free ligand value. This could be explained by a loss of
sites for aKp of 5 nM and a total ligand concentration of 5 molecules due to adsorption to the walls of the sample
nM (Fig. 3B). Under these conditions, the maximum of the container. However, performing the experiment with a fresh
doubly liganded species, Blaccounts for less than 10% of sample container or the same container for each titration

the total population of fluorescent molecules. However, thestep gave identica)(0) values. Thus adsorption of mole-
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1.1x10" T———rr——rrrr——rrry e 0.50
1.0x10"
FIGURE 4 Titration experiment of digoxigenin 1 0.45
and anti-digoxin antibody. The total ligand con- » 9.0x1 0°
centration is 1.33 nM. By simultaneously fitting  += J
. ) . - c
intensity andg(0), we recovered a dissociation S 8.0x10°1 0.40
coefficient of Ky = 300 pM. Two molecular spe- 8 : | T o
cies were recovered by the fit for the gntibody S 7ox10* e photon counts 1 8
complex. The molecular fractions and brightness o -UX fit ~
values are given in Table 2. The excitation volume © | ! 0.35
of the measurement was0.32 fl. The experimen- -5 6.0x1 0’1
tal g(0) (®) and average photon count®)(are 1
plotted together with their theoretical curve (—). 5.0x10° 0.30
Theg(0) value ) and average photon counts)( 1
of the free ligand are also drawn on the graph for 4.0x10°
Comparison. T AL | T MELELALRALY | T T 025
10° 107 10" 10° 10’ 10° 10°

antibody binding sites [nM]

cules to surfaces cannot explain the change ing{®  the existence of six molecular species. But only three spe-
value. We also checked the autocorrelation functions of freeies, the free ligand, £ and G, are independent and are
and bound ligands and observed no triplet state reaction atetermined by the global fit of the intensity and fluctuation
any other kinetic processes that would contribute to theamplitude data. Based on the molecular fractions paad
value ofg(0) (data not shown). C, and their molecular brightness, andec, the doubly
Alternatively, the difference in thg(0) values of the free liganded species consists of three specig§;; CC,C,, and
ligand and the singly liganded antibody could be explainedC,C,, with relative populations of 20%, 30%, and 50% and
by the presence of multiple species of the antibody complexmolecular brightness values of 58,000, 13,800, and 35,900
In fact, once we assumed that the singly liganded speciespsm, respectively. When the antibody concentration is
consists of two component, we were able tgyfid) and the  much less than the dissociation coefficigfy, the free
intensity titration curves simultaneously with a dissociationligand is the dominant species, and there is almost no
coefficientKy of 300 pM (Fig. 4). The brightness ratio of detectable doubly liganded antibody. When the antibody
the two components (denoted ag &d G) recovered by concentration approaches tKg value, the amount of the
the fit is ~4 (Table 2). The molar fraction of the bright doubly liganded species increases steadily and accounts for
species ¢is 45%, while that of the dim species, & 55%. almost half of the bound population. However, the majority
The coexistence of two fluorescent components of theof antibody complexed with two ligands consists ofGg,
bound antibody together with two independent binding sitesvhich has almost the same brightness as the free ligand, so
requires the consideration of five fluorescent species, takinghat the brightness contrast is not very pronounced. Never-
all possible permutations into account;, C,, C,C,, C,C,, theless, it is possible to detect an increaseg(f) as a
and GC,. Together with the free ligand, this accounts for function of the antibody concentration. When the antibody
concentration exceeds the total ligand concentration, the
antibody molecules start to compete for ligand, which re-

TABLE 2 Properties of the free and bound ligand as sults in the disappearance of the doubly liganded species at

determined by fluorescence lifetime and fluorescence high antibody concentrations. However, because the bright-

fluctuation experiments ness difference between, @nd G, is more than a factor of
Molecular 4, 9(0) does not approach the value of the free ligand, but is

Lifetime Relative brightness Relative

! . increased by a factor of 1.4.
(ns)  population (cpsm) population

Digoxigenin 4.01 100% 40500 100%

. S 0 0
Liganded digoxigenin (9  4.01 48% 29000 45% Fluorescence lifetime study
Liganded digoxigenin (§  1.03 52% 6900 55%

" , , , The result of the titration experiment points to the molecular
The fluorescence lifetimes and their relative populations are measured faor

free and bound ligand. The molecular brightness and relative population gfqetemgenelty of the antibody complex. We do not know the

the free and bound ligand are determined from a titration experiment usin@1gin of the two components, ,Cand G, but we can
fluorescence fluctuation spectroscopy. distinguish them by their molecular brightness values. The
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difference in the molecular brightness indicates two differ-erties of fluorescent dyes, which are often sensitive to the
ent conformations of the bound antibody complex, withlocal environment of the macromolecules.

different interactions between fluorophore and antibody. The fluctuation amplitudey(0) represents only a single
These differences in the molecular interactions lead to difvalue and therefore is not sufficient to discriminate between
ferent amounts of dynamic quenching. However, dynamicpecies without further knowledge. However, a thermody-
quenching connects molecular brightness and fluorescengemic binding model of ligand protein binding provides
lifetime. A reduction of the fluorescence lifetime of a dye enough information to establish the link betwegf) and
due to dynamic quenching leads to an equal decrease in thke individual fluorescent species. Thy€0) values, the
molecular brightness (Birks, 1970; Lakowicz, 1983). There-brightness:, and the average number of moleculeare not
fore, we performed fluorescence lifetime experiments in thendependent of one another, but are related to the experi-
frequency domain to test this idea (Table 2). mentally determined fluorescence intensity (Egs. 3, 6, and

For the fluorescein-labeled digoxigenin, we obtained a8). For a mixture of two species, A and B, the average
single lifetime of 4.01 ns. However, two lifetime compo- intensity is given byk) = N, + egNg. Therefore, we fit
nents were recovered for digoxigenin-bound antibody. Wethe average photon counte and the fluctuation amplitude
label both components with,Gand G, analogously to the g(0) simultaneously to a binding model. Typically, it is
fluctuation experiments. The first component;, @as a possible to determine the molecular brightnesand the
lifetime of 4.01 ns, with a molecular fraction of 48%, Bas  average number of moleculés of the fluorescent ligand
a significantly shorter lifetime of 1.03 ns, with a molecular directly; this information can then be used as a constraint in
fraction of 52%. The ratio of the two lifetimes is almost the fitting procedure. The global analysis of @) values
equal to the brightness ratio obtained from t§(6) mea- and fluorescence intensit{k), allows us not only to recover
surements, which is consistent with dynamic quenchingthe binding constant and the number of independent binding
Moreover, the two techniques recover virtual identical pop-sites, but also to detect molecular heterogeneity and to
ulations for G and G, (Table 2). resolve it by fitting to the experimental data.

Because two independent experimental techniques re- A single-binding-site model will not be able to describe
cover the same properties for the two componenisai@l  the g(0) titration curve of a protein with two binding sites,
C,, we infer that the two measurements probe the sambecause the additional intensity fluctuation of the doubly
conformational states of the bound complex. However, thdiganded species increasgf)). Likewise, a two-binding-
two techniques probe heterogeneity on two widely differentsite model will overestimate thg(0) values of a titration
time scales. Fluorescence lifetime measurements probe tlexperiment with a single binding site. By analyzing tj{6)
protein during the lifetime of the fluorophore, which is on titration curve in conjunction with the intensity data, we can
the nanosecond time scale. Fluorescence fluctuation experecover the number of binding sites from the fluorescence
iments probe the hapten-antibody complex on the time scalftuctuation experiment. The number of binding sites cannot
of the sampling clock, which in our experiments was closebe obtained from the intensity data alone.
to 10 ws. Thus the experiments show the persistence of the The molecular weight difference between the antibody
two states ¢ and G, from nanoseconds to at least i8. and the ligand is more than a factor of 100. Thus the amount
of free and bound ligand can be resolved from the autocor-
relation function by the difference in their diffusion coeffi-
cients. Autocorrelation analysis would give us an additional
advantage in resolving molecular species. However, the
Two species with exactly the same brightness are indistindiffusion coefficients of the singly and doubly liganded
guishable byg(0) analysis. In this case, the autocorrelationprotein are virtually identical and cannot be used to resolve
function can be used to separate two species, if their diffuthe two species by the autocorrelation function. To interpret
sion coefficients differ sufficiently. The molecular weight the experimentally recovered amplitude of the free and
difference of the species has to be at least a factor of 5-8 tbound ligand from the autocorrelation function, exactly the
separate species by their diffusion coefficient alone (Mesetlsame type of analysis as presented in this paper has to be
et al., 1999). This approach has been used to characterigerformed to connect the amplitude to the fractional popu-
the binding of small ligands to macromolecules (Rauer etation of each species. Here we focus on the analysis of
al., 1996). binding equilibria by the fluctuation amplitude alone, which

Fluorescently labeled biological samples, however, ofteris sufficient to resolve species as long as the molecular
exhibit pronounced differences in their molecular brightnes$rightness changes upon binding.
but not in their molecular mass. A protein dimer, formed by
the association of two monomers, is twice as bright as th?—letero eneity of bi lecul
monomer if no quenching occurs upon binding. The con- 9 y of biomolecules
formation of protein substates or the structural heterogeneBiological macromolecules are without doubt complicated
ity of DNA molecules can influence the spectroscopic prop-systems. Here we choose fluorescence lifetime and fluores-

Fluctuation amplitude analysis of
binding equilibria
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cence fluctuation techniques to characterize the binding of Another important consequence of our results concerns
fluorescein-labeled digoxigenin (digoxigenin-FL) to an an-the interpretation of the fluctuation amplitudé0) in fluo-
ti-digoxin antibody. The existence of two lifetime compo- rescence correlation experiments. The fluctuation amplitude
nents for the bound complex compared to the single lifetimeonly characterizes the average number of molecules in the
of the free ligand indicates that there are two stateai@@l  excitation volume, if a single species is measured. Tagging
C, for the bound complex. Therefore, we conclude that twoof fluorescent dyes to biomolecules can result in rather
distinct states exist on the time scale of a few nanosecondsomplex interactions between the dye and the biomolecule
Biological molecules often display multiple lifetime com- (Vamosi et al., 1996). In such a case, it is likely that several
ponents or a distribution of lifetimes. It is important for us molecular species with different molecular brightness val-
that the fluorescence fluctuation data indicate the existencees contribute to the fluctuation amplitude. An averaged
of two states with almost exactly the same properties amolecular species will be measured only if the different
recovered from the lifetime measurement. The moleculastates interconvert on a time scale faster than the sampling
brightnesses recovered by the two measurements are almdshe chosen for the fluctuation experiment. In all other
equal, and the brightness ratio is consistent with the lifetimecases, the fluctuation amplitudg0) is not necessarily a
ratio of the two states. Thus it is most likely that the two measure of the absolute concentration of the biomolecule of
measurements characterize the same states, which meadnterest.
that the two states have not interchanged on the sampling Here we exploit the fluctuation amplitude and link it to an
time scale of the fluorescence fluctuation experiment. If theequilibrium-binding model, which allowed us to detect and
two states would interconvert faster than the sampling timegharacterize the molecular heterogeneity of an antibody
then we would observe only the averaged property of theomplex. The molecular heterogeneity of fluorescently
two states. The sampling time of the fluorescence fluctuatagged biomolecules, on the other hand, cannot be resolved
tion measurement is 12.as, which is several orders of by a single measurement @f0) alone, but requires a
magnitude longer than the fluorescence lifetime. The pacomplete titration experiment. However, the analysis of the
rameters obtained from the lifetime measurements are onlffuctuation data by the photon counting histogram (PCH)
meaningful for fluorescence fluctuation measurements if the&an overcome the limitation of the fluctuation amplitude
states involved preserve their properties from the nanose@pproach, because it allows the resolution of molecular
ond time scale to-10 us. heterogeneity from a single measurement (Btuet al.,
Actually, if the two states interconvert during the time it 2000).
takes to diffuse through the observation volume of the
microscope, the autocorrelation function captures this ki-
netic process (Bonnet et al., 1998; Haupts et al., 1998). WgONCLUSIONS
analyzed the autocorrelation function of the bound anti\We demonstrated that the fluctuation amplitug®) is
body. A simple diffusion model describes the experimentalaluable for the study of binding equilibria of biomolecules.
correlation function, and no exchange kinetic is visible (dataThe nonlinear influence of the molecular brightness on the
not shown). Thus we conclude that the two states do nofluctuation amplitude provides information that is not ac-
interconvert to at least a millisecond, which is the diffusioncessible from the fluorescence intensity alone. For example,
time of the protein complex in the laser illumination the response of the fluctuation amplitugéd) to a ligand
volume. binding study of a single binding site is rather different from
The specific origin of the heterogeneity of the protein one involving two binding sites. The binding of digoxigenin
sample is unknown to us. However, proteins in general existo anti-digoxin antibody was analyzed by globally fitting the
in a variety of conformational substates, which are responfluctuation amplitudeg(0) and the average photon counts
sible for their heterogeneity. The interconversion time of(k), which specified the dissociation coefficient and the
conformational substates ranges from nanoseconds to atumber of binding sites. Furthermore, we identified the
most infinity and depends on many external parameteranolecular heterogeneity of the hapten-antibody complex
such as temperature. Fluorescence techniques have beamd resolved the relative populations of two states and their
used to probe conformational substates (Alcala et al., 1987%¢orresponding molecular brightness values. Fluorescence
However, the interconversion between conformational sublifetime measurements of the liganded antibody also re-
states at room temperature on time scales longer than miealed two states with relative populations and molecular
croseconds is hard to characterize with existing techniquedrightness values that were virtually identical to that ob-
Single-molecule spectroscopy is one of the few techniquetined by fluctuation amplitude analysis. This result indi-
that allows the study of conformational substates on theates that the two techniques probe the same states, which
millisecond and longer time scales (Lu et al., 1998; Moerneido not interconvert on a time scale from nanoseconds to at
and Orrit, 1999). Fluorescence fluctuation spectroscopy ofteast milliseconds. Thus fluorescence fluctuation experi-
fers another potentially powerful method for probing the ments could be valuable for the characterization of both the
heterogeneity of proteins. dynamics and the molecular heterogeneity of biomolecules.
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