
Determining chemical rate coef®cients using time-gated
¯uorescence correlation spectroscopy

Don C. Lamb,1* Andreas Schenk,2 Carlheinz RoÈ cker2 and G. Ulrich Nienhaus1,2

1Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, USA
2Department of Biophysics, University of Ulm, D-89069 Ulm, Germany

Received 13 December 1999; revised 20 April 2000; accepted 25 April 2000

ABSTRACT: In recent years, fluorescence correlation spectroscopy (FCS) has become an important technique for
studying dynamic processes of molecules in thermodynamic equilibrium. Fluorescent organic molecules are excited
by laser light, and the emitted light quanta from a small number of molecules in a volume of�1 fl are collected using a
high numerical aperture microscope objective and photon counting detection. Translational and rotational diffusion,
chemical reactions (including photochemistry) and conformational changes of the molecules give rise to temporal
correlations in the fluorescence intensity fluctuations that can be revealed by autocorrelation analysis. A method is
presented to improve the sensitivity of FCS measurements on samples containing multiple fluorescent species. Using
pulsed laser excitation in conjunction with electronic gating in the detection channel, we preferentially suppress the
emission from the short lifetime components by fluorescence lifetime separation. We demonstrate the usefulness of
this technique by applying it to the binding reaction of the organic dye 1-anilino-8-naphthalenesulfonic acid in the
interior of the small globular protein apomyoglobin. When studying this chemical reaction with FCS, a relaxation
component appears in the autocorrelation function which can be enhanced by the time gating technique. Furthermore,
the analysis is considerably simplified and both kinetic and equilibrium coefficients of the reaction can be determined.
Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION

In recent years, fluorescence correlation spectroscopy
(FCS) has become a popular technique for the study of
dynamic processes involving fluorescent molecules in
solution under thermal equilibrium conditions.1,2 The
method has single-molecule sensitivity and can be used
with fluorophore concentrations in the nanomolar to
femtomolar range. FCS measures intensity fluctuations of
the light emitted by fluorophores in a tiny open volume
element created by tight focusing of a laser beam. With
high numerical aperture objectives and confocal detec-
tion or two-photon excitation, sample volumes as small
as 0.2 fl can be achieved. The intensity fluctuations can be
caused by translational diffusion in and out of the
excitation volume,3 rotational diffusion within the
sample volume,4 chemical reactions3,5–7(e.g. association
and dissociation of macromolecules), photochemical
reactions8,9 (such as triplet state excitation), and
conformational changes of macromolecules.10,11

Whenever a fluorescent molecule enters the sensitive
volume, it will be excited by laser light, and fluorescence
emission will be registered until it exits again. Hence
photons do not arrive purely stochastically in time at the
detector, but come in bursts. The slower the molecule
diffuses, the longer the burst will last. If the fluorescent
molecule undergoes a chemical transformation, its
diffusion coefficient may change, for instance by
association with another molecule, which will affect the
length of the burst. Moreover, the reaction may also
affect the intensity or spectral shape of the emitted
fluorescence, and thus the intensity measured at the
detector may flicker during a burst due to repeated
forward and backward reaction steps.

In an FCS experiment, fluorescence quanta and their
respective arrival times are collected from many bursts,
and the observed fluorescence fluctuations are quantified
by statistical analysis, based on the photon counting
histogram,12 fluorescence intensity distribution analy-
sis13 or correlation functions.14 Here we will be
concerned with the latter approach. The amplitude of
the intensity autocorrelation function depends on the
average number of fluorescent particles in the volume
and hence on the concentration, whereas the correlation
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times provide information about the time-scalesof the
intensity fluctuations.Eachregisteredphoton,however,
carriesmoreinformationthanits arrival time relativeto
that of other photons. It has a particular energy,
polarization and delay time between absorption and
emission.This information can give additional insight
into theprocessesunderinvestigation.Here,wepresenta
simple extensionof the FCS techniquewith which we
suppressphotonsbasedon the delaybetweenexcitation
andemission.Thetechniquerequiresapulsedlaserasan
excitation sourceand a laser-synchronizedgate in the
detectionchannel.This methodallows us to vary the
relativecontributionsof multiplespecieshavingdifferent
fluorescencelifetimes to the autocorrelationfunction,
which can be useful for a variety of purposessuchas
rejectionof backgroundfluorescence,increasein sensi-
tivity towardsa particular fluorescentspeciesand the
studyof lifetime distributions,which areoftenobserved
in the fluorescenceemissionof biological macromol-
ecules.

EXPERIMENTAL

Sample preparation. All chemicals,unlessstatedother-
wise, wereof analyticalgradeanddissolvedin Milli-Q
water (Millipore, Milli-Q Plus). Tetramethylrhodamine
(TMR) and1-anilino-8-naphthalenesulfonicacid (ANS)
were purchasedfrom Molecular Probes.For the ligand
bindingstudies,horseheartapomyoglobin(apoMb)was
purchasedfrom Sigma-Aldrich, dissolved in 10mM

potassium phosphatebuffer (pH 7), centrifuged for
15min at 2800g and room temperatureto removeany
aggregatesor impuritiesanddilutedto aconcentrationof
300nM. A stocksolutionof ANS wasmadeby dissolving
thedye in methanolanddiluting themixture by a factor
of 100 in buffer (10mM potassiumphosphate,pH 7). A
small amount of the concentratedstock solution was
addeddirectly to the 300 nM apoMb samplein 10mM

potassiumphosphatebuffer (pH 7.0) to give a final ANS
concentrationof 1mM. For measurementof protein
diffusion without ANS ligand binding, myoglobin was
stochasticallylabeledwith OregonGreen(OregonGreen

514 carboxylic acid succinimidyl ester, Molecular
Probes)accordingto standardprocedures.

Experimental setup. Our FCS setupusespulsed two-
photonexcitation,in whichtwo near-infraredphotonsare
absorbedsimultaneouslyto inducean electronictransi-
tion in thevisible region.15 A schematicof theapparatus
is shown in Fig. 1. It consistsof an argon ion laser-
pumpedTi:sapphirelaser(Coherent,Mira 900), produ-
cing 150 fs laserpulsesat 76MHz in the near-infrared
region (790 nm), and an epi-illuminated fluorescence
microscope(Zeiss, Axiovert 135 TV). The laser was
focusedinto the sampleby a water-immersionobjective
[Zeiss,Plan-Apochromat,63�, numericalaperture(NA)
1.2].Theresultingfluorescencewascollectedthroughthe
sameobjectiveand separatedfrom the laser light by a
dichroic mirror (Chroma, 640DCSPXR) and filter
(Schott,BG39). The fluorescencewas focusedon to an
avalanchephotodiodedetector(APD) (EG&G, SPCM-
AQ-161)operatedin thesinglephotoncountingmode.Its
output wasconnectedto an autocorrelationcard (ALV,
ALV5000/E) throughanelectronicgate.

Fluorescenceintensitydecaysweremeasuredusinga
time-correlatedsinglephotoncountingcard(PicoQuant,
TimeHarp100).Thedatawereleast-squaresfitted with a
single or double exponential function which was
convoluted with the instrumental responsefunction
determinedindependently.

Time gating. The heartof the electronicgate is a fast
TTL AND gate.TheTTL outputof 10nswidth from the
APD wascompressedto 2 nsandconnectedto oneof the
AND gateinputs,andthesquarepulseoutputof a high-
frequencypulsegenerator(Hewlett-Packard, HP 8082A)
wasconnectedto theotherinput.Thepulsegeneratorwas
triggeredby the outputof a secondphotodiode(EG&G,
FND 100 Q) which wasilluminatedby a fraction of the
light from the laser.Thereby,thegatewassynchronized
with the laser pulses, as the APD signal was only
propagatedthroughthegatewhentheoutputof thepulse
generatorwas high. The delay and width of the gating
pulsecould be varied by changingthe width and time
delayof the squarepulsefrom the frequencygenerator.
For the datadiscussedin this paper,the delay was set
suchthat the gating pulsealwaysbeganwith the laser
pulseandwasnot varied.Theoutputsignalof theAND
gate was stretchedto 10ns for data collection in the
computer.

Autocorrelation analysis. Below, we present a brief
accountof the theoreticalbackgroundof FCS,focusing
onthecaseof multiplespecies.Moredetailscanbefound
in the literature.5,14,16The observedfluorescenceinten-
sity for two-photonexcitationis givenby thesumoverall

Figure 1. Schematic diagram of the two-photon ¯uores-
cence microscope with time-gated detection
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fluorescentspecies:

F�t� � 1
2

Xn

j�1

�j�jQj

Z
drW�r�Cj�r ; t� �1�

wherekj is the detectionefficiency of speciesj, which
dependson thespectralresponseof thedetectionsystem
to the fluorescenceemission, sj is the two-photon
absorptioncross-sectionat the wavelengthof excitation
andQj is thefluorescencequantumyield. Theconcentra-
tion, Cj(r ,t), is a functionof bothspaceandtime because
of the dynamic processespresentin the sample(e.g.
diffusion or chemical reactions). W(r ) denotes the
productof the squaredexcitation intensity distribution,
the extent of the sample and the emission intensity
distributionmeasuredat thedetectorand,thus,quantifies
thespatialvariationin thedetectedyield of photonsfrom
theexcitationvolume.

The fluorescenceintensity fluctuates in time, and
correlations in the fluctuations can be uncoveredby
calculatingthe intensity autocorrelationfunction, G(t),
definedas

G��� � hF�t�F�t � ��i ÿ hF�t�i
2

hF�t�i2 �2�

wherek l denotesthe time average.
The function W(r ) is often treated as a three-

dimensional Gaussian.For pure diffusion of n non-
interacting species in a three-dimensional Gaussian
excitation volume with radial dimensionwr (denoting
the distanceover which the intensitydecaysby a factor
1/e2) and axial dimensionwz, G(t) can be calculated
analyticallyfrom Eqns(1) and(2) andis givenby

G��� �
Xn

j�1

i2
j GDj ��;Nj ; �Dj � �3�

which is the sum over the diffusion autocorrelation
functionsof all speciesj, GDj

:
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weighted by the square of the fractional intensity
contributionof speciesj:

ij � �j�jQjhCjiPn
k�1

�k�kQkhCki
�5�

In Eqn.(4),  = (1/2)3/2 is a normalizationfactorandkNjl
is the averagenumber of moleculesof type j in the

excitationvolume.Thediffusion time, tDj
, in thecaseof

two-photonexcitationis givenby �Dj � w2
r =8Dj , with Dj

representingthe diffusion coefficient of moleculesof
type j.

In thepresenceof a chemicalreaction,thespeciescan
interconvert,and the spatio-temporalevolution of the
concentration,Cj(r ,t), is governed by the reaction–
diffusion differential equation

@

@t
Cj�r ; t� � Djr2Cj�r ; t� �

Xn

k�1

TjkCk�r ; t� �6�

whereTjk is a matrix of the kinetic coefficientsandn is
the numberof speciesthat are involved in the reaction.
Evenfor two interactingspecies,Eqn.(6) hasno general
analyticalsolution.In thispaper,welimit ourselvesto the
specialcaseof a bimolecularreactionof a small ligandL
with a macromoleculeM:

M � L�
kf

kb

ML �7�

so that changesin the diffusion coefficient of the
macromoleculeupon ligand binding can be neglected,
andhenceDM = DML = D. Moreover,underpseudo-first-
order conditions with an abundance of ligand,
kCLl� kCMl, the autocorrelationfunction canbe calcu-
latedin closedform without any further approximations
andis given by

G��� � GD��;NM � NML; �D�

� �iM �iML�2 � KhCLi iM ÿ iML

KhCLi
� �2

eÿ��
" #

�GDL��;NL; �DL�i2
L �8�

Here, � = kf (kCMl� kCLl)� kb is the apparent rate
coefficientof thereactionandK = kf/kb is theequilibrium
coefficient. The presenceof a reaction appearsas a
relaxationprocesson top of the diffusional autocorrela-
tion. It is evidentthatonly thosereactionscanbestudied
where theseadditional correlationsappearbefore the
diffusional correlationshave decayed.Becauseof the
different diffusion coefficients, the equation is not
symmetricwith respectto ligandsandmacromolecules,
and it is not possibleto calculate the autocorrelation
functionfor anexcessof macromoleculesin closedform
without makingadditionalassumptions.

RESULTS AND DISCUSSION

The effectivenessof the gating techniquefor measure-
ments in a samplewith backgroundfluorescencewas
demonstratedwith a mixture of 10 nM TMR and25mM
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ANS where each specieshad a similar fluorescence
intensity. The fluorescencelifetime of TMR is 2.2ns,
whereasthelifetime of ANS in aqueousbufferis lessthan
100 ps.17 With this sample,the TMR fluorescenceis
observedin abackgroundfrom a largenumberof weakly
fluorescentANS molecules.In Fig. 2, autocorrelation
functionsfrom this mixture are shownfor variousgate
widths.Forcomparison,wealsoshowtheautocorrelation
function of a 10 nM TMR samplewithout ANS. In the
latter case,we obtaina simplediffusion autocorrelation
function,characterizedby atimeconstanttD = 32� 1ms,
and a fluctuation amplitudeof 0.36, reflecting the fact
that, accordingto Eqn. (4), onemoleculeresidedin our
excitationvolumeon theaverage.By addingANS to the
solution,morefluorescentmoleculesarein theexcitation
volume on averageand, consequently,the fluctuation
amplitudedecreases.Note that theamplitudeonly drops
by a factor of �2, althoughthe numberof molecules
increasesabout1000-fold.This is a consequenceof the
muchweakerfluorescenceintensitypermoleculeof ANS
comparedwith TMR andthefact that,accordingto Eqn.
(3), therelativecontributionsareweightedby thesquare
of the fractional intensities.By suppressingthe fluores-
cencewithin thefirst 900psaftertheexcitationpulse,the
autocorrelationamplitude increasesto 0.23, indicating
thatthebackgroundfluorescencefrom theANSentersthe

measuredautocorrelationfunction with a much smaller
contribution. As we increase the gate width, the
autocorrelationcurve approachesthe one of the TMR-
only sample.

The gatingcircuit alsoprovedusefulin studiesof the
bindingreactionof ANS to apoMb.WhereasANS is only
poorly fluorescentin solution,its fluorescenceincreases
over 100-fold whenit bindsto the interior, hydrophobic
regions of proteins. Concomitantly, the fluorescence
lifetime increasesenormously. Figure 3 shows the
intensity of ANS in water and in solution with
apomyoglobinas a function of the arrival time of the
photonsafter theexcitationpulse.Whereasthe intensity
decayof freeANS is fasterthanthetimeresolutionof our
system,the protein-boundANS showsa much slower
decaywith a lifetime of 12.4� 0.2ns.This pronounced
sensitivity of ANS to its environment makes it an
excellent probe for studies of protein stability and
dynamics.17

Figure 4a shows the fluorescenceautocorrelation
function for dye-labeledmyoglobin(diffusion only) and
for the apoMb–ANS sample (diffusion and reaction)
describedin the Experimentalsection.Thesedatawere
takenwith theexcitationbeamdiameterreducedfrom 5
to 3 mm. This underfilling of the back apertureof the
objective increasesthe effective sample volume and
therebythe diffusion correlationtime. A gatewidth of
�2 ns wasusedfor measuringthe apoMb–ANSsample
which efficiently suppressedthe entire free ANS
contributionto theautocorrelationfunction,asis evident
in Fig.3. In thiscase,themathematicalexpressionfor the

Figure 2. Intensity autocorrelation data and ®ts with Eqns (3)
and (4) of 10 nM TMR (symbols and solid line) and a dye
mixture of 10 nM TMR and 25 mM ANS at four different
widths of the gating pulse (symbols and dashed lines; from
bottom to top: no gate, 0.3 ns, 0.9 ns, 1.4 ns), plotted versus
the logarithm of time in seconds

Figure 3. Normalized emission intensity of free ANS (dashed
line) and a mixture of free and apoMb-bound ANS (solid line)
in aqueous buffer plotted as a function of time

Figure 4. (a) Double-logarithmic plot of the intensity
autocorrelation functions of apoMb in the presence of
1 mM ANS (diamonds), taken with the gate width of 2 ns to
suppress the ¯uorescence contribution from free ANS, and
of ¯uorescently labeled Mb (circles). The former autocorrela-
tion function was scaled to compensate for the difference in
protein concentration between the two samples. (b) Ratio of
the two data sets plotted in (a), including the ®t with the
reaction term of Eqn. (9) as a solid line

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 654–658

RATE COEFFICIENTSBY TIME-GATED FLUORESCENCECORRELATIONSPECTROSCOPY 657



autocorrelationfunction,Eqn.(8), simplifiesto

G��� � GD��;NM � NML; �D� 1� 1
KhCLi e

ÿ��
� �

�9�
Equation (9) shows that the diffusion part can be

removedwhen taking the ratio of the two correlation
functionsin Fig. 4(a),which leavesus with the reaction
term(apartfrom a scalingfactor).This ratio is plottedin
Fig. 4(b). The processobservedon time-scaleslessthan
10ms can be attributed to afterpulsing of the APD
detector.The step seenin the millisecond time range
representsthe relaxation process due to the ligand
bindingreaction.Notethat this reactionis lessthanideal
for FCSstudiesbecausethe reactionoccurson a similar
time-scale as diffusion and is therefore not easily
detectedin the apoMb–ANSFCStracein Fig. 4(a). By
fitting the data in Fig. 4(b), both the apparentrate
coefficient� = 1200sÿ1 and the equilibrium coefficient
K = 1.1mMÿ1 weredetermined.Thelattervaluefor horse
heartapoMb is similar to the one determinedfor ANS
bindingto spermwhaleapoMb,K = 0.3mMÿ1.18 Assum-
ing pseudo-first-orderconditionsandthusneglectingthe
protein concentrationand the concentrationof bound
ligandsin theexpressionfor �, we obtainkf = 620mMÿ1

sÿ1 andkb = 560sÿ1 for themicroscopicratecoefficients.
Onecouldarguethattheconditionof excessligandis not
met becauseour experimentswere done with 300 nM

apoMb and 1mM ANS. However, in the nanomolar
concentrationrange,protein adsorptionto the walls of
our sample holder becomessignificant, and so one
expectsthat the fraction of apoMb in solution is much
less. With the apparentrate coefficient �, equilibrium
constantK, ligandconcentrationkCLl anddiffusion time
tD known, we fitted the autocorrelationfunction, Eqn.
(9), to the data, with the averagenumber of protein
moleculesin thesamplevolume,NM� NML, astheonly
freeparameter.In this case,a numbercorrespondingto a
total concentrationof apoMbof 70nM wasobtained,and
hencethepseudo-first-orderassumptionis well fulfilled.

CONCLUSIONS

Gatingof the detectedquantain FCSexperimentswith
pulsed excitation can be implemented with simple
electronic circuitry. Here we have shown that this
techniquecan be usedto reject unwantedbackground

and to simplify markedly the analysis of chemical
reactionsusing FCS. Despite the overlap of reaction
and diffusion time scales,both equilibrium and kinetic
coefficients could be determinedin a straightforward
manner.While our approachconvincesthrough being
conceptually simple but powerful, a more elaborate
version involves storing the arrival time after the
excitationpulsefor everycountedphoton,allowingmore
flexibility in the dataanalysis.Implementations of this
approachhavealreadybeenreported.11
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