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I. HISTORICAL PERSPECTIVE synthesis inhibitor, and DNA1j. Theoretical and experi-
mental studies3, 4, 6) soon established that FCS could
measure not only diffusion coefficients but also chemical
rate constants, concentration, aggregation, and rotational
dynamics 8—9). Building on this foundation, significant
advances in the understanding of lipid diffusion in mem-
branes were made soon after the birth of FC§ (ising a
confocal microscope geometr§1) introduced into FCS by

The mathematical concept of fluorescence correlation
spectroscopy (FCS)X1) emerged from quasi-elastic light
scattering (QELS) spectroscopy)(in the early 1970s.
Compared to light scattering, the enhanced sensitivity of
fluorescence to changes in molecular structure, chemistry,
and local environment makes FCS a superior analytical tool

The primary motivation for the invention of FCS was the  Racently, technological advances in detectors, autocorre-
study of chemical kinetics at very dilute concentrations in |ation electronics, and confocal microscopy were incorporated
biological systems, such as the reversible binding reactionjy, Fcs. mainly in the laboratories of R. Rigler and M.
between ethidium bromide, a fluorescent nucleic acid gigen 12 13). A detailed theoretical framework on the
effects of translational and rotational motion of a fluorescent
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CD, circular dichroism; PCR, polymerase chain reaction; HIV-1, human
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adenine dinucleotide; GUVs, giant unilamellar vesicles; NA, numerical molecular sy;tem are the key observable in_FCS- Fluores-
aperture; HTS, high-throughput screening. cence fluctuations are autocorrelated to quantify the temporal
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evolution of the system about its equilibrium state, thereby fluorescence intensitie$8,(26):
revealing nonequilibrium properties based on the Onsager
hypothesis24) and the fluctuation dissipation theorem. For

m m m m
— NI\ 2 N V2 C 2 A
a single molecular species, the temporal evolution of GD(T)—|: (QN) Gi(T)/(|: QN)* = ) FG@/() F)

concentration fluctuations can be quantified via the corre- (2)
sponding fluctuation®F(t) in the fluorescence signé(t) _

around its mean valugF(t)[] wheredF(t) = F(t) — [F(t)0 where F; ar_1d Gi(7) are the average fIL_Jorescence and
andt is time. For a more mathematical introduction, see refs autocorrelation for théth species, respectively, ar@ =

13, 23, and25. The normalized autocorrelation functi@fr) oipiyi, whereo; is the absorption cross sectiog, is the

of a fluorescence fluctuation at a given tind&(t), and ata  fluorescence quantum yield, ang is the detection ef-
later timedF(t + 1), is then given by the equatioB(z) = ficiency. There are limits, however, to the resolution of

BF(t) SF(t + 7)IIF(t)E. Thus,G(z) contains information multiple species. Theoretigal and_experimental studies on
about concentration fluctuations of observed molecules, tWo-component systems in solutiori9) show that the
reflecting the molecular dynamics of the system. dlst|npt|on betwgen two different molecglar speC|es.depends

IILA. Single Diffusing Species in a Gaussian Obsgion on differences in their molecular brightness, size, and
Volume without Chemical KineticEor a single diffusing ~ concentration. Molequles_ Cor_ltribgting_ comparably to the total
species, concentration fluctuations in an open observationfluorescence must differ in diffusion time by a factor-et.6
volume are caused by diffusion of molecules through this (i-€., & factor of~4 difference in hydrodynamic volume for
volume. In a confocal microscope configuration, the obser- Spherical particles) to be distinguished easily. _
vation volume is defined as the convolution of the spatial N addition to diffusion, the concentration fluctuations
excitation and detection volumes, which depend on laser 0bserved by FCS can be generally attributed to chemical
wavelength, objective specifications, and confocal detector réactions and photoconversion among various molecular
aperture {3, 14, 26). In multiphoton FCS, the confocal electror_nc states with _dlfferent fluorescence properties.
aperture becomes unnecessary and the observation voluméccordingly, the analytical form for the autocorrelation
is defined exclusively by the excitation intensity profig). function in FCS depends on the fluctuation mechanism, as

In the standard case of an assumed prolate ellipsoidaldiscussed in section IV.

Gaussian observation volume in the absence of chemical
kinetics, the autocorrelation function has the following lll. EXPERIMENTAL PROCEDURES
analytical form (2, 14): A typical experimental setup (Figure 1a) consists of a high-
numerical aperture (NA) objective which focuses a laser
Gp(r) = 1/[N(1 + t/rp)(1 + r/wzrD)o'ﬁ (1) beam into the sample (e.g., single cells or solution). The
diffraction-limited beam waist in the objective focal plane
wherertp is the characteristic diffusion time during which a is on the order of the illumination wavelengthin the lateral
molecule resides in the observation volume with an axial dimension (i.e., typically 0.xm). Fluorescence is collected
(20) to lateral (o) dimension ratiow (=z/rg). In the limit through the same objective, separated from the excitation
7 — 0, the mean number of fluorescent molecubl&sat light by both a dichroic mirror and emission filters, and then
concentratiorC, can be calculated from the initial correlation focused by a tube lens onto a confocal aperture (either an
amplitude, Gp(r — 0) = 1/N = 1/CV, in a defined optical fiber or a pinhole) that precedes a detector for depth
observation volumeV. Fluorescence fluctuations from a discrimination. Avalanche photodiodes (APDs) or photo-
given molecule correlate with themselves but not with those multiplier tubes (PMTs) are usually used for fluorescence
from other (independent) molecules. As the number of detection. Most PMTs tend to have lower quantum efficien-
molecules in the observation volume grows, the relative cies and a low dark count rate compared to those of APDs,
effect of a single molecule on the total fluorescence signal which are highly sensitive but exhibit higher dark count rates.
decreases and, thus, the normalized autocorrelation amplitudéhe excitation intensity profile and detection optics (in
decreases. This intuitively explains the inverse relationship particular, the confocal aperture) define thel0™15 /
of Gp(7) with the total number of molecules in the observa- observation volume (Figure 1b), from which fluorescence
tion volume. Therefore, the number of molecules in the photons are detected. The detector signal is then processed
observation volume of a typical FCS experiment is kept small with a PC correlator card to calculate the autocorrelation
(N ~ 1-10 atC ~ 10°° M) such that a correlation with  curve (Figure 1le-e). The correlation decay curve is then
significant amplitude can be observed. In a calibrated fitted with an analytic function, which accounts for the
observation volume with an exactly Gaussian profile? 1/ mechanism and kinetics of the fluorescence fluctuations.
radial waistry, and knownw, the diffusion coefficienD of Those processes include translational diffusion of particles
a fluorescent species can be determin®d ~ r¢%4zp). through the observation volumel)( rotational diffusion
However, deviations of the focal volume from the Gaussian within that volume 5, 14, 28), intersystem crossing29),
assumption are common sources of systematic error that carchemical reactions4( 30, 31), conformational fluctuations
be eliminated, as discussed in section Il (32, 33), and photobleaching3é—36).

[I.B. Analytic Solution for Multiple Diffusing Species Study of numerous molecular processes by FCS requires
without Chemical Kinetics For multiple noninteracting  a high S/N for reliable data analysis. FCS is also susceptible
fluorescent species € 1, 2, ...,m) undergoing only diffusion  to excitation power instabilities, scattered light, background
in the observation volume, the overall fluorescence correla- fluorescence (e.g., impure solvent, cellular autofluorescence),
tion is simply a linear combination of the correlations for and the statistical limitations of intrinsic photon shot noise.
each species, weighted by the square of their respectiveA constant background signal does not correlate; rather, it
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Ficure 1: (Left) Experimental setup for FCS. (a) A laser beam is first expanded by a telescope (L1 and L2), and then focused by a
high-NA objective lens (OBJ) on a fluorescent sample (S). The epifluorescence is collected by the same objective, reflected by a dichroic
mirror (DM), focused by a tube lens (TL), filtered (F), and passed through a confocal aperture (P) onto the detector (DET). (b) Magnified
focal volume (green) within which the sample particles (black circles) are illuminated. (Right) (c) A typical fluorescence signal, as a
function of time, measured for rhodamine green (RG) with, @f 488 nm. (d) Portion of the same signal in panel c, binned, with an

expanded time axis and average fluorescafc€he signal is correlated with itself at a later tintet( 7) to produce the autocorrelatlon
G(7). (e) Measureds(z) describing the fluorescence fluctuation of RG molecules due to diffusion only as observed by FCS.

affects the correlation function amplitude so that the con- bin is small (<2), andy cannot be increased, increasing the
centration is overestimated and the count rate per moleculeacquisition timeT,, may help, since S/N- /T, (15, 16).

(i.e., molecular brightness) = F(t)IN is underestimated.  Alternately, the S/N in the 100 ns to 3 time range can

In the presence of such background, the measured correlatiorbe increased, and systematic errors due to detector after-
function amplitude must be scaled W¥(t)F/[F()O — pulsing can be reduced simultaneously by single-color cross-
[Fec?, where (Fgs(t)Uis the time-averaged background correlation FCS, in which the fluorescent signal is split
signal (L5). Diffusible background contributes to the cor- between two paths and measured by two detectors simulta-
relation as a separate species (see eq 2). To avoid backgroundeously 29).

from contaminated buffer solutions, ultrapure high-pressure  Another key variable in confocal FCS is detector aperture
liquid chromatography (HPLC) grade water is recommended. size, which can drastically affect the S/N§ 37) and the
Appropriate fluorescence emission filters can minimize observation volume. The maximal count rate per molecule
background from Raman and hyper-Rayleigh scattering by (15) is obtained with a critical detector aperture diameter
water. Background contribution, measured using a blank (dg), which depends on the degree of overfilling of the back
sample, should in general b&% of the total fluorescence  aperture of the objective, illumination and emission wave-
signal. On the other hand, shot noise affects mainly the S/Nlengths, and the objective NA and magnification. An
at short correlation times, where data quality is critical for oversized detector aperture (i.€.,> dg) leads to a non-
resolving fast kinetics and estimating the number of mol- Gaussian observation volume, yielding a correlation curve
ecules. Measuring a correlation on a time saakequires that cannot be described adequately by eq 1, due to artifacts.
detection of at least two photons from the fluctuating entity Some artifacts are present even with a smaller aperture
within a time windowsz. If the number of photons per time (d < dy), which can be largely avoided by underfilling the
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back aperture of the objective (by60%). However, under-  categories of applications to assess the potential of FCS in
filling the objective also results in a larger excitation volume, those areas of research, in comparison with conventional
and hence a larger observation volume and a greater numbemethods.

of observed molecules. Furthermore, both the objective IV.A. Fast Molecular Dynamics: Triplet State and Pho-
properties and the detector aperture limit the fluorescencetobleaching When chemical kinetics occur on a time scale
collection in confocal FCS. As a result, the fluorescence much faster than the diffusion time, the dynamics of the
excited from out-of-focus molecules will not be collected m independent transition pathways between a fluorescent
efficiently. Thus, the number of fluorescence photons per state and dark state(s) can be described4i®y (

second per molecule (i,enolecular brightness), a crucial

quantity in FCS that determines the S/N, will be lower for m
an underfilled back aperture. Therefore, a tradeoff has to be G(r) = GD(T)I_'
made between increasing the S/N and minimizing artifacts =

by underfilling the objective back aperture. _ o
In a biological environment, observation of multiple Tr:ne fractl_on_fi Qf molecul;es (;e5|d|n_g 'r('j? darkhstétf@r a
fluorescence emitters (or the same emitters in different Characterstic ime; can be determined from the measure-

microenvironments) is common. To ensure accurate data”;]emS; for diffusion al?nﬁf" =0 andQ(r)b= Go(2). Tbhg H
interpretation, the following precautions are recommended. characteristic t|r_net() of photoconversion between a bright
It is essential to measure an autocorrelation curve of a and dark state is the inverse sum of rate constants for the

: ; forward k) and reversekg) reactions ¢! = k = ke +
photostable molecule (e.g., rhodamine green) with the lowest 7 .
possible illumination intensity (with a suitable S/N), as a X®)- Transitions between bright and dark statés, (50)

control. The measured correlation curve needs to be satis-“fJsulting fr_om protonation re_actionéS(—SZ), photoconvgr-
factorily described by eq 1 with a nondivergent structure sion, and intersystem crossingy 34) have been studied.

parameter ). A small detector apertured(< dg) and The presence of dark state transitions also affects

underfilled (<60%) objective back aperture reduce artifacts the evaluation of the apparent total numberjf molecules in
to a negligible level for most applications. the observation volume, sinc&(0) = N™* becomes

— N1 m _ )1 ;
Combining 2PE and FCS provides several advantdjés ( G(0) = N* [1i=, (1 = )™, which can be used to deduce

- - : the number of bright and dark molecules. In molecular
38-40) over confocal FC.S:{Q 46), part|CL_JIar_Iy for mea systems whereé > 2 (see eq 3), care must be taken both
surements in cells and tissues. The excitation rate in 2PE

depends quadratically on the illumination intensiy)(and expepmentally and in data analysis due to the large number
) . ; . of fitting parameters.
thus, for a tightly focused beam, declines rapidly with the : .
o p . Intensity-dependent FCS measurements can provide valu-
axial distance (roughly az %) from the focal plane. This . ; . : . .
) N ) ) o . able information about intersystem crossing dynamics, yield-
inherent excitation confinement provides intrinsic 3D spatial

resolution and a nearly 3D Gaussian observation volume. "9 both the intersystem crossing rate and the triplet state

Consequently, the detector aperture, used in confocal I:CSIn‘eUme (typically a few microseconds), useful for designing

or depl cisciminaton, s umnecessary for 2PEFCS, STCCTL PSSl o ploeaane Ly one
Confined excitation reduces the level of the background 99 P - 1P

signal, out-of-focus photobleaching, and cellular photodam- states are usually |mp_I|cated as _the gateway to many
X . L irreversible photobleaching mechanisnagl)(
age. The wide separation between the 2P excitation wave- ; ; .
. Photobleaching, due to photochemical reactions, removes
length and emitted fluorescence allows background due to o o
. X molecules from the excitation-emission cycle permanently
Raman and Rayleigh scattering of water to be excluded. The

) ; or for a time period longer than the diffusion time in FCS.
P absorpuon of the mgdmm at 2PE wavelengths €700 Excitation intensity-dependent FCS can be used to quantify
1000 nm) is usually negligible, so a larger penetration depth

; . o : . the photobleaching quantum yield§) of a fluorophore 84,
IS e!Ch!eVGd for thick tissue studies even in the presence Of35), where®,, is defined as the probability of bleaching a
intrinsic chromophores (i.e., hemoglobin, myoglobin, and

cytochromes). The autocorrelation function for 2PE-FCS is gq“éfgcmggeccu;i pfféeelxmg?ftllﬁg'eITn?;nygl E&Soixgimgegrt]’
identical to that for ideal confocal FCS, except that the y P

diffusion coefficientD becomes~r¢8tp, whererg is the _obse_rvat_lon v qum_e a_t a ralg = 1lfio. However, as the
) . , illumination intensity increases, molecules can be photo-
1/€? width of the observation profile.

bleached inside the observation volume at a daf&, where
IV. ECS APPLICATIONS IN SOLUTION Ky is_ the excitation rate. The appgre_nt diffusion rate
(K5) is dependent on both the excitation rate and the

The capability of FCS as an analytical tool extends beyond photobleaching quantum yield via the equati@n= 1/75 =

the measurements of molecular concentrations and diffusionky, 4 dgk, (35), wherek, is generally obtained experimen-

times. Kinetic parameters of molecular dynamics or chemical ta|ly by fitting G(z) using eq 3 withrp replaced byr. For

reactions are also accessible when they cause fluorescencgxample, photobleaching in dsRed is shown as a representa-

fluctuations on time scales faster than the diffusion time. tive case (Figure 2b,c). In the absence of photobleaching,

This includes unimolecular reactions, intersystem crossing, the apparent diffusion raté, = ko and is independent of

triplet state dynamics29, 48), photoconversion, and revers-  he jllumination intensity (Figure 2b). In the presence of
ible photobleaching. However, most biological processes take

place on time scales slower than the diffusion time. Such 2 Molecules in nonabsorbing dark states exit the excitation-emission

processes include nucleic acid hybridization, ligand-protein cycie for an average period of time and therefore do not affect the
binding, and enzyme turnover. Below, we discuss these two fluorescence quantum yield of the bright state.

A1—f+fe ™ (@3

(1 - fi)
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T - - - mophore strongly influences its fluorescence properties.
0 ‘ * DsRed | Haupts et al. characterized the sub-millisecond fluorescence
2 os- T=6.6 ms flicker of EGFP (S65T/F64L) due to external proton
£ o Citrine - exchange with the buffer using FCS3j. The reaction rate
s 061 T=4.3 ms constants for protonation (3.456 10° M~* s™%) and depro-
g 0.44 ] tonation (9.05x 10° s™1) were measured, yielding &p of
2 5.5+ 0.3 and a free energi,G° of ~32 kJ/mol. These
< 021 (a) ] studies concluded that the hydroxyl group on Tyr66 is the
0.0 . i ... protonation site by comparative studies with the Y66W
0.01 0.1 110 10 1000 mutant. Similar studies on T203Y and T203B) and citrine
Correlation Time = (ms) (50) mutants suggest that such protonation reactions are
800+ 1 1 ] ubiquitous among GFPs. However, for reliable interpretation
7007 (b) of intracellular pH measurements using GFPs, calibration
g 600+ « DsRed under conditions similar to the intracellular environment is
o2 5001  DsRed required b1), and the intensity dependence of the photo-
400 .« o a1  0g=8.5x10%] physics must be considered to avoid inaccuracy (see below).
3002.0)(106 o SO SomT oo Recent studies on the photophysics of another IFP, dsRed

(from a coral of theDiscosomagenus) §0), showed pH-

Excitation Rate (Hz) independent autocorrelation over the pH range of-3.8.
FIGURE 2: Intensity-dependent FCS provides a wealth of informa- Remarkably, the amino acid sequences of dsRed and wild-
ti_C:r_l. (a)OFCSdcorlrela'tic;n cm_Jtrv_e”S of dStRe‘)Afggd GFP (rjnu:flllmd type GFP are somewhat similar, despite their different
115 NA 40« water Immersion objecive, 56m deteciion fiber). O10ins, and their X-ray crystal structures are strikingly
The estimated diffusion coefficie of dsRed (2.6« 10~ m2/s) similar (56). However, in contrast to GFPs, dsRed forms a
is smaller than of citrine (4.& 10711 m¥s), which has the same  stable tetramer (Figure 2a) with a dissociation conskant
monomeric molecular weight, indicating an aggregation of dsRed of <10 nM, as revealed by FCS(), fluorescence anisotropy
(49). The value ofG(0) for dsRed yieldedNO= G(0)™! = 74.5 (50), and electrophoresi&T).

and concentratiol© = NIV = 74.5/13.0um® = 9.5 nM, which Liaht-dri fl flicker | th
provides an upper bound for the dissociation constigt< 10 ight-driven fluorescence Tlicker 1S another common
feature of IFPs. In addition to flicker due to reversible

nM) of the dsRed oligomer. (b) The apparent diffusion rifte ) X e - -
(=142) of dsRed @) is constant under low-intensity illumination ~ €Xtérnal protonation in EGFP, an excitation intensity-
(i.e., low excitation rate). (c) Under high-intensity illumination, dependent flicker was observed (with dynamics independent
however, the diffusion rate increases linearly as a function of of pH) with a mean dark fraction 6f13% (33), complicating
excitation rate with a slope %‘qual to the photobleaching quantum the interpretation of intracellular pH measurements. Further-
yield @, = (9.54 2.0) x 10°° more, a slow £1 s) light-dependent fluorescence blinking
photobleaching under a high illumination intensity, the of immobilized individual T203Y and T203F proteins at a

apparent diffusion rate increases linearly with the excitation low illumination intensity was reporte®®) using wide-field

rate and the slope equals, = (~9.5 & 0.2) x 107 for fluorescence microscopy. The on/off switching is excitation
dsRed; see Figure 26Q). To provide a measure of what wavelength-dependent due to photoconversion among the
constitutes high intensity, it is noted thatkat~ 4 x 10° anionic, intermediate, and neutral states of the chromophore
Hz, the fluorescence signal becomes nonlineakyirand (52). These findings triggered FCS studies on these mutants
eventually approaches a plateau (i.e., saturatiok) at1.5 (49), as well as citrineg0), which revealed fast¢10—100

x 10" Hz. By conducting such measurements in different kHz) intensity- and pH-dependent flicker. Similar findings
environments, one can elucidate the molecular nature ofin dsRed suggest that intensity-driven fluorescence flicker
bleaching mechanisms. Furthermore, the average number ofs widespread among IFPS]).

fluorescence photons per molecule before bleaching is simply FCS has also been used to study FRET between the
@, (i.e.,~1.1 x 1 for dsRed), an important photophysi- fluorescently labeled ends of DNA hairpin loops as they

cal parameter for optimal selection of fluorophores. fluctuate between open and closed structu®. (These
IV.B. Photocomersion in Green Fluorescent Proteins  “molecular beacons” show promise as a sensitive hybridiza-
Isolation and cloning of GFBE) from theAequoriavictoria tion-based sparse molecule DNA assay, of great interest for

jellyfish triggered a revolution in fluorescence visualization biosensor development and basic research.
of gene expression. GFP and many of its mutants can be [V.C. Intermolecular Interactions in Heterogeneous Sys-
expressed and targeted to selected cellular compartments withems Many biological systems of interest are heterogeneous
minimal interference with cellular function. Most of these mixtures of fluorescent species of different sizes and
intrinsically fluorescent proteins (IFPs) exhibit both neutral fluorescence properties. The correlation curve of multiple
(protonated) and anionic (deprotonated) forms of the em- noninteracting diffusing species is a linear combination of
bodied chromophore with a pH-sensitive equilibrium parti- contributions from each species (see eq 2). Numerous FCS
tioning that can be manipulated by site-specific mutagenesis.applications focus on molecular interactions resulting in large
Thus, many GFPs are pH-sensitive and can be used ashanges in hydrodynamic volume, such as those between
intracellular pH indicators. The combination of FCS and ligand and receptor, peptide and liposome, or a DNA primer
GFPs can be an extremely powerful tool for intracellular and a large complementary DNA or RNA strand.
studies. Nucleic Acids Nucleic acids can be site-specifically
GFP is an excellent system for studying protein dynamics labeled with fluorescent probes with minimal effect on their
by FCS; the protein environment surrounding the chro- hybridization. At nanomolar concentrations, which are orders
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of magnitude lower than those used in traditional fluores-
cence methods such as FREB), some slow hybridization
reaction kinetics can be followed by performing serial FCS

Current Topics

Protein-Protein and Ligand-Receptor InteractioRsotein-
protein and protein-ligand interactions with sub-micromolar
binding affinities are well-suited for FCS studies. For

measurements. Exploiting these advantages, the kinetics okexample, the dimerization process of thaubunit of ATP

association of fluorescently labeled DNA primers to large

synthase 7{4) has aKq of <0.2 nM, as determined by FCS.

DNA or RNA molecules have been examined as a function When the competing dimerization process is considered,
of temperature@0) or RNA secondary structuré(). These results show that the free energyd®Eubunit binding to the
studies demonstrate that FCS sensitivity is comparable toheadpiece of the enzyme is large enough to withstand the
that of radioactive assays, but without the burdensome torque expected from the three-step conformational change
requirements for radioactive materials and physical separationduring ATP synthesis. Such a high-affinity process was
of reactive species. Also, compared to CD (circular dichro- invisible to TRFA measurements, which require sample
ism) spectroscopy and calorimetry for monitoring hybridiza- concentrations o¥ 1 M. Furthermore, from differences in
tion reactions, FCS requires significantly less sample and the free and bound ligand concentrations as a function of
provides information about molecular diffusion, brightness, receptor concentration, the binding stoichiometry can be

aggregation, sample concentration, and chemical and con-determined by FCS3(, 75). In addition, pseudo-first-order

formational kinetics.

The ultrasensitive detection of viral and bacterial pathogens

(62—64) is another cogent biological application of FCS.
Pathogen-specific DNA or RNA sequences were amplified
using various forms of polymerase chain reaction (PCR),
during which fluorescently labeled primers at3 nM and

unlabeled primers were incorporated into the extended PCR

products. The transition from fast-diffusing primer to slow-
diffusing product was monitored and quantified by FCS as
a function of PCR amplification cycles, and then used to
deduce initial pathogen concentrations. FCS has been utilize
for detecting HIV-1 RNA andVlycobacterium tuberculosis
DNA mixed with high concentrations of nonspecific DNA
background §2, 63), where the false-positive detection
frequency was significantly reduced. Furthermdresitu
FCS monitoring during PCR amplification eliminates the
lengthy procedures of post-PCR product identification as well
as carryover contamination risk62). FCS has also been
used to detect sub-nanomolaiamyloid protein aggregates
in cerebrospinal fluid of Alzheimer's disease patients
(65).

Micelles and Liposomesn early studies, Koppel et al.

kinetics are resolved under conditions where the receptor
concentrations are much higher than those of fluorescently
labeled ligands6, 77). However, the~1 nM concentration

of fluorescent molecules required for FCS can be a limiting
factor in the study of enzymatic mechanisms, where the
physiological substrate affinity is usually much higher (i.e.,
approximately micromolar). In an attempt to circumvent this
limitation, Meyer-Almes and Auef7@8) have proposed a hew
analytical method that can recover Michaelis-Menten con-
stants at nanomolar substrate and enzyme concentrations. A

OIsecond concern is the possibility that a fluorescent label

might disrupt the ligand-receptor interactiorg), which is
often resolved by choosing an appropriate fluorescent dye
bound at a minimally disruptive labeling site. Alternately,
competitive binding studies using unlabeled versus labeled
ligand (74, 75) can be used to test whether the label affects
the apparentKy. Despite these complications, FCS has
demonstrated its versatility for studying a variety of protein-
protein and protein-ligand systemsat(-83).

Recent developments in FCS methods have improved its
ability to assess binding reactions between similarly sized
molecules. Dual-color FCS34) cross-correlates the fluo-
rescence signals registered on separate detectors from two

(7) used FCS to measure the sizes of micelles formed by species with distinct emission spectra. The cross-correlation

amphiphilic carbocyanine dye§6, 67; see also Herbert et
al. as reported by Webbl{)]. Recently, FCS has been
applied to protein and peptide interactions with liposomes.

amplitude corresponds directly to the concentration of the
reaction product that bears both fluorescence signals. Kinetics
of DNA renaturation 84), DNA cleavage by restriction

Because such interactions yield large changes in diffusionenzymes §5), and transcription activator protein-DNA

correlation times&8—70), resolution of multiple species and

binding 86) have been successfully studied using this

their properties can be carried out using FCS as well as method. In principle, any reactions that facilitate or disrupt
QELS. Measurements of vesicle and micelle hydrodynamic the association of two fluorescent labels can be monitored
volume using both techniques have been demonstrated taoy dual-color FCS. This technique is further enhanced by

be equivalent{1—-73). However, the concentration sensitiv-
ity of FCS is orders of magnitude higher than that of QELS
and is thereby able to determine extremely low critical
micelle concentrations by measuring the diffusion correlation
times as a function of detergent concentratio?).(Both FCS

using 2PE, where excitation of both labels can be achieved
with a single 2PE wavelengtid@), eliminating the technical
difficulty of aligning two observation volumes in 1PE dual-
color FCS.

IV.D. New Methods for Resohg Multiple Species

and time-resolved fluorescence anisotropy (TRFA) are usedRecently, the photon counting histogram (PCRB,(87) and

to derive dynamic information from micelles and liposomes,
albeit at different time scale3 ). However, TRFA is limited

fluorescence intensity distribution analysis (FIDA&g(89),
which use the same experimental geometry that is used in

by the excited state fluorescence lifetime (a few nanoseconds)~CS, have gained ground as new approaches to fluorescence

of the labels and thus is suitable primarily for studying fast
dynamics influenced by the local lipid environment. On the

fluctuation analysis. While the autocorrelation describes the
temporal evolution of fluorescence fluctuations, PCH and

other hand, FCS readily resolves dynamic processes ranging=IDA measure the probability distribution of fluorescence

from the microsecond te-1 s time range, and therefore is

fluctuations as a function of amplitude. These new techniques

a superior method for measuring hydrodynamic volumes of have been applied to study the binding of a fluorescent ligand

large liposomes and micelles.

to a protein with single- and double-site binding selectivity
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(22, 90). Of particular interest is the utilization of FIDA for ~ anomalous subdiffusion model might answer many interest-
high-throughput screening by pharmaceutical companies,ing biological questions, distinction between an anomalous
with detection sensitivity to femtomolar concentrations of subdiffusion model and superposition of several diffusing
fluorescently labeled aggregates such as prion profdin ( species is often difficult and would likely benefit from further
Fluorescent photons can also be gated, on the basis of thenvestigation.

excited fluorescence lifetime of fluorescent labels, priorto  v.B. Ligand-Membrane Receptor Interactioridnder-
autocorrelation 42). Advances in single-molecule fluores- standing the mechanisms of ligand-membrane receptor
cence observation technolog93X-95) now combine FCS interactions in their native environment is essential for
and a number of other techniques (i.e., FIDA, fluorescence developing therapeutic reagent®{). However, the scarcity
lifetime, and spectral gating) for a proposed high-throughput of these molecules in their physiological environment and
screening (HTS) of~10° samples per day in mixtures of their high-affinity (i.e., Ks < 10 nM) interactions had
multiple species with similar diffusion coefficient8g—98). typically required radioactive assays. Now, FCS is easily used
Such FCS-HTS assays have the advantage over FRET-base@ monitor molecules at nanomolar concentrations, and can
HTS methods since the labeling sites of the two fluorescent pe carried out on cell surface4q). Ligand-membrane
dyes are not limited by the distance separating them. receptor interaction studies were initially carried out using
FCSin vitro, where receptor proteins were solubilized in

V. CELLULAR APPLICATIONS OF FCS detergent 31, 75, 77), and the estimated binding constants

The first successful FCS measurements in cell membranesyere found to be comparable to those derived from radioac-
were reported by Elson et ab§). However, FCS measure- tive assays. For ligand-receptor binding on membrane
ments within cells are susceptible to interference from surfaces of single cells4), a relatively large observation
autofluorescence and perturbations due to cellular photo-volume was used, which simultaneously detected 2D and
damage and photobleachingg( 39). 2PE minimizes these 3D diffusion of the fluorescently labeled proinsulin C peptide
problems and provides accurate FCS in living ceB9)( It in the cell membrane and in the extracellular space. Sub-
is known that NADH and flavoproteins, mostly localized in  nanomolar binding affinities were then determined for several
the cellular mitochondria, are two main sources of autof- types of cultured human cells, and the receptor-mediated
luorescence. The contribution of autofluorescence in cellular binding specificity was established through competitive
FCS can be minimized by careful selection of fluorescent displacement and drug inhibition studies.

labels. Since NADH and flavoproteins have typically low v/ c. Intracellular CompartmentsCompartments of the
fluorescence quantum yields and are easily photobleachedcytosol and nucleus have been explored on the single-cell
their signal will not correlate efficiently if each fluorophore |ayg| using FCS. Politz et al. examined diffusion and
contributes on average<l detectable photon during its  pypyridization of nucleotides within the nucleus of cultured
diffusion through the observation volume. In this case, the at myoblasts43). As expected, fitting parameters derived
presence of autofluorescence may affect the amplitude offom FCS measurements of intracellular compartments reflect
the correlation curve (i.eN) but not its decay parameters properties of a highly heterogeneous microenvironméat (
(39), and can be corrected for as a constant background (se3 102). Understanding such heterogeneity and the ability
section ). Immobilized intrinsic fluorescence is typically {5 resolve molecular properties within single cells will
photobleached sufficiently rapidly that its contribution to the - contribute significantly to the understanding of biological
FCS signal is negligible30). processes. For example, the high cooperativity of the
V.A. Cellular Membranesvlembranes are the gatekeepers chemotactic pathway iEscherichia coliwould have been
for many important cellular functions and often have zyeraged out in ensemble measurements if not for the

negligible autofluorescence, making them a favorable envi- capapility of FCS to measure the concentration of signaling
ronment for cellular FCS. The thickness of the lipid bilayer mojecules in single cells46).

(~4 nm) is 3 orders of magnitude smaller than the typical
axial length of the FCS observation volumel(um), and
therefore, the diffusion of a fluorescent label in the membrane
can be treated as two-dimensional (see section Il). Early
applications of FCS for membrane applications in the 1970s
included model membrane systems such as planar lipid
bilayer membranes7( 10, 11, 67). Similar FCS measure-
ments were first extended to the membranes of living cells
and compared with FPR results by Elson et@)(Recently,

the phase segregation patterns and equilibrium coexistenc
properties in various lipid mixtures were examined by a
combination of FCS and laser scanning microscaigy 99). VI. FUTURE PERSPECTIVE

The estimated diffusion coefficients agree with those mea-

sured by FPR. Giant unilamellar vesicles (GUVs) doped with ~ Advances in hardware, software, and fluorescent markers
lipophilic dyes were used to study lipid phase separadldn (  continue to open new avenues for FCS applications in
99). Simple diffusion was found to be insufficient to describe biology and chemistry. Volume confinement schemes which
the observed correlation curves on either GUVs undergoing combine FCS with surface-enhanced excitatia®4 or
phase transition or actual cell membranes. Assuming anoma-optical nanostructures for sample confinemeh0X J.
lous subdiffusion 100), or a sum of two diffusing species, Korlach et al., unpublished results) may provide access to
improved the fitting residuals. On the other hand, while the higher ¢1 M) concentrations for FCS and better resolution

Cellular studies within the physiological environment
represent a challenge that can be met by FCS, considering
its sensitivity and spatial and temporal resolution. However,
the foundation for such experiments needs further attention.
Gennerich and Schildl03) have examined a situation where
the fluorescent marker distribution was restricted to cellular
compartments, demonstrating the complexity involved in
FCS data analysis. If care is taken to address the complexity
of intracellular studies, FCS can be an invaluable tool for
%ingle-cell studies.
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of subcellular structures. Nanostructured channels have
already proven to be useful in fast (microsecond to milli-
second) mixing experiments for biological studies such as
protein folding (06). Detectors with enhanced quantum
efficiency and low dark counts will further improve single-
molecule and FCS studies. Current 1P-FCS microscope
systems detect less tharb% of the emitted fluorescence,
with a significant loss due to the required confocal pinhole.
Optimized integrating optical geometries may significantly
improve the detection efficiency. The combination of MPE-
FCS and scanning microscopy using detectors with a wide
(>300um) active surface is advantageous for simultaneous
imaging and site-specific FCS. Because of the confined
excitation volume in FCS, a very stable excitation beam
during measurements is crucial, but remains a nontrivial
problem to overcome in laser scanning microscopy (LSM).
Fortunately, preliminary control experiments (D. Larson et
al., personal communication) show that beam jitter can be
avoided; for example, in a Bio-Rad MRC-600 adapted 2PE-
LSM, beam jitter is not a problem. FCS-FIDA may also be
possible in a circular or oscillatory scanning mod#®73),
which would decrease the residence time of a given molecule
in the excitation volume, minimize ground state depletion,
and potentially increase molecular brightness. Finally, ul-
trafast correlator cards and detectors with picosecond tran-
sient times can expand the temporal domain for FCS
applications to a broader spectrum of chemical and biological
processes.
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