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ABSTRACT O-acetylserine sulfhydrylase, a homo-dimeric enzyme from Salmonella typhimurium, covalently binds one
pyridoxal 5’-phosphate molecule per subunit as a fluorescent coenzyme. Different tautomers of the Schiff base between the
coenzyme and lysine 41 generate structured absorption and fluorescence spectra upon one-photon excitation. We investi-
gated the protein population heterogeneity by fluorescence correlation spectroscopy and lifetime techniques upon two-
photon excitation. We sampled the fluorescence intensity from a small number of molecules (~10) and analyzed the
distribution of photon counts to separately determine the number and the fluorescence brightness of excited protein
molecules. The changes in the average number of molecules and in the fluorescence brightness with the excitation
wavelength indicate the presence of at least two fluorescent species, with two-photon excitation maxima at 660 and 800 nm.
These species have been identified as the enolimine and ketoenamine tautomers of the protein-coenzyme internal aldimine.
Their relative abundance is estimated to be 4:1, whereas the ratio of their two-photon cross sections is reversed with respect
to the single-photon excitation case. Consistent results are obtained from the measurement of the lifetime decays, which are
sensitive to the excited-state heterogeneity. At least two components were detected, with lifetimes of ~2.5 and 0.5 ns. The
lifetimes are very close to the values measured in bulk solutions upon one-photon excitation and attributed to the
ketoenamine tautomer and to a dipolar species formed upon proton dissociation in the excited state.

INTRODUCTION

Recent years have seen significant advances in the opticaimall number of molecules were obtained by means of
characterization of single molecules in condensed environtwo-photon excitation fluorescence.
ments (Moerner and Orrit, 1999). With such studies the O-acetylserine sulfhydrylase-A frorBalmonella typhi-
heterogeneity of the molecular system can be characterizedurium (OASS; E.C. 4.2.99.8; http:/www.rcsh.org; PDB
and related to the microenvironment. Moreover, the applientry 10AS) (Becker et al., 1969) catalyzes the synthesis of
cation of nonlinear fluorescence excitation has provided -cysteine fromO-acetylserine and sulfide in enteric bacte-
new methods to greatly simplify the excitation of small ria. The enzyme is a homo-dimer, each subunit having a
volumes (Denk et al., 1990) while avoiding photobleachingmass of 34,450 Da (Levy and Danchin, 1988). In the ab-
of the bulk solution. sence of substrates or catalytic products, one molecule of
The experimental effort to achieve a resolution close tahe coenzyme pyridoxal’sphosphate (PLP) is covalently
the single-molecule level is fully rewarded whenever thebound to each subunit via a Schiff base formed with the side
heterogeneity of the system is strictly related to its functionchain of lysine 41 (Rege et al., 1996). This species, the
and is otherwise buried in the averaged responses obtainéaternal aldimine (Christen and Metzler, 1985), exhibits a
through conventional ensemble measurements. In the casésible absorbance spectrum characterized by a main band
of proteins, spectroscopic heterogeneity often arises frompeaked at 412 nm and a weak shoulder@B80 nm (Fig. 1).
the co-presence of molecules with different conformationalThese two bands have been attributed to the ketoenamine
states and/or different electronic states of bound chroand enolimine tautomers of the bound coenzyme, respec-
mophoric cofactors. In the present study we investigated thavely (Scheme 1) (Becker et al., 1969; Schnackerz et al.,
heterogeneity of the spectroscopic response of a globuldr995; Benci et al., 1999). The equilibrium between the two
protein,O-acetylserine sulfhydrylase, by measuring the flu-tautomers depends on the active site polarity, the enolimine
orescence fluctuations and the lifetime of the protein cofacbeing favored by a more hydrophobic microenvironment
tor. The tiny excitation spots needed for the excitation of a(Arrio-Dupont, 1970; Kallen et al., 1985; Schnackerz et al.,
1995). The relevance of the two isomers for the enzymatic
activity has not been determined, mainly because the rate of
Received for publication 16 June 2000 and in final form 29 Decembercatmysis is slower than the tautomer interconversion. Be-
2000. cause the interconversion of the two tautomers is slower
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FIGURE 2 Emission spectra of 12M (protomers) OASS in 100 mM

FIQURE 1 Absorb_ance spectrum of_OASS. Enzyme protomers Concenbotassium phosphate, pH 7, upon one-photon excitation at 330 nm (— —
tration was 29.uM in 100 mM potassium phosphate, pH 7.

—) or 412 nm (—). For clarity, the reported fluorescence intensity upon
excitation at 330 nm has been multiplied 10-fold.

active conformations and open conformations (inactive). _ o o
The internal aldimine of OASS is in an open conformationt@utomers, respectively, indicating that an enolimine-to-ke-

(Burkhard et al., 1998), likely favoring a more polar micro- toenamine (not directly excited at 330 nm) isomerization
environment within the active site cleft. occurs in the excited state (Benci et al., 1999). The second

Upon excitation at 330 nm the OASS internal aldimine Shoulder at-530 nm has been attributed to another excited-
exhibits a weak fluorescence and a structured emissioftate reaction leading to the formation of a dipolar species

spectrum (Fig. 2). The main band at 490 nm and the shouldPOn Schiff base imine proton dissociation (Benci et al.,
der at 420 nm are due to the ketoenamine and enolimin@999). The deprotonated species is not directly excited, and
the same excitation pattern is found when emission is mon-

itored at 490 or 530 nm (Benci et al., 1999). OASS emission
e intensity is much higher upon direct excitation of the ke-
N toenamine tautomer at 412 nm and still shows a structured
) /E\ o spectrum with a maximum at 490 nm and a pronounced
0 ° Dipolar specis shoulder at-530 nm (Fig. 2).

The fluorescence lifetimes of OASS internal aldimine
tautomers have been estimated from time-resolved fluores-
cence data upon excitation at 330 and 412 nm and species
associated spectra upon excitation at 350 nm (Benci et al.,

Ly E i 1999). Lifetime multifrequency phase and modulation data

q Ny f /\(%N/"il upon laser excitation at 350 nm (Benci et al., 1999) are well
S N

0 described by three-exponential decays with lifetimes=
. N 0.5 ns, 7 = 2.4, ns andry; = 7 ns with very similar
. A fractional intensities. The fractional contribution of the
Enfimine tantomer slower component decreases on the red side of the emission
I Amax = 320-330 nm spectrum. This supports its attribution to the enolimine tau-
tomer. Upon excitation at 412 nm (Benci et al., 1999) or 454
Lysdt nm (Bettati et al., manuscript in preparation), only the inter-
f,\ mediate and fast component (attributed to the ketoenamine and
§ i its deprotonated form, respectively) are detected. The latter is
o more populated on the red side of the emission spectrum and
N’ when the excitation is performed at 454 nm.
" In the present study we exploited the two-photon excita-
e e ome" tion of the internal aldimine of OASS to measure the fluo-
rescence photon-counting histogram (PCH) arising from a
Scheme 1 small (~0.15 fl) volume of micromolar protein solutions.
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We also used two-photon excitation to determine the fluoshown how to extract from the PCH detailed information on
rescence lifetime of the protein-coenzyme complex undethe average number of molecules, and the molecular
the same experimental conditions. The analysis of the PCHsrightness,e. The molecular brightness describes the
collected for different excitation wavelengths by a methoddetected fluorescence photon rate of a single molecule. This
recently developed (Chen et al., 1999) yields the number otheoretical treatment of the photon count distribution imple-
protein molecules in the excitation volunieand the mo- ments the previous ones (Qian and Elson, 1990, 1989) by
lecular brightnessg. Other groups have recently described taking explicitly into account the shape of the point spread
the same approach to extract information from the distribufunction and the motion of the tracer molecules. The exper-
tion of photon counts (Kask et al., 1999, 2000; Bieschke etmental tests proved that this approach can be effectively
al., 2000). Our results indicate that, when a single compoapplied to quantitatively resolve a mixture of species char-
nent is assumed, the average number of OASS molecules acterized by different molecular brightness values (Muller et
the excitation volume changes with the excitation wave-al., 2000). The single-molecule PG(k, V,, €) is the prob-
length at a significantly higher extent than that expectedability of measuringk photon counts from a single tracer
from the change of the excitation volume with wavelength.molecule in the volum¥, (Chen et al., 1999). For integration
This result indicates, at the single-molecule resolution, thatimes much smaller than the fluctuation time of the fluores-
at least two differently absorbing forms of the protein arecence emission this function is given by (Chen et al., 1999):
simultaneously present in solution. The wavelength depen-

dence of the average number of proteins in the excitation 1 (eW(r))ke VO

i ield i PPk eV =y | — 5 dr (1)
volume and of its fluorescence vyield is then analyzed by R SAVA k! '
taking into account a two-component character of the sam- Vo

ple. We correlate the results of the PCH analysis with thyhere e is the molecular brightness of the tracer molecule
lifetime measurements. This allows us to estimate the relagiven by the product of the photon detector (PMT or APD)
tive amount of the different protein species present. Morequantum efficiency, instrumental factors, the molecular exci-
over, by correlating the PCH to the lifetime measurementsation probability, and the fluorescence yield. The energy dis-
we detected differences in the protein tautomer distributionyibution in the object plane is described by the functitin).

in the ground and excited state. The PCH in an open system should not depend on the
particular choice of the sampling volume in Eq. 1, and
following the convention used in fluorescence correlation
spectroscopy (Chen et al., 1999), we chuseg\W(r)dr. The
Fluorescence fluctuation spectroscopy is a very sensitiv@CH of a single molecule is given by Eq. 15 in Chen et al.
tool to investigate a variety of phenomena, from transla(1999) for a Gaussian-Lorentzian beam profile W(r). For a
tional and rotational diffusion to chemical reactions (Elsonsolution with a molar concentration C the measured PO,

and Magde, 1974; Magde and Elson, 1974; Ehrenberg anl, ¢) is given by a convolution over all the possibilities of
Rigler, 1974; Aragon and Pecora, 1976). Confocal detectiogetting a total ok photon counts averaged over the Poissonian
is usually adopted to achieve very small excitation volumesiumber distribution of molecules (Chandrasekhar, 1943):
(Qian and Elson, 1991; Rigler et al., 1993; Koppel et al.,

1994) with low-power continuous wave (CW) laser sources. _ * NNeN

More recently two-photon (and multi-photon) excitation Ik N, e = > pMik Vo, )N 2)
with pulsed infrared lasers has been exploited to enhance N=0 ’

the background rejection and eliminate photobleaching outyhere
side from the focal regions. In both cases, the time depen-
dence of fluorescence has been widely characterized by - [ n

time-correlation methods. The analysis of the autocorrela- Pk, Vo, €) = M (k Vo, €) ()

tion function (ACF) of the fluorescence signal as detected Ntimes

by a photomultiplier (PMT) or an avalanche photodiode The average number of molecules in the reference volume
(APD) gives two main parameters, the average number o¥,, N = CV,N,,, is proportional to Avogadro’s number,
molecules in the excitation volum&, and the molecular N, and the sample molar concentrati@,

translational diffusion coefficienD). The latter is related to It should be noticed that for a single chemical species the
the molecular radiusR, the solution temperaturd,, and  average number of moleculésis supposed to be indepen-
viscosity, n, by the Einstein relationD = kgT/6mmR. Be-  dent of the excitation wavelength, whereas the molecular
side the correlation functions, the probability distribution of brightnesse should vary as a function of wavelength. In
the photon counting is used to describe random processdéact, the wavelength dependence epfonce corrected for
(Saleh, 1978), although it has generally received less atteiwavelength-dependent changes in the excitation intensity, is
tion. Recently, a theoretical and experimental study (Chemproportional to the two-photon absorption spectrum of the
et al., 1999; Kask et al. 2000; Bieschke et al., 2000) hasracer molecule.

Fluorescence fluctuation spectroscopy

Biophysical Journal 80(4) 1973-1985
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Gratton and co-workers (Chen et al., 1999) have showmomputer memory. The acquisition sampling frequency was always set at 20
that the PCH of a mixture of two species with molecular kHz, and the stored photon counting files were analyzed with programs written

- P : with the PV-WAVE software, version 6.10 (Visual Numerics, Houston, TX).
brlghtness Valuesl andGZ IS gIven by a convolution of the For the lifetime measurements, the fluorescence light was detected

PCH functions of each species: through the front port of the microscope by a photomultiplier (R928,
Hamamatsu, Bridgewater, NY) whose gain was modulated by biasing the
k second dynode stage at a radio frequency 800 Hz, withv = 80, 160,
II(k, Ny, N, €, €) = E II(h, Ny, e)II(k — h, N, &) (4) 240, and 320 MHz. The PMT signal, after amplification through a low-
h=0 noise current amplifier (SR570, Stanford Research, Sunnyvale, CA), was

fed to an ISS board (ISS, Champaign, IL) for the computation of the

The molecular brightness is proportional to the fluores- modulation ratios and phase differences of the fluorescence light with

cence quantum yieldp, the wavelength-dependent two- respect to the excitation laser beam. The synchronization was performed by
q y ! g P a Synchro-lock 900 system (Coherent), taking as a reference the signal of

_phOtOf_] cross sectioa(A), and the square of the excitation 4 fast diode that detects a small portion of the laser light. The 10-MHz
intensity 15(A), ase(A) = a(A)I3(\) . output of the synchro-lock was used by three Hewlett-Packard (Palo Alto, CA)

Let us consider as an example the case of two specigtgquency synthesizers to give 1) the 1.024-MHz clock for the ISS board, 2) an
with average particle numbeﬁtl and Nz- We assume that analog output simulating the reference PMT input for the ISS board, and 3) the

the two species have non-overlapping spectra centered g}fﬂio—frequency bias for the modulation of the gain of the PMT.
p pping sp Absorbance spectra were recorded using a Perkin-Elmer (Wellesley,

wavelengths\; and A, with €3(A;) = 0 andex(A;) = 0.In  \a) Lambda 40 UVavisible spectrophotometer, and the buffer absorption
this limiting case, the analysis of the PCH measured;at was subtracted. Emission spectra upon one-photon excitation were re-
and\, reduces to the single-species case and simply yieldeporded using a phase fluorometer (GREG 200, ISS), and the fluorescence
the average number of moIecuIa§and Nz, respectively. If intensity of the solvent was subtracted. Excitation and emission slits of the
the spectra partially overlap, a detailed analysis of the pCHfonochromators were 1 nm.

measured at an intermediate wavelenjtivould give, in

principle, N;, N, €,(A), ande,(A). The average number of

moleculesN, andN.,, is wavelength independent. However, Sample preparation

if the molecular b_rightness_ V_a|U95 of the two species ar@.acetylserine sulfhydrylase (A-isozyme) was prepared from a plasmid-
rather small, the signal statistics of the experimental PCH igontainingSalmonella typhimuriuroverproducing strain (LT-2) according

not sufficient to directly resolve both species (ldu et al.,  to the method of Hara et al. (1990), modified by Tai et al. (1993), and was
2000). Under these circumstances the experimental PCH gskind gift of Dr. Paul F. Cook (Department of Chemistry and Biochem-

. . . . i . istry, University of Oklahoma, Norman, OK). The enzyme concentration
SatISfaCtonly analyzed in terms of a smgle species PCH (Sevévas estimated on the basis of an extinction coefficient of 7600 tn *

Eq- 2). Of course, th_e fit parameters do not reﬂeq the actual; 41 nm for protomers (Becker et al., 1969). A buffer solution containing
brightness and particle concentration of the mixture, butoo mM potassium phosphate, pH 7.0, was used.

rather yield an apparent molecular brightness, and an Rhodamine 110 and fluorescein were purchased from Molecular Probes

apparent particle numbenN which are functions of (Eugene, OR). Rhodamine concentration for FCS experiments was 11 nM
N N "app = in 50 mM Tris[hydroxymethyl]amino-methane (Sigma Chemical Co., St.
€,(N), €5(A), N;, andN,. Thus, the numbek

_ 2 L. app IN contrast Louis, MO), and the pH was adjusted to 8.5 with HCI. Fluorescein samples
to N; andN,, depends on the excitation wavelength. In theyy, yhe |ifetime measurements were 120 nM in dilute NaOH solution.

Discussion we will illustrate how we solve the apparent fit
parameters into individual molecular species via a global

fitting approach. Data analysis

Photon-counting histogram

MATERIALS AND METHODS The data analysis was performed by fitting Eq. 2 to the normalized
Instrumentation experimental PCH as described by Chen et al. (1999). In the present study
the PCHs are computed on collectionsMf= 10’ data points and the
The instrumentation for the two-photon fluctuation experiments is similarnormalized histogram valup,, (k) varies over several orders of magni-
to that described by Berland et al. (1996) and Chen et al. (1999). Alltude. The different points of the histogram are weighed according to a
experiments were performed with a Zeiss Axiovert 135 TV microscopebinomial distribution, as given by Eq. 27 in Chen et al. (1999). The
(Thornwood, NY) equipped with a Zeiss AOFluor oil immersion objec-  background contribution was estimated by measuring the photon count
tive (N.A. 1.3). The excitation source was a mode-locked Ti:Sapphire lasedistribution of the buffer alone. This is well approximated by a Poisson
(Mira 900, Coherent, Palo Alto, CA) pumped by a frequency-doubleddistribution with an average of100 cps. The background contribution
Nd-Yag laser (Verdi 5W, Coherent). The excitation wavelength was variedvas taken into account in the fitting by convoluting Eq. 2 with the Poisson
in the range 740-805 nm and the estimated power at the sample rangédnction of the background. Single (Eq. 2) species analyses were per-
from 10 to 25 mW. The fluorescence and excitation light were discrimi- formed on the experimental PCH. The excitation volume was measured
nated by a Chroma Technology (Brattelboro, VT) dichroic mirror centeredfrom the analysis of the autocorrelation functionsagt = 770 nm and
around 750 nm and by a BG39 (Chroma Technology) short-pass filter. Fowas determined a¥, = [W(r)dr = 0.15 = 0.01 fl. From the equation
the measurements of the fluorescence fluctuations the photon counts wefé\(r)dr = 7w/ we could estimate a beam waist= 0.44 um. Because
detected through the bottom port of the microscope by an APD (SPCMthe beam waist depends linearly on the wavelength, the use of different
AQ-151, EG&G, Wellesley, MA). The TTL digital output of the APD is excitation wavelengths in the range 740A < 805 nm corresponds to a
fed to a home-built acquisition board (Eid et al., 2000) and stored in thevariation of ~=11% of the excitation volume.

Biophysical Journal 80(4) 1973-1985
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Autocorrelation functions

The fluorescence temporal characteristics were analyzed by computing the
autocorrelation function (ACF) of the detected signak(tj is the number

of detected photon counts at timehe correlation function is computed as
ge(n) = {(k(t + Dk, — (k)3 (k(t))2. The subscript indicates the
average over the whole acquisition period. The ACF functions were ana-
lyzed according to a model introduced by Berland et al. (1996) that allows
the determination of the protein diffusion coefficiebt

Lifetime analysis

The modulationA(v) and phase shifta\(v) were measured at various
harmonics of the repetition frequency of the Ti-sapphire laser. A 120 nM
fluorescein solution in diluted NaOH (4.05 ns) was used as lifetime
standard reference. The modulation and phase shift data were fitted to a
single- or double-exponential decay scheme using the Globals Unlimited B
software (Beechem and Gratton, 1988).

0.5

RESULTS

Measurements of fluorescence fluctuationg gt= 775 nm
as a function of the excitation power

The wavelength dependence of the laser output power in
the range 745 nm< A < 805 nm affects the shape of the
measured PCH, because the apparent molecular brightness
depends on the excitation intensity. To correct the PCHSs for
the variations of the laser power we characterized the re- 1.04+— . . . .
sponse of rhodamine 110 and OASS solutions at a fixed 0 2 4 6 8 10
wavelength (775 nm) as a function of the excitation power photon counts per sampling time
in the range 4-24 mW (at the sample plane). The fluoro-
phore concentration was 11 nM for rhodamine 110 and 1.FIGURE 3 PCHs for a 1.24M OASS solution in 100 mM potassium
uM for OASS. This corresponds to an average number Oph_osphate, pH 70) anc_i for an 11 nM rhodamine 110 solptiqn in 50 mM
molecules in the excitation volume ef1.3 and~140 for ~ Tlsthydroxymethyllamino-methane, pH 8.5 The excitation wave-

. . . length was 775 nm, the excitation power20 mW. The sampling time was
rhodamine and protein (protomers), respectively. The totady ;s () single species best fit for OASS and rhodamine solutions
fluorescence photon rate was in the range 2—70 kHz for botl—). (B) Residuals (the difference between the experimental and the best
samples_ fit PCHs divided by the PCH uncertainty) are shown for the OASp4nd

Typical PCHs and the respective fits are reported in Figrhodamine solutions).
3. The PCH of rhodamine solutions is satisfactorily de-
scribed by a single-component analysis, as can be seen from
the residuals in the lower panel of Fig. 3. It is very unlikely The apparent average number of molecules and fluores-
that the nonrandom behavior of the residuals is due to theence yield, indicated here &) and(e), are reported in
presence of more than one fluorescent component. Thiig. 4 for rnodamine 110 and in Fig. 5 for OASS. In Fig. 4
nonrandom feature is in fact observed for both the rhodaB we also report the average fluorescence rate for rhoda-
mine (expected to exhibit a single fluorescent componentjnine 110, together with a best fit to a square law. The
and OASS solutions. The brightness of the protein is toccontribution of the background counts to the fluorescence
low to allow the discrimination of more than one componentsignal is always less than 5%. The constancy\yfand the
from the PCH analysis (see Discussion). The nonrandorsquare law dependence@j on the excitation power (Figs.
behavior of the residuals, which are all within the uncer-4 and 5) indicate that any photobleaching effect is negligible
tainty of the PCH, might instead be due to minor setupin our experimental conditions.
misalignments, inducing a slight deformation of the energy
distributionW(r) (see Eq. 1). We have verified the sound- .
ness of this hypothesis by numerical simulations (data no?lleas_urements of f!uon_'escence fluctuation as a

. . unction of the excitation wavelength

shown). Therefore, we consider hereafter a single-compo-
nent analysis of the PCH. PCHs have been collected at different excitation wave-

The analysis according to a single-species model (Eq. 2engths, in the range 745-805 nm, for both OASS and
of the PCHs for OASS solutions gives reasonable resultshodamine 110. At each wavelength, at least three measure-
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FIGURE 4 Results of the fit of the PCHs for 11 nM rhodamine 110 in 50

mM Tris[hydroxymethyllamino-methane, pH 8.5. The average number ofFIGURE 5 Fit of the PCHs for 1.22M OASS in 100 mM potassium
molecules(N) (A), the average molecular brightne¢s), for a sampling ~ Phosphate, pH 7. The average number of molecul},(A), and the
time of 50us (B, right axis,A), and the average fluorescence r&éB, left ~ molecular brightnesge), for a sampling time of 5@s (B), are reported as
axis,[]) are reported as a function of the excitation powerat= 775nm. @ function of the excitation power at, = 775 nm. The dashed line i
The dashed line i indicates the average number of rhodamine molecules,indicates the average number of OASS molecules+1% The solid line
1.3+ 0.1. The solid line irB is a square law fit of the fluorescence yield. in B is a square law fit of the fluorescence yield.

ments of the protein and the rhodamine solutions wer@3% is expected, becau¥gggscales aa®, as also verified
performed. The systematic changes of the excitation powesn the autocorrelation functions of rhodamine solutions (see
with wavelength were monitored with a power meter andbelow). Therefore, the average number of rhodamine mol-
appeared to vary in accordance with the laser data sheetcules within the excitation volume should depend on the
The spectral line-width of the laser was checked at eaclexcitation wavelength. Indeed, we observe a minor system-
wavelength and was found to bet81 nm in all cases. The atic change ofN) from A = 745 nm wheréN) = 1.2 toA =
single-species analysis has been applied to the PCHs cd05 nm whergN) = 1.4 corresponding te-17% increase.
lected from the rhodamine and the OASS solutions. TheBecause no dependence of the average number of molecules
recovered average number of proteins per excitation volen the excitation intensity was observed in the investigated
ume,{N), is shown in Fig. 6 together with the wavelength power range (Figs. 4 and 5), corrections for the varying laser
dependence of the excitation power (Fig.igse). In the  power are not necessary for the data presented in Fig. 6.

case of rhodamine we observed no large changéhlofs The analysis of the PCHs of OASS and rhodamine 110
a function of wavelength. The calculated value(dj for  also provides the average molecular brightnéss,In Fig.
rhodamine 110 is 1.3t 0.06, which, assuminy/pgr = 7 we report the molecular brightness for OASS, which was

0.15+ 0.01 fl as previously determined (see Materials andcorrected for the quadratic dependence on the excitation
Methods), corresponds to a concentration of+14.2 nM,  power (see Fig. 5). The apparent molecular brightness is
in good agreement with the nominal value, 11 nM. Over theshown together with the average fluorescence rate measured
wavelength range studied an overall increase/gfr by by the acquisition board.
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IL). At each modulation frequency, 8—10 measurements
were taken alternatively on the sample and reference solu-
tion by manually adjusting the microscope stage. Phase and
modulation lifetimes were monitored during the measure-
ments and were found to be significantly different, suggest-
ing a multi-component fluorescence decay for OASS. The
multi-exponential character of the fluorescence decay was
confirmed by a fit of the phase and modulation data to a
single-species (solid line) and two-species (dashed line)
model, as shown in Fig. 8 (fox,, = 775 nm). In Fig. 9 we
report the dependence of the two measured lifetimeand

= and the relative fractional intensitys and f- on the
excitation wavelength.

Autocorrelation functions

FIGURE 6 Dependence on the excitation wavelength of the averagd\dditional information on the system can be obtained from
number of molecules per excitation volund), as obtained from the best the autocorrelation function of the fluorescence photon

fit of PCHs for OASS [J) and rhodamine 110®%). For sample concen-
tration and buffers see captions to Figs. 346s¢) Wavelength depen-
dence of the excitation power measured at the entrance of the microscop

Measurements of the fluorescence lifetimes

counts. From the fit of the experimental ACFs of the rho-
gamine solutions to the theoretical curve (Berland et al.,
1996), we obtain a beam waigf, = 0.44 = 0.03 um at
Aex = 770 nm, when a diffusion coefficiel® = 280 um?%/s
is assumed. The corresponding value of the excitation vol-
ume isVy = 0.15* 0.03 fl atA,, = 770 nm {/, is found

The demodulation ratios and the phase shifts of the fluoreso scale as~A%). The best fit value o§(0) = 0.09 + 0.01
cence light were measured at the modulation frequencies 8@orresponds to a concentration of 9:10.9 nM, in good

160, 240, and 320 MHz for each of the excitation wave-agreement with the nominal concentration, 11 nM.

lengths used for the fluorescence fluctuation measurements. The ACFs (Fig. 10), computed for the OASS solutions on
To increase the average fluorescence signal, a concentratiétie same raw data used for the PCH analysis, are affected by
of 12 uM OASS was used. The lifetime reference was 120jarger experimental uncertainties than those of rhodamine,

nM fluorescein, which exhibits a single lifetime= 4.05 ns

due to the relatively dim fluorescence of the OASS-PLP

in high-pH water solution (Tsien and Wagonner, 1995). Thecomplex. Nevertheless, the result of the analysis of the
protein and fluorescein solutions were set in two adjaceniCFs is overall consistent with the theoretical predictions.

wells of an eight-well glass slide (Nalge-Nunc, Naperville,

<> [a.u]

FIGURE 7 Apparent molecular brightness of OASS,(H, left y axis),
as obtained from the best fit of PCHs for 1.2V protein in 100 mM
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FIGURE 8 Phase shifts], left axis) and modulationdl, right axis),
measured at., = 775 nm for a 12uM OASS solution in 100 mM

potassium phosphate, pH 7, as a function of the excitation wavelength. Theotassium phosphate, pH 7. The solid and dashed lines represent a single-
average fluorescence rate is also shownright y axis).

and a two-species fit of the data.
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FIGURE 9 @) Dependence on the excitation wavelength of the lifetimes
of the slow M) and fast Q) species. The solid lines are the best fit to an FIGURE 10 Autocorrelation function of the fluorescence measured at ex-
apparent relaxation time given by Eq. 10 as described in the tBxt. ( Citation wavelength\., = 770 nm for OASS A, []) and rhodamine 110B({
Fractional intensity of the two species. The symbols are the same/as in M) solutions. Rhodamine solution was 11 nM in 50 mM Tris[hydroxymeth-
The error bars indicate the standard deviation of each measurement.  Yyllamino-methane, pH 8.5. OASS was Ju® (protomers concentration) in
100 mM potassium phosphate buffer, pH 7.0. The solid lines are the best fit to
the theoretical correlation function introduced by Berland et al., 1996.

From the analysis of the ACFs of OASS we find a diffusion
coefficientD = 70 + 10 um?/s, which corresponds to a la Torre et al

protein average radius of-8 0.7 nm. The radius that can be !
estimated for the protein, which is a dimer with molecular

mass of 68,900 Da, is3.5 nm. This figure is obtained from ;.4 4=+ 5 1M, in agreement with the nominal concen-

the an?y(tj:i;ous trﬁdlus IOf tTe pro_terll? mglgﬁmerz.t_z Inmil tration of OASS dimers in solution 6f0.6 wM. Altogether,
computed from the molecular weight and the partial moleCy, o Acpg computed on the same amount of data collected

ular volume~0.78 mI/g (T_anford, 1961). Changgs to t_h's for the PCH measurements are affected by larger statistical
value are made by taking into account that the dimer diffu-

sion coefficient is decreased by33% due to the hydrody- uncertainties than the histograms of the photon counting.
namic interactions (Ermak and McCammon, 1978), it is

increased by-3% due to the protein anisotropy (the OASS DISCUSSION

dimer is an oblate ellipsoid with short axe€t.5 nm and the
longest axis~8.5 nm) and that the hydration layer is typi-
cally ~0.3 nm. Considering the type of the previous as-A single-species model described the experimentally deter-
sumptions, the agreement between the estimated and timined PCH of our samples within statistical error. The fit of
experimental figure for the protein hydrodynamic radius iseach PCH determines an average molecule nuniidgrand
rather good. Our experimental estimaf@, = 70 = 10 an apparent molecular brightnegs). The number of rho-
wm?/s, is also confirmed by the direct computation of thedamine 110 molecules measured for excitation wavelengths
protein diffusion coefficientD = 63 um?s, performed (De ranging from 745 to 805 nm is approximately constant (Fig.

2000) on a continuous surface model of the
protein structure. Finally, the protein concentration that is
obtained from the measured valuegéd) = 0.0016=+ 0.006

PCH analysis
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6), as expected for a single molecular species. In principleN,p, and €., in terms of the number of moleculés;, N,
the small change in the excitation volume upon varying theand the fluorescence yield, €, of the two species:
laser wavelength is expected to affect the average number of

molecules{N), and indeed a smal17%) increase ofN) (K= eN; + €N, = EaprNapp 5
with A is found. Different from rhodamine 110, an almost 2 2 ®)
, ; . (K2 — (ky? N.e7 + Nye
twofold change in the number of molecules is observed in AR h S, 1 272 _
. . k)2 YN F N, LT Y
the case of OASS, with a broad maximumaaf = 780— (k) aNy + &Ny

800 (Fig. 6). The twofold increase dN) for OASS as a

function of the excitation wavelength suggests that th

protein solution might consist of a heterogeneous popula- SWA(r)dr

tion of molecules with different brightness properties. Y= TW(r)dr (6)
Before exploring this hypothesis further, let us consider

the fitting parameters of the PCH analysis. In the case offhe apparent number of fluorophores and the apparent

rhodamine 110 all molecules are accounted for by PCHnolecular brightness are determined by Eqgs. 5 and 6:

analysis, because the calculated average nuiyer 1.3

ewhere the contrast factoy is given by

(Ni€&1(A) + Npe(2))?

corresponds to a number concentration-df4 nM, which is NapdA) =

very close to the nominal one (11 nM). On the contrary, the o (N1€(A) + No€5(1))

OASS concentration, as calculated from the PCH analysis, 5 5 (7
corresponds to 0.22 0.07 uM, a value sensibly lower than (N;€5(A) + No€(A))

apdA) =
the nominal one (0.M OASS dimers). This suggests that ol (N1€1(A) + Naex(A))
a considerable fraction~2/3) of OASS molecules in solu- Here we explicitly indicate the dependence ofbn the

tion is either not excited by the infrared radiation or eXhibitSwaveIen L. This dependence mav derive either from the
a very low molecular brightness. These findings are in gt P y derive
wo-photon cross section or from the emission spectrum. By

substantial agreement with the analysis of the ACFs that . )
give C = 0.46+ 0.2 uM. using Eq. 7 we fit the apparefiN) and({e) of OASS (see

The second parameter obtained from the analysis of thg'.gsr'] 6 and 7) (th tWO. ipgmes \.N'th d|ffe|rent rr?c()jlecular
PCH is the molecular brightnesg), which depends on ng tr?ess,el and ez, with Gaussian wavelength depen-
several molecular and instrumental parameters: the squaldgnce'
of the excitation intensity, the two-photon cross section of €0
the tracer molecules, and their fluorescence quantum yields. &(\) = W’o,so_exr{—(k = MA(207)], 8)

To correct the measure@) for the variations in the exci- :

tation intensity as a function of wavelength, it is necessarywhere ¢, is the molecular brightness of speciest the

to verify that the molecular brightness varies with the squareenter of the Gaussian band located at the wavelength

of the excitation intensity in the investigated intensity rangeand o; is the width of the band. The choice of Gaussian
We confirmed the quadratic power dependence of the mofunctions is suggested by the analysis of the single-photon
lecular brightnesse) for rhodamine 110 (Fig. 4) and OASS absorption spectrum that can be fitted to the sum of two
(Fig. 5). In principle, corrections for the detector response aGaussians in the range 380\ < 450 nm (data not shown).
different emission wavelengths should also be applied, buive fit Napp @nd e,,, independently to our model. Both
rhodamine 110 and OASS emission occur in very similarapparent parameters are well described by this model, as
spectral windows. Therefore, we corrected the measi¢ded indicated in Fig. 11. The best-fit parameters are reported in
only for the variations of the excitation intensity. Table 1, and the corresponding Gaussian componey(s,

and e,(A), obtained by separately fitting\) and(e), look

very similar (Fig. 12). One of the two components is narrow
and peaked around 800 nm, whereas the second is broader
After considering the influence of instrumental factors uponand peaked at-660 nm. Because the wavelength range
the PCH analysis, we resolved the heterogeneity of thénvestigated in the present study is 740—805 nm, the pa-
OASS solutions from the excitation wavelength dependenceameters associated with the 660-nm band are less well
of the apparent paramete(id) and(e) (see Figs. 6 and 7). determined than those of the 800-nm band. The species
This was carried out by assuming the presence of twaorresponding to the component peaked~&00 nm is
species. First, we need to construct the mathematical relanore populated, witiN,/N, = 2.5—4, based on the analysis
tionship between the apparent fit parametdys, ande,,,  of (N) and(e). It is noteworthy that the wavelengths of the
and the actual particle numbers and molecular brightness divo maxima ofe(A), once divided by 2, well correspond to
the two species. By setting equal the first and the seconthe single-photon excitation maxima of the ketoenamine
moments of a single-species and of a double-species ph@A,,.x = 412 nm) and the enolimineA(,,, = 330 nm)
ton-counting distribution, one can derive an expression fotautomers of the OASS-coenzyme complex. Therefore, we

Evidence for two spectroscopic species
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FIGURE 12 Gaussian components recovered from the fit of the average
—_ 0.101 number of moleculegN) (— — —) and of the molecular brightnegs)
> (—) of OASS, based on Egs.7 and 8.
@
n
0.08 utes four to five times more to the fluorescence signal than
the component centered at800 nm, despite the larger
number of OASS molecules excited aB800 nm. As ex-
pected, no evidence for the dipolar species is found from the
0.06 ; . . . . . PCH analysis. The dipolar species occurs only in the excited
740 750 760 770 780 790 800 810 state and is averaged with the ketoenamine species on the

time scale of the PCH analysis-b0 us).
The brightness factors, ;, and e, o depend both on the

FIGURE 11 Dependence on the excitation wavelength of the apparenft!uorescence quantum yield and the two-photon cross sec-

average numbetN) of OASS molecules ) and apparent molecular 10N To ascertain whether the higher valueeg, is pri-
brightness (B), obtained from PCHs analysis. The solid lines are the bestmarily due to a higher quantum yield or to a larger two-
fitto Egs. 7 and 8. photon cross section one must take into account the
differences in the emission properties. The molecular
brightnessg, is proportional to the two-photon cross sec-
assume in the following that the short-wavelength bandjon, o, and to the integral of the emission spectrum,
corresponds to the enolimine tautomer and the long-waveyeighted by the collection efficiency of the optical setup.
length band represents the ketoenamine tautomer of th@/e assume here that the emission spectra upon single- or
OASS-PLP Schiff base. The relative contribution to thetwo-photon excitation are similar and take into account the
fluorescence signal of each species was estimated from th@yrrections for the emission filter and the avalanche photo-
productseyN; (Table 1). Because of the high /e, g ratio,  diode efficiency. We multiplied the emission spectra re-
the less populated component peaked-860 nm contrib-  ported in Fig. 2 (extended to the region 350—700 nm) for the
transmission spectrum of the BG39 filter and for the quan-
tum efficiency of the APD. The ratio of the integrals of
these corrected spectra has a value-&6. This figure must
I N g (@u) A(m) o (nm) €N, be corrected also for the different single-photon absorption

wavelength (nm)

TABLE 1 Best-fit parameters

From the fit of () 1 11 4 793 23 44  cross section at = 330 nm andx = 412 nm and for the

2 5 56 663 192 280 different excitation energy in the spectro-fluorometer used
From the fit of(N) 1 19 4 787 35 76 for the measurement of the emission spectra at= 330

2 4 60 660 180 240

and 412 nm, which amounts to a factor-ef0. Therefore,
Shown are results of fitting the wavelength dependence of the experimentghe ratio of the brightness factoegketoenamine} enoli-
particle numbekN) and brightnesge) of OASS to two Gaussian compo- mine) = 0.5 overestimates the ratio of the two-photon Cross

€|,0

nents of the typeg, = mexd—()\ — M)Y(209)]. The first three  sectionsa(ketoenaminey(enolimine) by a factor of-1.6,
rows summarize the analysis of the molecular brightdessvhereas the  Yi€lding a(ketoenaminegi(enolimine)= 0.3. Absolute val-
last three rows represent the results of the analysi®\pf ues for the two-photon cross sections of the two tautomers
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could be given referring to rhodamine 110. Unfortunately,frequencies are not sufficient for the detection of the eno-

we are not aware of measurements of the cross section @imine species as a third component. The enolimine species

rhodamine 110 in water solution. has a longer lifetime and probably a larger fluorescence
Regarding the PCH analysis, it would be obviously de-quantum yield than the ketoenamine form (Benci et al.,

sirable to resolve the heterogeneity of the protein ensembl&999) but the enolimine/ketoenamine number fraction esti-

directly from the fitting of histograms. Unfortunately, the mated from the PCH analysis is onty0.2—0.4. Still, we

signal statistics of our protein sample prohibits such a direcobbserve a modest but significant increase of both lifetimes

evaluation of the problem. As a matter of fact, the fit of thefor A < 750 nm (Fig. 9). This finding is consistent with a

OASS histograms with a single-species model satisfactorilgmall contribution from the long lifetime component. Let us

describes the data (see Fig. 3), despite a nonrandom behassume, for example, a double-exponential fluorescence

ior of the residual that might be due to a slight misalignmentdecay of the type:

of the setup. This result is due to the influence of signal

statistics on the resolvability of species by the PCH method f(t) = (M) exd —t/m,] + (M) exd —t/r,], (9)

that was addressed recently (Néw et al., 2000). The ideal T1 T2

g%ﬁ?gﬁ;ﬁl :i?ﬁg g(;igggﬁ;gﬂ%’ée (S:ﬁ)ee;'@ s t'ﬁecg)sﬁet;\?vhere fl, f, are the fractional |nten§|t|es. If this decay is

. . ' o force-fitted to a single decay function, an effective relax-
concentration in our study was higher than the optimal one .~ ~ .. ", L=
: ) . ation time is obtained:

to be used for resolving multiple species. Had we used a

lower concentration, the low fluorescence yield of the pro- 1 [RWVEWN] 2+ 5,2

tein would prohibit anyway the resolution of multiple spe- = 1, —1- (10)

. L . . Tapp [fl()\)/fZ()\)]Tl + T2

cies. The data acquisition time necessary to build up the

statistical accuracy required for the detection of two species The wavelength dependence of the fractional intensity,

can be determined through techniques used bileviet al.  f(A) + Ne()A), is assumed to be the same as the one observed

(2000). Data acquisition times that exceed several days arfer e(\), and we fit each of the two measured lifetimes,

estimated from this analysis, due to the low molecularand 7, to Eq. 10, in which one of the two fitting compo-

brightness of OASS. Thus, to overcome the prohibitive longnents is either the ketoenamine (for the component with

acquisition time, a global approach was used to resolv@.5 ns) or the dipolar species (for the component wits

multiple species. 0.5 ns). The second fitting species should now have param-
The measured lifetime was used to identify the coenzymeters very close to the enolimine tautomer (see Table 1). The

tautomers. The two observed lifetimes do not dependsolid lines in Fig. 9A are the best-fit curves obtained by

strongly on the excitation wavelength, and their averagaising the parameters, and o of the Gaussian brightness

values,s = 2.5+ 0.2 ns andrg = 0.7 = 0.15 ns (Fig. 9), spectra reported in Table 1 and leaving ,, and the ratio

are in good agreement with those for the ketoenaming /f, as free parameters in Eq. 10. From the fitting of the

tautomer ¢« = 2.4 ns) and the dipolar form of the PLP slow lifetime component we obtain for the ketoenamine

Schiff base fp = 0.5 ns) (Benci et al., 1999). Furthermore, form 1, = 7, = 2.3 ns, for the enolimine form, = ¢ =

as previously mentioned, the ketoenamine tautomer has ¥0 ns, and/fg = 1. These findings are consistent with the

single-photon absorption maximum at 412 nm, in goodanalysis of the PCH. The population ratio of ketoenamine to

agreement with the observed two-photon excitation®0  enolimine species that can be predicted from the lifetime

nm. Thus, we assign the slow and the fast lifetime compoanalysis isNc/Ng = (fceg)/(feex). Because from the PCH

nent detected by two-photon excitation to the ketoenamineneasurements it is found that (see Fig. 12) the rgife, =

and its dipolar tautomer, respectively. It is noteworthy that2, we can estimat®,/Ngz = 2, in reasonable agreement

the fractional intensities of the ketoenamine and the dipolawith the numbers obtained by PCH analysis. The fitting of

forms are in a ratio of 4= 1 for two-photon excitation at the fast lifetime component yields = 7, = 0.55 ns for the

A = 770 nm and in a ratio of-2 and~1.3 atA = 805 nm  dipolar form,r, = 7= = 8 ns for the enolimine form and

andi = 745 nm. Smaller ratiosy-1, have been found upon fo/fz = 0.08. By taking into account the result of the

single-photon excitation (Benci et al. 1999). However, sim-analysis relative to the slow component, we obtain a ratio of

ilarly to the present two-photon case, a decrease in the ratiQ/f; = 12, which again is substantially larger than the

of the fractional intensities is observed for single-photonresult of the single-photon studies, in which the fractional

excitation at wavelengths higher than the excitation peakintensities of the ketoenamine, eneolimine, and dipolar spe-

For example, the ratio of the fractional intensities thatls  cies are all similar.

at A = 412 nm decreases t00.5 atA = 454 nm. In summary, the analysis of the PCH and lifetime mea-
No direct indication of a third component, correspondingsurements leads to the following picture of the heterogene-

to the enolimine form, is found in the lifetime spectra, ity of the ground and excited states of OASS on widely

which are satisfactorily described by a two-componentdifferent time scales. PCH was used to probe the protein on

model (see Fig. 8). It is possible that four modulationthe 50us time scale whereas the lifetime measurements
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probe the system response in the range from 1 to 10 ns. The These studies on the heterogeneity of the OASS spectro-
analysis of the PCH as a function of the excitation wave-scopic states will be further extended to fluorescence an-
length suggests the co-presence of ketoenamine and enoisotropy measurements on diluted protein solutions and on
mine tautomers in solution and indicates that these forms dsingle proteins embedded in silica gels to detect finer het-
not exchange on the PCH characteristic time sca) us.  erogeneity effects of this protein system, possibly due to
On the other hand, the evidence of a dipolar tautomeslightly different conformations.

obtained from the lifetime analysis, similarly to the single-
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