6054 J. Phys. Chem. R007,111,6054-6061

Global Analysis of Fluorometric Titration Curves in the Presence of Excited-State
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The fluorometric determination of the ground-state dissociation constasfta complex between ligand and

titrant with 1:1 stoichiometry in the presence of excited-state association and quenching is discussed. This
report extends the results of a previous study (Novikov, E.; Stobiecka, A.; BoedsPRys. Chem. 2000

104, 5388), where the direct parametric fit of the fluorometric titration was used to recover reliable estimates
for Kq. Here, we show that in the presence of excited-state association and quenching the uniqueKlue of
can be obtained from global analysis of four fluorometric titration curves measured at two emission wavelengths
and two excitation wavelengths. The same identifiability criterion is applicable for systems where quenching
can be neglected. The linked parameters in the global analysis are rational functions of the rate constants,
independent of the excitation and emission wavelengths. The developed algorithms for the global parametric
fit of fluorometric titration curves are explored using simulations.

1. Introduction rescence data) of a titration curve is unreliable because of
o ) statistical noise inherently present in the measured data and the
Fluorometric titration provides a powerful methodology t0  generally very limited number of experimental points. In ref 1,
determine the ground-state dissociation conskanof host- we showed that the interference of the excited-state association
guest complexesThe advantages of quoresce_nce over_absorp- can be eliminated by proper experimental design, i.e., by
tion measurements are well documestednd include higher  onitoring the fluorescence at the isoemissive point. This
sensitivity (because fluorescence is detected vs a dark baCk'procedure can be performed at any excitation wavelength
ground) and selectivity (one may avoid the signal from other itterent from the isosbestic poifitUnder this experimental
absorbing molecules). Furthermore, less fluorescent ligand is ongition. the uncorrupted value & will be obtained from
required in fluorometry than in spectrophotometry to attain a o uniqu’e inflection point of the titration curve.
similar signal-to-noise ratio. Consequently, fluorometry gener- =" ¢ 7, we derived the equations relating the measured
ally produces less dlstur!oance of the system_under investigation o< ance signaF to the concentration [M] of a titrant in
and allows less soluble ligands to be used. Finally, fluorescencey, . presence and absence of the excited-state association

can also be used with samples of high ‘““F"d'TV- with 1:n stoichiometry between ligand and titrant. We also
Because the measured fluorescence sighas generally explored the possibility to determine the corrégtvalue via
dependent on excited-state and ground-state parameters (Se@jrect parametric fit of the fluorometric titration curve. It was
for example, eq 6), one can expect possible interference of theghown that in the presence of excited-state association, the
excited-state association on the fluorometric determination of parametric fit of a single titration curve yields two admissible

the ground-state dissociation const#t The potential mis-  yajyes forKg (as roots of a quadratic equation) which cannot
evaluation ofKq from fluorometric titrations can be assessed pe gistinguished without additional information. However, if

by concomitant time-resolved fluorescence measureniditts.  the rate constants describing the excited-state processes can be
fact that excited-state association can distort kaevalue estimated from independent time-resolved fluorescence mea-

estimated from fluorescence measurements is generally not wellsrements, the procedure leads to the unique determination
recognized, and commonly used equations for the determinationgy Kg.
of Kq from fluorometric titrations do not take into account the | this paper, we extend the capability of direct parametric
existence of the excited-state association reactiés. was i and explore the possibility to determine thaiquevalue of
shown in ref 1, the presence of an excited-state associationy . trom global analysis (global parametric fit) of fluorometric
betvv_ee_n Ilgand and titrant may Y'eld Very C_ompllt_:ated fluoro- titration curves measured at different excitation and emission
metric titration curves. The positions .Of _the |nfle_ct|on points of wavelengths. We shall derive the experimental conditions, under
these curves do not generally.con.tam information that can be, pich the unique value d&q can be obtained, for the system
dlrectly. us.ed for the detgrmmatmp d{d', Moreqver, the with 1:1 stoichiometry of association between the ligand and
determination of the positions of inflection points (which irant in the presence of excited-state association and quenching.
requires numerical second-order differentiation of noisy fluo- As in refs 1 and 7, we use the terminology and methodology
- - of compartmental modeling to derive the expressions for the
Ch;ﬁj’(ﬁleesu?/%”n%”g (?\l‘ftggre'ni‘;‘?‘ﬂz 16 327990. E-mail: Noel.Boens@ steady-state fluorescenteCompartmental analysis not only

T Institut Curie. provides a straightforward method to these expressions (by using

* Katholieke Universiteit Leuven. matrix formalism) but also allows one to clearly specify the
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SCHEME 1. Representation of the Kinetic Model for FOA A [M]) ==& )c(A. A b(1[M 1
Intermolecular Association between Ligand and Titrant GextemMD Een)Clem) GexMD (1)

(Stoichiometry 1:1) and Corresponding Dissociation of
the Formed Complex in the Presence of Quenching of the
Excited States

where(Lem) is an instrumental factoc(dem) is the 1x 2 row
vector of the emission weighting factocgien) (eq 2)8 ki is

1* + M kz—l. 2* Ci(}*en*) = kFi!/‘Alempi(lem) d”{'em (2)
Ky
the fluorescence rate constant of spetip@\lemis the emission
P av | i Lk wavelength interval aroungk, where the fluorescence signal
o e % e is monitored; andoi(lem) is the spectral emission density of
species* at lem®
K, A is the 2x 2 matrix defined by eq 8andA~1is its inverse.
1 + M — 2
A= _(k01 + [y + kq]][M]) P ©)
|k, M —(Ky, + ki, + K J[M
contributions of excitation, emission, and excited-state kinetics M) oz + bz qu[ )
to the steady-state fluorescence sigial b(Aex[M]) is the 2 x 1 column vector of the zero-time
concentrations if](0). If Beer's law is obeyed and if the
2. Steady-State Fluorescence absorbance of speciesis low (<0.1), then the elements

) o o _ ] bi(Zex,[M]) of b(lex,[M]) can be approximated as
Consider a dynamic, linear, time-invariant, intermolecular

system consisting of two distinct types of ground-state species Bi(Aew[M]) =~ 2.3d€;(A (111 (Aey) (4)
(2 and?2) and two corresponding excited-state speclésafd

2*) as depicted in Scheme 1. Ground-state speciesmn undergo  whered stands for the excitation light path ahfiie,) represents
a reversible association reaction with M to form ground-state the light flux at/ey impinging on the sample.

specie<2. In Scheme 1, a 1:1 stoichiometry between speties Expressing the ground-state dissociation constarin the
and M is assumed. It is further understood that only speties form of molar concentrations

and 2 absorb light at the excitation wavelengty. €i(dey)

denotes the molar absorption coefficient of spedieg Aey. Ky =[11M]/[ 2] (5)
Photoexcitation creates the excited-state spetfeand 2*,

which can decay by fluorescence (F) and nonradiative (NR) and substituting eqs-3 into eq 1 yields

processes. The composite rate constant for those processes is

represented byo (=ks + kyri) for speciesi*. The excited- F(AexAem[M])
it | ith M is descri FlexdemM]) =— 2002 =
state association reaction @f with M is described by rate ex’tem Y(herhen)
constanky1, while ki stands for the rate constant of dissociation
of 2* into 1* and M. The addition of the titrant M also 8y(Aem [M]) €1(1e)Ky + 8p(Aem M) €x(Ae,) [M] ©6)
accelerates the depopulation of the excited statdgfy][ 1*] Ky + [M]

andkqz[M][ 2*] for species1* and 2*, respectively, where;

stands for the SternVolmer rate constant of quenching of  with

speciesi*. To summarize, in this report, we will explore the

steady-state fluorescence of the photophysical system where the P(Aewhem = 2.38(Aemo(Aed([1] + [2]) (7)

titrant M also acts as quencher of the excited-state species. It

must be noted that this situation has one experimental variableandai(4em [M]) (i = 1, 2) defined by eqgs 8ec.

less than the case where the concentrations of the quencher and

titrant can be changed independertly. | A (Aem[M]) = {C1(Aerm) (Koz + Kio) + [Co(Aem)Kyz T+
Fluorometric titrations are constantly being used to determine C(Aemad[M] Ha([M]) (8a)

Kg values of numerous different complexes. For example,

Scheme 1 may depict the binding of an ion by a fluorescent 8y(Aey[MI) = {Ci(Ae)Kiz T Co(AemKor T ColAem) (Kog +

ion indicator and the corresponding dissociation of the formed k) M1 }a([M]) (8b)

complex>10-13 |n that case, specidsrepresents the free form

of the fluorescent ion indicator, speciés represents the —

corresponding bound form, and M stands for the ion. To UMD = Koslkop k) + [k01kq2+ Koakor + 5

illustrate the wide-ranging applicability of Scheme 1, we can Kga(koz T ki IIM] + KoKy, + k) [M]© (8c)

refer to the formation of a well-defined 1:1 complex between

glucose and a fluorescent bisboronic acid sensor at neutrdl pH, 3. Estimation of Kq

the K, determination of pH indicator$;*>"*" the binding of 3.1. Direct Parametric Fit of the Fluorometric Titration

cellular retinoic acid binding proteins to dhans-retinoic acid, Curves. Substituting eqgs 8ac into eq 6 yields

acitretin, and Sis-retinoic acid®the 1:1 binding of an inhibitor

to milk xanthine oxidasé? and the binding of cgogogranin A F(lewhem[M]) =

to calmodulin in the presence and absence to name

just a fow, i © Vlheter) + Yillenten)M] + yiaterMI”
In Scheme 1, the steady-state fluorescence signal 1+ x,[M] + x,[M] s Xg[M] 3

F(AexAem[M]) measured at emission wavelengtb, due to

excitation atle is given by-8 with

9)
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€1(Ae)C1(Aem) can be rejected. If the true values of rate constants are unknown,
YolAexhem) = Tk, (10a)  the correct selection df4 requires additional information about
1 the system under investigation.
In this section, we investigate wheth&y (as well as the other
61(2%() clg :3kq2+ Colle :gko system parameters) can be uniquely determined by algebraic
Vi(Aaphen) = el (10b) manipulations of the error-free coefficientg/exiem) (K= 0
KKoa(Koz 1 Ky2) 1, 2) andx (k = 1, 2, 3) at differenflex andem Because the
coefficients{ yx(AexAem) (k= 10, 1, 2),x (k =1, 2, 3} can be
Gaer) = €A )ColAem) Koy + kql) (10¢) uniquely determined via direct parameter fit of a single titration
Yoltente K ko1 (Koz 1 Ky0) curve (see egs 9 and 12), the aim of the identifiability analysis
is to verify if one can find alternative parameter sets, {siég’/
_ kOlkq2+ KooKoy n Koy + deql 11 k(J)rlv k§2, kirz- k;rl. kq+1, kq+2! CI(/lem), C;(iem): 6f(ﬂhex), E;r(/lex)} in
%= (ke T k) Koo, (11a)  addition to the true satKe, koi, koz, Kiz, ko1, Kgt, kg2, CilAen),
Co(Aem), €1(Aex), €2(Aey)}, that satisfy the following set of
 korkgp T Krkap + (Kykp + Koo (oy + o) equations based o (k = 0, 1, 2) (egs 10a10c).
Xo = K K (11b) . .
dkoilkoz + kg €1 e)Ci(en) _ €1 ()G (er) (150
. qu(k21 + kql) kOl kgl
Xg = PN R (11c)
Kakou(koz T ko) el(zex)ij:l(/l ko + G2 et
From egs 9-11, it follows that the ground-state dissociation €lted[CltenKiz T Coltemko =
constantKy, the rate constantSos, Koz, kiz, ko1, Kq1, K2}, the KaKo1(Koz + Ki2)
emissio_n weigh@ir_lg factor§ci(Aem), Co(lem)}, and_ the molar e (/1 X)Kd[ (/1em)k$ (ﬂ m)
absorption coefficient§ei(dey), €2(lex)} are accessible from the ¢ (/1 X)[C Uom)kiy + Cz(/l m)ko ]]
coefficientsyi(lexden) (k= 10, 1, 2) and (k= 1, 2, 3), which 27 em’ 712 e (15h)
can be obtained via direct parameter fit of the measured titration Ky ka(Key + Ki)
curve. Although nonlinear estimation fyi(AexAem) (K= 0, 1,
2),% (k=1, 2, 3} is possible (requiring initial guesses for alll €22 Col e (Kay + Kgp) 6;(,18)()(;;(,18"])(;(;1 + kqﬂ)
parameters), a simpler way of performing the analysis is by = n (15c)
linearization of eq 9, yielding eq 12. The linear parameters Kakoa(koz + Ky2) Kd k01(k02+ Ky 12)
Flextem[M]) + XF(AepdemnMDIM] + A set of equations analogous to eqs-46aan be constructed

for each distincflex andienm The set of identifiability equations
XoF (Aot [M])[M] + X3F(’19X"lem’[M])[M] should be supplemented by the equations for the coefficients
Yolleohen) T Yilexter)M] + Yollepder)IM] % (12) X« (k =1, 2, 3) (egs 1lac), which are independent @ty and

em

exrreme

Vi(Aedem) (K =0, 1, 2) andx (k = 1, 2, 3) in eq 12 can be

estimated directly using linear least-squares minimization. k01qu + Kooy | Koyt deql _
3.2. Identifiability. Obviously, the set of eqs 10 and11 does  ky,(k,, + K;,) KdKoz
not supply the unique solution for the system paramdt&gs + +
kot Koz, kiz, Kos, ka Koz Cilden), Collem)s €1(ed, e2lied}- ket ek, Kt Kok )
Consider, for example, the ground-state dissociation constant k01(k02+ K 1) Kd k01

Kg, which is the parameter of primary interest in any fluoro-
metric titration study. Combining eqs 11a yields a polynomial Kokaz + Kqakiz + (Kgkgo 1 Koo (Ko + Kqp)

(eq 13).
KKor(koz + ki2)
XK — K2+ x,Ky—1=0 (13) Koy Koo + gy Ko+ (K Ko + kg (K + Kqy) (16b)
Using the symbolic mathematics program Maple V (Waterloo Kd kOl(kOZ +K; 12)
Maple Inc.; see Supporting Information), we obtain three roots o N
for the polynomial of eq 13kg, = 0): qu(kZl + kql) qu(k21+ kql) (16¢)
rooti = Kd (l4a) deOl(koz + k12) Kd kOl(kOZ + k 2)

+ Kokeo + k.. + Using the symbolic mathematics program Maple V (see

root, ; = Korkaz + Kakaz 1 Koolkay kql) Supporting Information), one finds that at least two excitation
2kq2(k21 + kql) wavelengths [corresponding to differenfley), €2(1ex)] and two

2 emission wavelengths [corresponding to differen{ien),
\/ (koskaz — KqikKiz — koalkoy 1 kqo))™ — 4kgokoiKigko, (14b) c2(Aem)] are required to have a unigque solution for the admissible
2Kyo(Koq T Kg0) value Kqy. Other system parameters cannot be uniquely deter-
mined, no matter how many titration curves (measured at
The values of roet; defined by eq 14b are independent of different lex and Aen) are combined.
Kg; therefore, if the true values of the rate constants are known The solution of the identifiability problem immediately leads
a priori, the root s corresponding to the wrong values K to the experimental design which will allow for the unique
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determination ofKy. The explicit expression foKyq can be
obtained using Maple V (see Supporting Information):

Py Xy PP + P X — PyPs

o= P + (PP + P, — 2D1Pg)%, — _
PP, + PiPXs + Py
with
P1 = Z01201 — Zooa (18a)
P2 = (Zo2 — Zod)ZioZy + 21— 2y (18b)
P = (211~ 2221202 — Z02 + 21 (18c)
and
Zy = {Yolherhen¥s(Fextem) —
Yollexhen)¥1(Roetem} D), ] = 1,2 (192)

Z = {yl(j'jewlim)yo(ljexj'gm) -

Y12 )YoAhden)} D), j = 1,2 (19b)

D; = YR em)YolAwhem) —
yZ(ALx'/lém)yo(/‘LJex'i}a

liem), k = 0, 1, 2 are the coefficients obtained

o J=1,2 (19c)

where (4!

exr
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roots: one is the ground-state dissociation constant red{q
and the other root is expressed as a function of the rate constants
(eq 24).

Koi(koz + Kio)
kOZkZl

Linear least-squares minimization as in section 3.1 gives
estimates for the linear parametégg(lexAem) (K= 0, 1, 2),x
(k = 1, 2)}. Analysis shows that without quenching the
identifiability criteria for Kq remain the same: two excitation
wavelengthst,, (j = 1, 2) and two emission wavelengths,
(i = 1, 2) are still necessary for the unique determination of
Kg. The expression for the determinationkqf can be obtained
from eq 25, which is obtained from eq 17 wixh = O.

_ 201211 — %o%12
(2012401 — 20220)%1 T Z50Z01(Zis — Z10) + 25y — 7

3.4. Model without Excited-State Association and without
Quenching. Further simplification of eq 9 is possible if one
can neglect the excited-state associatign[l1] ~ 0) and
qguenching Kq2[M] ~ 0, ky2[M] ~ 0). Now eq 9 reduces to eq
26 with yo(dexAem) given by eq 10a. The coefficienys(Aex,Aem)

root, = (24)

(25)

Ky

from the parameter fit of eq 9 to the experimental data measured@ndxi are given by egs 27 and 28, respectively.

at excitation wavelengttii, (j = 1, 2) and emission wave-
length Ay, (i = 1, 2).

3.3. Model with Excited-State Association and without
Quenching. In the absence of quenchinig{M] = 0, ky[M]
~ 0), eq 9 simplifies to eq 20, witlyo(LexAem) given by eq

F(’lexv/lemi[M]) =
Yollewem) + Yilhexten) Ml + VolAepher) IM] 2
1+ x[M] + x,[M]?

(20)

10a. The coefficientgyx (k = 1, 2) andx (k = 1, 2) are given
by egs 21 and 22, respectively. Combining eqs 22a and 22b

yl(iex’len‘) =

61(’1e><)(:2(j'em)de21 + 62(’1e><)[Cl(j'em)klz + Cz(len*)kO]] (21a)

KakKox(Koz 1 Ky2)

_ 6(AedCoAer)Koy
Yolexhem = Kehortkop + ki) (21b)
_ Ko1Koo 1

oot ) K (222)

Kozkor
= < 22b
%™ Koo + 10 (220

yields a polynomial (eq 23). This polynomial (eq 23) has two

XK= xKy+1=0 (23)

it = CerenMD _
( exr ema[ ]) - l/)(iex,/lem) -
yO(;{ex’len*) + yl(lex'/len)[M]
1+ x,[M] (26)
62(’1e><)[Cl(j'em)ku + Cz(/len*)kO]]
Aoolem) = 27
Nlarter Kdhthon T o) @
X, = 1K, (28)

Equation 26 is equivalent with eq 6 wit(Aem) (i = 1 ,2)
given by egs 29a and 29b. It must be noted @) (i = 1,

al(}'en*) = Cl(len*)/km (293)
_ C(Aem)Kip T ColAer)Koy
o) = et ) (295)

2) are no longer dependent on [M]. In that caS€.exAem[M])
and F(lexAem[M]) as a function of log[M] show a unique
inflection point at [M]= Kq. The K4 value can be determined
from!

Fmax(/lex'/lem)[M] + Fmin(’lex*len*)Kd
Kq+ [M]

FlhexemM]) = (30)

by nonlinear fitting of eq 30 to the experimental fluorescence
signalsF(Aex,Aem[M]). Fmin(AexAem) andFmaxdAexdem) Stand for

the fluorescence signals at minimal and maximal [M], respec-
tively (corresponding to the freel) and bound %) forms of

the probe, respectively). This simple case has been treated
adequately in the literature and will not be discussed further
here.

4. Global Analysis of Computer-Generated Fluorometric
Titration Curves

Here we explore by means of simulations the considered
algorithms for the determination of the ground-state dissociation
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constanK,. Itis obvious that the number of computer-generated  (a) 18 -
photophysical systems (following the model depicted in
Scheme 1) with different simulation values of the rate constants,
the molar absorption coefficients, the emission weighting
factors ¢ and the dissociation constamty is unlimited.
Therefore, the presented examples serve only as an illustration
of the global analysis method. The curve-fitting of a large range
of computer-synthesized fluorometric titration curves corre-
sponding to different simulation values is beyond the scope of
this paper.

To simulate the first photophysical system, fluorometric
titration curves were calculated according to eqs 9 and 20 using
the Kg and rate constant values of the fluorescentikdicator r T T
PBFI in aqueous solutioft koy = 1.1 x 10° s, kg, = 1.8 x -1 0 1 2 3 4
10° S_l, ko = 1.37 x 10° S_l, kop = 2.7 x 18M1 S_l, Kg = -log[M]

6.62 mM. The values of the quenching rate constants were (b)

chosen arbitrarily:kg: = (q)(4 x 18 M1 s71) andkg = (q)(2 LA

x 108 M~ s71), with q equal to 0 (no quenching), 1, 2, 5, or -

10. Two combinations of the molar absorption coefficierts ( i

= 28000 M1cm™, e, = 37 300 Mt cmt, ande; = 17 000

M~1cm™, e, = 42000 M1 cm™1) and two combinations of

relative emission weighting factor$;fF ci/(c; + ¢) = 0.37,

& = ci(cy +c) = 0.63, andt; = 0.63,& = 0.37] were used. Tspms

The fluorescence dafg[M]) calculated according to eq 20 (i.e., 04 1

g = 0) for different combinations dfes, €,, €1, C2} as a function

of —log[M] are shown in Figure 1a. Although the complicated

dependence df([M]) on [M] is evident from this figure, clear

inflection points around 6.62 mM—log[M] ~ 2.18), corre-

sponding tKgy, can be found. The associated fluorescence decay g ' T ' )

times 75 ([M]) calculated as the negative reciprocals of the =] 0 1 2 3 4

eigenvalues of matriA (eq 3) are displayed in Figure 1b as a -logM]

function of —log[M]. Since ko1 < ko, for [M] — 0, the short Figure 1. Photophysical system number 1: (a) fluorescence data

decay timers reaches 1Ky, + ki) whereas the long decay time  F([M]) calculated according to eq 20 (without quenching) for different

7. equals o1 For [M] — o, ts always reaches zero whitg combinations of ey, €2, ¢y, ¢z} as a function of-log[M]. The simulated

decreases to K¢, in the absence of quenchidglimportantly, rate constant antly values areg: = 1.1 x 10° 572, kop = 1.8 x 10°

the values ofrs;, remain constant in the [M] range arouid ST ke=137x 1005, ko1 = 2.7 x 1P M1 57, Kq = 6.62 mM.
T . . - Two combinations of the molar absorption coefficiends £ 28 000

(=6.62 mM), indicating that in this concentration range the \-1cm2 ¢, = 37300 Mt cm 2 (red);e; = 17 000 M2 cm 2, e, =

excited-state association is negligiBile. 42000 Mt cm* (blue)] and two combinations of relative emission

Figure 2a presents the fluorescence daf]) calculated \(Neilgéﬂilng f«’;ICEOFS %1301{(01 +o %2; =(d0-3;]7.§2|=_ CZ/)(]Cl +c) = 0663(b)

; ; Y solid lines); &= 0.63, &= 0. ashed lines)] were used.
Si?‘?grfrl:?etf qu gl(fgzr}qgg;%w\g%:gg:f;}ﬁt ﬁggkg;)lgcg)t Associatedrs (soli'd line) andr. (dashed line) as a _function oflog-

P er L . : [M], calculated with the rate constant values of Figure 1la.

[M]. The effect of quenching is clearly visible at high [M],
whereas at low [M] the curves are practically the same as in
the absence of quenching (compare Figures la and 2a). Th
inflection point aroundKy (—log[M] ~ 2.18) is still visible.
The associated decay times, ([M]) are shown as a function
of —log[M] in Figure 2b. At high [M] in the presence of
quenching, bothrs andz. asymptotically approach zero. At [M]
around Kd’ Ts remains constant Whi|GE|_ starts decreasing at where® is the Signa|-t0-n0ise ratio. Four levels of Signa|-t0-
higher [M] (see Figures 1b and 2b). Obviously, the effect of Noise ratio® were used: 1000, 500, 200, and 50.
[M] on the decay times becomes more pronounced when the Curve fitting was performed in three steps: (1) The linear
guenching rate constants are higher. least-squares algorithm was applied to eq 12 to generate initial

To computer-generate the numerical fluorometric titration data guesses for the coefficienfgi(le e, (K=0, 1, 2;i,j =1,
(according to egs 9 and 20), 12 [M] values (0.5 mM, 1 mM, 2 2), X (k= 1, 2, 3}. (2) The final estimates foyi(4,%,) and
mM, 4 mM, 7 mM, 12 mM, 30 mM, 80 mM, 0.2 M, 0.4 M, 1  XcWwere obtained from the iterative nonlinear least-squares fitting
M, and 4 M) were used. As we have only 12 [M] values, each of eq 9 to the experimental titration curves. (3) The obtained
data point is very important and their selection is crucial. We coefficientsyi(1.,,/5,) andxc were further used for the calcu-
have chosen the [M] values in such a way that they are lation of Kq according to eq 17.
approximately evenly distributed over thdog[M] scale from Note that in steps 1 and 2, the parameters were obtained from
~3.30 to~—0.60. global analysis of four titration curves [two emission wave-
Statistical noise, added to the simulated fluorescence titrationlengthsi,,, (i = 1, 2) and two excitation wavelengths, (j =
curve, was described by Gaussian statistics, i.e., the final valuel, 2)]. The parameters (eq 11), being rational functions of
of a fluorescence data poiR{[M]) of the titration curve at each  the rate constants, independent of the emission or excitation
concentration [M] is a Gaussian random value, with a mean wavelengths, were linked in the global analysis.

JF (MDD

L
|

==}

0.6

&2

equal to the exact value for this concentration and a standard
Qincertainty® defined by

WF(M])} = F(IM]))/© (31)
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(a) 18
g
&,
-1 0 1 2 3 4
-log[M]
(b) -
08
06"
Tgp/ns r I
04 -
.'f‘ /’_.__’__
: -
-1 0 1 2 3 4
-log[M]

Figure 2. Photophysical system number 1: (a) fluorescence data
F([M]) calculated according to eq 9 (with quenching) for different
combinations of ey, €, €1, C5} as a function of-log[M]. The simulation
values of rate constants, molar absorption coefficientsrelative
emission weighting factor§;, and K4 are those of Figure 1. The
simulated quenching rate constants laje= 8 x 10® M~* s7 andkg.

=4 x 10 M1 s™L, (b) Associateds (solid line) andr_ (dashed line)

as a function of-log[M], calculated with the rate constant values of
Figures 1 and 2a.

This algorithm can also be applied to the model without
qguenching by fixing the quenching rate constadgisandkg, to
0 (see also egs 20 and 25).
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TABLE 1: Photophysical System Number 1, Mean Value
(#) and Corresponding Standard Uncertainty @) of the
Estimated Values ofKy4 by Global Analysis of Four
Fluorometric Titration Curves Synthesized According to the
Models Described by Eq 9 (with Excited-State Association
and Quenching) and Eq 20 (with Excited-State Association
and without Quenching) for Two Combinations of the Molar
Absorption Coefficients and Two Combinations of the
Relative Emission Weighting Factos®

(€]
fitting

quenching model estimator 1000 500 200 50
g=0 eq20 wu{Kd} 6.61 6.60 6.55 6.49

(no quenching)
u{ K} 0.077 0.15 0.44 247
g=1 eq9 u{Kg} 6.62 6.62 6.56 5.83
u{ K} 0.034 0.068 0.64 2.62
q=2 eq9 u{Kg} 6.61 6.62 6.69 6.34
u{ K} 0.032 0.072 0.83 2.81
q=5 eq9 u{Kg 6.62 6.64 7.21 4.8
u{ K} 0.15 0.27 1.18 834
g=10 eq9 u{Kg 6.65 6.60 566 8.24
u{ Kg} 032 160 6.33 9.16

a¢; = 28000 Mt cm™, ¢, = 37300 M cm® ande; = 17 000
M~tcm™, e, = 42 000 Mt cm™2, &= 0.37,&= 0.63 and¢; = 0.63,
€= 0.37. The following values of the model parameters were used:
Ka=6.62 MM, ko1 = 1.1 x 10° 5%, koo = 1.8 x 10° s, ki = 1.37
x 1P st ky=27x 1M 1st ky=(q)4 x 1M~ ts?), and
Kz = (Q)(2 x 1° Mt s7%).

lead to inaccurat&y values, especially if the quenching is more
pronouncedd = 5, 10). In these cases (i.e., |d®& combined
with high g) the standard uncertaintie§ Ky} also are large.
For higher® levels (500, 1000), the standard uncertauti}

is the lowest for the systems without quenchiigg= 0) and
those with moderate quenching € 1, 2). Increase of the
guenching rate constarkg andkgy, (by increasingy from 1 to

10) leads to a more rapid decay of the titration curve at higher
[M] and less accurate and less precigegestimates.

To check the generality of the results of this analysis, a second
photophysical system was simulated with > ko (in contrast
to the previous photophysical system) and a much larger value
for the excited-state association rate constaptContrary to
the first system, the relatidky, > kozleads to a different pattern
for 7. at high [M] in the absence of quenchifglindeed,z,
increases with increasing [M] to reactkdd/for [M] — . For
[M] — 0 and ifko1 < ko2 + ki2 (as is the case here) we haxe

For each set of system parameters, 100 simulated titration= 1/ko1 andzs = 1/(koz + ki).?* The values of the quenching
curves were generated, each one with a different realization ofrate constantfkgs, kg2t the molar absorption coefficiene.,

statistical noise. The values Kf were estimated from the 100

€2}, the relative emission weighting factof<;}, and the

computer-generated titration curves, and the estimates weredissociation constariy (=6.62 mM) are the same as for the

stored for the calculation of the mean vajue

100
u{Kg = Y K}/100

n=

(32)

and the variance?,

100
Z(KS)Zfloo — u{K3?

n=

W{Kg = (33)

whereKgj is the estimator oKy obtained in rum.

first photophysical system. The simulation excited-state deac-
tivation/exchange rate constant values akg; = 1.8 x 108

S kpe=17x1Ps L kp=1.1x 108sL, kyy =5 x 1010
M~1s7(i.e., kor > ko2 andko; < ko2 + ki2). The higher value

for ko1 (compared to the previous system) makes the excited-
state association more prominent at lower [M]. Now changes
of F([M]) are observed in the [M] range where valueszgf,
vary.

Figure 3a show the fluorescence dd&{M]) calculated
according to eq 9 (for quenching with= 1 in ky; andkg) for
different {€1, €2, c1, ¢} combinations as a function of
—log[M]. The effect of quenching is clearly visible at high [M],

The results of the analyses of the simulated fluorometric data obscuring somewhat the inflection point aroum@. The

of this photophysical system are compiled in Table 1. It is
evident thatly is always estimated most accurately for higher
signal-to-noise ratiogd = 500, 1000). Low® levels (50, 200)

corresponding decay times ([M]) as a function of—log [M]
are shown in Figure 3b. At high [M], boths and 7.
asymptotically approach 0. Botia andz, vary in the [M] range
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(a) 160 - TABLE 2: Photophysical System Number 2, Mean Value
(#) and Corresponding Standard Uncertainty @) of the
140 - Estimated Values ofKy4 by Global Analysis of Four

Fluorometric Titration Curves Synthesized According to the
Models Described by Eq 9 (with Excited-State Association
and Quenching) and Eq 20 (with Excited-State Association
and without Quenchingp

120 1

100 A

= B
ke _
’ fitting
quenching model estimator 1000 500 200 50
q=0 eq20 u{Kg} 6.62 6.64 7.00 3.80
(no quenching)
u{ Ko} 0.18 040 245 8.30
. o : . : . . q=1 eq9  u{Kg 6.64 6.70 6.80 3.83
= ) u{ Ko} 0.22 047 355 10.6
-1 0 1 2 3 4 3 q=2 eq9  u{Kqg 6.64 672 6.75 2.00
“loaiM] WKy 023 053 422 135
(b) i} q=>5 eq9  u{Kg 6.65 6.74 7.46 6.31
7 7 u{ Kg} 0.28 0.66 4.41 153
_ q=10 eq9 u{Kg 6.65 6.79 7.72 1.03
& u{ Ko} 0.35 0.88 4.64 178
5 o 3¢ = 28000 Mtcm? e; = 37300 Mt cmtande; = 17 000
M~tcm™, e = 42 000 M cm™, &= 0.37,&= 0.63 and¢; = 0.63,
g ¥ C= 0.37. The following values of the model parameters were used:
T/ o Kg=6.62 MMk =18x 1085} kp=1.7x 1085}, kip= 1.1 x
3 4 18 st ko =5x 1000M1 s ks = (q)(4 x 108 M~ s71), andkg,

= ()2 x 1M~ ts?),

L {kqw, Kq2} results in less than a 2-fold increase in uncertainty.
1A This can be tentatively accounted for by the fact that for the
first system we used the concentration scaleaup M (notably,
' 4 ! ! ' ' ' points 1 and 4 M), and for the second system, the concentration
-1 0 1 : 3 4 3 scale is limited by 0.6 M. Therefore, in the latter case the effect
-log{M] of elevated quenching should be less pronounced. The general
Figure 3. Photophysical system number 2: (a) fluorescence data conclusion that low signal-to-noise rati@, and high quench-

F([M]) calculated according to eq 9 (with quenching) for different jnq rates are detrimental to the accuracy and precision of the
combinations of €1, €2, €1, C2} as a function of-log[M]. Simulation K, estimates remains valid.

values of rate constants akd areky; = 1.8 x 10° s7%, koo = 1.7 x
108 Sﬁl, ko = 1.1 x 108 Sﬁl, kor =5 x 100 M1 Sﬁl, kql =8 x 10° .
M-1s? kp=4x 18 M-1s, Ky= 6.62 mM. The molar absorption - Conclusion

coefficients and the relative emission weighting factors are the same In this paper, we have shown that in the presence of excited-
as for photophysical system number 1. Two combinations of the molar '

absorption coefficients[ = 28 000 M- cm L, €, = 37 300 M- - state association and quenching, the unique vall& atn be
(red);e; = 17 000 ML cm L, e, = 42 000 M cmr* (blue)] and two obtained from global analysis of four fluorometric titration
combinations of relative emission weighting factaisS ci/(c; + ¢2) curves measured at two excitation wavelengths [corresponding

= 0.37,8= c/(c1 +¢2) = 0.63 (solid lines)f:= 0.63,8= 0.37 (dashed to different e€1(1ex), €2(Aexy)] and two emission wavelengths
lines)] were used. (b) Corresponding(solid line) andr. (dashed line) [corresponding to differert;(len), C2(Zem)]. The other system
values as a function oflog[M], calculated with the rate constant values parameters (rate constants, molar absorption coefficients, and

of Figure 3a. emission weighting factors) cannot be uniquely determined no
aroundKgy. The long decay timey rises from 1y at [M] ~ O matter how many titration curves (measured at different

with increasing [M] and subsequently drops to zero when [M] wavelengths of excitation and emission) are combined. The
— 00, results of global analyses of computer-generated fluorescence

Twelve [M] values (0.1 mM, 0.8 mM, 2 mM, 6 mM, 8 mM, titration curves indicate that high signal-to-noise ratios and
10 mM, 15 mM, 20 mM, 50 mM, 80 mM, 0.2 M, 0.6 M) were  minimal quenching are favorable for the accurate and precise
used to simulate the data poirE§M]) at each concentration  estimation ofKg.

[M]. The choice of the [M] values covers thelog[M] range

from 4.00 to~0.22. The results of the analyses of the simulated ~ Supporting Information Available: Maple scripts for (i)
fluorometric data of the second photophysical system are ground-state dissociation const#atfrom a single fluorometric
presented in Table 2. These results confirm the generaltitration curve (eq 14); (i) identifiability of the ground-state
tendencies in statistical characteristics of kg estimates  dissociation constardy; and (iii) determination of the ground-
observed for system number 1. However, there are two notablestate dissociation constakit (egs 17 and 25). This material is
differences. First, th&gy estimates are more uncertain (larger available free of charge via the Internet at http://pubs.acs.org.
u) at all signal-to-noise levels and quenching rates, proving that

this system is more difficult to analyze. Second, system number References and Notes
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