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Experimental Design for the Estimation of Photophysical Parameters of the Two-State
Excited-State Proton-Exchange Reaction in the Presence of pH Buffer

Introduction

Fluorescent pH indicators are widely used to investigate in
vivo changes of proton concentratiomside living cells! To
measure pH quantitatively, it is crucial to match th&, pf the
indicator to the pH of the investigated system. The intracellular
pH in the cytosol is close to neutral (generally betweeh8
and 7.4), so fluorescent indicators with K4of around 7 are
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The excited-state proton-exchange reaction of commonly used fluorescent pH probes at physiological pH
becomes reversible upon addition of pH buffer. Using computer-generated fluorescence decay surfaces, we
investigated under which experimental conditions (pH, buffer concentration, and excitation and emission
wavelengths) the rate constants describing the excited-state prodg3sesl(the spectral parameters related

to excitation py) and emissiond;) can be accurately and precisely estimated by global compartmental curve
fitting. It was found that a minimum of three fluorescence decay traces should be collected for the pH probe
in the presence of buffer. These three decays should be characterized by at least two different pH values and
at least two different buffer concentrations. In addition to these three traces, a minimum of one trace
corresponding to the pH probe without buffer has to be recorded. Furthermore, for the accurate estimation of
kj, b1, and&;, at least two of these traces should be collected at the same pH and excitation and emission
wavelengths. The experimental conditions should be chosen in such a way that decays with unambiguous
biexponential character are obtained. For fluorescent pH probes Wit~p7 that are responsive in the
near-neutral pH range, it is advisable to use buffers V\ME\ yalues comparable to or higher than th€, pf

the probe. Because the changes in the decay times are already apparent with a small quantity of buffer, there
is no need to use excessively high buffer concentrations. From a practical point of view, the best experimental
design is attained when one combines in a single fluorescence decay surface traces originating from samples
characterized by different pH values at the same buffer concentration with traces characterized by different
buffer concentrations at the same pH and decays of samples without buffer measured at several pH values.

corresponding preexponential factars Accurate estimations

of T anda values can be realized by the global analysis approach
where the decay timescan be linked (e.g., over decay traces
collected at various emission wavelengths).However, for
decays collected at various pH valuesgenerally varies and
hence cannot be linked. To benefit the most from the power of
global analysis, one has to fit directly for the underlying

required for cytosolic pH measurements. The most common Parameters, namely, the rate constants and spectral parameters
fluorescent indicators for near-neutral pH measuremédats., that can be linked indeed. This global compartmental analysis
SNARF and SNAFL indicatofs® and BCECE4) are fluores- has the additional advantage that the parameters of interest are
cein- or rhodamine-type molecules. To understand the complexdetermined directly from the complete decay data surface in a
photophysics of fluorescein-derived pH indicators fully, it is single steg?13

essential to elucidate the excited-state dynamics of these peterministic identifiability deals with the determination of

molecular forms. Rate constants of excited-state processes ang,q parameters of a given model assuming error-free observa-

spectral parameters associated with excitation and emission argionsl4-
the key parameters to be determined. .

18 There are three possible outcomes to the deterministic
identifiability analysis. (1) The parameters of an assumed model

The single-photon timing (or time-correlated single-photon o, he estimated uniquely, and the model is uniquely (globally)

counting) technigue® provides time-resolved fluorescence data

from which these parameters can be extracted. To identify the
kinetic model for an excited-state process, a multidimensional
fluorescence decay surface is measured under a variety o
experimental conditions (pH, excitation and emission wave-

identifiable from the idealized experiment. (2) There are a finite
number of alternative estimates for some or all of the model
fparameters that fit the data, and the model is locally identifiable.
(3) An infinite number of model parameter estimates fit the data,

lengths, etc.). In many cases, the time relaxation of an excited and the model is unidentifiable from the experiment. Recently,
system can be described by a sum of exponential functions, W& have studied the fluorescence kinetics andititerministic

state proton-exchange reaction and how the addition of pH
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buffer affects botA In the absence of pH buffer, the model is

noel.boens@chem.kuleuven.ac.be. unidentifiable. When a pH buffer is added to this photophysical
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SCHEME 1: Representation of the Kinetic Model of state species (i.e., in the low excitation limit), then the
Ground and Excited-State Proton-Exchange Reactions in fluorescenced-response functionf(1®™ A°X t), at emission
the Presence of pH Buffef wavelengthie™ due to excitation at®* is given by-?
K2 .
R + e + RH (5™ 2% 1) = k(AU expl) U B(A®)  t=0
e N CE (1)
LN . W with k being a proportionality constantl = [U1, U] is the
matrix of the two eigenvectors of the compartmental mafrix

(eq 2), andJ~1is the inverse ob. y; andy, are the eigenvalues
of A corresponding t&J; andU,, respectively, and expl’) =

W | | e diag[exp@at), expfat)].
—(koy + ko + KB[R]) KEJRH
- - _ | (ko @ 21[R]) ki [RH] : @)
1 a— k21 + k21[R] - (koz + klZ[RH])
+ W b(1#9 is the 2x 1 column vector with elements(1®) defined

a1 and2 are, respectively, the ground-state acid and conjugate base

forms of the fluorescent pH indicator, atitiand 2* are the associated b.
excited species. RH and R are, respectively, the acid and conjugate b= ! (3)
base forms of the buffer. In the time-resolved fluorescence experiments ' b +b,

of fluorescein, RH is BPQ,~, and R is HPGF—.

system, the proton transfer becomes reversible, and the modelvhereb; denotes the concentration dfat time zero
is uniquely identifiable. .

This paper describes tmeimericalidentifiability of the model by =[] =0 4)
of the intermolecular two-state excited-state proton-exchange = o .
reaction. By using computer-generated noisy fluorescence decaywhich in the low-excitation limit is proportional to the ground-
traces that are in discrete (sampled) form, we verify the validity Stateé absorbance df Hence,b; represents the normalized
of the conclusions of the deterministic identification analysis. absorbance of speciesat 2= The b(1®, pH) parameters can
Hence, the problem comes down to estimating the parameters€ expressed as a function of the ground-state acidity constant
of the model (rate constants and spectral parameters related té<a Of the pH indicator, the molar absorption coefficiea(d )
absorption and emission) from experimental (here computer- ©f ground-state specieisat A% and the pH of the sample
generated) data by global compartmental curve fitting. This Solution. Forby (A%, pH) at [H'] and 2%, we have
study allows one to determine the optimal experimental design

of time-resolved fluorescence experiments of pH indicators so B, (1% pH) = [H+] (5)
that the key parameters can be recovered with the highest AP (1%
accuracy. H] +K;

€, (A7)

Theory

Fluorescence Decay Kinetic<Consider a causal, linear, time-  ¢(A®™) is the 1 x 2 row vector of the normalized emission
invariant intermolecular system consisting of two distinct types weighting factorst(1¢™) of species* at Ae™12
of ground-state species and two corresponding excited-state
species as depicted in Scheme 1. Ground-state spkcdas N G
deprotonate to form ground-state spedesd Hf. The proton- G= c,tec, (6)
exchange reaction is described by the ground-state acidity
constant, = [2][H ")/[1] of the pH indicator. Photoexcitation
creates excited-state speciEsand 2*, which can decay by
fluorescence (F) and nonradiative (NR) processes. The com- e e em
posite rate constants for these processes are denotégh by G(A™) = kFifMem pi(A"") d @)
(= ke1 + knr1) and ko (= Kez2 + knra). ko1 denotes the rate
constant for the dissociation df into 2* and H'. Because  Kri represents the fluorescence rate constant of speties
only pH probes useful at near-neutral pH will be considered in pi(A°™) is the emission density of specié$ at emission
this paper, we will assume that ffis so small as to make the ~ wavelengthi®™, normalized to the complete steady-state fluo-
rate of association d* + H™ — 1* negligible. The acidity of rescence spectruii of species*; and AA°™ is the emission
the buffer can be described by its ground-state acidity constantwavelength interval arouné™ where the fluorescence signal
K® = [R][H*V/[RH]. In the ground state, the acidic form of the IS monitored.pi(2°") is defined by
pH indicator (specie$) can react with the basic form R of the

The emission weighting factois(A®™) are given by?

pH buffer to give the basic form of the pH probe (spe@gs 2em — Fi(/lem) 8
and the acidic form RH of the buffer. In the excited state, the Pi n) - em (8)
reaction of specie$* with R to form 2* and RH is characterized ffun band " i

by rate constark?l. The reverse reaction @ and RH to give ) ] . . .
1* and R is described by rate constekﬁ;. Equation 1 can be written in the common biexponential format:

If the system shown in Scheme 1 is excited with aulse em 1ex
that does not significantly alter the concentrations of the ground- fA7 A7 ) = a explyqt) + o, explyt)  t=0 (9)
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The eigenvaluey > are given by

yi2=— S+ F

J(S = $)7 + A RH](k,, + KE[R])] (10)

with
S =Koyt Ky t kgl[R] (11a)
S, = ko K[ RH] (11b)
and are related to the decay timas according to
1
Y1i2= — . (12)
12

The exponential factorg; » (and hence also, ) are dependent
on pH because [R] and [RH] are generally pH-dependent.
Indeed, [R] and [RH] can be expressed as a function df|[H
K of the buffer, and the analytical buffer concentratich

(= [R] + [RH]):

B~B
Y 0
B [H +] CB
RHI= o (13b)

Preexponentialst; » are dependent on rate constakis pH,
28 2em and total buffer concentratio@®.1”

When the pH is much higher than th&gpand [:KE, only
specie2 and2* are present, and [RHE 0 (CB ~ [R]). In that
case, the value of amplituda associated with the limiting value
of 71 = (ko1 + ko1 + k5,CB)~1 = S~ vanishes. Hence, the
fluorescencej-response function is given by eq 14

f(A°™ A% ) = b,c, exp(—kyt) t=0 (14)
and this assigns a unique valuekg.

Deterministic Identifiability. Recently, we completed a
deterministic identifiability analysis of the model shown in
Scheme 17 At least three fluorescence decays collected at a
minimum of two pH values and at a minimum of two buffer
concentrations, in combination with the biexponential fluores-
cence decay in the absence of buffer (i38. = 0), are necessary
and sufficient to uniquely determine all rate constéagtsand
normalized spectral parametérand&. The requirement is that
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Figure 1. Possible experimental configurations as a function of pH
and buffer concentratiol€® that lead to uniquely determined rate
constants. All four cases depend on the knowledge of the &ea-(

ko1 + Koz), which can be obtained from a biexponential decay without
pH buffer (C® = 0).

TABLE 1: Simulation Parameter Values Used for the
Computation of Decay Timesr; ; and the Associated
Preexponential Factorsa, ; in the Presence of pH Buffef

parameter value
ko1 0.6x 10°s™!
ko2 0.8x 1(®s?
ka1 1x 1PM1st
KB, (50r30)x 1°M-1st
K, 10x 1PMtst
pKa 7.5
61/€2 1

2 The preexponentials are calculated for four detection wavelengths
corresponding to the following: values (0.6, 0.4, 0.2, and 0.0). The
b, values are calculated according to eq 5.

(arbitrary) simulation parameter values given in Table 1 for four
€1 values (0.6, 0.4, 0.2, and 0.0). The rate constant values were
chosen to obtain decay times; in the (sub)nanosecond range
commonly measured by the single-photon timing technique. The
other parameter values were selected to produce significant
changes in the decay times, and preexponential factors »
as a function of pH an@®. They1; andau > values were then
used to compute biexponenti@response functionfA®x, 1em,
t) according to eqs-913. The scaling factor was adjusted to
reach about 0counts in the peak channel. All computer-
generated decays had 4K data points. The time increment per
channel was 2 or 3 ps. Full details of the synthetic fluorescence
decay data generation are presented elsewRere.
Implementation of Global Compartmental Analysis. The
global compartmental curve fitting of the fluorescence decay
surface of species undergoing excited-state processes in the
presence of added buffer was implemented in a general global

the decays at the common pH should be collected under identicalanalysis program using Gaussian-weighted nonlinear least-

experimental conditionsi* and1®™). Figure 1 shows graphi-
cally the experimental configurations as a function of pH and
CB that lead to the unique determination of all rate constants

squares fitting based on Marquardtevenberg minimizatiof?
Any of the fitting parameters can be kept fixed during the fitting
or may be freely adjustable to seek optimum values.

kj. All four cases depend on the crucial measurement of a Consider the intermolecular two-state excited-state process

biexponential decay of the pH indicator @ = 0 so that the
sum o1 + ko1 + kop) is known.

Experimental Section

Synthetic Data Generation.Simulated fluorescence decay
traces were generated by the convolutiorf(*, 1°™, t) with
a synthetic instrument response function consisting of a differ-
ence of two exponentials. The full width at half-maximum of
the instrument response function 1860 ps. Preexponential
factorsau » and corresponding eigenvalugs, were computed
from kj, by, andg; by a dedicated computer program using the

in the presence of added buffer as represented in Scheme 1.
The global (linkable) fitting parameters ake;, ko, ko1, k?z,
kgl, by, and&,. The rate constantl; can be linked over the
whole decay surface, the parameters can be linked for samples
at the same pH antf*, and thet; parameters can be linked for
samples at the sam¥™. The only local (nonlinkable) fitting
parameters are the scaling factors.

At each pH andCB, the values of [R] and [RH] of the buffer
with acidity constaanE were computed according to eq 13.
Assigning initial guesses to rate constakys Koz, ko1, k?z, and
ko, allows one to construct the compartmental matixor
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each decay trace. The starting value for all rate constgnts
was 1x 10° (M~1) s71; for by and@,, the initial guesses were
0 and/or 1. For identifiable experimental configurations, the

same final parameter estimates were obtained, regardless of th

initial guesses ob; and &,. Eigenvaluesy;, and associated
eigenvectordJ; » of matrix A were determined using routines
from EISPACK, Matrix Eigensystem RoutinésThe eigen-
vectors were then scaled to the initial conditiobs The
fluorescenced response of the samplé(A®*, A®™ t), was
calculated according eq 1. Thégi®, A®™ t) was convoluted
with the instrument response function, and the adjustable
parameters of this calculated curve were optimized to fit the
simulated (or experimental) fluorescence decay of the sample.
The generalized global mapping table approach described
previously! allows one to analyze simultaneously experiments
done at differentl® and A®™, at multiple timing calibrations,
and at different pH an€® values.

The fitting parameters were determined by minimizing the
global reducedchi-squar@gé

, 9 Wi (Vi — Vi)
Xg— -

T v

(15)

where the index sums over experiments and the indésums
over the appropriate channel limits for each individual experi-
ment. y; and y; denote, respectively, thebserved (experi-
mental or synthetic) anchlculated (fitted) values corresponding
to the ith channel of thelth experiment, andw; is the
corresponding statistical weight. represents the number of
degrees of freedom for the entire multidimensional fluorescence
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T,/ Ns

pH
Figure 2. Dependence of;, on pH in the absence of buffer and at
0.1 M buffer characterized by different<§ and k%, values. Black
curves are without buffer, colors are with buffer (re&§p= 7.5 and
K,=5x 1M s blue, iK€ =7.5andk, =3 x 10°M s}
green, |KE = 10.64 and¢, = 5 x 10° M1 s°%; violet, pkE = 10.64
andk®, = 3 x 10 M~! s'%; blue dashed, kf = 4.74 and, = 5 x
10° M1 s7%; orange dashed K} decay times corresponding teand
the longer ones corresponding te For clarity, ther;, values for
buffers with p(a = 7.5 and 10.64 are displayed only for [H 6.0.
The simulation values of the other parameters are shown in Table 1.

individual values of rate constanis; andkp1. Their sum ko1
+ k1) and the value oky, are the only accessible paramet€rs.

decay surface. It is essential that all fitting parameters are subjectincreasing the proton concentration (i.e., lowering the pH) to a
to simple range constraints on their values. The problem of value that would influence the decay times of excited-species
m|n|m|2|ng Xg can be stated mathematically as follows: mini- 1* and 2* is not an option for these pH indicators. Indeed, many
mize g 2(x) for all x, x € R" subject tog < ¥ < tj, withj = 1, interesting physiological phenomena take place near pH 7, and
2,..,n andn being the number of adjustable parameters. This hence the pH indicator must be responsive (and be used) within
format assumes that lower and upper constraints exist on allthis physiological pH range. Moreover, widely used commercial
fitting parameters. Restrictions on the values of a particular (€.g., fluorescein-based) pH indicators exhibit multiple pH-
fitting parameterj can be removed by allowing very large dependent ionic equilibria. At lower pH, equilibrium species
negative and positive values gfandt;, respectively. For all ~ other than those at physiological pH would be involved, so that
rate constants and local scaling factersyas set at 0; the default ~ the information obtained at low pH would not be relevant to
constraints ofp; andé; are—0.2 < by, & < 1.2. Small, negative  physiological pH.
5 values prevent oscillations in the nonlinear least-squares search Upon addition of a pH buffer with a swtableK@ the decay
that would occur if the values of the fitting parameters were times of excited-state speci#sand 2* become pH-dependent
forced to be nonnegative. These constraints can be adjusted, ifbecause [R] and [RH] are pH-dependent, see egslB0and
necessary. Figure 2). The largest changei; is observed in the pH range
The statistical criteria used to judge the quality of the fit around S, where the change in [R] and [RH] is most
comprised both graphical and numerical tests. The graphical pronounced. Simulation values of 4.74, 7.50, and 10.64 for
methods included plots of surfaces (“carpets”) of the auto- pk? were chosen to mimic acetate, HEPES, and butylamine
correlation function values versus experiment number and of buffers, respectively. The magnitude of the change depends on
the weighted residuals versus channel number versus experimenghe values of rate constaritg Note that the largest change in
number. The additional statistical criteria used to Judge the T12 in the presence of a buffer characterized &p: 474 is
quality of the fit are described elsewhéfe. found in the pH region of 46, outside the physiological pH
range. For the commonly used fluorescent pH probes vith p
~ 7 that are responsive in the near-neutral pH range, it is
Fluorescence Decay KineticsMany commonly used fluo-  advisable to use buffers withk values comparable to or
rescent pH indicators at physiological pH (around 7) and in the higher than the I§, of the probe. Indeed, in the useable pH
absence of added buffer can be described by Scheme 1. Theegion of probes with I8, ~ 7, buffers with low p(ff (=5)
proton concentration is very low (around-¥(M) to make the have practically no influence on ». As stated before, working
bimolecular protonation reaction in the excited state negligible. under more acidic conditions is not an alternative because new
Consequently, the decay times of excited spetfeand 2* are species governed by other equilibria might appear at lower pH.
invariant with pH22 This is illustrated in Figure 2. When the It is evident from Figure 2 that alt, values converge at high
fluorescence decay surface of such a system is analyzed vigoH to the value of My, (eq 14). This, however, is not the case
global compartmental curve fitting, it is impossible to determine for the 7; values.

Results and Discussion
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Figure 3. Dependence of, on C® andk, (pKS = 7.5; solid curve,

KB, =3 x 10°M1s%; dashed curveS, =5 x 1® M1 s%) at pH

7.5. The shorter decay times correspondrioand the longer ones

correspond tar. The simulation values of the other parameters are

compiled in Table 1.
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Figure 4. Dependence ofi; > on pH in the presence of 0.1 M buffer
(K = 7.5,K8, = 5 x 1 M1 579 corresponding to different;
values (solid curveg; = 0.6; dashed curv&; = 0.4; dotted curveg,
= 0.2; dasheddotted curvef; = 0.0). The upper curves correspond
to o, and the lower ones correspondde The simulation values of
the other parameters are compiled in Table 1.

The influence of the analytical buffer concentratiGh on
the decay times; » is presented in Figure 3, where the calculated
712 values are plotted in the presence of two buffers character-
ized by differentk?2 values. It is clear that the changesrtiry
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Figure 5. Dependence oft; , on pH in the presence of 0.1 M buffer
(pKE = 10.64,K8, = 5 x 10° M1 s°%) corresponding to differerit;
values (solid curveg; = 0.6; dashed curveé; = 0.4; dotted curveg,
= 0.2; dasheddotted curvef; = 0.0). The upper curves correspond
to oz, and the lower ones correspondde The simulation values of
the other parameters are compiled in Table 1.
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Figure 6. Dependence afi; , on CB at pH 7.5 (KE = 7.5,k5, =5 x
1 M~1 s7Y) corresponding to differerit; values (solid curve; =
0.6; dashed curveg; = 0.4; dotted curvef; = 0.2; dasheddotted
curve, & = 0.0). The upper curves corresponddg and the lower
ones correspond ta;. The simulation values of the other parameters
are compiled in Table 1.

The influence ofCB on o ;> at different€; values is presented

are already apparent with a small quantity of buffer. Further in Figure 6. Again, as was the case for decay times(Figure
increases in buffer concentration have a diminishing influence 3), even a small concentration of buffer has a large influence
on 72 In practical terms, this means that there is no need to on a; ,, but further increases in buffer concentration have only
use excessively high buffer concentrations that may introduce a limited extra effect. Once again, this eliminates the need to
some other undesired phenomena such as problems of solubilityyse very high buffer concentrations.

change in viscosity, and so forth. Curve Fitting of Simulated Decay SurfacesIn this section,

In Figures 4 and 5, the dependence of preexponential factorswe shall investigate how accurately and precisely the relevant
a1 0on pH, KZ, and spectral parametér is presented. Itis  model parameters(, by, and&;) can be estimated by global
evident thatoy, change in the region of Ky and p(S. compartmental curve fitting of computer-generated fluorescence
Depending on the experimental conditions, decay curves coulddecay surfaces. That way we can verify the validity of the
have more or less clear-cut biexponential character. At high conclusions of thedeterministicidentification analysis and
enough pH, the decays become monoexponentia=(0) with point the way to a rational experimental design (that involves
72 = 1/ko2 (eq 14). This very useful information allows one to how many decay traces have to be included in the analysis and
determine which lifetime corresponds to which species. under what experimental conditions they should be recorded).
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ce 6 ce 7 cB 8
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Figure 7. Experimental configurations with a minimum number (between two and four) of decay traces as a function of GFl &od all
experimental configurations, the time-resolved experiments are simulated at thé®amei°™ The simulation values for the calculation af,
and o are compiled in Table 1. The buffer is assumed to be characterizeﬁg)ytﬂ.S. For all experimental configurations, we hde= 0.2
andkf, =3 x 10°M-1s2,

For the various experimental configurations depicted in Figure tions are globally identifiable (in terms &, b1, and&;). Now
7, computer-generated fluorescence decay surfaces were andet us look in detail at each configuration to see if we can
lyzed via global compartmental curve fitting. All experimental elucidate thenumerical results of the global compartmental
configurations depicted in Figure 7 have a minimal number of curve fitting using the conclusions of tlieterministicidenti-
decay traces (between two and four), assuming that the saméiability. 1’

buffer was characterized byk§ = 7.5 andk?, = 3 x 10 When a fluorescence decay surface containing two curves

M~ts"1 and were simulated at pH 6.0, 7.0, 7.5, and 9.0. In all (Figures 7-1) with the sam€B and different pH values was

configurations studied, theg value of the fluorescent pH probe  analyzed globally, a good fit was obtained, butkgll b;, and

was taken to be 7.5, and the same wavelength of data collectiong, estimates were inaccurate. The incorrect estimates are to be

was assumed, corresponding&o= 0.2. All rate constant; expected on the basis of the results of theterministic

and the, parameter were linked but kept freely adjustable in jdentifiability analysist’ Indeed, two pH values at a common

all curve fittings. Theb; parameter was linked and adjustable B are insufficient to recover any reliable information. After

at the same pH (and®). The simulation values of the other  the addition of a third curve at the san®® but a different

parameters are compiled in Table 1. (higher) pH, resulting in the configuration of Figure 7-2, and
For reliable parameter estimation, it is essential that decaysglobal compartmental curve fitting of the resultant decay surface,

with an unambiguous biexponential nature are used and thata good fit to the three synthetic curves was obtained but with

the decay times vary considerably as a function of pH @hd inaccurate parameter estimates, excepkfo(Table 2). At pH

When the decay traces of an experimental configuration that 9.0, the decay is nearly monoexponential (tougn, = 0.02)

leads to a uniquely identifiable model are then analyzed via with lifetime 7o = 1/kgp, and this explains the accurate and

global compartmental curve fitting, it is expected that excellent preciseky, estimate. This is a general observation: kievalue

fits will be obtained %~ close to 1.0) and that the estimated is estimated accurately (and precisely) whenever a decay trace

parameters will closely match the simulation (true) values at pH 9.0 is included in the global compartmental curve fitting.

presented in Table 1. Fits resulting in inaccurate (and imprecise) The configuration in Figure 7-3 also produces inaccurate

parameter estimates then point to an experimental configurationestimates for all parameters, which is in perfect agreement with

that does not lead to unique identification. the conclusions of the deterministic identifiability. The con-
Of the 20 configurations depicted in Figure 7, half of them figur.ations. of. Figure 7-4 and 7-5 yield similar. results to the
are unidentifiable (giving wrong values for most or kj| by, configuration in Figure 7-2: as anticipated, okdy is accurately

andt; values). Other configurations yield accurate estimates and precisely recovered (Table 2). For the configuration in
for k;j but incorrect ones folb,and€;. Finally, some configura-  Figure 7-5, one might expect accurate estimatesFoandk,,
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TABLE 2: Parameters of the Configurations Depicted in Figure 7 Estimated by Global Compartmental Analysi3

Koz Koz ko1 KZ Koy .
(1®s (1®s™ (1®Mts?l  (ACPM sl (1M is?Y b, & i
2 0.5+ 0.1 0.799+ 0.001 2.4+ 0.9 17+ 7 0.002+ 7 0.006 0.167 1.028
0.274
0.736
5 0.1+ 0.2 0.798+ 0.001 1.5+£0.2 161+ 122 1006+ 806 0.003 0.299 1.026

0.073
1.009

11 0.601+ 0.001 0.801t 0.002 0.992+ 0.008 29.9- 0.7 9.9+ 0.5 0.035+ 43 0.084+ 2531 1.008
0.535+ 546
0.640+ 1934
0.884+ 1385

14 0.600+ 0.001 0.801 0.001 0.996+ 0.006 29.6+ 0.7 9.8+ 0.5 0.031+ 0.004 0.19A- 0.004 1.014
0.505+ 0.005
0.965+ 0.008

17 0.600+ 0.001 0.801t 0.001 0.996+ 0.005 30.14+ 0.7 10.2+ 0.5 0.031+ 0.009 0.20H-0.004 0.996
0.498+ 0.005
0.971+ 0.009

19 0.600+ 0.002 0.803t 0.003 0.98+ 0.02 29.9£ 0.6 9.7+ 0.5 0.508+ 0.007 0.203t+ 0.005 1.029
0.975+ 0.009

20 0.601+ 0.001 0.803t 0.003 0.99+ 0.02 30.1£ 0.6 9.8+ 0.4 0.507+ 0.007 0.20G+ 0.004 0.993
0.972+ 0.009

aThe true (synthetick; values are compiled in Table 1. The true valugpéquals 0.2, whereas the trbevalues at pH 6.0, 7.0, 7.5, and 9.0
are 0.97, 0.76, 0.5, and 0.03, respectively. The quoted errors are standard errors computed from the parameter covariance matrix available in the
curve fitting.

but the almost monoexponential decay at pH 9.0 prevents that.tions of Figure 1A, B, B, C, and D, respectively. In all five
Indeed, from the deterministic identification analysis it follows cases, two decay traces have a common pH, and if these curves
that two biexponential decays at the same nongfrand two are recorded at the same excitation and emission wavelengths,

pH values combined with the knowledge of the sk (+ ko1 then this produces, according to the deterministic identifiability
+ ko) are sufficient to obtain unique solutions fidt, andks,. analysist’ a quadratic equation if; and &. If the same

A biexponential decay trace &° = 0 provides the required  excitation wavelength is assumed at the common pH, then this
sum (o1 + ko1 + koo). reduces the number of estimalide parameters in the curve

The configurations of Figure 7-6 (with two decay curves at fitting to three. Furthermore, in the simulations, a sirglgalue
the same pH and two nonzef@® values) and of Figure 7-7  was assumed for the entire fluorescence decay surface. Thus,
(with three decay curves at the same pH and three nor@®ro  the number of spectral parameters}hat have to be determined
values) have linked;, by, and &. However, this does not is reduced to one linked; and threeb;, and this leads to the
guarantee unique identifiability. The inaccurate (and imprecise) accurate estimation o, b, and&. The configurations of
values ofk;, by, andg; recovered by global compartmental curve ~ Figure 7-18 to 7-20 match the configurations of Figure 1C, A,
fitting confirm this. The same is true for the configurations and C, respectively. In these configurations, two linked
depicted in Figure 7-8 to 7-10. For the analysis of the parameters and one linkdéd have to be estimated by global
configuration in Figure 7-10, the value &, is estimated compartmental curve fitting. The unique identifiability of the
correctly. This is logical because a near-monoexponential decayconfigurations in Figure 7-18 to 7-20 is shown in the accurate
at pH 9.0 was included in the decay surface. and precise values okj, by, and &. Some representative

A second group of configurations (Figure 7-11 and 7-12) examples of estimated parameters for the different experimental
yields unique and accurate valueskpbnly. The configuration ~ configurations presented in Figure 7 are shown in Table 2.
in Figure 7-11 has two nonzef@ values corresponding tothree ~ To study what information can be extracted by global
pH values and thus mimics the configuration depicted in Figure compartmental curve fitting from the decay surface containing
1B. The configuration in Figure 7-12 has three nonz€fo two decays at different pH values but a common nonzgfto
values corresponding to three pH values and thus matches theéand one decay in the absence of buffer, the nine experimental
configuration depicted in Figure 1D. In both cases, an extra configurations depicted in Figure 8 were simulated. They all

biexponential decay a8 = 0 ensures that the surko{ + ko1 have three simulated decay traces at pH 6.0, 7.5, and 9.0 and
+ kog) is known. According to the deterministic identifiability, —assumed the same buffer characterized k¥ & 7.5 andk?, =
these configurations should lead to unique value;ofThe 3 x 101°M~1 s In all configurations studied, theg value

global compartmental curve fittings of the four decay traces in of the fluorescent pH probe was taken to be 7.5, and the same
Figure 7-11 and 7-12 confirm these findings. In both cases, wavelength of data collection was assumed, corresponding to
inaccurate values db; and€; were found (Table 2) because €. = 0.2. Rate constants; and parametet; were linked but

there is no linkedd; parameter (no common pH). kept freely adjustable in all parameter estimations. The simula-
The last group of configurations (Figure 7-13 to 7-20) leads tion values of the other parameters are compiled in Table 1.
to unique identifiability in terms ok;, b, and¢;. According to A knowledge of the sumkf; + ko1 + kop) is a crucial

the deterministic identification analysis, all of these configura- requirement for having an identifiable model. A decay trace at
tions should at least produce unigkg values. If there is a ~ CB = 0 with clear biexponential character provides this
minimum of one common pH (as in all configurations in Figure information. However, at pH 9.0 the decays in the absence of
7-13 to 7-20), then the global compartmental curve fitting leads buffer are practically monoexponential with a lifetime equal to
to the accurate estimation not only kyf but also ofb; and@,. 1/ko2. This explains why the configurations of Figure 8-3, 8-6,
The configurations of Figure 7-13 to 7-17 match the configura- 8-9 cannot be identified (Table 3). According to the deterministic
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decays) leads to the recovery of the true parameter values.
Becausé; is dependent on pH (eq 5), this further restricts the
space of possible parameter estimates.

To test the influence of the K5 of the) buffer on identifi-
cation, all of the experimental configurations of Figure 7 were
duplicated with a buffer characterized bitp= 10.64 and<,
=3 x 10°M~tstat pH 6.0, 7.5, 10.5, and 12. The results
obtained by global compartmental curve fitting of these
experimental configurations were analogous to the results
discussed above. This means that th€ palue of the buffer
does not influence the identifiability as long as the decays are
noticeably biexponential and the decay times vary considerably
as a function of pH an@®. Of course, a change of thel(b of
the) buffer changes the pH range where the decay times and
preexponential factors vary. Therefore, the used pH range has
to be modified to collect decay curves that are unmistakably
biexponential.

6 75 5 oH In the previous sections, we have demonstrated what the
requirements (with a minimum number of decay curves) are to
Figure 8. EXperimeBntaI configurations with three decay traces as a achjeve global identifiability. Under real experimental condi-
f7unct|on of pH andC®. The other conditions are the same as in Figure tions, one generally wants to collect more decay traces than is
' strictly necessary for unique identifiability. Therefore, a fluo-
identifiability,” rate constant&?, and k3, can be identified, rescence decay surface with a large number of curves is
whereas the solutions of the other rate constants are the root$ommonly measured as a function 45, 2°™, pH, andC® to
of quadratic equa’[ionsl The ||nk&i andel parameters can be ensure Unique |dent|f|ab|l|ty and recover accurate (and preCise)
helpful in obtaining the correct rate constant values. Of the Parameter estimates. Additionally, collecting decays at numerous
configurations of Figure 8, six configurations (8-1, 8-2, 8-4, excitation and emission wavelengths allows one to construct
8-6, 8-8, 8-9) have a common pH (and hence linkeih the the species-associated excitation and emission spédtris
curve fitting). Three (in Figure 8-1, 8-2, and 8-4) out of these advantageous to collect traces at detection wavelengths where
six configurations indeed yield accurate and precise estimatesone form of the indicator’s fluorescence predominates. Similarly,
for kj, by, and&; (Table 3). Although the decay trace in the FhQOS'ng%ex and/or pH where one ground-state form of the
absence of buffer at pH 7.5 in the configuration of Figure 8-8 indicator is excited exclusively (or nearly so) might also be
is clearly biexponential, this configuration fails to give correct helpful in the data analysis.
parameter estimates. The decays for 0.1 M buffer and pH 7.5 Next we generated fluorescence decay surfaces consisting of
and 9.0 are close to monoexponential (touéo, = 0.02), and many curves. It was assumed that the traces were collected at
this may be the reason that unacceptable parameter estimatewavelengths corresponding to fotirvalues (0.6, 0.4, 0.2, and
are obtained. As found before (for the configurations of Figure 0.0) in the absence and presence of buffer characterized by
7-13 to 7-20), the constraint imposed byaparameter linked — pKZ = 10.64 andkf, = 5 x 10°® M~! s°%. The simulation
over several decays in the curve fitting (i.e., common to those values of the other parameters are collected in Table 1.

ce 1 (o 2 cB 3

0.1 X X 0.1 X X 0.1 X X

[F

75 9 pH 6 7.5 9 pH 6 7.5 9 pH

(o 4 (ol 5 (o 6

0.1 X X 0.1 X X 0.1 X X

cB 7 cB 8 ce 9

0.1 X X 0.1 X X 0.1 X X

6 7.5 9 pH 6 7.5 9 pH

TABLE 3: Parameters of the Configurations Depicted in Figure 8 Estimated by Global Compartmental Analysi3

Kot Koz Kot o Koy N
(1P sD) (1P s Y (IPM-1sl) (1M ts?) (1M 1sY) by & 2

1 0.601+ 0.001 0.80H- 0.002 1.0+ 0.01 30.0+ 0.7 9.4+ 0.7 0.967 0.198 1.022
0.500

2 0.601+ 0.001 0.80H- 0.003 0.99% 0.03 29.7+ 0.8 9.4+ 0.8 0.502 0.200 1.015
0.970

3 0.4+0.2 0.795+ 0.001 2.7+ 0.8 16+ 6 4%x10°+5 —0.006 0.734 1.008
0.250

—0.008

4 0.600+ 0.001 0.80H- 0.002 0.99+ 0.01 29.7+ 0.8 74 0.969 0.199 1.002
0.033

5 0.4+ 0.2 0.795+ 0.001 1.2+ 0.2 16+ 7 4254 215 1.009 0.346 1.034
0.051
0.611

6 8x10°+1 0.796+ 0.001 2+ 2 7+11 431+ 352 0.011 0.152 1.015
0.537

7 0.1+ 0.2 0.798+ 0.001 1.5+ 0.2 161+ 122 1007+ 806 1.009 0.299 1.026
0.073
0.0033

8 0.5+ 0.3 0.802+ 0.003 1.1+ 0.3 14+ 17 4+ 15 0.003 3x 1075 1.007
0.377

9 0.66+ 0.03 0.8074 0.008 0.6+ 0.3 57+ 29 10+ 6 0.068 0.406 0.998
0.679

aThe true (synthetick; values are compiled in Table 1. The true valugpéquals 0.2, whereas the trbgvalues at pH 6.0, 7.5, and 9.0 are
0.97, 0.5, and 0.03, respectively. The quoted errors are standard errors computed from the parameter covariance matrix available in the curve
fitting.



Proton-Exchange Reaction in pH Buffer J. Phys. Chem. A, Vol. 109, No. 19, 2008229

TABLE 4: Parameters of Some Representative Experimental ConfigurationsEstimated by Global Compartmental Analysi®

ko1 ko2 Kot KB, KB number of
1s? 10°s? 10°Mts™h 1°PMts™h 1M~ 1ts™ o curves xs

1 0.0004+ 0.3 0.801£ 0.001 2.0£03 1.3+04 4.2+ 0.6 0.444 36 1.023

2 0.4£0.1 0.800+ 0.001 1.5+0.2 2.3+£05 9.3+ 0.7 0.042 52 1.025
3 0.601+ 0.001 0.802+ 0.001 0.995+ 0.003 4.98+ 0.03 9.8+ 0.4 0.001 80 1.023
4 0.60+ 0.01 0.802+ 0.001 1.00+0.01 5.0+ 0.3 24+ 375 d.OOO 28 1.013

5 0.602+ 0.001 0.801= 0.001 0.993f 0.003 5.03£ 0.03 10.01£ 0.06 0.007 116 1.017

aSee the text? The buffer is assumed to be described i§F p= 10.64. The simulated configurations haite= 0.0, 0.2, 0.4, and 0.6 and,
=5 x 10°® M~ s™L. The other simulation values are shown in Table 1. The quoted errors are standard errors computed from the parameter covariance
matrix available in the curve fitting.

Via global compartmental curve fitting, the model was fitted determined at a singhgoH, CB} combination if the sumkg; +
to the synthetic fluorescence decay surfaces consisting of manyk,; + ko) is known. The biexponential decay at pH 7.5 &fd
curves corresponding to the sai@ (0.1 M) and different pH = 0 yields the sumig; + ko1 + ko). If additionally (ko1 + ko1)
values. The fluorescence decay surfaces with 36 curvestjat 4 and ko, are separately known, theky;, ko1, and k?z can be
values and 9 pH values between 8 and 12 in increments of 0.5determined. This information is provided by decays in the
pH unit) and with 52 curves (also at@ values and 13 pH  absence of buffer at pH 7.5 and 9.0. For a buffer wik p=
values between 6 and 12 in increments of 0.5 pH unit) were 10.64, most of the buffer is protonated ([Rk]CB) at pH 7.5.
analyzed via global compartmental curve fitting and yielded in Therefore, the reaction between R drids negligible, and this
both cases inaccurate and imprecise parameter estimates (entrigsyplains the inaccurate estimatel§f with a large error (entry
1 and 2 of Table 4). Predictably, the value ke could be 4 of Table 4).
estimated accurately and precisely beqause the decays at high Finally, a computer-generated decay surface with 116 curves
pH (close to 12) are monoexponential with= 1kop. As shown  qrresponding to 4 values (0.6, 0.4, 0.2, 0.0) and different
above (Table 3, Figure 8), unique identification can be achieved pH and CB values was created. Of the 116 curves, 52
when a minimal number of decay curves at the same (nonzero)corresponded to 13 equally spaced pH values between 6 and
C® are analyzed in the presence of at least one curve without5 atcB = o 1 M, 28 curves corresponded to 7 equally spaced
buffer at the same pH. Therefore, we added 28 curve¥ at pH values between 6.0 and 9.0 at zero buffer concentration,
0 (corresponding to the sameC4values and 7 equally spaced  5nq 36 curves corresponded to 9 equally spaced buffer

pH values between 6.0 and 9.0) to the fluorescence decay surface,ncentrations between 0.2cah M at pH10.5. Again the buffer
of 52 curves. The resulting fluorescence decay surface with 80was characterized by@ — 1064 aan?z =5 1°PM-1sl

curves was then analyzed via global compartmental curve fitting,
yielding unique, correct parameter estimates (entry 3 of Table
4).

To investigate whether many curves at the same pH (with
pH < pK2) but differentCB could lead to unique identifiabil-
ity, we analyzed via global compartmental curve fitting a Conclusions
fluorescence decay surface with 20 curves [corresponding to
five CB values (0.1, 0.2, 0.3, 0.4, 0.5 M) and fo&r values The excited-state reaction of many fluorescent pH probes used
(0.6, 0.4, 0.2, 0.0)] at pH 7.5. The buffer was characterized by for measuring in vivo proton concentrations at physiological
pKS = 10.64 andk}, = 5 x 10° M1 s~ The simulation pH can be described as an irreversible excited-state proton-
values of the other parameters are compiled in Table 1. A good transfer reaction because proton concentrations at near-neutral
global fit was obtained for this decay surface but with inaccurate pH are so low as to make the bimolecular protonation reaction
(and imprecise) parameter estimates. When four curves corre-negligible. The excited-state proton-exchange reaction becomes
sponding to the same fo@; values atC® = 0 and at pH 7.5  reversible upon addition of pH buffer. This results in the
were added to this surface, curve fitting of the resulting dependence of;, on pH and buffer concentration. The decay
fluorescence decay surface did not produce unique identifiability. times 71 » change around Kﬁ whereas the associated preex-
Adding to this fluorescence decay surface with 24 curves an ponentialsa; » change in the region ofkf and K, For the
extra 4 curves (with the same®4 values) without buffer and  widely used fluorescent pH probes witlKp~ 7 that are
at pH 9.0 gave a good fit with accurate parameter estimates,responsive in the near-neutral pH range, it is advisable to use
except forky, (entry 4 of Table 4). Deterministic identifiabil-  buffers with p(aB values comparable to or higher than thH&,p
ityl” shows that when pH (7.5 pKE (10.64), k?z can be of the probe to have a maximal effect o, and oy 2. In the

The simulation values of the other parameters are compiled in
Table 1. Global compartmental curve fitting gave a unique
solution with accurate and precise values of all estimated
parameters (entry 5 of Table 4).
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useable pH region of probes witlKp~ 7, buffers with low W.Q. We thank the Fonds voor Wetenschappelijk Onderzoek
pk2 (=5) have practically no influence on , Because the = — Vlaanderen for grant G.0320.00.
changes inr; » are already apparent with a small quantity of
buffer, there is no need to use excessively high buffer
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