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Although reversible intramolecular two-state excited-state processes withqrtori information are
unidentifiable, bounds on the excited-state rate constgrtan be specified when a quencher is used [Van
Dommelen et alJ. Phys. Chem1993 97, 11738]. These limits can be obtained by a scanning procedure
consisting of a series of global compartmental analyses of a fluorescence decay surface in which one of the
rate constantk; is held fixed at different preset values. The theory requires that the rate constants of quenching
(ko1, kg2 for the two excited species have different values. In the present paper, computer-generated
fluorescence decay surfaces are used to investigate the criteria under which reliable estimates of the bounds
on the rate constantg can be obtained. If the values k§; and kg, are substantially different, reliable
estimates are obtained. #f: andky, are nearly equal in value, the quality of the estimates of the bounds
depends on the combinations of the values of the rate cons{antsmay happen that no reliable limits for

the rate constants can be obtained so that another quencher is required. A test procedure based on a limited
number of decay traces is described which allows one to assess the appropriateness of the quencher for the
given excited-state process.

1. Introduction without a priori information. By using the so-called scanning

| (i the alobal ‘mental vsis métitd procedure?223upper and lower limits on the rate constants can
n recentimes, the global compartmental analysis m be determined for intramolecular two-state excited-state pro-

has been successfully applied to determlne_ excited-state klnet|csCesses in the presence of added quencher provided that the rate
from fluorescence decay surfaces. Studies on the structural

identifiability and corresponding experimental investigations constants Of. quenching of the two excited states .have dlffgrent
have been carried out on intermoleciiid? as well as values. It is also possible to construct species-associated

intramoleculat®-2* excited-state processes. It has been dem- €MSs10N and excitation spectfe®
onstrated that simultaneous (global) anaRs® of multiple In this report, we use computer-generated fluorescence decay
fluorescence decay curves, measured along different experi-surfaces to investigate how the proximity of the two values of
mental axes, such as emission/excitation wavelength, concentrathe quenching rate constants affects the reliability of the
tion, temperature, pH, etc. enhances the parameter recovery an@stimates of the bounds on the excited-state rate constants. This
model discrimination power compared to single-curve analysis. study allows us to propose a rational strategy for designing time-
In simultaneous analysis, common model parameters are partlyresolved fluorescence experiments of reversible intramolecular
or totally linked over the fluorescence decay surface. Using two-state excited-state processes.
the global compartmental analysis method, one can determine
the rate constants of the excited-state processes and spectral Theory
absorption and emission parameters. In earlier contributions
concerning intramolecular two-state excited-state processes 2.1. Fluorescence Decay KineticsConsider an intramo-
with?% and without! added quencher, the structural identifiability lecular system consisting of two distinct types of excited-state
problem has been discussed. It has been found that intramo-species with added quencher as depicted in Scheme 1. The
lecular two-state excited-state processes are unidentifiablerate constant for deactivation of(i = 1 and 2) in the absence
of quencher is denoted k. This composite rate constakat
:Egtm%?eaﬂl gﬁ/gsssi,tp)e?tnlc_igﬂsgnshould be addressed. is the sum of the rate gonstants for quorescencg and nonradiative
*On leave from the Institute of PHysics, Nicholas Copernicus University, decay for excited .Stall.é. When a que.nCher Qs added .to the
87-100 Torun, Poland. system, the deactivation processes is acceleratdaifiy][i*]
8 Limburgs Universitair Centrum. for excited staté*. It is assumed that the added quencher does
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SCHEME 1

1* 2%
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f(AS"AZ) = o explyit) + a, explot), t=0 (1)
The exponential factorg;  are given by°

Y12= ~UAS + S+ (ks T ko)[Q] F
[S.— S + (ko — kedIQN* + 4P1"% (2)

and are related to the decay timgs according to

V12= "1y, (3)
with
S, = koy oy (42)
S, = kg, + Ky, (4b)
P =K ks (4c)

Since all rate constantg are nonnegative$;, S, andP also

are nonnegative. The exponential factprs depend on all rate

constants and [Q] while the preexponential factors, are
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2.2. ldentifiability Conditions. The following condition®’
have to be satisfied to make a reversible intramolecular two-
state excited-state system identifiable. First, the fluorescence
decay surface must include at least one set of decay traces
measured for a minimum of three different quencher concentra-
tions at the same excitation/emission wavelength. One of the
guencher concentrations may be equal to zero. Second, the
values of the rate constants of quenching of the two excited
species must be different. Third, at least one of the rate
constantsk;, which is not a rate constant of quenching, must
be knowna priori. If this last information is not available, it
is possible to determine the combinations of the rate constants
ki given by eq 4 which subsequently allows upper and lower
limits on the rate constants to be specifféd.

0<ky<S —PIS, (10a)
PIS, < ky, < S (10b)
0<ky<S,—PS (10c)
PS, <k, < S, (10d)

Now we will discuss how these combinations of rate constants
can be obtained from the decay times of fluorescence decay
traces collected at different quencher concentrations. The
following combinations: of decay times are assumed to be
known from the experimentuo; = y;1 + y2 ando, = y1y, Both

o1 andoy are functions of §P, andkg (i = 1 and 2).

01==(§+S) ~ (koa T k[Q] (11)

dependent on all rate constants, [Q], the spectral parameters 0 = KoiKod QI + (koS; + ki S)IQl +SS,— P (12)

b(2#), andg(em).20 )
b(1®) is the 2x 1 vector with element§;(1%) defined by

Bi =h/(b,+ b)), fori=1,2 (5)
whereb; denotes the concentration idfat time zero.

by = [i*] =0 (6)

which, in the low excitation limit and when Beer’s law is valid,

is proportional to the ground-state absorbance.

¢(Aem is the 1 x 2 vector of the normalized emission

weighting factorsg;(A™):

¢ =clc,+cy), fori=1,2 @)
ci(A*™ of species* at 1*™is defined a%

G = ke [ e (AT A2 ®)

kri is the fluorescence rate constant of specteAzi®™ is the

As eq 11 is linear in [Q], it is possible get a slop@nd intercept
B using only two different concentrations of Q:

A=~ (kg1 T ko)) (13)
B=—-(5+9S) (14)
Equation 12 is quadratic in [Q]. Therefore, three different Q

concentrations are sufficient to determine the coeffici€hits
D, andE of this parabola:

C= lekQZ (15)
D = koS + koS, (16)
E=SS -P a7

Equations 13 and 15 provide two values which can not be
uniguely associated withgy or Kqgo.
If, however, one arbitrarily marks one value las and the

emission wavelength interval where the fluorescence is moni- other askgz, egs 14 and 16 provide values f8rand$; which

tored, andpi(A®™) is the spectral emission density of spedies
at 1M defined by

are always correctly associated with, respectiviedy,andkoz.
The theory predicts thef, + S will always be well defined,
but the numerical recovery of the individug and S will

F.(A°M depend on the relative values k. Indeed, eqs 14 and 16
P (A" = ——— 9) define two lines in thd $;S;} plane:
SER@D @
S=-B-S (18)
where the integration extends over the whole steady-state
fluorescence spectrufi of speciesi*. b(1®) can be linked S = D/kQZ — (lelez)Sz (19)

over decay curves collected at the same excitation wavelength,
whereag(1®) can be linked over decay curves obtained at the
same emission wavelength.

In the present contribution, two sets of quenching rate
constants are considered: one with = 7 M~1 ns land ko,
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=6 M1 ns ! and another wittkos = 7 M~! nst andkg, =
1 M~1ns L The system of egs 18 and 19 is ill conditioned in
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intramolecular excited-state processes was implemented in the
existing general global analysis prog@nbased on Mar-

the first case because the angle between these two lines is aboujuardt's? algorithm. For reversible intramolecular two-state

4.4, while in the second case the crossing point is well
determined as both lines cross at an angle 36 can then
be determined from eq 17. Note thatOP < § S,.

excited-state processes with added quencher, the global fitting
parameters ar&p, ko1, Koz, Kiz, Koi, Koz, 01(A%9), and g(iem.
Each decay trace has an additional local scaling factor. A

For irreversible intramolecular excited-state processes wheredetailed description of the program implementation of global

P = 0, the values of, andS; can be determined from eqgs 14
and 17 without the need to use any quencher.

In global compartmental analysis one can fit directly $pr
S, P, ko1, andkg2 and subsequently the limits for each rate

constank; can be evaluated using eq 10. In the present paper,

however, we use the scanning proced@ifédescribed below
to obtain the estimates &, S, P, ko1, andkq,. Although more

time consuming, the scanning procedure was chosen to analyz

the data because it allows one to assess the reliabiligy, &,

P, ko1, andkqgz (see section 2.3). Such information is essential
if there is a risk that the equations describing a system are il
conditioned iie., when the values of the quenching rate constants
are very similar).

2.3. Use of the Scanning Procedure to Obtain Rate

Constant Limits. By using the scanning procedu#?s that

is, by keeping one of the rate constakjsfixed at different

preset values while the other parameters are freely adjustable®
in the analysis, it is possible to estimate values of the remaining

ki, ko1, ko2, b1, and@. From the values of the scanned rate

constant and the corresponding estimated values of the other

rate constants, it is possible to calcul&e S, andP (eq 4).
The graphs 0§, $, andP vsthe scanned rate constant should
exhibit a limited plateau region because of the nonnegativity
of the rate constant valuég. The limits onk; are calculated
according to eq 20,

0 <ky, < 8, — PISO (20a)
PIS,0< ky, < [§,0 (20b)
0 < ky, < [5,— P/S,0 (20c)
PIS,0< kyp < (5,0 (20d)

compartmental analysis has been given elsewHefhe fitting

parameters were estimated by minimizing the global reduced

P

q

X; = Z IZWH(YE — i (21)

Svhere the index sums overg experiments, and the indeax

sums over the appropriate channel limits for each individual
experiment. y; andy; denote respectively the observed (syn-
thetic) and calculated (fitted) values corresponding toithe
channel of théth experiment.w; is the corresponding statistical
weight. v represents the number of degrees of freedom for the
entire multidimensional fluorescence decay surface. Itis crucial
that all fitting parameters are subject to simple range constraints
n their values. The problem of minimizir)é can be stated
mathematically as follows:

minimizey5(x) for all x, xeR" (22)

1,2, ..

subjecttog <X <t | .n
with n the number of adjustable parameters. This format
assumes that upper and lower constraints exist on all fitting
parameters. Restrictions on the values of a particular fitting
parametelj can be removed by allowing very large negative
and positive values, respectively, fgrandt. For all rate
constantss was set at-0.01 ns?, and for the local scaling
factors,s was set at 0. The default constraintslrand gare
—-05=< (61,(:1) =< 1.5. Small negativg prevent oscillations in
the nonlinear least-squares search, which would occur if the
values of the fitting parameters were forced to be nonnegative.
The global reducedgg statistic and its corresponding normal
deviatezxé provided numerical goodness-of-fit criteria for the

wheredenotes the average over the plateau region. Sinceentire fluorescence decay surface:
this type of averaging takes into account the correlations between

S, $, and P, this procedure is followed in this paper.
Propagated errors o0&, S, andP were calculated using the
standard deviations of the individuglavailable from the global

compartmental analysis. They were then compared with the

sample standard deviations describing the spre&, &, and

P around their mean values within the plateaus. The larger of

each pair was taken as the error @] (5[] and Pl These

error values were eventually used to calculate the propagated

errors on the limits ok;.

Note that the lower and upper bounds calculated for the
scanned rate constant according to eq 20 should match th
visually determined lower and upper bounds of the plateau
regions of the graphs @&, S, andP plotted as a function of
the scanned rate constdh#3 Lack of such consistency provides
a very important test indicating that the valuessafS,, andP

might not be properly recovered and that therefore the calculated

limits onk; are unreliable. We shall use this test as a criterion
to judge the feasibility of obtaining reliable bounds kgn

3. Methods
3.1. Program Implementation. The global compartmental

€,

Zz= (1) — 1) (23)
By using Zy, the goodness-of-fit of analyses with different

can be readily compared. Additional goodness-of-fit criteria
are described elsewhete.

3.2. Synthetic Data Generation. Synthetic sample decays
were generated by convolution dft) with an instrument
response function. The preexponential factoss and the
corresponding decay times of the biexponential decays were
computed from the rate constamis Ko1, Koz, by, & and [Q] by
a dedicated computer program. The quencher concentrations
used were 0, 4, 10, and 20 mM unless specified otherwise. A
value of 0.8 was chosen fbg, whereas cwas varied from 0.0
to 1.0 in steps of 0.1. The computer-generated fluorescence
decay surface mimics that when fluorescence decays at various
guencher concentrations are collected at different emission
wavelengths due to excitation at a single wavelength. All
computer-generated decays had 500 data points and 10 000
counts in the peak channel. The time increment per channel
was chosen to ensure that the final decay intensity was about
5% or less of the peak intensity. Full details of the decay data

analysis of the fluorescence decay surface of species undergoingimulations are given elsewhe¥e.The synthetic data genera-
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TABLE 1: Simulation Values for the Rate Constantsk;;
(in ns™), ka1, kgz and Sy, S, and P for the Intramolecular

Two-State Excited-State Processes Depicted in Scheme 1.

Limits on the Rate Constantsk; (in ns~*) Calculated
According to Eq 10 Using the Simulation Values ofS;, S;,

Dutt et al.

TABLE 2: Average Values 0f kg1, ko2 (in M~ ns™), S, S,
(in ns71), and P (in ns™?) and Their Errors Estimated by the
Scanning Procedure of the Fluorescence Decay Surface
Generated with the Simulation Values of Table 1 withkg; =
7Mnstandkg, =1 M 1nsl Limits on the Rate

and P Constantskj (in ns™*) Are Calculated According to Eq 20
Section 1 Section 1
ko1 = 0.02 S, =0.17 nst 0 < Koy < 0.0597 S, =0.171+ 0.007 0< Koy < 0.06+ 0.01
k1= 0.15 $=0.34ns?! 0.1103< kp; < 0.17 S = 0.335:+ 0.007 0.11H: 0.006< kyy < 0.171 0.007
ko2 = 0.09 P=0.0375 ns? 0 < Koo < 0.1194 P =0.0374 0.002 0< Koz < 0.12+ 0.02
kiz=0.25 0.2206< ki, < 0.34 ko1=7.0+0.1 0.224 0.01 < kyz < 0.335: 0.007
, ko2=1.140.2
Section 2
ko1 = 0.16 S =0.17 ns? 0 < ko1 <0.1671 Section 2
k1 = 0.01 S, =0.34ns! 0.0029< ky; < 0.17 S, =0.1683+ 0.0005 0< ko, < 0.1666% 0.0006
ko2 = 0.24 P=0.001 ns? 0 < koz < 0.3341 $=0.342+£0.002  0.002k 0.0002< ky; < 0.1683+ 0.0005
ki=0.10 0.0059< ki, < 0.34 P=0.00074 0.0001  0< ko < 0.338 0.002
_ ko1 = 6.874 0.04 0.0042+ 0.0005< k;, < 0.3424 0.002
Section 3 kQ2:0.8i 0.1
ko1 = 0.07 S =0.17 ns? 0 < koy < 0.1637
ko1 =10.1 $=0.16ns? 0.0063< k; <0.17 Section 3
ko2 = 0.15 P=0.001 ns? 0 < koz<0.1541 S, =0.1679+0.0002  0< Koy < 0.1623:+ 0.0002
ki, =0.01 0.0059< ki, < 0.16 $=0.1603+0.0003  0.0056t 0.0001< ky; < 0.1679+ 0.0002
_ P = 0.00089+ 0.00002 0< ko < 0.1549+ 0.0003
Section 4 ko1 = 6.92+ 0.03 0.0053+ 0.0001< kj, < 0.1603 0.0003
|(01=O.16 S =0.17 ns? 0< |(01<0.1699 kQZZ 1.02+ 0.01
k1= 0.01 S =0.80 ns?! 0.0001< kp; < 0.17
ko2 =0.79 P=0.0001 ns? 0 < ko2<0.7994 Section 4
kiz=0.01 0.0006< ki, < 0.80 S, =0.1702+0.0002  0< Koy < 0.1701: 0.0002
. S = 0.800- 0.002 0.0002+ 0.0001< ky; < 0.1702+ 0.0002
Section 5 P =0.00014+ 0.00008 0< ko, < 0.800+ 0.002
kor=0.3 $=0.17ns 0 < ko1 = 0.0440 ko= 7.0140.01 0.0008+ 0.0005< kj, < 0.800 0.002
ko1 =0.14 S =0.80nst? 0.1260< ky; <0.17 kQZ =1.0+0.2
ko2 = 0.08 P=0.1008 52 0 < kp<0.2071
ki»=0.72 0.5929< k2 <0.80 Section 5
R Y S =0.18+0.03 0< ko < 0.04- 0.02
@kor=7Mns™ - koz=1M"ns S, =0.82+ 0.03 0.14+ 0.02< kzy < 0.18 0.03
(b kr=7M"nst  kee=6M"'ns*t P=0.11+0.02 0< ko2 <0.2+0.1
ko1=7.0+0.1 0.6+ 0.1 < ky2 < 0.82+ 0.03

tions and all global compartmental analyses were carried out ~ ko2=1.1+0.2

on an |BM RISC Sy_stem/6000 computer. TABLE 3: Average Values of ks, koz (in M~ ns™), S, S,

3.3. Dgta Analysis. The _fluorescence decay surface to be (in ns=1), and P (in ns2) and Their Errors Estimated by the
analyzed in each case comprised 44 decay curves (atvBlues Scanning Procedure of the Fluorescence Decay Surface
and four quencher concentrations). The fluorescence decayGenef?;l'fﬁ/(lj with the ?rkr]ulatl%n'\)I/aLllueslof I‘_I’_ab_{e llzt\k/]wthR .

; P o1 = “tnstand kg, = ~Insl Limits on the Rate

surface was globally analyzed in termslgf ko, ko2 by, and Constantsk; (in ns) Are Calculated According to Eq 20
€1. In all of the 44 decays, the paramet&skoi, kg2, andb;
were linked over the entire fluorescence decay surface while = 0-17Zi 0.003 0< ko1 < 0-17EIE(0-202
the 117g parameters were linked over four different quencher %;56303221%%%%5 gf?(zifggéo;é 00%177i 0.003
concentrations. From a previous sty was found that it is ko= 7.14+ 0.02 0.012¢ 0.002< ki» < 0.3324 0.003
sufficient to scan one rate constant to obtain plateau values of kg, = 6.02+ 0.06
S, $, andP and to subsequently es'_unjate boun(_js on the rate 4.1. Systems withs, = 0.17 ns, S, = 0.34 ns%, and P
constants;. It was also found that it is less tedious to scan _ 2 hi . . .
Kot (OF koo) instead ofkey (Or kyz) becausdor (or koy) has only = Q.0375 ns<. In this section we are studying a system in

! which S and S, are well separated with 85 = 0.65. The

an upper limit whereakoy (or kiz) has both upper and lower decay time values as a function of [Q] for the two sets of
bounds. So in all cases global compartmental analyses were

) ) ) quenching rate constants are shown in Figure 1. At Taw c
performed by keepingo, fixed at different preset values. values, the preexponential factors corresponding to the short

decay times are negative, whereas at highewalues all
preexponential factors are positive. During the scanning
The purpose of the investigation is to determine how the procedure the value dfy; was kept fixed at different preset
proximity of the values of the two quenching rate const&gis values from 0.001 to 0.20 nk
andkg; influences the recovery of the parametgrsS;, P, ko, 41a. ki=7M1Instandk,=1M"1nsl The values
andkgz and how well one can estimate the limits on the rate of S, $, P, kg1, andkg, obtained as a function of the scanned
constantk;. Therefore, we consider five different combinations rate constanko; are shown in Figure 2. Visually well-defined
of S, &, and P. Note that by definitioR is restricted between  plateaus are obtained f&i, S, P, Ko, andkgo up to koy =
0 and$S. For each case, two different subcases are investi- 0.06 ns? after which they start to deviate. The upper limit on
gated. In the first subcase the values of the two quenching rateko; calculated by eq 20a (0.06 T corresponds with all the
constants are far aparky = 7 Mt ns ! andkg, = 1 M1 visually determined limits. For thky; region where plateaus
ns™1) while in the second subcase they are cldeg € 7 M1 are found, the fits as judged I&, are acceptable. The values
nstandkg, =6 M~1ns™Y). The simulation values of the rate  of S}, S, P, ko1, andkg; average& over the plateaus (Table 2.1)
constantss;, ko1, ko2 and the simulation values &, S, andP agree well with the simulation values of Table 1. The limits
(eq 4) are given in Table 1. The theoretical limits (eq 10) on onk; calculated according to eq 20 (Table 2.1) are also in good
the rate constants; are also compiled in that table. agreement with the simulation values.

4. Results
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Figure 1. Decay times%; andt;) as a function of quencher concentration corresponding to cas&d1 .17 ns?t, S, = 0.34 ns?, andP =
0.0375 ns?): (@) kg1 =7 Mt ns!andkg, =1 M1 ns?(case 4.1.a). (bho1 = 7 M1 nst andkg, = 6 M~! ns ! (case 4.1.b).

When the [Q] range is limited between 0 and 4 mM (0, 1, 2,

simulation values okj, ko1, kg2, S1, &, andP (eq 4) are given

and 4 mM, see Figure 1a for the decay time values), the valuesin Table 1.2. The theoretical limits on the rate const&psre

of S, S, ko1, andkgz obtained as a function of the scanned
rate constantky; (Figure 3) do not exhibit any plateaus.
Therefore, it is impossible to calculate limits & Note that
the constancy of§ + $) explains the symmetry of the plots
of § andS,.

4.1b. ka=7M1lnstand k=6 M1nsl Unlikein

also compiled in Table 1.2. For this system, the range of decay
time values extends from = 2.89 ns and, = 6.09 ns at [Q]
=0Mtor; = 2.14 ns and, = 3.29 ns at [QF 20 mM and

koz = 6 M~1 nsl. Preexponential factors are positive at low
€1 values, but at higher values of, ¢the preexponential factors
corresponding to the short decay time are negative. The value

the previous case, the two quenching rate constants are not welbf ky; was kept fixed at different preset values from 0.001 to
separated. As is evident from Figure 4, no plateaus are observed.30 ns?! during the analyses.

in the plots ofS;, S, P, ko1, andkg as a function of the scanned
rate constantko:. Hence, no reliable limits ork; can be
calculated. Extending the [Q] range up to 0.1 M (0, 0.02, 0.04,
0.1 M, see Figure 1b for; » values) does not result in plateaus
for S, $, P, ko1, andkg, as a function oko; (figure not shown).
The symmetry ofS, andS; in Figure 4a is explained by the
constancy of § + S).

4.2. Systems withS; = 0.17 ns!, S, = 0.34 ns’t, and P
= 0.001 ns? The values of5; and$, are the same as in the
previous section, but the value Bfis much smaller (S, =
0.017). The aim is to investigate how a small valu®afffects
the recovery of the paramete®g S, andP and in turn how it
influences the numerical values of the limits ¢ The

42a ka=7M?instand k;=1M"1nst Plateaus
are found forS,, S, P, kg1, andkg2 vs k1 extending up tdkos
= 0.16 ns! (figure not shown). These visual upper limits are
in good agreement with the upper limit d: calculated
according to eq 20a. All the limits di; calculated according
to eq 20 are compiled in Table 2.2. Also shown are the average
ko1 andkgz values. All those values are in acceptable agreement
with the simulation values. For tH; region where plateaus
are found, the fits as judged 1%, are acceptable.

42b. k1 =7 Mnstand k=6 M1nsl Again
plateaus are observed &, $, P, kg1, andkg up to kor =
0.16 ns!t (figure not shown) in good agreement with the upper
limit on ko; (0.17 ns) calculated according to eq 20a using
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0.3 +
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014
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44
24
ka2 M ns™
0 t u + $ t } } } }
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
A
ko1 (ns)

Figure 2. (a) Values ofS;, $, andP obtained as a function of the scanned rate constamorresponding to case 4.1& & 0.17 ns', S = 0.34
ns?, P = 0.0375 ns? kg1 = 7 M1 ns%, andkg, = 1 M1 ns™). (b) Values ofkg: (@) andko, (M) as a function oky; corresponding to the
analyses of Figure 2a. The symbols represent actual recovered values, whereas the lines merely serve as a visual aid.

the S;, S, andP values of the plateau. The average values of
S1, S, P, ko1, andkg; calculated over the plateau and the bounds

show plateau values up kg; = 0.14 ns®. There is an excellent
agreement between the average values,of, P, ko1, andkg:

onk; are given in Table 3, and they are in acceptable agreementand the true values (compare Tables 1.3 and 11.3). The limits

with the respective simulation values (Table 1.2). Forkhe

range where plateaus are found, the fits are acceptable.
4.3. Systems withS; = 0.17 ns!, S, = 0.16 ns'%, and P

= 0.001 ns?. In the present cas& andP are the same as in

the previous one bu$; andS; are very similar. The aim is to

investigate how the closeness&fandsS,; in combination with

a small value oP (P/S,S; = 0.037) affects the recovery &,

S, P, ko1, andkgz. The simulation values dfj, ko1, koo, S,

S, andP are given in Table 1.3. The theoretical limits on the

rate constantk; are also compiled in that table. For this system,

the decay time values range fram= 5.08 ns and, = 7.52

ns at [Q]= 0 M to 7; = 3.03 ns and» = 3.85 ns at [Q}= 20

mM andkgz = 6 M™% ns™. Atlow &; values, the preexponential

factors corresponding to the short decay times are negative,

whereas at higheficvalues, all preexponential factors are
positive. Rate constarky; was scanned from 0.001 to 0.30
ns! during the analyses.

43a ki=7M?instand kp,=1M"1nsl The plots
of S, S, P, ko1, andko2 as a function oko; (figure not shown)

on k;j calculated according to eq 20 are shown in Table 2.3.
The limits onk; are also in very good agreement with the
simulation values. There is a small discrepancy between the
upper limit onko; calculated by eq 20a (0.162 1% and the
visually determined one (0.14 n§. The fits are acceptable
for the ko; range where plateaus are found.

43.b. lpy=7Mlnstand k=6 M nsl Although
plateaus were found fd8;, S, P, ko1, andkg, as a function of
ko1, thekos region for constan, andS; does not match thie;
region where constankg: and ko, values are observed.
Furthermore, there is no consistency between the visually
determined upper limits oky; and that calculated according to
eq 20a. An illustrative example is shown in Figure 5. The
visual upper limit orky; determined from the plots & and$;
is 0.04 ns?, while the slightly sloping plots oko; andko, vs
ko1 exhibit a clear break &; = 0.14 ns?, in good agreement
with the upper limit calculated from eq 20a (0.138 s
Because of the inconsistency between the visual and calculated
upper limits on the scanned rate constaatthe results of such
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Figure 3. (a) Values ofS;, $, andP obtained as a function of the scanned rate constamorresponding to case 4.1& & 0.17 ns', $ = 0.34
ns1, P=0.0375ns? kg1 = 7 M1 ns'%, andkg, = 1 M~ ns™?), but the [Q] range is limited between 0 and 4 mM. (b) Value&gf(®) andky,

(m) as a function oky; corresponding to the analyses of Figure 3a. The symbols represent actual recovered values, whereas the lines merely serve

as a visual aid.

an analysis are not trustworthy. Moreover, the average values= 5.89 ns at [QF 0 M to r; = 1.09 ns and» = 3.23 ns at [Q]

of § (0.139+ 0.003),; (0.189+ 0.005), andP (0.0003+
0.0002) calculated over the plateau (0.081ky; < 0.04) do
not agree with the respective simulation values (Table 1.3). All
limits on k; calculated according to eq 20 are in disagreement
with the simulation values (Table 1.3). The analysis of another

= 20 mM andkg; = 6 M™% ns™. All preexponential factors
are positive, but when the value ofis 1.0, the preexponential
factors corresponding to the short decay time are negative. The
value ofkp; was kept constant at different preset values from
0.001 to 0.30 nst during the scanning procedure.

fluorescence decay surface generated with the same parameters 4.4.a. ka=7 M 1nstandk,=1M"1ns’ Well-defined

but with different noise yielded extended plateauscndS,
up toko; = 0.12 ns1, whereas the plots d&; andkg, gave a
visual upper limit of 0.14 ns' for ko, different from the upper
limit on ko (0.163 ns?) calculated according to eq 20a. The
average values d§ (0.169+ 0.002),S, (0.160+ 0.002), and
P (0.0009+ 0.0001) calculated over the plateau (0.09Xko;
< 0.12) and the limits ok; are in agreement with the respective
simulation values (Table 1.3). The average valudge{7.02
+ 0.02) andkg; (6.01+ 0.01) agree well with the simulation
values.

4.4, Systems withS; = 0.17 ns!, S, = 0.80 ns’!, and P
= 0.0001 ns2. The values of5; and$; are further apart, and
P is smaller (P&S; = 0.0007) than in the previous case. The
range of decay time values extends fregn= 1.25 ns, and

plateaus are found fd8;, S, P, ko1, andkgz vs k1 extending
up tokoy = 0.17 ns1, corresponding to the upper limit d@;
calculated according to eq 20a. All of the limits kycalculated
according to eq 20 are shown in Table 2.4, together with the
averageko: andkg; values. All those values are in excellent
agreement with the simulation values. Acceptable fits are
obtained for theko; range where plateaus are found.

4.4b. l1=7Mnstand k=6 M1ns Although
plateaus are observed 81, S, P, kg1 andkgy, the visual upper
limits on ko; are different when they are derived from ti&,
S, P) plotus k; (namely 0.12 nst) than fromkos vs ky (namely
0.18 ns?) or from kg2 vs k1 (namely 0.04 nst). All visually
obtained limits are in disagreement with the upper limitken
(0.17 ns!) calculated according to eq 20a. The average values
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Figure 4. (a) Values ofS;, S, andP obtained as a function of the scanned rate con$tamrresponding to case 4.1.8,& 0.17 ns', S = 0.34
ns?, P = 0.0375 ns? kg1 = 7 M7 ns%, andkg, = 6 M1 ns™). (b) Values ofkg: (@) andkq, (M) as a function oky; corresponding to the
analyses of Figure 4a. The symbols represent actual recovered values, whereas the lines merely serve as a visual aid.

of § (0.17+ 0.01),S, (0.80+ 0.03), andP (0.0007+ 0.0004)
and the limits onk; are in agreement with the respective
simulation values (Table 1.4). The valueskgh andky, are
7.02+ 0.01 and 6.7 0.3 M ns™%, respectively.

4.5. Systems withS; = 0.17 ns!, S, = 0.80 ns'%, and P
= 0.1008 ns2. Compared to the previous case, the valu® of
is much larger (F4S = 0.74). For this system, the decay time
values extend fromr; = 1.07 ns and, = 26.48 ns at [QF 0
M to 71 = 0.95 ns and, = 5.72 ns at [Q]= 20 mM andkqg>
=6 M 1ns L Atlow &; values, all preexponential factors are
positive, whereas at highér ealues, the preexponential factors

45b. lpp=7Mnstand k=6 M1nsl Incontrast
to case 4.5.a., no plateaus are obtainedSolS,, P, ko1, and
ko2 as a function okoa.

5. Discussion

From the global compartmental analyses of computer-
generated fluorescence decay surfaces of reversible intramo-
lecular two-state excited-state processes with added quencher,
it can be concluded that the closeness of the values of the two
guenching rate constants influences the reliability of the
recovered values &, S, P, ko1, andkgz and the limits ork;.

corresponding to the short decay time are negative. The value (j) If the values of the rate constants of quenchlqg and
of ko1 was kept constant at different preset values from 0.001 kqz are substantially different, plateaus are observe®&fos;,

to 0.20 ns? during the analyses.

45.a. ki=7M1nstandk,=1M"1ns?' PlotsofS,
S, P, ko1, and kg2 vs the scanned rate constalf; exhibit
plateaus up tdo; = 0.04 ns. This visual upper limit orko;
agrees well with that obtained by eq 20a (0.044s Table
2.5 compiles the values &, S, P, ko1, andkg, averaged over
the plateau region. The limits d§ calculated according to eq

P, ko1, and kg2 as a function of the scanned rate constant,
provided a wide enough [Q] range is selected. The values of
those parameters averaged over the plateaus are in good
agreement with the respective simulation values. Furthermore,
the upper limits on the scanned rate constant obtained by visual
inspection of the individual plateaus agree with each other and
with that calculated according to eq 20 and with the simulated

20 are also compiled in this table. All those values are in good one (according to eq 10). Moreover, the bounds onkall

agreement with the simulation values.

calculated according to eq 20 using the plateau values;,of
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Figure 5. (a) Values ofS;, S, andP obtained as a function of the scanned rate congtambrresponding to case 4.3.8 & 0.17 ns', $ = 0.16

ns?, P =0.001 ns? kg1 = 7 M~! ns%, andkg, = 6 M~ ns™Y). (b) The values okq: (@) andky, (M) as a function oky; corresponding to the
analyses of Figure 5a. The symbols represent actual recovered values, whereas the lines merely serve as a visual aid.

w

S, and P agree well with the simulation values calculated quencher with widely spacde;: andko: is required. It should
according to eq 10. Hence, the scanning procedure can be usethe emphasized that the analyses giving unreliable limits never
to recover reliable estimates of the limits on all rate constants. passes our consistency test. It may happen, however, that some
(ii) If the values ofkg; andkqg, are very similar, the quality  analyses yielding reliable estimates &f S, P, ko1, and kg2
of recovery ofS;, S, P, ko1, andkg, depends on several factors.  will be rejected.
It is possible that no plateaus are found &y S, P, ko1, and On the basis of the results of this investigation, the following
ko2 as a function of the scanned rate constant. This situation strategy for experimental design can be suggested. When
occurs wherP is nonnegligible in comparison with the product studying intramolecular two-state excited-state processes with
SIS (see eq 17), as was found in sections 4.1b and 4.5 b. Thisadded quencher, one should determine in a trial experiment how
is a clear-cut case because no information can be extracted frontlosely spaced the rate constants of quenching are. For this
the scanning procedure. The only remedy is to select anotherpurpose one can collect a minimum of three decay traces at
quencher with widely differing quenching rates. If plateaus are three different quencher concentrations at the same excitation/
found for the parametelS;, S, P, ko1, andkgy, two cases can  emission wavelength. Inclusion of a decay trace in the absence
be distinguished. First, when all the plateaus yield the same of added quencher ensures the largest possible range of decay
visual upper bound on the scanned rate constant (whichtimes. From the structural identifiability study, it follows that
corresponds to that calculated according to eq 20 using thea straightforward global compartmental analysis vighfixed
plateau values of5, &, and P), then the limits on all rate  at zero guarantees that the rate constéjtko: and ko, are
constants; are recovered correctly. This was found for case uniquely determine@® Moreover, this analysis gives an indica-
4.2b. Second, when different visual upper limits for the scanned tion of the closeness of the values of the two quenching rate
rate constant are obtained from the plateau$,0%, P, ko1, constants and yields the dependence of the decay times on [Q],
andkq (and at least one of them is different from that calculated allowing one to select the appropriate quencher concentration
from eq 20, the obtained results of the analysis are not reliable.range. Note that it is not always beneficial to use the widest
That was found in cases 4.3b and 4.4b. The choice of anotherpossible [Q] range. Indeed, as can be seen from Figure 1, using
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[Q] higher than 0.05 M will not cause a large changerin. (10) Van den Bergh, V.; Kowalczyk, A.; Boens, N.; De Schryver, F. C.

i i J. Phys. Cheml1994 98, 9503-9508.
As shown in case 4.1.b., extension of the [Q] range up to 0.1 (11) Hermans, B.: De Schryver, F. C.: Boens, N.: Ameloot, Mo,

M was not helpful i'f‘ qbtaining reliable \_/alues 8f S, and P. R.; TeyssieP.; Goethals, E.; Schacht, E.Phys. Chenl994 98, 13583~
For the the proximity of the quenching rate constants two 13593.
cases can be considered: (i) If the values of the quenching rate_ (12) Van den Bergh, V.; Boens, N.; De Schryver, F. C.; Ameloot, M.;

constants are well separated, one can collect the fIuorescenc%el%'f'lfig(;a”ay' J; Vincent, M.; Kowalczyk, Biophys. J 1995 68,

decay curves under the right experimental conditions using a (13) Hermans, B.; De Schryver, F. C.; van Stam, J.; Boens, Koz
suitable quencher concentration range. Based on the simulaR.; Teyssie P.; Trossaert, G.; Goethals, E.; SchachtMacromolecules

X . f ith 1995 28, 3380-3386.
tions, one can predict that global compartmental analysis with (14) Van den Bergh, V.. Boens, N.; De Schryver, F. C.; Gallay, J.;

kor scanned will yield plateaus fd, S, P, ko1, andkoz@s @ vingent, M. Photochem. Photobioll995 61, 442—447.
function of ko1 If no plateaus are found, one should expand  (15) Meuwis, K.; Boens, N.; De Schryver, F. C.; Gallay, J.; Vincent,
the [Q] range to increase the spreadpf values. Eventually, M. Biophys. J.1995 68, 2469-2473.

. oy : (16) Kowalczyk, A.; Meuwis, K.; Boens, N.; De Schryver, F.XPhys.
correct values okg: andkg, and limits onk; will be obtained. Chem 1995 99, 1734917353,

(i) If the quenching rate constants are closely spaced in value,  (17) Meuwis, K.; Depuydt, G.; Boens, N.; De Schryver, F.@hem.
one should compare thevalue with the producgS,. If P is Phys. Lett.1995 246, 641—648.

nonnegligible, one should search for another quencher which  _(18) Boens, N.; Kowalczyk, A.; Cielen, B. Phys. Cheml1996 100

. . e T AB79-4887.
guenches the two excited states with very differing efficiencies. (19) Boens, N.; Andriessen, R.; Ameloot, M. Van Dommelen, L.; De

If Pis small, one can try performing the scanning procedure to Schryver, F. CJ. Phys. Chem1992 96, 6331—6342.
determineS;, $, P, ko1, andkgz as a function ofky,. If the (20) Boens, N.; Ameloot, M.; Hermans, B.; De Schryver, F. C;

. Lo . : ; Andriessen, RJ. Phys. Chem1993 97, 799-808.
visual upper limits are not internally consistent and/or different (21) Boens, N. Van Dommelen, L.. Ameloot, Biophys. Cheml993

from that calculated according to eq 20, the results are not 45 301313,
reliable and one should start anew with a different quencher. (22) vVan Dommelen, L.; Boens, N.; Ameloot, M.; De Schryver, F. C.;
Kowalczyk, A.J. Phys. Chem1993 97, 11738-11753.

(23) Van Dommelen, L.; Boens, N.; Ameloot, M.; De Schryver, F. C.
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