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fluorescence quenching both in the dark and under steady-
state illumination, and (b) that changes in the maximum
quantum yield of fluorescence can be quantitatively related
to the fraction of open PS II reaction centers (Falkowski et
al., 1988; Genty et al., 1989).

In conclusion, we agree with Trissl et al. and Holzwarth
that the interpretation of the standard fluorescence induction
curve is complex. However, their criticisms regarding fluo-
rescence induction measurements in relation to both the
quantum efficiency and the transfer of reducing equivalents
to the acceptor side of PSII are unwarranted. We concur that
the interpretation of the conventional fluorescence induction
measurements within the context of the absorption cross sec-
tion of PSII or the probability of transfer of excitation be-
tween reaction centers is poorly supported on theoretical
grounds. We point out, however, that measurements of vari-
able fluorescence induced by single turnover flashes can be
conveniently used to derive the desired parameters, and that
such measurements are consistent with both picosecond fluo-
rescence lifetime analyses and with conceptual models of
exciton trapping and charge separation in PSII.
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Response to Falkowski et al.
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The comments of Falkowski et al. in response to our article
on theoretical fluorescence induction curves Trissl et al. 1993
require confirmation in some parts but also some criticism.

It is unfortunately true that our article contained some
errors in the numerical values of Fv, Fm, Fa, and (P, For
parameter set No. 3 the rate constant for losses of the radical
pair, kI, was not quantified. An erratum has been printed
(Biophys. J. 65:982-983, 1993). Despite this, all conclusions
listed at the end of our article remain valid, in particular the
statement of the absolute value of the complementary area
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depending on the rate constants selected for the exciton radi-
cal pair equilibrium model. Regrettably, this point is not dis-
cussed in the article of Falkowski et al.

Falkowski and his colleagues argue on whether the rela-
tions (Fv/Fm)AFDp and (Fa/Fv) - (DP are constant or not. Re-
cently, Dr. Jerome Lavergne and I have succeeded in de-
riving analytical formulae for fluorescence induction curves
derived from the exciton-radical pair equilibrium model.
These equations allow effortless tests of any proposed re-
lationship with high numerical accuracy, and they do not
suffer from time-consuming computational calculations.
With the availability of the analytical solution it is easy to
prove that (Fv/Fm)/4Dp = f(ki), i.e., is a function of the rate
constants, and that (Fa/Fv) * (P = 1, i.e., is independent of
the rate constants. The term (Fa/Fv) * (P expresses the num-
ber of electrons transferred. It thus turns out that the rela-
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tionship originally derived by Malkin and Kok (1966) still
holds in the framework of the exciton-radical pair equilib-
rium model.

Finally, I would like to point out that the interpretation of
fluorescence induction curves with blocked electron transfer
between QA and QB has been subject to critique for different
reasons for a long time (Doschek and Kok, 1972; Hemelrijk
and van Gorkom, 1992; France et al., 1992). A critical review
of the widely used commercial PAM-fluorimeter has been
published recently (Buchel and Wilhelm, 1993). It is also
worth mentioning that even experimental data on the shape
of fluorescence induction curves obtained with the pump-
probe technique are contradictory (Hemelrijk and van
Gorkom, 1992; France et al., 1992), and thus appear not to
be a "better" alternative to conventional methods. In my view
a complete interpretation of experimental fluorescence in-
duction curves is still an open subject that will progress by
comparison with model predictions. Experimental observa-
tions like those offered by Falkowski et al. do neither prove
nor disprove the self-consistency of any conclusions drawn
from a purely theoretical treatment of the problem.
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Methods for Calibration of Fluorescent Calcium Indicators in Skeletal
Muscle Fibers
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In a recent paper in this journal Baylor and co-workers con-
cluded that the free myoplasmic [Ca2"] ([Ca2+]i) in frog
skeletal muscle fibers at rest is at least 100 nM and may be
as large as 300 nM (Harkins et al., 1993; see also Kure-
bayashi et al., 1993). This [Ca2+]i is higher than that fre-
quently reported for muscle fibers, and hence, it raises the
question about the accuracy of various methods used to
measure [Ca2+], (Morgan, 1993; Ross, 1993).

In the paper by Kurebayashi et al. (1993), [Ca2+]i was
measured with the fluorescent indicator fura red, whereas
Harkins et al. (1993) used another fluorescent Ca2+ indica-
tor, fluo-3. The methods of calibration of these two indicators
were similar in that the fraction of indicator in the Ca2+-
bound form at rest (fr) was established by a combination of
in situ and in vitro measurements. The value of fr was then
combined with estimates of the apparent dissociation con-
stant (KD) to get [Ca2+]i at rest; estimates of KD were ob-
tained either in vitro or from rate constants obtained from
[Ca2+], transients due to stimulation. The estimates of f, and
KD depended on the calibration technique and showed a large
spread both with fura red and fluo-3. However, the authors

Received for publication 1 November 1993 and in final form 21 December
1993.
C 1994 by the Biophysical Society
0006-3495/94/03/926/06 $2.00

conclude that the [Ca2+]i at rest is at least 100 nM and can
be as large as 300 nM (Harkins et al., 1993).
The methods described by Baylor and co-workers are at-

tractive in that a complete calibration can be performed with-
out causing damage to the cell. The disadvantage is that the
techniques are technically rather cumbersome, and to some
degree, they depend on in vitro measurements in uncertain
solutions. For instance, Harkins et al. (1993) show that when
Fma./Fmin of fluo-3 (the fluorescence intensity of the Ca2+-
bound and Ca2+-free form, respectively) is large, a term in
the calibration equation (their Eq. 4) is of little importance.
In simple ionic solutions in vitro they found Fma,/Fmi. to be
200. To mimic the intracellular environment, they added pro-
tein to their calibration solutions, and this markedly reduced
the ratio; hence, they assumed an intracellular FmaX/Fmin of
100, which required a small (5%) reduction to their estimate
of [Ca21],. In a recent study (Westerblad and Allen, 1993;
see below), we measured Rma./Rmin (the equivalent expres-
sion for a ratiometric dye) for another fluorescent Ca2+ in-
dicator, indo-1, both in simple ionic solutions in vitro and in
situ, and the resulting ratios were 68 and 11, respectively. If
a similar intracellular change occurs with fluo-3, then the
error in estimated resting [Ca2+]i by Harkins et al. (1993)
becomes rather large, and their value of resting [Ca2+],
should be reduced by a considerable amount.
We have recently used another method for intracellular

calibration of indo-1 (Westerblad and Allen, 1993). Intact,


