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Abstract

Fluorescence recovery after photobleaching (FRAP) is a common experimental
method for investigating rates of molecular redistribution in biological systems. Many
mathematical models of FRAP have been developed, the purpose of which is usually
the estimation of certain biological parameters such as the diffusivity and chemical
reaction rates of a protein, this being accomplished by fitting the model to experimen-
tal data. In this article, we consider a two species reaction—diffusion FRAP model.
Using asymptotic analysis, we derive new FRAP recovery curve approximation for-
mulae, and formally re-derive existing ones. On the basis of these formulae, invoking
the concept of Fisher information, we predict, in terms of biological and experimen-
tal parameters, sufficient conditions to ensure that the values all model parameters
can be estimated from data. We verify our predictions with extensive computational
simulations. We also use computational methods to investigate cases in which some
or all biological parameters are theoretically inestimable. In these cases, we propose
methods which can be used to extract the maximum possible amount of information
from the FRAP data.
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1 Introduction
1.1 Fluorescence recovery after photobleaching

The development of live cell fluorescence microscopy has revolutionised molecular
cell research. Much modern fluorescence microscopy depends upon the use of the
green fluorescence protein (GFP) and its variants. GFP, first isolated from the jellyfish
Aequorea Victoria, has the ability to absorb energy from light in the ultra violet blue
to wavelength range, which is then released by radiating green light (Tsien 1998). By
modifying cells to express a fusion of GFP with a particular target protein (tagging
or labelling), researchers are able to study gene expression and protein localisation
within the living cell (Giepmans et al. 2006). This is done by illuminating the target
cell with light of an appropriate wavelength and detecting the green fluorescent emis-
sion. However, observation of a cell at steady state reveals little, if anything, about
protein mobility. The small size of proteins (way below the resolution limit of light
microscopy) and the typically large number of labelled proteins (10*—10%) means that
in most experiments it is not possible to follow the movement of individual proteins.
Reducing the number of labelled proteins can help to address this problem, but then
detecting the fluorescent signal becomes increasingly difficult.

In the 1970s, researchers, mainly Axelrod et al. (2018), began to develop experi-
mental methods to study protein mobility by perturbing the cell under observation. The
technique they devised, known as fluorescence recovery after photobleaching (FRAP)
(Cone 1972; Poo and Cone 1973; Liebman and Entine 1974; Koppel et al. 1976;
Axelrod et al. 1976; Wu et al. 1977) is widely used to this day. Although numerous
improvements have been made to FRAP procedure since it was first introduced, the
fundamental idea has not changed (Lippincott-Schwartz et al. 2018).

In typical FRAP experiments, a short sequence of images is acquired prior to pho-
tobleaching. These serve to document the initial spatial distribution of the fluorescent
molecule. The next step is photobleaching: a small defined region of interest is briefly
illuminated with high intensity light, usually delivered by a laser. This triggers an
irreversible change in the chemistry of the fluorophore (typically GFP) which causes
a permanent loss in fluorescent properties. This creates a high concentration of photo-
bleached (or simply bleached) protein molecules within the region of interest. Next,
the laser intensity is attenuated in order to acquire a longer sequence of images, ideally
with minimal photobleaching. During this period the motion of both non-bleached and
bleached GFP molecules will lead to the spatial re-distribution of the fluorescent sig-
nal. Passive transport processes, such as Brownian motion, will create a net transfer
of bleached molecules out of (and a net transfer of unbleached molecules into) the
region of interest, causing the cell to relax towards equilibrium. This is referred to
as the fluorescence recovery. The average intensity of fluorescent emission from the
region of interest is recorded against time to construct the fluorescence recovery curve
(White and Stelzer 1999; Meyvis et al. 1999; Reits and Neefjes 2001; Carrero et al.
2003).

The earliest FRAP experiments (conventional FRAP) were conducted using a static
laser that was attenuated by placing neutral density filters in front of the beam (Jacobson
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et al. 1976). As fluorescence microscopy proliferated during the 1980s, the confocal
scanning laser microscope (CSLM) was developed (Amos and White 2003). This type
of microscopy relies on raster scanning a laser beam over an area of interest. Modern
FRAP apparatus essentially consists of a CSLM and an acousto-optical modulator
which is capable of rapidly varying the intensity of the CSLM laser as it scans across
the sample. During image acquisition a low laser intensity is used on the whole field
of view, whereas during photobleaching the laser intensity is increased, and the scan
area restricted to just the region that is being targeted for bleaching. A static beam can
only yield a fluorescence recovery curve, but with modern confocal scanning FRAP
almost any desired pattern can be bleached into fluorescent samples at high definition
and then imaged (Wedekind et al. 1994).

1.2 Quantitative analysis of fluorescence recovery after photobleaching

Quantitative analysis of FRAP data is made possible by mathematical modelling.
Many different models have been brought forward, beginning in the 1970s with rela-
tively simple analytical models, based on partial differential equations that are solved
(typically under idealised conditions) in order to derive an expression for the recovery
curve. By fitting a model to experimental data, estimates of the model parameters are
produced. The earliest FRAP models [the first being published in Axelrod et al. (1976)]
were single species analytic models of protein transport within cellular membranes,
due to diffusion or electrophoresis (Axelrod et al. 1976; Soumpasis 1983). Many
different models have since been proposed, including simplified one-dimensional
models (Ellenberg et al. 1997; Houtsmuller et al. 1999) and more complicated three-
dimensional models (Braeckmans et al. 2003; Braga et al. 2004; Mazza et al. 2008).

The principal disadvantage of analytical modelling is that it is almost always nec-
essary to make simplifying assumptions, for example that the system is homogeneous,
that the system is infinitely large or that photobleaching is effectively instantaneous.
The latter assumption is a problem in confocal scanning FRAP, since photobleach-
ing requires repeated scanning of the region of interest which typically takes several
seconds (Kang et al. 2009). This has forced analytical modellers to make phenomeno-
logical assumptions about the distribution of fluorescent material immediately after
photobleaching (Braga et al. 2007; Kang et al. 2009, 2010). There also exists a variety
of computational models that need not make any of these simplifying assumptions,
of which there are two main types: continuum models in which a partial differen-
tial equation is solved numerically (Beaudouin et al. 2006; Blumenthal et al. 2015;
Moraru et al. 2008; BliBle et al. 2018; Roding et al. 2019), and stochastic approaches
that track the diffusion and interactions of individual molecules (Nicolau et al. 2007,
Vilaseca et al. 2011; Groeneweg et al. 2014). Computational models have the clear
advantage over analytical models that they may incorporate greater complexity yet
have the disadvantage that they may be time-consuming to run (particularly Monte
Carlo methods).

One of the most significant developments in the history of FRAP modelling was the
introduction of models that incorporate binding kinetics, either to immobile interacting
partners within the cell or to partners with different diffusion properties (Kaufman
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and Jain 1990; Carrero et al. 2003; Sprague et al. 2004; Lin and Othmer 2017; Hinow
et al. 2006; Phair et al. 2004; Kang et al. 2010; Braga et al. 2007). Knowledge of
kinetic properties may yield important biological conclusions about how proteins
function (Mueller et al. 2010). To give an example, Ege et al. established quantitative
differences in molecular association and dissociation rates of a regulatory protein,
YAPI, as evidence of qualitative biological differences between the normal and cancer-
associated variants of fibroblasts (Ege et al. 2018).

While there is much value in FRAP mathematical modelling, various problems
remain. First, FRAP studies using different kinetic models have been shown to arrive
at very different predictions for the same or similar proteins due to technical issues
(rather than genuine biological differences) (Mueller et al. 2010). Secondly, fits to
FRAP data are not necessarily unique, which diminishes their usefulness (Sadegh
Zadeh et al. 2006). In this article, we will seek to provide additional clarity by deriving
mathematical conditions, in terms of model parameters and experimental parameters
(such as recording frame rate), which guarantee that all model parameters are theoret-
ically estimable from FRAP data. When this is the case, we will say that the model is
tractable.

In Sect. 2 we will introduce the two-species reaction diffusion model that we will use
throughout. In Sect. 3 we will present new analytic FRAP formulae and formally re-
derive existing ones using asymptotic methods (derivations may be found in appendix
A). Invoking the concept of Fisher information, we will infer sufficient conditions to
ensure FRAP model tractability. In Sect. 4 we present the computational methods used
to test our theoretical predictions from Sect. 3. Further numerical investigation will
inform as to the best course of action in cases where the tractability conditions do not
hold. Computational results are discussed in Sect. 5. In Sect. 6 we propose a general
method to determine when full parameter fitting is possible and when extra measures
will be required. Finally, possibilities for future work considered in Sect. 7.

2 Mathematical model

We assume that a diffusible protein species, A, associates reversibly with a homo-
geneously distributed binding partners, B, to form a complex molecules, C. We also
assume that the number of molecules involved is large enough for the law of mass
action to be applicable so that, in a well-mixed system, the concentrations of A, B and
C evolve according to,

47 [A1 = —kon[AlIB] + korr[C],
47 [B] = —kon[A][B] + kotr[C]. M
$C] = kon[Al[B] — kot [C1,

where [X] denotes the concentration of X.

Prior to the FRAP experiment, protein A is tagged with a fluorescent probe. We also
assume that system (1) reaches chemical equilibrium before the experiment begins.
Let u(x, t) be the concentration of species A at point x and time # that is fluorescent (not
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alu

A(unbleached) A (bleached)
A A
kOnL;' koffV kon(ueq'u)v koff(veq_v)
C(unbleached) alv C (bleached)

Fig.1 Schematic representation of model (3). Arrows, which indicate chemical reactions and photobleach-
ing, are labelled with the reaction rates derived from the principle of mass action. Note that the bleached
and unbleached concentrations of A and C sum to ueq and veq respectively, since photobleaching does not
perturb the overall chemical equilibrium, only the fluorescence equilibrium

photobleached), and D,, be the diffusivity of A (note that photobleaching is assumed
not to alter the diffusivity or reactivity of the molecules). Likewise, let v(x, 7) be the
concentration of the fluorescent C species and D, its diffusivity. Similarly, let the
concentrations of photobleached A and C be u and v respectively.

As Ais the tagged species, only molecules of A, or molecules which contain A, may
be fluorescent. Hence a molecule of C is fluorescent only if it contains a fluorescent A,
as B is not tagged. Association of fluorescent A with B will always form fluorescent C,
and dissociation of fluorescent C will always release fluorescent A. Both A and C can
be photobleached by exposure to high intensity light, which we assume has intensity
1(x, t) at position x and time 7. Making the simplifying assumption (Lorén et al. 2015)
that photobleaching is a first order process, the rate of bleaching per unit concentration
is al (x, t), where « is the sensitivity of the fluorescent probe to photobleaching. The
resulting system of equations is,

g_:;(x’ 1) = —kon[ Blu(X, 1) + kot v(X, 1) + Dy V2u(x, t) — ol (X, H)u(x, 1),
%_?(Xv t) = IEOH[B]M(X’ t) - koffv(x’ t) + vazv(xv t) - otI(X, I)U(X, t)a
(%, 1) = —kon[ Bli(X, 1) + kot D(X, 1) + Dy VZa(x, 1) + I (x, Du(x, 1),
B(x. 1) = kon[ Bli(X. 1) — kof (X, 1) + Dy V?0(x, 1) + al (X, 1)v(X, 1),
2
(also see Fig. 1 for a schematic representation).

Itis clear by conservation of mass that u—+u = ueq, a constant (likewise v+ = veg).
Note that ueq and veq are the pre-bleach equilibrium concentrations of fluorescent A
and C respectively, assuming that all material is fluorescent prior to photobleaching.
Using the fact that # = ueq — u and v = veq — v, (2) simplifies to

506 1) = —honu(x, 1) + Koo, 1) + Dy Voulx, ) — @l (5, 0u(x, 0, o
G (% 1) = Fhontu (%, 1) — kotrv (X, 1) + Dy V2v(x, 1) — &l (x, DU (X, 1),

where kon = kon[B], which is a constant as the concentration of binding sites is not
altered by photobleaching. Model (3) has appeared previously in several quantitative
FRAP studies, some of which assume the immobility of the binding sites (i.e. D,, = 0)
(Kaufman and Jain 1990; Sprague et al. 2004; Hinow et al. 2006; Beaudouin et al.
2006; Mueller et al. 2008; Tsibidis 2009), while others allow for the possibility of
mobile sites (D, > 0) (Braga et al. 2007; Berkovich et al. 2011; Montero Llopis et al.
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2012) (this study of Ras by Kang et al. (2010) is an empirical example of a molecule
with a non-zero diffusivity in the bound state).

For convenience we measure fluorescence in units such that the total pre-bleach
fluorescence is 1 (ueq + veq = 1), which implies that

koff kon

D = — )
kon + koff « kon + koff

Ueq =

Model (3) includes four physical parameters, the diffusivities D, and D, and the
reaction rates kon and kofr. In what follows we will seek to determine the reliability with
which these four parameters (or combinations thereof) can be measured experimentally
by fitting (3) to simulated synthetic data.

We assume the system (3) to be radially symmetric. Let r = /x2 + y2, and non-
dimensionalise by setting r’ = r /r,, where r,, is the characteristic radius of the bleach
region of interest and " = kon?. The resulting equations (given negligible laser inten-
sity) are

0 1 0 0
=t g (8, o
B o= u—wvtont (),
where
8 = Dy/Dy, & = koft/kon, 1= Dy/(kon?) (©6)

are positive dimensionless parameters. We will consider the initial value problem for
(5) on an infinite spatial domain with far field conditions

lim u(r', 1) = ueq, lim v(r', 1) = veq, @)
r —> 00 r'—00

and initial conditions
u(r’,0) = Up(r') = uegH(r' — 1), v(r,0) = Vo(r') = vegH(r' — 1),  (8)

where H is the Heaviside step function. Initial conditions (8) are appropriate if all
available material inside the region of interest is bleached instantaneously. We will
show that the orders of magnitude of the dimensionless parameters 7, k and § control
the identifiability of the model parameters, Dy, Dy, kon and kofr.

3 Inverse modelling problem

The inverse modelling problem is the problem of minimising an appropriate objective
function in order to obtain a maximum likelihood estimate for the values of the model
parameters. If all model parameters are identifiable given some data, we will refer to
the inverse modelling problem as tractable.

In keeping with numerous prior studies (Axelrod et al. 1976; Soumpasis 1983;
Sprague et al. 2004; Kang et al. 2009) we define the fluorescence recovery curve as
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the average light intensity of fluorescent emission across the region of interest (ROI),

SJror w(r, 1)dA

HO = A

&)

where
w(r,t) =u(r,t) +v(,t). (10)

To be consistent with the initial conditions (8), the region of interest, which is the
area covered by the laser, is assumed to be a circular region of radius r,. Although
F(¢) in (9) is a continuous function of time, in practice only finitely many data points
F(t;) may be acquired at discrete times, t;. Let At = t;41 — ¢; for all i be the time
step, so that 1/At is the frame rate of the imaging process; let Y; be the fluorescence
recovery curve data values at the sample times #;; and F;(0) = F(¢;; 6), with 6 being
the vector of model parameters. We assume that empirical data may be described by
the sum of the output of the mathematical model and a stochastic variable such that,

Y; = F;i(0) + 0ié;, (11)

where the &; are normally distributed random variables and the o; account for the
scale of the observational uncertainty. This assumption is appropriate if the the model
accurately captures the underlying dynamics of the system under investigation and
experimental errors are normally distributed. The objective function may be defined
as follows 5

6 0) = Z M7 (12)

- 202
i l

where the factor of 2 is purely for notational convenience. The global minimum of
the objective function, 6*, corresponds to a maximum likelihood estimate of model
parameters (White et al. 2016). The identifiability of the model parameters is given
by the Fisher Information Matrix (FIM) (Rao 1992; Akaike 1998), which in this case
is the Hessian matrix of the objective function,

_ 9%
86,06,

13)

(9*’
which gives

1 9 dF; dF; 1 (3F; 3F; 9%F;
Lpy=) —— (F——-YVi—L)=) S5 |(—"+—(F-Y)).
o 1201239“(18& ’aeu> Zai2<aeuaeu+aevaeﬂ(l )

If the system is well-described by the model, then F; (0*) = Y;, so the term involving
second derivatives vanishes and the FIM simplifies to

1 OF; 3F;
=) — —— 14
" Z o2 86, 06, (1

%
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This relation is exact in our case since our data are synthetic. If an eigenvector of
the FIM has a large corresponding eigenvalue, then the combination of parameters
given by the eigenvector is identifiable (Gutenkunst et al. 2007). Models containing
a mixture of identifiable and non-identifiable parameters (for which the eigenvalues
of the FIM are spread across a logarithmic scale) are said to be sloppy (White et al.
2016). Sloppy models characteristically include certain parameters, or combinations
of parameters, in which even substantial variations do not significantly affect the
behaviour of the dependent variables. In geometric terms, there is a manifold within
the space of model parameters which is a flat minimum of the objective function so
that the global minimum cannot be easily located. Numerous sloppy models have
been identified within the mathematical biology literature, usually those with large
numbers of parameters (Gutenkunst et al. 2007; Daniels et al. 2008; Machta et al. 2013;
Transtrum et al. 2015). Even though the FRAP model (3) has only four parameters,
we will show that under certain circumstances it may be sloppy in the sense of having
a mixture of identifiable and unidentifiable parameters.

3.1 Asymptotic approximations

In this section, we will handle important special cases of (5) analytically under ide-
alised circumstances (i.e. subject to far-field conditions (7) and initial conditions (8),
paying special attention to the effect of varying 1 and « on parameter identifiability. It
is useful at this stage to introduce the following function, which is the recovery curve
of a radially symmetric, single species, pure diffusion FRAP model with Heaviside
step function initial conditions (Soumpasis 1983):

2 1
Fs(2) = e *(Io(2) + 11(2) = p (1 "% + ) , 15)

where Iy and I are modified Bessel functions of the first kind. The series expression
is due to the asymptotic expansion of Abramowitz and Stegun (1972).

3.1.1 Rapid equilibration (7 > 1)
In the limit as n — o0, the dynamics of the fluorescence recovery arising from system

(5) subject to (7) and (8) admit a small parameter ¢ = 1/5n < 1. The recovery curve
is then well approximated (see appendix A.1) by

koft ( r? > kon ( —k r?
F(t) = . 1 + 1 —e Rt — 7 - ,
( ) kon + koff s 2Dut kon + koff S 2Dvl

(16)

which holds for § = O(¢), where § = D, /D,.

From expansion (15)itis clear thatlim,_, ¢ .%#5(z) = 1 and thatlim,_ o, -%s(z) = 0,
so, if the slow diffusion time scale is sufficiently long (r,% /Dy >> 1) and the time scale
of rapid diffusion is sufficiently short (r,% /D, < 1),thenforallr = O(1) (16) reduces
to the well known formula (Bulinski et al. 2001; Dundr et al. 2002; Phair et al. 2004;
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Fig.2 Logarithm of the eigenvalues, log(; ), of the Fisher information matrix computed from formula (16)
for different values of the r,, and Az. Each subplot corresponds to one of the four eigenvalues, a A1, b A5,
cizandd Agq

Rabut et al. 2004; Sprague et al. 2004) for ‘reaction limited’ dynamics,

Py = —ot | Kon (1 - e—kofff) R B Y,
kon + kott kon + kott kon + kott
or equivalently,
F(t) = 1 — vege *oft!, (18)

Formula (18) suggests prima facie that the dissociation rate ko is the only measur-
able model parameter, yet this is not necessarily true. The eigenvalues of the Fisher
information matrix derived from formula 16 are plotted in Fig. 2. One of the eigenval-
ues (Fig. 2a) is many orders of magnitude smaller than the other three. On this basis
we expect that there will be a manifold within the parameter space which represents a
flat minimum of the objective function. This is quite clearly visible in Fig. 3b, d and f,
showing that the diffusivity, D,,, is inestimable. The fluorescence recovery in this case
is bi-phasic; there is an early diffusion-dominated phase which occurs imperceptibly
quickly unless the time step, Az, is much smaller than the time scale of diffusion across
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Fig. 3 Logarithm of the numerically constructed objective function, log(¢), in the rapid equilibration
(reaction limited) regime. Colour indicates the size of the sum of square errors between a single simulated
fluorescence recovery curve spanning 15 seconds (1024 data points) generated with parameter values
Dy = 20.0um?s~ !, Dy = 0.00um?s™ ! kon = 2.00s™!, kofy = 1.00s ™!, and a secondary simulated
recovery curve generated with indicated parameter values. Each subplot displays variation in one of the six
possible pairs of parameters, with the remaining two parameters held at the correct value in each case
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the bleach region of interest. Equivalently, D,, is only estimable if

r2
At < 2. 19
<<D (19)

u

Returning briefly to Fig. 2a, it is quite clear that the magnitude of the smallest
eigenvalue is increased as At decreases and r, increases. Interestingly, two other
eigenvalues (Fig. 2c, d) visibly decline, for fixed At, as r,, increases. Notwithstanding,
it is clear that every model parameter is estimable in this case provided condition (19)
holds.

3.1.2 Intermediate equilibration (n = 0(1))

No known approximations describe the dynamics of the intermediate case in which
n = O(1), but this does not mean that it is impossible to analyse. In order to derive
formula (17) we introduced an asymptotic expansion in terms of a small parameter
& = 1/n to produce an approximation which holds whenever 7 is large. By extending
our asymptotics to include first order terms (see appendix A.2), we are able to produce
an approximation which is accurate for somewhat smaller values of  and so gives some
insight into the behaviour of the system as it approaches n = O(1). The first-order
extension of formula (17) is

F(t)=1— - kon oottt _ konrn oot <koff + konkofft) ’ 20)
kon + koff 3Du kon + koff

which holds for r,% /Dy < 1 and t > e. In contrast with formula (18), D, appears
explicitly in (20), which implies that it could be estimated if the other model parameters
were known. The full significance of this result will be discussed in Sect. 3.3.

By contrasting Figs. 3 and 4, it can be seen quite clearly how reducing the value
of the dimensionless parameter 1 changes the shape of the objective function. In
particular, in the subplots that involve D, (Fig. 4b, d, f), there is a clear unique local
minimum of the objective function (in contrast with the manifold in Fig. 3b, d, f)
which tends to support the prediction that D,, is estimable when n = O(1) (at least
when other parameters are known).

3.1.3 Slow equilibration (n « 1)

In the limit » — 0, we define the small parameter by ¢ = 7. The fluorescence recovery
approximation is simply

2
F(t) = Fs (2 l’;”fft) , @1

where Degsr, a straightforward generalisation of the effective diffusivity defined by

Crank (1975), is
_ koan + koffDu

Dess = 22
eff koff+kon ( )
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Fig. 4 Logarithm of the numerically constructed objective function, log(¢), in the intermediate equi-
libration regime. Colour indicates the size of the sum of square errors between a single simulated
fluorescence recovery curve spanning 15 seconds (1024 data points) generated with parameter values
Dy = 18.1um?s™1, Dy = 0.0718um?s™ ! kon = 38.3s71, kot = 68.2, and a secondary simulated
recovery curve generated with indicated parameter values. Each subplot displays variation in one of the six
possible pairs of parameters, with the remaining two parameters held at the correct value in each case

As the recovery curve (21) depends only on Degt, this is the only estimable combi-
nation of parameters. As 7 — 0, a manifold within the parameter space, defined by
(22), emerges upon which the value of the objective function is approximately zero. In
Figure 5, which is clearly visible in any subplot of Fig. 5. No pair of parameters could
be estimated even if the values of the other two were known. It would be necessary to
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Fig.5 Logarithm of the numerically constructed objective function, log(¢), in the slow equilibration (effec-
tive diffusion) regime. Colour indicates the size of the sum of square errors between a single simulated
fluorescence recovery curve spanning 15 seconds (1024 data points) generated with parameter values
Dy = 15.0pum2s™Y, Dy = 0.374um?%s™ 1 kon = 100051, ko = 5000, and a secondary simulated
recovery curve generated with indicated parameter values. Each subplot displays variation in one of the six
possible pairs of parameters, with the remaining two parameters held at the correct value in each case

determine three of the parameters to determine the fourth. If the diffusivities, D, and
D,, could be independently determined, then at most the ratio of the reaction rates,
Kk = koff /kon could be estimated.

Like the rapid equilibration case, the slow equilibration recovery is bi-phasic. The
early phase consists of a rapid convergence to local chemical equilibrium between the
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bound and unbound species (v and u respectively) which is imperceptible because it
does not alter the total concentration, w.

3.1.4 Asymmetric reaction rates (x > 1)

If we take k¥ — 00, we find that ueq = k/(1+«) — 1, so almost all available material
will be in the unbound state, and the system will be closely approximated by pure
diffusion. The recovery curve is

2

r
F(t) =% n_. 23
() S<2Dut> (23)

Since,
D, +«kD,

Deff = —m8, 24
et T 24

it is clear that Dess — D, as k — oo. In effect, the k > 1 case coincides with the
n < 1 case, except that k = kofr/kon could not be estimated in the k¥ > 1 case even
if D, and D, could be independently measured.

3.1.5 Asymmetric reaction rates (¥ < 1)

As k — 0 almost all available molecules are in a bound state, such that the recovery
curve can be approximated by

2

Ft) = Fs (2:; t) . (25)

and D, is the only measurable parameter. Ask — 0, D¢ — D, S0 this case coincides
with the n <« 1 case, except that « itself is always inestimable.

3.2 Parameter identifiability

Here we will summarise the conditions which guarantee parameter identifiability in
FRAP modelling. Suppose we have a theoretical recovery curve based on the solution
to a mathematical model F(¢; 0) for parameter values 6, and some recovery curve
data Fpgya(f). We can define the objective function, ¢ (0), to be the residual sum of
squared errors (without the scaling with o; used in (12)),

$©) =Y (F(1;:6) — Foaa(t))?. (26)

We have four physical model parameters that are unknown, 6 = (D, Dy, kon, koff)
and two experimental parameters: r,, the radius of the bleach region of interest and
At = tjy1 — t; the time interval between data points.
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Of the cases we have considered in Sect. 3.1, the inverse modelling problem was
tractable only in the rapid equilibration (n >> 1) when condition (19) holds. This
means that we require the following conditions on the physical parameters

kotr
kon

= 0(l), Dy L Dy, 27)

and the following conditions on the experimental parameters

Y1, At <<ﬁ (28)
konr2 ’ D,

These results imply that smaller bleach region radius and higher frame rate data acqui-
sition are generally preferable in principle. However, this is not necessarily practical;
r,, cannot be reduced arbitrarily as the resolution of an optical system is limited by
diffraction. Although conditions (27) and (28) appear quite specific, we expect that
systems in which they are satisfied will be relatively common. For example, many
different nuclear proteins have been found to have a high mobility (van Royen et al.
2009; Phair and Misteli 2000). Highly mobile proteins such as those found within
the cell nucleus will satisfy condition (27) except in extreme cases of highly transient
binding interactions.

3.3 Confocal scanning FRAP

As we discussed in Sect. 1, confocal scanning FRAP, unlike conventional FRAP, may
yield a detailed recording of an entire cell. In this case, we may attempt to fit the total
fluorescence w(x, t), not just the recovery curve F(¢). Under the assumption of radial
symmetry, let

w(r,t;0) =u(r,t;0) +v(r,t; 0), (29)

for some parameter values, 6, and let wpy, (7, t) be some appropriate fluorescence
microscopy data. The objective function in this case is defined as

Pspace (0) = D Y (wpata(rj, 1i) — w(rj, 1))° (30)
i

It has already been observed that the process of averaging across the bleach region
of interest to compute the recovery curve effectively destroys a significant amount of
information (Orlova et al. 2011; Seiffert and Oppermann 2005), so we expect that it
will be advantageous to define the objective function as in (30). Here we will derive
simple conditions to ensure parameter estimability in confocal scanning FRAP.

Once again, we have four physical parameters, 6 = (D, Dy, kon, koff), though
this time we have three experimental parameters: Ar, the length scale of a pixel of the
micrograph; At, the duration of one frame; and L, the length scale of the whole field
of view.
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We could, in principle, construct a recovery curve of radius r, so that n =
Dy /(konrn) > 1, provided that Ar < r, (clearly we cannot have a recovery curve
radius smaller than one pixel). As we saw in Sect. 3.1.1, we could use this recovery
curve to estimate ko, koff and D,,, but not necessarily D,, except for very high frame
rate data. Likewise, we could construct a second recovery curve of radius r,’l so that
n" = Dy/(konr;) = O(1) provided that L > r},. From the results of Sect. 3.1.2 (for-
mula (20)) we know that D,, will be estimable if ' = O(1) or greater, as long as the
other model parameters are known, but this is certainly the case because estimates can
be obtained from the first recovery curve of radius r,,. Moreover, there is no theoretical
reason to suppose that the two recovery curves would actually be necessary, as the
objective function (30) contains information about the redistributive dynamics of the
system under investigation on all length scales between Ar and L. In summation, we
expect that the inverse modelling problem of confocal scanning FRAP will be fully
tractable as long as

k
M~ o), D,< D, 31)
kon
and D D
u u
1, <. 32
kon Ar? > konl? ™ (32)

There is also an extremely weak implicit constraint on At, that the frame rate is not
so low that the fluorescence recovery is totally imperceptible.

4 Computational methodology

The analysis in Sect. 3 has two limitations. First, it is local to the optimal point and does
not reveal anything about the viability of global parameter fitting with general initial
guesses that may be far from the global minimum. Secondly, it applies only to the
idealised case with step function initial conditions. In this section, we will introduce
the computational methods by which we aim to test our theoretical predictions from
Sect. 3 and extend our results to the global parameter fitting problem with non-ideal
initial conditions.

We simulate the FRAP model (3) numerically with the laser profile /(r, t) being
given in terms of the Heaviside step function as

I(r,t) = H(rp — r)H (fbleach — 1)- (33)
We impose zero-flux boundary conditions on a disk

ou
ar

_au

= =o, (34)
r=0 ar

r=R

and likewise for v. The radially symmetric Laplacian is

22
20U r=0,

Viu = 1%22 9u (35)
ror T2 7>0
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where the result at » = 0 is a consequence of 1’Hopital’s rule.

Using a central difference approximation of the Laplacian (35) we produce a semi-
descretised approximation to (3) to which we apply a stiff ODE solver (MATLAB’s
odel5s function) to obtain numerical solutions upat (7, ), Upata (7, 1), which rep-
resent the mobile and bound fluorescent fractions at position ; and time #;. Then the
total fluorescence is

Wpata(7j, i) = Upata(j, ;) + Vpata (¥}, ti)s (36)

and the fluorescence recovery curve is

1 .
Fowa(t) = —5 ) woaa(r), 1)idr. (37)
n

{iGN‘r_/'Sr"}

We will allow for simultaneous fitting of multiple instances of a fluorescence recov-
ery generated using different bleach region radii. Let each of these instances be indexed
by a number, k = 1, ..., nexp, then let r,’z‘ be the nominal bleach region radius used in
experiment k, u)]k)ata the total fluorescence and F{;m (note the superscript k does not
mean ‘raised to the power of k). We will attempt to fit generated model solutions to
synthetic data simulated using known parameter values to ascertain the accuracy of
the parameter fitting in various cases.

For each instance k, with bleach region radius r,]f , we solve (3) numerically to obtain
uk (rj, i), vk (r j» ti). We define the total fluorescence wk(r j» ;) and the fluorescence
recovery curve F kr j» 1) as in (36) and (37) respectively. We define the objective
functions, ¢ and ¢space as

Nexp
¢ = | D (Fouul) — FX))* |, (38)
k=1 | j
and
Nexp
Bspace = Y | D > (W (rj. 1) —whr. ) | (39)
k=1| j i

whose minima we attempt to find with the Nelder-Mead downhill simplex algorithm
(Nelder and Mead 1965; Olsson and Nelson 1975) (using the fminsearch function of
MATLAB). Since we know the values of the parameters used to generate wpgy, We
can easily measure the accuracy of the fitting procedure. Let 6; be any model parameter
(Dy, Dy, kon, kofr) used to generate wpag, and 4 be the fitting procedure output, then
the proportional estimation error is

Gk _ pk
k_ 10— 0|

) 40
M 91]( ( )

@ Springer



1 Page180f38 D. E. Williamson et al.

where once more the superscript k is an index, not a power. The mean error is then
simply

1 Nrun
W= u. (41)
Mrun =5

In each case we take nyy, = 1024. In this way we are able to condense information
about the accuracy of parameter estimation in the various dynamic regimes (rapid
equilibration, intermediate and so on) into a single variable. However, since k,, and
koff may span several orders of magnitude, the mean error ; may be biased by a small
number of extreme outlying results. For this reason it may also be of interest to record
the number of instances (indexed by k), n;(u), which returned values G_Ik such that
ué‘ < . Then we may define,

(42)

where © has a chosen value. For example, if © = 0.01, then f;(u) would be the
fraction of instances which returned estimation errors of less than 1%.

It is necessary to produce samples of parameter combinations which are used as
inputs in generating wpag, Which is done semi-randomly as follows:

1. Generate a uniformly distributed positive random value for D,. We set D,, < 50
wm?s~! to keep the diffusivity in a biologically realistic range (Kang et al. 2009).

2. Pick a random real number i € [—3, 3] from a uniform distribution, and set the

dimensionless parameter n = 107.If 7j > 1, we consider the dynamics to be ‘rapid

equilibration’. If —1 < 7 < 1 we consider the dynamics to be ‘intermediate’.

Finally, if 7 < 1 we consider the dynamics to be ‘slow equilibration’ (effective

diffusion).

Set the association rate kon, = Dy, / (r,%n).

4. Pick a random real number ¥ € [—1, 1] from a uniform distribution, and set the

dimensionless parameter k = 4<. Cases where ¢ > 1 or ¢ < 1 are handled

separately.

Set the dissociation rate koff = K kop.

Pick a random real number 8 € [0, 10~!] from a uniform distribution.

7. Set the slow diffusivity D, = §D,.

(O8]

oW

Initial guesses are generated in two different ways. First, for the data (recorded in
Table 1), each initial guess, ok , is of the form

of =6/ (1+ p), (43)

where p € [0, 0.5] is a uniform random variable. This ensures that initial guesses are
within 50% of the correct parameter value in each case. This is done mainly to test
the predictions in Sect. 3. In the second instance, steps 1-7 were repeated to generate
more general random initial guesses (these data are recorded in Table 2).
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5 Computational results

We begin by considering the rapid equilibration case in which n > 1. On the basis
of the analysis in Sect. 3.1.1, we predicted that conventional recovery curve analysis
would be generally be sufficient to estimate the slow diffusivity, D,, and the reaction
rates, kon, koff. Furthermore, the fast diffusivity, D,,, could be estimated given suffi-
ciently high frame rate data. Numerical results (see Table 1) confirm this prediction.
We also predicted that the use of spatial data in confocal scanning FRAP would enable
the estimation of all of the model parameters, even for a relatively low frame rate, and
again our simulated data supports this prediction. The use of spatial data offers a sig-
nificant improvement over recovery curves alone. On the basis of Table 2, we expect
that all four model parameters can be reliably estimated in the n >> 1 case by fitting the
model to three spatially dynamic fluorescence recoveries with different bleach region
radii. We found that this process returned parameter estimates accurate to within 1%
of the correct values in at least 92% of instances given initial guesses were also in the
n > 1 regime, but otherwise uncontrolled.

In the intermediate case (n = O(1)) we were unable to establish in Sect. 3.1.2
that parameter estimation would be possible unless some parameter values could be
determined independently. Numerical results (Table 1) confirm that it is not possible
to obtain accurate parameter estimates in most cases, even high frame rate spatial
data. Interestingly, however, we consistently found that the effective diffusivity Degr
was strongly estimable, which suggests that in practice the intermediate fluorescence
recovery (n = O(1)) resembles the effective diffusion recovery (n < 1) quite closely.
On the basis of the constraints (32), we expect that improving the resolution of spa-
tially dynamic data would improve parameter estimation by increasing the value of 7.
However, since this is not necessarily practical, we also investigated the utility of inde-
pendently estimating certain parameters, as previous studies have found that fitting
multiple fluorescence recoveries with different sized bleach regions (Gonzalez-Pérez
et al. 2011) or independently determining certain model parameters (Sadegh Zadeh
et al. 2006) may be beneficial. We therefore investigated the possibility of fitting the
reaction rates to data while fixing the diffusivities at some independently determined
values. We found (Table 2) that this is method can be used to produce highly accurate
estimates of both ko, and kof. Supplied with correct values for D, and D,, and three
fluorescence recoveries with different sized bleach regions, we were able to obtain
estimates of kon and kog accurate to within 1% in 100% of instances.

In Sect. 3.1.3 we predicted that in the n < 1 case it will not be possible to identify
individual parameter values, only to show that they lie within a manifold defined by

koan + koff D, = Defr. (44)
koff + kon

for constant Degr. We found that it is possible to estimate accurately the effective diffu-

sivity Degr, but not of any of the parameters individually (see Table 1). In accordance

with our predictions, we did not find that increasing frame rate or the use of spatial data,

unless of extremely high resolution, could improve this (Table 2). Asinthe n = O(1)

case, it will be necessary to estimate the diffusivities D, and D, separately; however,
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unlike the n = O (1) case, this does not enable us to estimate the reaction rates, kon
and kofr, only the ratio k = koff /kon. The estimation accuracy of « is closely depends
upon the estimation accuracy of D, and D,, with the relationship between them being

_ Dy — Desr

- (45)
Deit — Dy

Finally, we considered the case of asymmetric reaction rates, k > 1 and k < 1.
As predicted in Sects. 3.1.4 and 3.1.5 only D, and D, respectively are measurable
in this case. Increasing frame rate, fitting multiple fluorescence recoveries, and using
spatial data regardless of resolution are not beneficial (Table 1).

Our summarised results are as follows:

e When 1 > 1, all model parameters can be estimated. This may be possible with
conventional analysis of recovery curves, but it is more reliable to fit a spatially
dynamic model to confocal FRAP data.

e When n = O(1), kop and kogr can be estimated. To do this, it necessary to conduct
separate experiments in order to measure D, and D, accurately.

e When n < 1, the ratio koff/kon can be estimated. As in the previous case, it nec-
essary to conduct separate experiments in order to measure D,, and D, accurately.

e When kot /kon > 1 or kog /kon < 1, it is only possible to measure D, or D,
respectively. There is no experiment which could reliably determine kop, koff OF
the ratio of the two.

6 Regime identification

We have so far determined that the reliability and accuracy of parameter estimation are
determined by the parameter regime of the data. However, one does not automatically
know the regime of experimental data. The objective of this section is therefore to
determine the precise boundary between the regimes and propose a method to deter-
mine the regime of arbitrary FRAP data. To this end, we ran numerical experiments in
which we attempted fitting on synthetic data with procedurally generated parameter
inputs, as described in Sect. 4, but precisely controlling the values of the dimensionless
quantities, n and «. We consider n in Sect. 6.1 and « in Sect. 6.2.

6.1 The effect of varying

In order to locate the boundary between the regimes we ran a sample of parame-
ter fitting experiments with n values in a set of intervals, n € [10’7, 10’7“)'1] with
n e {.,—02,-0.1,0,0.1,0.2, ...}, and recorded the fraction of output parameter
estimates with an error of less than 1% relative to the correct corresponding parameter
input value (f7(0.01) as defined in (42)).

Results (Fig. 6) indicated that, as expected, the reliability of the fit generally
increased with the value of n. When D, and D, were known, fits of the reaction
rates kon and ko were consistently accurate for n > 1094 ~ 2.51 (Fig. 6a). Fitting
all four parameters reliably, however, required 1 > 1017 ~ 50.1 (Fig. 6b).
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Fig. 6 a Fraction of parameter estimates within 1% of the correct value ( f;(0.01) as defined in (42)) when
attempting to fit just kon and kofr. Each data point is calculated from npyn, = 128 instances of fitting
with 7 € [9min, 7max] where 1y is indicated and logjg(max) = 10g1o(Mmin) + 0.1. b identical to
a, except attempting to fit Dy, Dy, kon and koft. ¢ Residual sum of squared errors between a simulated
fluorescence recovery curve and recovery curves computed by the rapid equilibration formula (16) (¢g)
and the slow equilibration (effective diffusion) formula (21) (¢p). Parameters were D, = 30 umzs_l,
Dy = 0.01 um?s™, ry = 0.5 wm, kon = kogr = Dy /(rZn) for variable 7. The rapid equilibration error,
PR, decreases as 7 increases, while the effective diffusion error, ¢ p, increases

We would expect that, in the regime where accurate estimation of all model param-
eters is possible, the rapid equilibration formula (16) ought to well-approximate the
recovery curve. Accordingly, it is clear in Fig. 6c¢ that the error between formula (16)
and simulated data, ¢r, decreases as n increases, and is negligible for n > 1017,
Similarly, we would expect the slow equilibration (effective diffusion) formula (21)
to be a good approximation where estimation of ko, and kot is not possible. Although
the error, ¢p, decreases as n decreases, as we would expect, it does not appear that the
effective diffusion formula is a good approximation when 7 = 10°4. This suggests
that for n & 1, neither the effective diffusivity Degf, nor kon and kogr individually, are
estimable with total accuracy.
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Table 3 Regime identification with constrained parameter fitting tested on a sample of 128 synthetic
experiments for each regime

X (regime) AICx < AICRg AlCx < AICy AICx < AICgg AICx < AICp
Large n (RE) - 100% 100% 100%
Intermediate (I) 100% - 100% 100%
Small 1 (SE) 100% 100% - 84.4%

The leftmost row indicates the regime of the data: rapid equilibration (RE), intermediate (I) and slow
equilibration (SE). Each cell displays the percentage of cases in which the AIC in a regime indicated by the
column was greater than the AIC in the correct regime indicated by the row

We can place data into one of three regimes: rapid equilibration (n > 10'7),
intermediate (10%* < 5 < 10'7), and slow equilibration < 10%#. If the regime can
be determined, then the required course of action is obvious: in the rapid equilibration
regime full parameter fitting is possible, in the intermediate regime the reaction rates
can be estimated after separate experiments to determine the diffusivities have been
conducted, while in the slow equilibration regime at most the ratio of the reaction rates
can be estimated.

We propose that the regime can be identified by attempting separate fits which
are restricted to particular regimes. The best fit corresponds to the correct regime of
the data. We measured goodness-of-fit with the Akaike information criterion (Akaike
1998),

AIC = 2Nparam + Ndata log(e), (46)

where Nparam is the number of model parameters, Nga, is the number of data points
and ¢ is the objective function/residual sum of squared errors. The model with the
smallest AIC is in general the best fit with the least degree of over-fitting.

We tested procedurally generated data by fitting in the three major model regimes,
as well as by fitting with a pure diffusion model. The restricted parameter estimation
was implemented using MATLAB’s constrained optimisation algorithm, fmincon.
We define AICRg as the AIC resulting from a model fit which is limited to the rapid
equilibration regime, while AICy and AICgEg are likewise for the intermediate regime
and the slow equilibration regime respectively. AICp is the AIC of the pure diffusion
model fit. Note that Nparam = 4 for AICRg, AICy and AICsg, while Nparam = 1 for
AICp. For this reason, the pure diffusion model will yields a lower AIC than the full
reaction—diffusion model in cases where the residual sum of squared errors, ¢, are
equal.

Results in Table 3 indicate that, for both intermediate and rapid equilibration, con-
strained fitting in the correct regime produced the best fit in all cases, which strongly
supports our contention that this method can be used for regime identification. In a
minority of cases, the pure diffusion model provided a better fit than the full model
in the slow equilibration regime, hence a slow equilibration recovery cannot reliably
be distinguished from a purely diffusive recovery. This is to be expected, as the fluo-
rescence recovery in slow equilibration regime tends to resemble pure diffusion with
effective diffusivity, De.
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Fig.7 a Fraction of parameter estimates within 1% of the correct value ( f;(0.01) as defined in (42)) when
attempting to fit D,,, Dy, kon and kq¢. Each data point is calculated from npy, = 128 instances of fitting
with k& € [Kmin, kmax] Where kpip is indicated and log (kmax) = 10gj((kmin) +0.1. b Similar to a, except
over a different range of values of k. ¢ Residual sum of squared errors between a simulated fluorescence
recovery curve and recovery curves computed by the pure diffusion formula (23) with diffusivities Dy,
(¢py) and Dy (¢y). Parameters were D, = 8 ,umzsfl, Dy, =1 /Lmzs*l, rn = 0.5 um, konp = 1 571
and koff = Kkon for variable «. The goodness-of-fit of pure diffusion with diffusivity D, improves as k
increases, while the fit with diffusivity D, improves as k decreases

6.2 The effect of varying

As with n, we began investigating the effect of varying x on parameter estimation by
locating the boundary between the regimes. Computational results (Fig. 7a, b) indicate
that parameter estimation deteriorates the further k deviates from 1 in either direction.
We found that 10779 < «x < 1033 ensured reliably accurate estimation of all four
model parameters.

As k — 00, the system asymptotically approaches a pure diffusion recovery with
diffusivity D,, and likewise for D, as k — 0. Yet the pure diffusion model with the
appropriate diffusivity is a better approximation for x = 107 than for x = 1003
(Fig. 7c). We believe that this asymmetry can be explained as follows. Since D,, > D,,
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the diffusive recovery with diffusivity D, is faster, hence there are comparatively fewer
data points available with the fluorescence recovery in progress, ultimately leading to
less accurate parameter estimates.

Next, we tested whether constrained fitting can identify the magnitude of «, similar
to n in Sect. 6.1. Again, we computed the Akaike information criterion of various
fits limited to different regimes: AICy for k > 10053, AICy for ¥ < 10799 and
AICp for the pure diffusion model. For fits where x was of intermediate magnitude
(10799 < k < 10°33), we also imposed 7 > 107 (i.e. the rapid equilibration regime
considered in Sect. 6.1). We made this imposition because rapid equilibration is the
sole regime in which full parameter estimation is possible, so identifying it is the most
important problem.

Results (Table 4) clearly indicate that the ¥ > 1 and ¥ < 1 regimes cannot always
be distinguished from one another, nor can they always be distinguished from pure
diffusion; however this is unavoidable as both regimes are approximately diffusive.

For rapid equilibration data, the fit constrained to the rapid equilibration regime gave
the best fit in all cases, which encouragingly suggests that this regime can be identified.
On the other hand, for k <« 1 data, the fit constrained to the rapid equilibration
regimes gave a better fitin 11.7% of cases. Judging by goodness-of-fit alone, we would
erroneously conclude that these data were rapid equilibration, leading to potentially
wildly inaccurate parameter estimates. However, in all of these instances we had
k < 1079941073 where « is the estimated value of k. The algorithm clearly converged
towards a point which was as close as possible to the k. < 1 regime (the correct regime).
We therefore imposed the additional rule that a regime is not considered viable if the
constrained fit in that regime yields parameter estimates at the boundary between
regimes. With the addition of this rule, in all of our numerical tests we were able to
identify the rapid equilibration regime without any false positives or false negatives.

It is worthwhile noting that, even though the fluorescence recovery approximates
pure diffusion as k — oo or k — 0, the ¥ > 1 and k <K 1 regimes could not
be reliably identified with model selection alone. For k > 1 and ¥ < 1, we found
that AICrRg < AICp in 63.3% and 74.2% of cases respectively. In other words, the
reaction—diffusion model produced a better fit than the pure diffusion model in the
majority of cases. It is clear, then, that constrained fitting of the reaction—diffusion
model is essential for the purposes of regime identification.

6.3 The diffusive regimes, < 1, k> 1Tand Kk < 1

Although the n > 1 and n = O(1) regimes can be identified, the k < 1, x > 1
and n < 1 regimes cannot be differentiated from one another as they all somewhat
resemble diffusive recoveries. However, this is no problem, as these regimes can easily
be identified by other means. Suppose that D is optimum diffusivity obtained from
fitting the pure diffusion model to data. If D ~ D, then ¥ > 1 and veq ~ 0, while if
D ~ Dy thenk « 1 and veq ~ 1.1fitis clear that D, < D < D,, then D = Dt and
k can be calculated using formula (45). In summary, it is always possible, in principle,
to determine the parameter regime, and by extension, which parameters are estimable
and under what circumstances, of given FRAP data.
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7 Discussion

The application of mathematical modelling to FRAP can improve the understand of
biological systems by enabling researchers to extract quantitative binding information
from fluorescence microscopy data. In this article we investigated the feasibility of
obtaining quantitative information from fluorescence microscopy data. On the basis
of approximations derived using formal asymptotic methods, we theoretically pre-
dicted the conditions under which a FRAP inverse modelling problem (the problem
of determining parameter values from data) is tractable in terms of biological and
experimental parameters. We found that, in all cases, the inverse modelling problem
is tractable only if

kot

— =0(), Dy <K D,. (47)

kon

For conventional FRAP recovery curve analysis we predicted that the following

sufficient conditions ensure tractability:

Y1, At <<ﬁ (48)
konr,% ’ Du.

where At is the temporal resolution of the data and r,, is the radius of the bleach region.
Since many modern FRAP experiments are carried out using confocal scanning laser
microscopy, we also considered the use of spatial information in FRAP fitting, and
derived the following sufficient conditions for tractability

D,

<1, (49)

1a
> =S

o

konAr?
where Ar is the length scale of a single pixel and L is the length scale of the whole of
the imaged region.

Whenever the rates of molecular association and dissociation are of comparable
order, all FRAP model parameters may be inferred from either conventional FRAP
or confocal scanning FRAP data of sufficient temporal and/or spatial resolution. We
expect that this will the case in many circumstances, but not universally. We found
(Sect. 5) that when the tractability conditions are not met, it is still possible to estimate
the reaction rates kon and koff, or at the very least the ratio kofr /kon, by estimating the
diffusivities D, and D, independently. We also proposed simple tests to determine
when full parameter fitting is possible and when separate experiments will be required.

Despite the large number of quantitative FRAP studies which have been published,
in practice researchers have often preferred to fit recovery curves with a simple expo-
nential formula, even in cases where pure diffusion is likely the best model of the
system under investigation (Taylor et al. 2019). Even in rapid equilibration reaction—
diffusion systems with D,, = 0, where the exponential formula is appropriate, it is
nevertheless an under-utilisation of data, as it yields only an estimate of the disso-
ciation rate, koff, where estimates of the association rate, ko, and diffusivity D, are
possible. Yet, the exponential formula is not really applicable to a diffusion-based
recovery, and it must be noted that inappropriate model choice may lead to inaccurate
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parameter estimates and incorrect conclusions (Sprague et al. 2004; Mueller et al.
2010; Mazza et al. 2012). Therefore, it is our belief that a thorough approach to FRAP
parameter estimation, incorporating model selection and regime identification, would
be beneficial. It is our intention to develop this approach in future work, utilising the
theoretical results which we have established here.

Declarations

Conflict of interest The authors declare that they have no conflict of interest.

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Derivations

In this appendix we present the derivations of the formulae in Sect. 3. We begin with
the non-dimensionalised FRAP equation,

% = —u+ kv +nV32u,
% =u —kv+8nV?3v,

(50)

which is equation (5) in the main text. Equation (50) is subject to the the far-field
conditions

: VAN _ . / A _
rll>nolou(r’t)_ueq_l+[(’ rlllgov(r’t)_veq_l—k[(, (51)
and the post-bleach initial conditions,
u(r,0) =uegHr' — 1), v(r,0) = veqgH(r' — 1), (52)
where H is the Heaviside step function. The dimensionless variables are
/! r /
r'=—, t =kont, (53)
n
and the dimensionless parameters are
D koff D
N= o k= §= (54)
ry kon kon D,
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By assumption the Laplacian is radially symmetric

1 0 a 10 a
Vi =—— r’—u/ =r2Viu=ri-— res, (55)
ar ror \ or

and likewise for v. We will use the following asymptotic expansion in the subsequent
sections,
{u(r/, 1)y =uo(r', ')+ eur(r', ') + 2ur (r' 1)) + ..., (56)

v’ 1) = vor', 1) + evi (', 1) + 2va (', 1) + ...

A.1 Rapid equilibration (7 > 1)

In the first instance, we will derive the rapid equlibration recovery curve formula, (16)
in the main text. We set & = 1 /1. Substituting expansion (56) into system (50) yields

5% = e(kvo — ug) + V7Z2ug + eV72%u; + 0(s?),
% + e = (uyg — kvo) + £(u; — kv1) + gv%o +8V"20; 4+ 8eV%0y + O(&2).
(57
We will necessarily be left with V?ug = Vg = 0 as we let ¢ — 0 unless we also
take § — 0 (that is, the entire system instantaneously returns to equilibrium in the
limiting case where both species are infinitely diffusive). Neglecting this uninteresting
case, taking the limite, § — Osuchthat§/e = O(1), we are left with a single equation
in v,

ot’

dvp

ot
where we have already used the fact that ug = ueq, since this is the unique solution
of V2ug =0 given the boundary conditions (51). Noting that koplteq = KoffVeq and
making the substitution vo(r, 1) = veq — Uo(r, t), We arrive at

85 _n
= Ueq — KV + ;V Vo, (58)

00U - -
8—;’ = —kogtio + Dy V27, (59)

where we should note that (59) has been restored to dimensional form. The solution
to (59) subect to Dirac delta intitial conditions is

o(r,t) =

r2
exp (—koff?) exp (— ) ; (60)

4w Dyt 4Dt

hence the solution to the general initial value problem of (59) is, in Cartesian coordi-
nates,

~ 3 1 ' —x)+ () —y)?
bl ’t = /7 /50 _k t— d d N
v(x,y,1) //sz(x y )4anteXp< off aDur xdy
(61)

which implies that
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~ kgnl‘ _ 12 2 _ 2 _(x,_x)2+(y,_)’)2
v(x,y,t)e 47rD ; f/RZ —HX"+y rn)) exp( iDut dxdy.
(62)
At this stage, the derivation becomes virtually identical to that of Soumpasis (1983).

The precise form of vy can only be expressed in integral form, yet if we define the
contribution of the bound fraction to the fluorescence recovery as

2
F,(t) = — / vo(r, t)drds, (63)
then we conclude that
—kofrt ar rr%
Fy(t) = veq — Vege™ ™" | 1 — F 3Dyt . (64)

The above approximation breaks down over the short time scale, ¢’ = O(g), so it is
helpful to consider the rescaling ¢ = et which, in the limit ¢ — 0 reduces (57) to

0
= V2, 20, (65)
ot

E)uo
ot

which indicates that the dynamics of u are governed purely by diffusion, implying
that, if we define F), analogously to F), such that

1 2
F,(t) = 5 ug(r, t)drdo, (66)
wry
we conclude that s
T "n
Fu(t) = ueqFs <2Dut> . (67)

Finally, noting that the total fluorescence recovery curve is given by F(t) = F,(t) +
Fy,(t) and that Ueq = kott / (kon + Koft), Veq = kon/(kon + koff), we arrive at

kot ( r? ) kon ( —k r?
F(t) = F 2 + 1 —e Rt ] — Fg [ 22— .
@ kon + kot s 2D, t kon + kot § 2Dt (

68)

A.2 Intermediate equilibration (7 = 0(1))
We now derive FRAP formula (20) from the main text by taking the asymptotic

expansion (57) to first order. We can eliminate the ‘zeroth’ order, which we have
already balanced, where we cancel ¢ throughout. Then, once again considering the
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limit §, ¢ — 0, we are left with

V/zul = up — Kvo,

B = +(u1 — kvp) + 2V

(69)

Since, u( and vg entirely satisfy the far field conditions (51), for consistency we impose
lim u;(+',¢) =0, lim vi(+',¢)=0. (70)
r—o0 r—00

When r’ > 1, we have v (r’, t') = veq, hence V2u = Ueq — KVeq = 0, which taken

together with (70) implies that u;(r',’r) = 0 for v’ > 1. Imposing the continuity
condition u1 (17, ¢") = 0, we then solve for u; onr’ < 1

1 9 uy et et
i) (r’ 8r’> = Ueq — KVeq(l — ") = ueqe™", (71)
which implies that
1 /
(' 1) = Juege™ G =1, (72)
where we have used the symmetry condition %% ‘ = 0. Further analytic progress is

possible in the limiting case § /¢ — 0, by multiplyriﬁg through (69) with the integrating
factor "', yielding

,9v 9 L
“ a_ﬂl e v = (e = Zueq(r/z — 1. (73)

’

Taking vy (r’, 0) = 0 as the initial condition, we are left with
’o 1 72 1kt
v (r', 1) = Zueq(r — Dt'e . (74)

We may precisely express the asymptotic expansion as follows

(75)

U(r, 1) = tteq + e Sueqe ™ ("% — 1) + O(&?),
V(r, 1) = veq(l — ") + e Lucgt’e ™" ("> — 1) + O (£?).

In dimensional form and truncated to first order, we have

u(r, 1) = teq (1 + f%“ue_k"fft(rz — rr%)) ,

(76)
U(r, [) = Vgq (1 _ e—kofrl + fﬁkoffte_k"“’(rz _ l"}%)) )

We are now able to evaluate the fluorescence recovery function,
1 2 rn
F(t) = —2f / (u(r,t) +v(r, t))drdr, 77
nrn 0 0
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to obtain

k ,
F(t) = 1 — vgqe ottt — 200" ottt (] 4 ko), (78)
3D,

as required.

A.3 Slow equilibration (n « 1)

Finally, we will derive the FRAP formula (21) from the main text. Let ¢ = 1. We
begin by truncating the asymptotic expansions, (56), of # and v to zeroth order prior
to substitution into (50), yielding

% = Kkvy — up + €V72uy, (79)
%% = uy — kvo + 8¢V,

In the limit ¢ — 0, there is no net spatial redistribution and the the total concentration,
wo = ug + vo is time-invariant, yet it is clear that the system will converge towards a
local chemical equilibrium at each point, given by ug = xwo/(1+«), vo = wo/(1+x).
Notwithstanding, this approximation fails over sufficiently long time scales (1’ =
0(1/¢)), which we may investigate by rescaling time such that we have ¢’ = 7 /¢ for
T = 0(1), yielding

8%(1’/, t/e) = kvo(r', T/e) — uo(r’, t/e) + eV'%uo(r', t/e),

. 80
8%(;”, 1)) = uo(r', t/e) — kvo(r’, /) + 8eV'"20o(r’, T/¢). (80)
Adding the two equations in system (80) neutralises the zeroth order terms
dug dvo 2 / 7 ’
— + — = VZug(r', t/e) + V- uo(r', t/e), &1
ot at
where we have cancelled ¢ throughout. Taking ¢ — co
dwo K )
—=— V2 wy. 82
ot (1+K+1+K) o (82)
At this point it is convenient to re-dimensionalise, finally yielding
0 kott Dy + kon D
w0 _ St Du TR0 G20 = Doy, (83)

ot B kon + koff

hence the total fluorescence concentration recapitulates the behaviour of a pure diffu-
sion system and the fluorescence recovery function is

2
F(t) = Fs <2£"fft> . (84)
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A.4 Fisher information matrix
Here we derive the Fisher information Matrix from the n >> 1 approximation (68).
The eigenvalues of the matrix derived here are plotted in Fig. 2 for different values of

r, and At. It is necessary to determine the partial derivatives with respect to each of
the four model parameters, D,,, Dy, kon, koft. We begin by differentiating the function

Fs(2) = e *(Io(2) + 11(2)). (85)

We will make use of identities,

d
d—lo(z) = Ii(2), (86)
z
and d d 1
o
d—Ia(Z) =1y 1)+ —1u(2) . — () =1+ -1 (2). (87)
z Z dz z

From (86) and (87) it follows that

dFs e *hL(2)

88
dz Z (88)

Then, taking z = (r,%)(ZDz‘)_1 it takes a simple application of the chain rule to
conclude that

2 2
_ T T
0 (2 < ()
— Fy B T e (89)
oD 2Dt D
It follows that 5
_ rr%
OF kg ¢ D (+57) (90)
0Dy - kon + kott D, '
and
_ i r2
IF k e vl (zé‘v)
= o kot . 1)
Dy kon + kott D,
It follows from the quotient rule that
2 2

dkon (kon + koff)?

and

—kofit (7o (12 kofr 7o (12 Joirt
9F kone™ "ol { Fg | 37 | (1 4 kont) 4 €™oft" — (kon + koft)t — F5 | 7p7 | €' —1

okofr (kon + koff)?

93)
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Now that we have explicitly derived the partial derivatives of F' with respect to each
of the four model parameters, from formula (14) in the main text it follows that

IF 2 a 3F oF 9F 09dF OF
3Dy, B] v 9Dy dkon 0Dy, Okoft
OF OF ( 2 oF oF OF oF
9D, 0D 3D, okon 0D, 9k
Ii — u ‘ v v 05 v off (ti)~ (94)
aF 9F 9 OF aF OF
dD, dkon 0 d dkon dkon Okoft
dF 9F 9 dF OF IF 2
9Dy dkor 0Dy 3koff dkon kot \ Okoff
Then the Fisher information matrix is simply
1
I = Z — 1. (95)
o

i i

References

Abramowitz M, Stegun IA (1972) Handbook of mathematical functions, 10th edn. Dover, New York

Akaike H (1998) Information theory and an extension of the maximum likelihood principle. In: Parzen
E, Tanabe K, Kitagawa G (eds) Selected papers of Hirotugu Akaike. Springer Series in Statistics
(Perspectives in Statistics). Springer, New York

Amos WB, White JG (2003) How the confocal laser scanning microscope entered biological research. Biol
Cell 95(6):335-342

Axelrod D, Koppel DE, Schlessinger J, Elson E, Webb WW (1976) Mobility measurement by analysis of
fluorescence photobleaching recovery kinetics. Biophys J 16(9):1055-1069

Axelrod D, Elson EL, Schlessinger J, Koppel DE (2018) Reminiscences on the “Classic”” 1976 FRAP Article
in Biophysical Journal. Biophys J 115(7):1156-1159

Beaudouin J, Mora-Bermidez F, Klee T, Daigle N, Ellenberg J (2006) Dissecting the contribution of
diffusion and interactions to the mobility of nuclear proteins. Biophys J 90(6):1878-1894

Berkovich R, Wolfenson H, Eisenberg S et al (2011) Accurate quantification of diffusion and binding
kinetics of non-integral membrane proteins by FRAP. Traffic 12(11):1648-1657

BldBle A, Soh G, Braun T, Morsdorf D, Preil H, Jordan BM, Miiller P (2018) Quantitative diffusion
measurements using the open-source software PyFRAP. Nat Commun 9(1):1-14

Blumenthal D, Goldstien L, Edidin M, Gheber LA (2015) Universal approach to FRAP analysis of arbitrary
bleaching patterns. Sci Rep 5:11655

Braeckmans K, Peeters L, Sanders NN, De Smedt SC, Demeester J (2003) Three-dimensional fluorescence
recovery after photobleaching with the confocal scanning laser microscope. Biophys J 85(4):2240—
2252

Braga J, Desterro JMP, Carmo-Fonseca M (2004) Intracellular macromolecular mobility measured by
fluorescence recovery after photobleaching with confocal laser scanning microscopes. Mol Biol Cell
15(10):4749-4760

Braga J, McNally JG, Carmo-Fonseca M (2007) A reaction-diffusion model to study RNA motion by
quantitative fluorescence recovery after photobleaching. Biophys J 92(8):2694-2703

Bulinski JC, Odde DJ, Howell BJ, Salmon TD, Waterman-Storer CM (2001) Rapid dynamics of the micro-
tubule binding of Ensconsin in vivo. J Cell Sci 114(Pt 21):3885-3897

Carrero G, McDonald D, Crawford E, de Vries G, Hendzel MJ (2003) Using FRAP and mathematical
modeling to determine the in vivo kinetics of nuclear proteins. Methods 29(1):14-28

Chachra R, Transtrum MK, Sethna JP (2012) Structural susceptibility and separation of time scales in the
van der Pol oscillator. Phys Rev E 86(2):1285-1300

Cone RA (1972) Rotational diffusion of rhodopsin in the visual receptor membrane. Nat New Biol
236(63):39-43

@ Springer



1 Page360f38 D. E. Williamson et al.

Crank J (1975) The mathematics of diffusion. Oxford University Press, New York, pp 326-51

Daniels BC, Chen Y]J, Sethna JP, Gutenkunst RN, Myers CR (2008) Sloppiness, robustness, and evolvability
in systems biology. Curr Opin Biotechnol 19(4):389-395

Dundr M, Hoffmann-Rohrer U, Hu Q, Grummt I, Rothblum LI, Phair RD, Misteli T (2002) A kinetic
framework for a mammalian RNA polymerase in vivo. Science 298(5598):1623-1626

Ege N, Dowbaj AM, Jiang M, Howell M, Hooper S, Foster C, Jenkins RP, Sahai E (2018) Quantitative
analysis reveals that actin and SRC-family kinases regulate nuclear YAPI and its export. Cell Syst
6(6):692-708

Ellenberg J, Siggia ED, Moreira JE, Smith CL, Presley JF, Worman HJ, Lippincott-Schwartz J (1997)
Nuclear membrane dynamics and reassembly in living cells: targeting of an inner nuclear membrane
protein in interphase and mitosis. J Cell Biol 138(6):1193-1206

Giepmans BN, Adams SR, Ellisman MH, Tsien RY (2006) The fluorescent toolbox for assessing protein
location and function. Science 312(5771):217-224

Gonzidlez-Pérez V, Schmierer B, Hill CS, Sear RP (1992) Fluorescence photobleaching recovery in the
confocal scanning light microscope. J Microsc 169(3):63-74

Gonzilez-Pérez V, Schmierer B, Hill CS, Sear RP (2011) Studying Smad2 intranuclear diffusion dynamics
by mathematical modelling of FRAP experiments. Integr Biol (Camb) 3(3):197-207

Groeneweg FL, van Royen ME, Fenz S, Keizer VI, Geverts B, Prins J, de Kloet ER, Houtsmuller AB,
Schmidt TS, Schaaf MJ (2014) Quantitation of glucocorticoid receptor DNA-binding dynamics by
single-molecule microscopy and FRAP. PLoS ONE 9(3):e90532

Gutenkunst RN, Waterfall JJ, Casey FP, Brown KS, Myers CR, Sethna JP (2007) Universally sloppy
parameter sensitivities in systems biology models. PLoS Comput Biol 3(10):e189

Hinow P, Rogers CE, Barbieri CE, Pietenpol JA, Kenworthy AK, Emmanuele DiBenedetto E (2006) The
DNA binding activity of p53 displays reaction-diffusion kinetics. Biophys J 91(1):330-342

Houtsmuller AB, Rademakers S, Nigg AL, Hoogstraten D, Hoeijmakers JH, Vermeulen W (1999) Action
of DNA repair endonuclease ERCC1/XPF in living cells. Science 284(5416):958-961

Jacobson K, Derzko Z, Wu ES, Hou Y, Poste G (1976) Measurement of the lateral mobility of cell surface
components in single, living cells by fluorescence recovery after photobleaching. J Supramol Struct
5(4):565(417)-576(428)

Kang M, Day CA, Drake K, Kenworthy AK, DiBenedetto E (2009) A generalization of theory for
two-dimensional fluorescence recovery after photobleaching applicable to confocal laser scanning
microscopes. Biophys J 97(5):1501-1511

Kang M, Day CA, DiBenedetto E, Kenworthy AK (2010) A quantitative approach to analyze binding
diffusion kinetics by confocal FRAP. Biophys J 99(9):2737-2747

Kaufman EN, Jain RK (1990) Quantification of transport and binding parameters using fluorescence recov-
ery after photobleaching. Potential for in vivo applications. Biophys J 58(4):873-885

Koppel DE, Axelrod D, Schlessinger J, Elson EL, Webb WW (1976) Dynamics of fluorescence marker
concentration as a probe of mobility. Biophys J 16(11):1315-1329

Liebman PA, Entine G (1974) Lateral diffusion of visual pigment in photoreceptor disk membranes. Science
185(4149):457-459

Lin L, Othmer HG (2017) Improving parameter inference from FRAP data: an analysis motivated by pattern
formation in the drosophila wing disc. Bull Math Biol 79(3):448-497

Lippincott-Schwartz J, Snapp EL, Phair RD (2018) The development and enhancement of FRAP as a key
tool for investigating protein dynamics. Biophys J 115(7):1146—-1155

Lorén N, Hagman J, Jonasson JK et al (2015) Fluorescence recovery after photobleaching in material and
life sciences: putting theory into practice. Q Rev Biophys 48(3):323-387

Machta BB, Chachra R, Transtrum MK, Sethna JP (2013) Parameter space compression underlies emergent
theories and predictive models. Science 342(6158):604—607

Mazza D, Braeckmans K, Cella F, Testa I, Vercauteren D, Demeester J, De Smedt SS, Diaspro A (2008)
A new FRAP/FRAPa method for three-dimensional diffusion measurements based on multiphoton
excitation microscopy. Biophys J 95(7):3457-3469

Mazza D, Abernathy A, Golob N, Morisaki T, McNally JG (2012) A benchmark for chromatin binding
measurements in live cells. Nucleic Acids Res 40(15):e119

Meyvis TK, De Smedt SC, Van Oostveldt P, Demeester J (1999) Fluorescence recovery after photobleaching:
a versatile tool for mobility and interaction measurements in pharmaceutical research. Pharm Res
16(8):1153-1162

@ Springer



Parameter estimation in fluorescence recovery after... Page 37 of 38 1

Montero Llopis P, Sliusarenko O, Heinritz J, Jacobs-Wagner C (2012) In vivo biochemistry in bacterial
cells using FRAP: insight into the translation cycle. Biophys J 103(9):1848-1859

Moraru II et al (2008) the virtual cell modeling and simulation software environment. IET Syst Biol
2(5):352-362

Mueller F, Wach P, McNally JG (2008) Evidence for acommon mode of transcription factor interaction with
chromatin as revealed by improved quantitative fluorescence recovery after photobleaching. Biophys
J94(8):3323-3339

Mueller F, Mazza D, Stasevich TJ, McNally JG (2010) FRAP and kinetic modeling in the analysis of nuclear
protein dynamics: what do we really know? Curr Opin Cell Biol 22(3):403-411

Nelder JA, Mead R (1965) A simplex method for function minimization. Comput J 7(4):308-313

Nicolau DV Jr, Hancock JF, Burrage K (2007) Sources of anomalous diffusion on cell membranes: a Monte
Carlo study. Biophys J 92(6):1975-1987

Olsson DM, Nelson LS (1975) The Nelder—Mead simplex procedure for function minimization. Techno-
metrics 17(1):45-51

Orlova DY, BartovdE Maltsev VP, Kozubek S, Chernyshev AV (2011) A nonfitting method using a spatial
sine window transform for inhomogeneous effective-diffusion measurements by FRAP. Biophys J
100(2):507-516

Phair RD, Misteli T (2000) High mobility of proteins in the mammalian cell nucleus. Nature 404(6778):604—
609

Phair RD, Scaffidi P, Elbi C, Vecerova J, Dey A, Ozato K, Brown DT, Hager G, Bustin M, Misteli T (2004)
Global nature of dynamic protein-chromatin interactions in vivo: three-dimensional genome scanning
and dynamic interaction networks of chromatin proteins. Mol Cell Biol 24(14):6393-6402

Poo MM, Cone RA (1973) Lateral diffusion of rhodopsin in Necturus rods. Exp Eye Res 17(6):503-510

Rabut G, Doye V, Ellenberg J (2004) Mapping the dynamic organization of the nuclear pore complex inside
single living cells. Nat Cell Biol 6(11):1114-1121

Rao CR (1992) Information and the accuracy attainable in the estimation of statistical parameters. In: Kotz S,
Johnson NL (eds) Breakthroughs in statistics. Springer Series in Statistics (Perspectives in Statistics).
Springer, New York

Reits EA, Neefjes JJ (2001) From fixed to FRAP: measuring protein mobility and activity in living cells.
Nat Cell Biol 3(6):E145-E147

Roding M, Lacroix L, Krona A, Gebéck T, Lorén N (2019) A highly accurate pixel-based FRAP model
based on spectral-domain numerical methods. Biophys J 116(7):1348-1361

Sadegh Zadeh K, Montas HJ, Shirmohammadi A (2006) Identification of biomolecule mass transport and
binding rate parameters in living cells by inverse modeling. Theor Biol Med Model 3:36

Seiffert S, Oppermann W (2005) Systematic evaluation of FRAP experiments performed in a confocal laser
scanning microscope. J Microsc 220(Pt 1):20-30

Soumpasis DM (1983) Theoretical analysis of fluorescence photobleaching recovery experiments. Biophys
J41(1):95-97

Sprague BL, Pego RL, Stavreva DA, McNally JG (2004) Analysis of binding reactions by fluorescence
recovery after photobleaching. Biophys J 86(6):3473-3495

Taylor NO, Wei MT, Stone HA, Brangwynne CP (2019) Quantifying dynamics in phase-separated conden-
sates using fluorescence recovery after photobleaching. Biophys J 117(7):1285-1300

Transtrum MK, Machta BB, Brown KS, Daniels BC, Myers CR, Sethna JP (2015) Perspective: sloppiness
and emergent theories in physics, biology, and beyond. J Chem Phys 143(1):010901

Tsibidis GD (2009) Quantitative interpretation of binding reactions of rapidly diffusing species using
fluorescence recovery after photobleaching. J Microsc 233(3):384-390

Tsien RY (1998) The green fluorescent protein. Annu Rev Biochem 67:509-544

van Royen ME, Farla P, Mattern KA, Geverts B, Trapman J, Houtsmuller AB (2009) Fluorescence recovery
after photobleaching (FRAP) to study nuclear protein dynamics in living cells. Methods Mol Biol
464:363-385

Vilaseca E, Pastor I, Isvoran A, Madurga S, Garcés JL, Mas F (2011) Diffusion in macromolecular crowded
media: Monte Carlo simulation of obstructed diffusion vs. FRAP experiments. Theor Chem Acc
128:795

Wedekind P, Kubitscheck U, Peters R (1994) Scanning microphotolysis: a new photobleaching technique
based on fast intensity modulation of a scanned laser beam and confocal imaging. J Microsc 176(Pt
1):23-33

@ Springer



1 Page380f38 D. E. Williamson et al.

White J, Stelzer E (1999) Photobleaching GFP reveals protein dynamics inside live cells. Trends Cell Biol
9(2):61-65

White A, Tolman M, Thames HD, Withers HR, Mason KA, Transtrum MK (2016) The limitations of
model-based experimental design and parameter estimation in sloppy systems. PLoS Comput Biol
12(12):1005227

Wu E, Jacobson K, Papahadjopoulos D (1977) Lateral diffusion in phospholipid multibilayers measured by
fluorescence recovery after photobleaching. Biochemistry 16(17):3936-3941

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer



	Parameter estimation in fluorescence recovery after photobleaching: quantitative analysis of protein binding reactions and diffusion
	Abstract
	1 Introduction
	1.1 Fluorescence recovery after photobleaching
	1.2 Quantitative analysis of fluorescence recovery after photobleaching
	2 Mathematical model
	3 Inverse modelling problem
	3.1 Asymptotic approximations
	3.1.1 Rapid equilibration (ηgg1)
	3.1.2 Intermediate equilibration (η=O(1))
	3.1.3 Slow equilibration (ηll1)
	3.1.4 Asymmetric reaction rates (κgg1)
	3.1.5 Asymmetric reaction rates (κll1)

	3.2 Parameter identifiability
	3.3 Confocal scanning FRAP

	4 Computational methodology
	5 Computational results

	6 Regime identification
	6.1 The effect of varying η
	6.2 The effect of varying κ
	6.3 The diffusive regimes, ηll1, κgg1 and κll1

	7 Discussion
	A Derivations
	A.1 Rapid equilibration (ηgg1)
	A.2 Intermediate equilibration (η=O(1))
	A.3 Slow equilibration (ηll1)
	A.4 Fisher information matrix
	References





