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Abstract Inferring adequate kinetic schemes for ion channel gating from ensemble currents is a
daunting task due to limited information in the data. We address this problem by using a parallelized
Bayesian filter to specify hidden Markov models for current and fluorescence data. We demonstrate
the flexibility of this algorithm by including different noise distributions. Our generalized Kalman
filter outperforms both a classical Kalman filter and a rate equation approach when applied to patch-
clamp data exhibiting realistic open-channel noise. The derived generalization also enables inclusion
of orthogonal fluorescence data, making unidentifiable parameters identifiable and increasing the
accuracy of the parameter estimates by an order of magnitude. By using Bayesian highest credibility
volumes, we found that our approach, in contrast to the rate equation approach, yields a realistic
uncertainty quantification. Furthermore, the Bayesian filter delivers negligibly biased estimates for

a wider range of data quality. For some data sets, it identifies more parameters than the rate equa-
tion approach. These results also demonstrate the power of assessing the validity of algorithms

by Bayesian credibility volumes in general. Finally, we show that our Bayesian filter is more robust
against errors induced by either analog filtering before analog-to-digital conversion or by limited
time resolution of fluorescence data than a rate equation approach.

Editor's evaluation

The authors develop a Bayesian approach to modeling signals arising from ensembles of ion
channels that can incorporate multiple simultaneously recorded signals such as fluorescence and
ionic current. For simulated data from a simple ion channel model where ligand binding drives
pore opening, they show that their approach enhances parameter identifiability and/or estimates
of parameter uncertainty over more traditional approaches. The developed approach provides a
valuable tool for modeling macroscopic time series data including data with multiple observation
channels.

Introduction

lon channels are essential proteins for the homeostasis of an organism. Disturbance of their function
by mutations often causes severe diseases, such as epilepsy (Oyrer et al., 2018; Goldschen-Ohm
et al., 2010), sudden cardiac death (Clancy and Rudy, 2001), or sick sinus syndrome (Verkerk and
Wilders, 2014) indicating a medical need (Goldschen-Ohm et al., 2010) to gain further insight into the
biophysics of ion channels. The gating of ion channels is usually interpreted by kinetic schemes which
are inferred either from macroscopic currents with rate equations (REs) (Colquhoun and Hawkes,
1995b; Celentano and Hawkes, 2004; Milescu et al., 2005; Stepanyuk et al., 2011; Wang et al.,
2012) or from single-channel currents using dwell time distributions (Neher and Sakmann, 1976,
Colquhoun et al., 1997a; Horn and Lange, 1983; Qin et al., 1996; Epstein et al., 2016; Siekmann
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et al., 2016) or hidden Markov models (HMMs) (Chung et al., 1990; Fredkin and Rice, 1992, Qin
et al., 2000; Venkataramanan and Sigworth, 2002). A HMM consists of a discrete set of metastable
states. Changes of their occupation occur as random events over time. Each state is characterized by
transition probabilities, related to transition rates, and a probability distribution of the observed signal
(Rabiner, 1989). It is becoming increasingly clear that the use of Bayesian statistics in HMM estima-
tion constitutes a major advantage (Ball et al., 1999; De Gunst et al., 2001; Rosales et al., 2001,
Rosales, 2004; Gin et al., 2009; Siekmann et al., 2012, Siekmann et al., 2011; Hines et al., 2015;
Sgouralis and Pressé, 2017b; Sgouralis and Pressé, 2017a; Kinz-Thompson and Gonzalez, 2018).
In ensemble patches, simultaneous orthogonal fluorescence measurement of either conformational
changes (Zheng and Zagotta, 2000; Taraska and Zagotta, 2007, Taraska et al., 2009, Bruening-
Wright et al., 2007; Kalstrup and Blunck, 2013; Kalstrup and Blunck, 2018; Wulf and Pless, 2018)
or ligand binding itself (Biskup et al., 2007; Kusch et al., 2010; Kusch et al., 2011, Wu et al., 2011)
has increased insight into the complexity of channel activation.

Currently, a Bayesian estimator that can collect information from cross-correlations and time correla-
tions inherent in multi-dimensional signals of ensembles of ion channels is still missing. Traditionally,
macroscopic currents are analyzed with solutions of REs which yield a point estimate of the rate matrix
or its eigenvalues (Colquhoun et al., 1997a; Sakmann and Neher, 2013; d’Alcantara et al., 2002,
Milescu et al., 2005, Wang et al., 2012) if they are fitted to the data. The RE approach is based on a
deterministic differential equation derived by averaging the chemical master equation (CME) for the
underlying kinetic scheme (Kurtz, 1972; Van Kampen, 1992; Jahnke and Huisinga, 2007). Its accu-
racy can be improved by processing the information contained in the intrinsic noise (stochastic gating
and binding) (Milescu et al., 2005; Munsky et al., 2009). Nevertheless, all deterministic approaches
do not use the information of the time- and cross-correlations of the intrinsic noise. These determin-
istic approaches are asymptotically valid for an infinite number of channels. Thus, a time trace with
a finite number of channels contains, strictly speaking, only one independent data point. Previous
rigorous attempts to incorporate the autocorrelation of the intrinsic noise of current data into the
estimation (Celentano and Hawkes, 2004) suffer from cubic computational complexity (Stepanyuk
et al., 2011) in the amount of data points, rendering the algorithm non-optimal or even impractical
for a Bayesian analysis of larger data set. To understand this, note, that a maximum likelihood opti-
mization (ML) usually takes several orders of magnitude fewer likelihood evaluations to converge
compared to the number of posterior evaluations when one samples the posterior. One Monte Carlo
iteration (Betancourt, 2017) evaluates the posterior distribution and its derivatives many times to
propose one sample from the posterior. Stepanyuk suggested an algorithm (Stepanyuk et al., 2011,
Stepanyuk et al., 2014) which derives from the algorithm of Celentano and Hawkes, 2004 but eval-
uates the likelihood quicker. Under certain conditions, Stepanyuk’s algorithm can be faster than the
Kalman filter (Moffatt, 2007). The algorithm by Milescu et al., 2005 achieves its superior computa-
tion time efficiency at the cost of ignoring the time correlations of the fluctuations. A further argument
for our approach, independent of the Bayesian context, is investigated in this paper: The KF is the
minimal variance filter (Anderson and Moore, 2012). Instead of strong analog filtering of currents
to reduce the noise, but with the inevitable signal distortions (Silberberg and Magleby, 1993), we
suggest to apply the KF with higher analyzing frequency on minimally filtered data.

On the one hand, a complete HMM analysis (forward algorithm) would deliver the most exact likeli-
hood of macroscopic data. On the other hand, the computational complexity of the forward algorithm
limits this type of analysis in ensemble patches to no more than a few hundred channels per time trace
(Moffatt, 2007). To tame the computational complexity (Jahnke and Huisinga, 2007), we approxi-
mate the solution of the CME with a Kalman filter (KF), thereby remaining in a stochastic framework
Kalman, 1960. This allows us to explicitly model the time evolution of the first two moments (mean
value and covariance matrix) of the probability distribution of the hidden channel states. Notably, for
linear (first or pseudo) Gaussian system dynamics, the KF is optimal in producing a minimal prediction
error for the mean state. KFs have been used previously in several protein expression studies which
also demonstrate the connection of the KF to the linear noise approximation (Komorowski et al.,
2009; Finkenstéadt et al., 2013; Fearnhead et al., 2014; Folia and Rattray, 2018; Calderazzo et al.,
2019; Gopalakrishnan et al., 2011).

Our approach generalizes the work of Moffatt, 2007 by including state-dependent fluctuations
such as open-channel noise and Poisson noise in additional fluorescence data. A central technical
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Box 1. Phenomenological difference between an RE
approach and our Bayesian filter
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Box 1—figure 1. The First-order Markov property of the data requires a recursive prediction of the signal
(by the model) and correction (by the data) scheme of the algorithm.

(a) Idealized patch-clamp (PC) data in the absence of instrumental noise for either ten
(colored) or an infinite number of channels generating the mean time trace (black). The
fluctuations with respect to the mean time trace (black) reveal autocorrelation (b) Conceptual
idea of the Kalman Filter (KF): the stochastic evolution of the ensemble signal is predicted and
the prediction model updated recursively.

Two major problems for parameter inference for the dynamics of the ion channel ensemble
n(7) are: (I) that currents are only low-dimensional observations (e.g. one dimension for patch-
clamp or two for cPCF) of a high-dimensional process (dimension being the number of model
states) blurred by noise and (ll) the fluctuations due to the stochastic gating and binding
process cause autocorrelation in the signal. Traditional analyses for macroscopic PC data (and
also for related fluorescence data) by the RE approach, e.g. Milescu et al., 2005 ignores the
long-lasting autocorrelations of the deviations (Box 1—figure 1a) blue and orange curves
from the mean time trace (black) that occur in real data measured from a finite ensemble. To
account for the autocorrelation in the signal, an optimal prediction (Box 1—figure 1b) of the
future signal distribution P(y(#;)) should use the measurement y(#;) from the current time step
t; to update the belief about the underlying n(#;). Based on stochastic modelling of the time
evolution of the channel ensemble, it then predicts P(y(%,)).
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Box 1—figure 2. The residuals between model prediction and data reveal long autocorrelations if the
analysis algorithm ignores the first-order Markov property.
(a) Autocorrelation of the residuals r; of two ligand concentrations of currents (blue) and of the
fluorescence (red) after the data have been analyzed with the KF approach. (b) autocorrelation
of r; after analysing with he RE approach.
To demonstrate the difference how the two algorithms analyze the data, we compute the
autocorrelation of the residuals of the data. After the analysis with either the RE approach
or the KF, we can construct from the model with the mean predicted signal HE[n(t;)] (see
Eq. 4 for the definition of H) and the predicted standard deviation \/var[y(#;)] the normalized
residual time trace of the data which are defined as
t;))— (HE[n(z;
r(t) == %. (1)

continued on next page
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Filtering (fitting) with the KF (given the true kinetic scheme) one expects to find a white-noise
process for the residuals. Plots of the autocorrelation function of both signal components
(Box 1—figure 2a) confirms our expectation. The estimated autocorrelation vanishes after
one multiple of the lag time (the interval between sampling points), which means that the
residuals are indeed a white-noise process. In contrast, the residuals derived from the RE
approach (Box 1—figure 2b) display long lasting periodic autocorrelations.

difficulty which we solved is that due to the state-dependent noise the central Bayesian update
equation loses its analytical solution. We derived an approximation which is correct for the first two
moments of the probability distributions. Stochastic rather than deterministic modeling is generally
preferable for small systems or non-linear dynamics (Van Kampen, 1992, Gillespie and Golightly,
2012). However, even with simulated data of unrealistic high numbers of channels per patch (more
than several thousands within one patch), the KF outperforms the deterministic approach in esti-
mating the model parameters. Moffatt, 2007 already demonstrated the advantage of the KF to learn
absolute rates from time traces at equilibrium. Like all algorithms that estimate the variance and the
mean (Milescu et al., 2005) the KF can infer the number of channels N, for each time trace, the
single-channel current and analogous in optical recordings the mean number X, of photons from
bound ligands per recorded frame. To select models and to identify parameters, stochastic models
are formulated within the framework of Bayesian statistics where parameters are assigned uncertain-
ties by treating them as random variables (Hines, 2015; Ball, 2016). In contrast, previous work on
ensemble currents combined the KF only with ML estimation (Moffatt, 2007). Difficulties in treating
simple stochastic models by ML approaches in combination with the KF (Auger-Méthé et al., 2016),
especially with non-observable dynamics, justify the computational burden of Bayesian statistics.
Bayesian statistics has an intuitive way to incorporate soft or hard constrains from diverse sources of
prior information. Those sources include mathematical prerequisites, other experiments, simulations
or theoretical assumptions. They are applied as additional model assumptions by a prior probability
distribution over the possible parameter space. Hence, knowledge of the model parameters prior
to the experiment are correctly accounted for in the analyzes of the new data. Alternatively, some
of these benefits of prior knowledge can be incorporated by penalized maximum likelihood (Salari
et al., 2018; Navarro et al., 2018). Bayesian inference provides outmatching tools for modeling over
point estimates: First, the Bayesian approach is still applicable in situations where parameters are not
identifiable (Hines et al., 2014; Middendorf and Aldrich, 2017b) or posteriors are non-Gaussian,
whereas ML fitting ceases to be valid (Calderhead et al., 2013; Watanabe, 2007). Second, a Bayesian
approach provides superior model selection tools for singular models such as HMMs or KFs Gelman
et al. (2014). Third, Bayesian statistics has a correct uncertainty quantification (Gillespie and Goli-
ghtly, 2012) based on the data and the prior for the statistical problem. In contrast, ML or maximum
posterior approaches lack uncertainty quantification based on one data set (Joshi et al., 2006). Only
under optimal conditions their uncertainty quantification becomes equivalent to Bayesian credibility
volumes (Jaynes and Kempthorne, 1976). This study focuses on the effects on the posterior due to
formulating the likelihood via a KF instead of an RE approach and the benefits of adding a second
dimension of observation. We consider the performance of our algorithm against the gold standards
in four different aspects: () The relative distance of the posterior to the true values, (Il) the uncertainty
quantification, here in the form of the shape of the posterior, (lll) parameter identifiability, and (IV)
robustness against typical misspecifications of the likelihood (such as ignoring that currents are filtered
or that the integration time of fluorescence data points is finite) of real experimental data.

Results and discussion

Simulation of ligand-gated ion-channel data

Here we treat an exemplary ligand-gated channel with two ligand binding steps and one open-closed
isomerization described by an HMM (see Figure 1a). For this model, confocal patch-clamp fluorom-
etry (cPCF) data were simulated: time courses of ligand binding and channel current upon concentra-
tion jumps were generated (see Appendix 5 and Materials and methods section). Idealized example
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Figure 1. Kinetic scheme and simulated data. (a) The Markov state model (kinetic scheme) consists of two binding steps and one opening step. The rate
matrix K is parametrized by the absolute rates kjj, the ratios K;j between on and off rates (i.e. equilibrium constants) and L, the ligand concentration
in the solution. The units of the rates are s~ ! and ,uM_lS_l, respectively. The liganded states are C,, C;, O,. The open state O, conducts a mean
single-channel current i = 1. Note, that absolute magnitude of the single channel current is irrelevant regarding this study what matters is its relative
magnitude compared with gop and gex. Simulations were performed with 10 kHz or 100 kHz (for Figures 11 and 12) sampling, KF analysis frequency
f.n. for cPCF data is in the range of (200-500) Hz while pure current data is analyzed at 2-5 kHz. (b-c) Normalized time traces of simulated relaxation
experiments of ligand concentration jumps with Nep, = 10 channels, Ap = 0.375 mean photons per bound ligand per frame and single-channel
current i = 1, open-channel noise with ng = 0.1i% and an instrumental noise with the variance Jrzn = 2. The current Yeur and fluorescence yy, time
courses are calculated from the same simulation. For visualization, the signals are normalized by the respective median estimates of the KF. The black
lines are the theoretical open probabilities Po(f) and the average binding per channel B(f) for Ngp — 00 of the used model. Typically, we used 10
ligand concentrations which are (0.0625, 0.125, 0.25, 0.5, 1, 2,4, 8, 16, 64) uM. d, Equilibrium binding and open probability as function of the ligand
concentration L.

The online version of this article includes the following source data for figure 1:

Source data 1. The example data is provided.

data with added white noise are shown in Figure 1b-d. We added realistic instrumental noise to the
simulated data (see Appendix 5). A qualitative description of the statistical problem that needs to be
addressed when modeling time series data such as the simulated is outlined in Box. 1.

Kalman filter derived from a Bayesian filter
Here and in the Materials and methods section, we derive the mathematical tools to account correctly
for the stochastic Markov dynamics of single molecules in the fluctuations of macroscopic signals. The
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Figure 2. The first-order hidden Markov structure is explicitly used by the Bayesian filter. The filter can be seen as continuous state analog of the
forward algorithm. (a) Graphical model of the conditional dependencies of the stochastic process. Horizontal black arrows represent the conditional
multivariate normal transition probability A/(n.411Tn,, Q,) of a continuous state Markov process. Notably, it is n(#) which is treated as the Markov state
by the KF. The transition matrix T and the time-dependent covariance Q; = Q(T, n;) characterise the single-channel dynamics. The vertical black arrows
represent the conditional observation distribution O(y:n,). The observation distribution summarizes the noise of the experiment, which in the KF is
assumed to be multivariate normal. Given a set of model parameters and a data point y;, the Bayesian theorem allows to calculate in the correction step
P(nly;) (red arrow). The posterior is propagated linearly in time by the model, predicting a state distribution P(n.1) (orange arrow). The propagated
posterior predicts together with the observation distribution the mean and covariance of the next observation. Thus, it creates a multivariate normal
likelihood for each data point in the observation space. (b) Observation space trajectories of the predictions and data of the binding per channel

vs. open probability for different ligand concentrations. The curves are normalized by the median estimates of A,, and N, and the ratio of open-
channels 3 which approximates the open probability Po(z). The black crosses represent the predicted mean signal HE[ny,], which is calculated by
multlplymg the observational matrix H with the mean predicted state E[n.1]. For clarity, we used the mean value of the posterior of the KF. The green
and blue trajectories represent the part of the time traces with after the jump to non-zero ligand concentration and after jumping backt to zero ligand
concentration in the bulk, respectively.

KF is a Bayesian filter (see Materials and methods), that is a continuous state HMM with a multivariate
normal transition probability Ghahramani, 1997 (Figure 2a). We define the hidden ensemble state
vector

n(0) := (n) (1), (), n3(0), ng ()T = SN s;(0), 2

which counts the number of channels in each state s (see Methods). To make use of the KF, we
assume the following general form of the dynamic model: The evolution of n(¢) is determined by a
linear model that is parametrized by the state evolution matrix T

;1 = Ty + w; ~ N(ITny, Qy), (3)

where ~ means sampled from and N (:lu, X) is a shorthand for the multivariate normal distribution,
with the mean p and the variance-covariance matrix X. The state evolution matrix (transition matrix)
is related to the rate matrix K by the matrix exponential T = exp(KAf). The mean of the hidden
state evolves according to the equation E[n,.In;] = Tny. It is perturbed by normally distributed white
process noise w with the following properties: The mean value of the noise fulfills E[w] = 0 and the
variance-covariance matrix of the noise is cov[w;, w:] = Q(T, n;) (see Materials and methods Equation
38d, Ball, 2016). In short, Equation 3 defines a Gaussian Markov process.

The observations y; depend linearly on the hidden state n;. The linear map is determined by an
observation matrix H.

=Hn, + v; ~ O(Hny) := N(-Hny, /) (4)

The noise of the measurement setup (Appendix 5 and Equation 43) is modeled as a random
perturbation of the mean observation vector. The noise fulfills E[v] = 0 and cov[vy, v,] = ;. Equation
4 defines the state-conditioned observation distribution O (Figure 2a). If the system strictly obeys
Equation 3 and Equation 4 then the KF is optimal in the sense that it is the minimum variance filter of
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that system Anderson and Moore, 2012. If the distributions of v and w are not normal, the KF is still
the minimum variance filter in the class of all linear filters but there might be better non-linear filters.
In case of colored noise v and o the filtering equations (see Materials and methods) can be refor-
mulated by state augmentation or measurement-time-difference approach techniques Chang, 2014.
For each element in a sequence of hidden states {n; : 0 <t < T} and for a fixed set of parameters 0,
an algorithm based on a Bayesian filter (Figure 2a), explicitly exploits the conditional dependencies
of the assumed Markov process. A Bayesian filter recursively predicts prior distributions for the nextn;,

P(ny) = / P(niin,_ P (1 lys_ 1) dn,_1, 5)

given what is known about n,_; due to y,_;. The KF as a special Bayesian filter assumes that the
transition probability is multivariate normal according to Equation 3

P(ny) = /./\/’(n;ITn,,l, Q—)Pm;_1ly,—1)dn;_; (6)

Note, that Equation 6 is a central approximation of the KF. While the exact transition distribution
of an ensemble of ion channels is the generalized-multinomial distribution (Methods Equation 32),
the quality of normal approximations to multinomial Milescu et al., 2005 or generalized-multinomial
Moffatt, 2007 distributions depends on the number of ion channels N, in the patch and on the
position of the probability vector in the simplex space. The difference between the log-likelihoods
of the true generalized-multinomial dynamics and Equation 6 type approximation scales as 1/Ng,
Moffatt, 2007. As a rule of thumb one should be careful with both algorithms for time traces with
Nep € [101, 102]. Below or even inside this interval there are more qualified concepts such as the
forward algorithm or even particle filters (Golightly and Wilkinson, 2011; Gillespie and Golightly,
2012) which avoid the normal approximation.

Each prediction of n; (Equation 6) is followed by a correction step,

O(ytlnt)[P(n,)
Py, = ————————,
MY = 70y m)P () iy 7)
that allows to incorporate the current data point into the estimate, based on the Bayesian theorem
(Chen, 2003). Additionally, the KF assumes (Anderson and Moore, 2012, Moffatt, 2007) a multivar-
iate normal observation distribution

N (y:Hn;, /)P (n;)

Py = [ N(y/Hn;, 1)P(n;) dn;’ ?

If the initial prior distribution is multivariate normal then due to the mathematical properties of
the normal distributions the prior and posterior P(-) in Equation 8 become multivariate normal Chen,
2003 for each time step. In this case, one can derive algebraic equations for the prediction (Mate-
rials and methods Equation 37, Equation 38d) and correction (Materials and methods Equation 58
and Equation 58) of the mean and covariance. The algebraic equations originate from the fact that
a normal prior is the conjugated prior for the mean value of a normal likelihood. Due to the recur-
siveness of its equations, the KF has a time complexity that is linear in the number of data points,
allowing a fast algorithm. The denominator of Equation 8 is the normal distributed marginal likeli-
hood L(y/Y,_1, ) for each data point, which constructs by

Ny Nr Nr

L) = [[LoVi-1.6) =[] / O(yim)PMY,1,0)dn; = [ [N (y/HEm], HPH' + 30, (9)
=2 =2 =2
a product marginal likelihood of normal distributions of the whole time trace Yr = {yi,...,yn;} of

length Nt for the KF. For the derivation of P; and X, see Materials and methods (Equation 38d) and
Equation 43. P; is the covariance of the prior distribution over n(¢) before the KF took y(7) into account.
The likelihood for the data allows to ascribe a probability to the parameters 6, given the observed
data (Methods Equation 20). An illustration for the operation of the KF on the observation space is
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given in Figure 2b. The predicted mean signal HE[n(?)] corresponds to binding degree B(r) = HE%E')J]
and open probability Po(r) = H[E%h(t)lz' These values are plotted as vector trajectories.

The standard KF (Moffatt, 2007; Anderson and Moore, 2012; Chen, 2003) has additive constant
noise Y; = const in the observation model. Thus, in this case a constant variance term ¥ is added, in
Equation 9 to the aleatory variance HPH' which, as mentioned above, originates (Equation 38d)
from the the fact that we do not know the true system state n(z). For signals with Poisson-distributed
photon counting or open-channel noise, we need to generalize the noise model to account for addi-
tional white-noise fluctuations with n()-dependent variance. For instance, in single-channel currents
additional noise is often observed whose variance is referred to by a%p. In macroscopic currents this
additional noise can be modeled by a term agpn4(t), causing state-dependency of our noise model.

¥(2) = Hn(2) + vm(D) + vop(t) < y ~ O(ym) = N (yIHn(t), oh+ n4(t)a(2)P) = NOH®, %)  (10)

The second noise term wvop is defined in terms of the first two moments E(vop) =0 and
var(vop) = [E(ugp) = agpn4(t). To the best of our knowledge such a state-dependent noise makes the
integration of the denominator of Equation 8 (which is also the incremental likelihood) intractable

PO(®) = / NGIHR, 02 + n4o2) N(ni(), P(1) dn (1)
_ ! _G—Hn?’ Lo T
" const /exp (2(01211 +n4agp)> exp (2(11 n())P~ " (n —n()) ) dn (11b)

This is because the state distribution A/ (nn(7), P(¢)) as the prior also influences the variance param-
eter of the likelihood which means that the conjugacy property is lost. While a normal distribution is
the conjugated prior of the mean of a normal likelihood, it is not the conjugated prior for the variance.
However, by applying the theorem of total variance decomposition Equation 46a we deduce a normal
approximation to Equation 8 and to the related problem of Poisson-distributed noise in fluorescence
Equation 57, Equation 55a data. By computing the mean and the variance or covariance matrix of
the signal, we can reformulate the noise model to fit the form of the traditional KF framework. Note,
that the derived equations for the covariance matrix are still exact for the more general noise model.
Mean and covariance just do not form a set of sufficient statistics anymore.

Our derivation is not limited to ligand-gated ion channels. For example, when investigating voltage-
gated channels, the corresponding noise model can be easily adapted. This holds also when using the
P/n protocol for which the noise model resembles that of the additional variance in the fluorescence
signal. The additional variance is induced because the mean signal from the ligands swimming in the
bulk (Materials amd methods Equation 43 Appendix 5) is eliminated by subtracting scaled mean
reference signal which itself has an error. This manipulation adds additional variance to the resulting
signal comparable to P/n protocol. Other experimental challenges, as for example series resistance
compensation promoting oscillatory behavior of the amplifier, deserve certainly advanced treatment.
Nevertheless, for voltage-clamp experiments with a rate equation approach it also becomes clear
(Lei et al., 2020) that modeling of the actual experimental limitations, including series resistance,
membrane and pipette capacitance, voltage offsets, imperfect compensations by the amplifier, and
leak currents are necessary for consistent kinetic scheme inference.

The Bayesian posterior distribution

LQOr10)P(0)

POVD = TT516)F6)d0

(12)

encodes all information from model assumptions and experimental data used during model training
(see Materials and methods). A full Bayesian inference is usually not an optimization (finding the global
maximum or mode of the posterior or likelihood) but calculates all sorts of quantities derived from the
posterior distribution such as mean values of any function f including the mean value or covariance
matrix of the parameters themselves or even the likelihood of the data.

ElA = / AOPOIY1)d0 (13)
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Besides the covariance matrix of the parameter to express parameter uncertainty, the posterior
allows to calculate a credibility volume. The smallest volume Vp that encloses a probability mass P of

P=/ POI1Yr)de. (14)
Vp

is called the Highest Density Credibility Volume/Interval (HDCV/HDCI). Those credibility volumes
should not be confused with confidence volumes although under certain conditions they can become
equivalent. Given that our model sufficiently captures the true process, the true values 6iye will be
inside that volume with a probability P. Unfortunately, typically there is no analytical solution to Equa-
tion 12 . However, it can be solved numerically with Monte Carlo techniques, enabling to calculate
all quantities related to Equation 13 and Equation 14 . Our algorithm uses automatic differentiation
of the statistical model to sample from the posterior (Appendix 1—figure 1a) via Hamiltonian Monte
Carlo (HMC) (Betancourt, 2017), see Appendix 7 , as provided by the Stan software (Hoffman and
Gelman, 2014, Gelman et al., 2015).

Benchmark for PC data against the gold standard algorithms
We compare the posterior distribution (Figure 3) of our algorithm against Bayesian versions of the
deterministic (Milescu et al., 2005) and stochastic (Moffatt, 2007) algorithms, which we consider as
the gold standard algorithms for macroscopic patch-clamp data. Simulated currents of a patch with
N, = 5 - 10° are shown in (Figure 3d). The resulting posteriors (Figure 3a) show that both former algo-
rithms are further away from the true parameter values with their maxima or mean values (Figure 3a).
E.g., the relative error of the maximum of the posterior are Aky; ~ 200% for Milescu et al., 2005 and
Aksp = 240% for Moffatt, 2007 . The four other parameters including the three equilibrium constants
behave less problematic as judged by their relative error. Additionally, if one does not only judge the
performance by the relative distance of maximum (or some other significant point) of the posterior
but considers the spread of the posterior as well, it becomes apparent, that the marginal posterior of
both former algorithms fail to cover the true values within at least the reasonable parts of their tails.
Accordingly, for maximum likelihood inferences the true value would be far outside the estimated
confidence interval. For the RE approach only the marginal posterior of K; is nicely centered over
the true values and the marginal of K3, could be considered to cover within a reasonable part of
the distribution the true value. Uncertainty quantification is investigated in more detail further down
(Figures 4-9). Note that in Figure 3a, parameter unidentifiability by heavy tails/ multiple maxima of
the posterior distribution or (anti-) correlation is easily visible as non axial symmetric patterns.

To assess the location of the posterior conditioned on N, we select the median vector 6 of the
marginal posteriors and calculate its Euclidean distance to the true values by:

Euclidean Error = 4/ ;[0i/6; rue — 117 (15)

This defines a single value to judge the overall accuracy of the posterior. Varying oqp/i reveals the
range of the validity (Figure 3b) of the algorithm (red) from Moffatt, 2007 . While both stochastic
approaches are nearly equivalent for low open-channel noise, the RE (blue) performs consistently
poorer. [t may seem surprising that even for In fact, the KF method beha the two stochastic algorithms
start to produce different results. But considering the scaling (Materials and methods Equation 46a) of
the total open-channel noise (top axis) from currents of an ensemble patch o (N Popen,max0.5)*> oopen
one sees that if (NchPopen,maxO.S)O'SUopen approaches o the traditional KF suffers from ignoring state
dependent noise contributions. The lower scale changes with experiments (e.g. Nep and ogp). In
contrast, the upper scale is largely independent of the particular measurements. The two different
normalizations indicate an experimental intuition: “ Why should | consider the extra noise from the
open state of the single channel if only oop/i = oop/o = 0.01" is misleading. The small advantage of our
algorithm for small oqp/i over Moffatt, 2007 is due to the fact that we could apply an informative prior
in the formulation of the inference problem on gexp ~ normal(agxp,true,agxp,true -0.01) by taking advan-
tage of our generalization (Equation 46a) Bayesian filter. Further, Figure 3b indicates the importance
that the functional form of the likelihood is flexible enough to capture the second order statistics of
the noise of the data sufficiently.
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Figure 3. The Bayesian filter overcomes the sensitivity to varying (open-channel) noise of the classic Kalman filter and does not show the overconfidence

of the RE-approach. Overall it shows the highest accuracy and the posterior covers the true values. The classical deterministic RE (blue), 2007 Kalman

filter (red) and our Bayesian filter (green) are implemented as a full Bayesian version and the obtained posterior distributions are compared. For all PC
data sets in the figure the analysing frequencies fana ranges within 2-5. (a) Posterior of the parameters for the 3 algorithms for the data set displayed in
panel d. The blue crosses indicate the true values. All samples are normalized by their true values which is indicated by the ~ above the parameters.
For clarity, we only show a fraction of the samples of the posterior for blue and red. b, Effect of open channel noise: The Euclidean error for all three
approaches is plotted vs. oop/i (low axis). The upper axis displays the ratio of the ‘typical’ standard deviation of the open channel excess noise of the
ensemble of channels aop\/lm to the standard deviation of instrumental noise. ¢, Influence of patch size: Scaling of the Euclidean error vs. Ne,
follows ~ (Nep)~% indicated by the dashed lines for Ny, > 2 - 103 for the RE and the Bayesian filter approach. The data indicates a constant error ratio

(orange) for large Nep,. For Ney < 2 - 103 samples of the posteriors for many data sets suggest an improper posterior. An instrumental noise of gex/i = 1

Figure 3 continued on next page
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Figure 3 continued

and oop/i = 0.01 was used. (d) The time traces on which the posteriors of panel a are based (for the ligand concentrations see Figure 1). Panel b used
the same data too, but ¢ and o, were varied.

The online version of this article includes the following source data for figure 3:

Source data 1. The data folder includes all 15 sets of time traces.

For an increasing data quality, which in our benchmark is an increasing N, per trace, we show
(Figure 3c) that the deterministic RE and our Bayesian filter are consistent estimators, that is they
converge in distribution to the true parameter values with their posterior maxima or median for
increasing data quality. The scaling of the RE approach (blue) and our Bayesian filter (green) vs. N,
shows that for large N, both algorithms seem to have a constant error ratio relative to each other.
They are both well described by error(Ne,) o< a/+/Ng, with an error ratio computed from the fit of 4.4.
Thus, although our statistical model is singular (meaning that the fisher information matrix is singular
Watanabe, 2007), its asymptotic learning behaviour is similar to a regular model (Figure 4c) which,
however, means that the euclidean error from both algorithms stays different also for large N,. For
data with N, < 2 - 10° the samples from the posterior typically indicate that the posterior is improper
which is defined as

/[P(OIy)dO =00 (16)

We consider this as the case of unidentified parameters. This data-driven definition is in so far
different from structural and practical identifiability definitions (Middendorf and Aldrich, 2017a;
Middendorf and Aldrich, 2017b) as the two latter cases are not distinguished. Still the practical
consequence of structural or practical unidentifiability, which is usually an improper posterior, is
captured. Cases of structural or practical unidentifiability which lead to a confined region of constant
posterior density will be considered identified as the posterior is still normalizable thus the uncertainty
quantification will still be correct, even when this finding is not sufficient to answer the research ques-
tion at hand.

Benchmarking for cPCF data against the gold standard algorithm

For the simulated time traces with an optimistically high signal-to-noise assumption, the posterior of
the KF (from hereon KF denotes our Bayesian Filter) and a RE (Milescu et al., 2005) approach are
compared for cPCF data (Figure 4a—d). For a brief introduction of the RE approach, see Appendix 8 .
The failure to analyze PC data with moderate open-channel noise (Moffatt, 2007, Figure 3a) disqual-
ifies the classical KF with its constant noise variance also as a useful algorithm for fluorescence data,
because here the Poisson distribution of the signal generates an even stronger state dependency of
the signal variance.

By “high signal-to-noise assumption” , we refer to an experimental situation with a standard devi-
ation of the current recordings oex/i = 0.5, a low additional oop/i = 0.05, and a high mean photon rate
per bound ligand and frame ), = 5. Additionally, we assume vanishing fluorescence background noise
generated by the ligands in the bulk. The benefit of the high signal-to-noise is that the limitations of
the two different approximations to the stochastic process of binding and gating can be investigated
without running into the risk of being compensated or obscured by the noise from the experimental
setup. For these experimental settings (Figure 4a), we calculate the Euclidean distance of the median
(Equation 15) for different Ng,. For N, < 500 (gray shaded area in Figure 4a), the Euclidean error of
both algorithms is roughly the same. On the single parameter level (Figure 4b), this can be seen as
an onset of correlated deviations from the true value for both algorithms. Each marginal posterior has
for each N, a similar deviation in magnitude and direction. That is in particular true for k3, and K3,
which dominate Equation 15 . In spite of the correlation in direction of the errors of ky; and K»; their
magnitude is still smaller for the KF. In summary, this indicates that in this regime the approximations
to the involved multinomial distributions fail in a similar manner for both algorithms. That implies that
treating the autocorrelation of the gating and binding becomes similar important compared to the
error induced by normal approximations (which are used by the KF and the RE approach). For larger
Nch, the Euclidean error of the RE is on average 1.6 times larger than the corresponding error of the
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Figure 4. For multidimensional data (cPCF) the RE approach almost approaches the accuracy (Euclidean error) of the Bayesian Filter. However, only the
Bayesian filter covers the true value in a reasonable HDCV while RE based posteriors are too narrow. All samples are normalized by their true values
which is indicated by the ~ above the parameters. (a) Euclidean errors of the maximum for the rate k;; and equilibrium constants K;; obtained by the KF
(green) and from the REs (blue) are plotted against Ny for oex/i = 0.5, oop/i = 0.05 and X, = 5. Both algorithms scale like 1/4/Ng, (dashed lines) for larger
Nen which is the expected scaling For smaller Ng, < 500 (gray range) the error is roughly the same indicating that limitations of the normal approximation
to the multinomial distribution dominate the overall error in this regime. The combination of fluorescence and current data(cPCF) decreases the
eucleadian error for both approaches compared to current data alone(PC). (b), HDCI and the mode of the 3 k;; and 3 Kj; plotted vs. N, revealing that
the maximum is a consistent estimator (converges in distribution to the true value with increasing data quality). While the KF (green) 0.95-HDCl includes
usually the true value, the RE HDCI (blue) is too narrow and, thus, the real values are frequently not included. (c) Bayesian estimation of true success
probability for the event that all 6 0.95-HDCl include the respective true values at the same time by a binomial likelihood. Since the data sets have

Figure 4 continued on next page
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different N, and the model approximations become better with increasing Np, we use a cut-off for Ny, = 200. d, Comparison of 1-D and combinations
of 2-D marginal posteriors of the parameters of interest for both algorithms calculated from a Ng, = 103 simulation. Blue lines indicate the true value.
We depict that in two dimensions the disproportion of the deviation of the mode and the spread of RE (blue) approach is worsened while KF (green)
posterior includes the true values with more reasonable probability mass.

The online version of this article includes the following source data for figure 4:
Source data 1. 6pMol.
Source data 2. 64uMol.
Source data 3. 32uMol.
Source data 4. 8uMol.
Source data 5. 4uMol.
Source data 6. 1uMol.
Source data 7. 2uMol.
Source data 8. 025uMol.
Source data 9. 05puMol.
Source data 10. 00625uMol.
Source data 11. 003125uMol.
Source data 12. 0125pMol.

posterior mode of the KF, which we deduce by fitting the function error(Ny,) = ﬁ On the one hand,
both algorithms are better in approaching the true values than with patch-clamp data alone. On the
other hand, the smaller error ratio means, that adding a second observable constrains the posterior,
such that much of the overfitting is prevented for the RE approach. By overfitting, we define the adap-
tation of any inference algorithm to the specific details of the used data set due to experimental and
intrinsic noise which is aggravated if too complex kinetic schemes are used. Similarly, (Milescu et al.,
2005) showed that the over fitting tendency of the RE can be reduced if the autocorrelation of the
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Figure 5. The HDCV of the posterior of the KF follows the requested binomial statistics while the HDCVs of the RE approach are too narrow. (a)
Cumulative x -square distribution vs. the Mahalanobis distance dypan. The y axis denotes the probability mass which is counted by moving away from
the maximum before an ellipsoid with distance dpap is reached. The different colours represent the changes of the cdf with an increasing number of
rate parameters. The blue cdf at dyjan = 1 represents how much probability mass can be found from [ normal(@, 0, o)d¢, see inset. In one dimension,
we can expect to find the true value within 20 around the mean with the usual probability of P = 0.682 for univariate normally distributed random
variables. The six parameters (brown) of the full rate matrix will almost certainly be beyond dyan = 1.0. The higher the dimensions of the space the less
important becomes the maximum of the probability density distribution for the typical set which is by definition the region where the probability mass
resides. The mathematical reason for this is that the probability mass P = fV P(0)dV is the integrated product of volume and probability density. b, The
two methods to count volume in units of probability mass for the KF (green) and the RE (blue). The gray area indicates which data sets are considered a
success if one chooses to evaluate a proababilty mass of 0.4 of each posterior around its mode. All data sets in the white area are considered a failure.
For the optimistic noise assumptions gex = 0.5 - 7, gop = 0.05 - i and a mean photon count per bound ligand per frame A, = 5 the RE approach (blue)
distributes the probability mass such that the HDCV never includes the true rate matrix. From N, > 100 both HDCV estimates of the KF posterior (green
curves) include the true value within a reasonable volume and show a similar behaviour. ¢, Binomial success statistics of HDCV to cover the true value vs.
the expected probability constructed from the data of (b). Calculated for i = 0.25¢ and oop = 0.025i and Ap = 5 and minimal background noise.

Miinch et al. eLife 2022;11:e62714. DOI: https://doi.org/10.7554/eLife.62714 13 of 60


https://doi.org/10.7554/eLife.62714

e Llfe Research article

Computational and Systems Biology | Structural Biology and Molecular Biophysics

a realistic cPCF data quality b pessimistic cPCF data quality C
1.0 10°
g g=095 | 2 w1
13 0.5 g g
15 g
g | 00 o |l 210
S 10 2
v ]
C
©
5 o
=
- D 1072
0 0 - [ !
0.0 0.2 0.4 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 10?2 103 104 10°
Volume in units of probabilty Volume in units of probabilty Ncp/trace

Figure 6. Even for the highest tested experimental noise the RE approach does not follow the required binomial statistics, generating an
underestimated uncertainty. (a) Binomial success statistics of HDCV to cover the true value vs. the expected probability. Calculated for i = ¢ and

oop = 0.1i and A\p = 0.375 and a strong background noise. (b) Binomial success statistics of HDCV to cover the true value vs. the expected probability.
For10-i =0 and oop = li and Ay = 0.375 and a strong background noise. For both algorithms, the adaptation of the sampler of the posterior was
more fragile for small N¢p, leading to differences in the posterior if the posterior is constructed from different independent sampling chains. Those data
sets were then excluded. We assume that these instabilities are induced in both algorithms by the shortcomings of the multivariate normal assumptions.
(c) Comparison of the Euclidean error vs. Ny, for the pessimistic noise case (solid lines) with Euclidean error for the optimistic noise case (dotted lines).

data is eliminated. The dotted green curve derives from PC data. The Euclidean error is roughly an
order of magnitude larger for Ng, > 2000. Thus, in this regime the cPCF data set is equivalent to 102
fold more time traces or 10°> more N, in a similar PC data set. For N, < 2000 only cPCF establishes
parameter identifiability (given a data set of 10 ligand concentrations and no other prior information).
In Figure 4b(1-6), we demonstrate the 0.95-HDCI (Equation 14) of all parameters and their modes
vs. Ngp. Even though the Bayesian filter and the RE approach are both consistent estimators, the RE
approach covers the true values with its 0.95-HDCI only occasionally. The modeling assumption of
the RE approach of treating each data point as if it does not come from a Markov process but from
an individual draw from a multinomial distribution with deterministically evolving mean and variance
makes the parameter estimates overly confident (Figure 4b(1-6)) . A likely explanation can be found
by analyzing the extreme case where data points are sampled at high frequency relative to the time
scales of the channel dynamics. The RE approach treats each data point as a new draw from Equa-
tion 67 while in reality the ion channel ensemble had no time to evolve into a new state. In contrast,
the KF updates its information about the ensemble state after incorporating the current data point
and then predicts from this updated information the generalised multinomial distribution of the next
data point. For N, > 200, the marginal posterior of the KF usually contains the true value. Never-
theless, one might depict a bias in both algorithms, in particular (Figure 4b 2,4) for k3, and K3, for
N, < 2-10%, similar to the findings of Moffatt, 2007 . A proper investigation of bias can be found
in Figure 11 and 12 and in the Appendix. Notably, with the more realistic higher experimental noise
level, in those tests the bias is hardly or not all detectable (consider the unfiltered or infinitely fast
integrated data). A plausible explanation is that the bias only occurs (Figure 4 2,4) because the data
are that perfect that the discrete nature of the ensemble dynamics is almost visually detectable, thus
deviating from to the modeling assumption of multi-variate normal distributions.

To investigate the six one-dimensional 0.95-HDCls simultaneously, we declare the analysis of a
data set as successful if all 0.95-HDCls include the true values. Otherwise we define it as a failure.
This enables to determine the true probability at which the probability mass of the KF and the RE
approach covers the true values in a binomial setting. The left blue vertical line in Figure 4c indi-
cates p = 0.95% &~ 0.735 which is the lower limit and which would be the true success probability for
an ideal model whose six 0.95-HDCls are drawn from y ~ binomial(0.95, 6). This is the probability of
getting 6 successes in 6 trials. The right blue vertical line equals p = 0.95, signifying the upper limit
obtained by treating the six 0.95— HDCls as being drawn from y ~ binomial(0.95, 1) each, which is a
rather loose approximation. All marginal distributions are computed from the same high-dimensional
posterior which is formed by one data set for each trial. Thus, the six 0.95— HDCls y ~ binomial(0.95, 1)
must have success rates between those two extremes if the algorithm creates an accurate posterior.
We next combine the binomial likelihood with the conjugated beta prior (Hines et al., 2014) for
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Figure 7. Higher model complexity drastically increases the minimal requirements of the data. With PC data the RE approach is frequently incapable to
identify all parameters while the Bayesian filter is more robust. cPCF data alleviate the parameter unidentifiabilities for patch sizes for which PC data are
insufficient. Each panel column corresponds to a particular true process with increasing complexity from left to right, as indicated by the model schemes
on top. Within all kinetic schemes, each transition to the right adds one bound ligand. Each transition to left is an unbinding step. Vertical transitions
are either conformational or opening transitions. Plots in each row share the same y-axis respectively. Each column shares the same abscissa. (a-c) Error
ratio for PC data (blue) and cPCF data (red). The dashed lines indicate the mean error ratio under the simplifying assumption that the error ratio does
not depend on Ngp,. The vertical bars are the standard deviations of the mean values. Theses values were calculated from the Euclidean errors shown

in Figures 3c and 4a for a, and panels (d-e), for (b-c), respectively. Results from the KF algorithm (green) and the RE algorithm (blue) are compared for
PC (lighter shades) and cPCF (strong lines). The diagonal gray areas indicate a ~ (Nch)_o‘5 proportionality. For simulating the underlying PC data, we
used standard deviations of gop = 0.1 and o = 1 and for the cPCF data additionally a ligand of brightness Ay = 5. To facilitate the inference for the
two more complex models, we assumed that the experimental noise and the single channel current are well characterized, meaning i ~ A/(il1,0.01),

o ~ N(0l11,0.01) and oop ~ gamma(oopll, 100). In the models containing loops (last 2 columns), a prior was used to enforce microscopic-reversibility

and set to k35 ~ beta(100, 100) multiplied by k; = kskek7kg(kakzks) ™! - 0.995 4+ 0.01 - kY.

The online version of this article includes the following source data for figure 7:

Source data 1. The folder of the five-state model includes 15 sets of time traces in the interval Ng, € [103, 5. 105].
Source data 2. The folder of the six-state model includes 14 sets of time traces in the interval Ny, € [103, 106].

mathematical convenience. On this occasion, for the sake of the argument, beta(1, 1) seems sufficient.
A beta(1, 1) prior is a uniform prior on the open interval (0, 1). The estimated true success rate of the
RE approach (blue) is & 0.15 and therefore far away from the success probability an algorithm should
have when it is based on an exact likelihood of the data. In contrast, the posterior (green) of the true
success probability of the KF resides with a large probability mass between the lower and upper limit
of the success probability of an optimal algorithm (given the correct kinetic scheme). As both algo-
rithms use the same prior distribution, the different performance is not induced by the prior.
Exploiting six one-dimensional posterior distributions does not necessarily answer whether the
posterior is accurate in 6 dimensions but we can refine the used binomial setting. In Figure 4d
P(ksp, K43), we see that 2-D marginal distributions can, due to their additional degree of freedom, twist
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Figure 8. Revisiting the PC data obtained by the 4-state-1-open-state model shows that the KF succeeds to produce realistic uncertainty quantification,
while the overconfidence problem (unreliable uncertainty quantification) of the RE approach remains. Comparison of a series of HDCls shown as
functions of Ny, for each parameter of the rate matrix obtained by the KF (green) and the RE algorithm (blue). The differing shades of green and blue
indicate the set of (0.95, 0.6, 0.2,0.1)-HDCls. Only the interval N, > 2 - 10% in which all parameters are identified is displayed. The data are taken
from the KF vs. RE benchmark of Figures 3c and 7a . The first row corresponds to three rates k;; the second row to the equilibrium constants Kj;. All
parameters are normalized by their true value. The insets show the error ratios of the respective single parameter estimates. Note that the error ratios
on the single-parameter level can be even of the order of magnitude of 102 Thus, they can be much larger than the error ratios calculated from the
Euclidean error if the errors of the respective parameters are small compared to other error terms in the Euclidean error Equation 15 .The lowest
Euclidean error for this kinetic scheme has cPCF data analyzed with the KF. (Figure 7d). A 6-state-1-open-states model with cPCF data has again an
error ratio of the the usual scale (Figure 7c). As expected, the Euclidean error continuously increases with model complexity (Figure 7d and e). For
PC data of the 6-state-1-open-states model even the likelihood of the KF is that weak (Figure 7e) that it delivers unidentified parameters even for

Neh = 10* and we can detect heavy tailed distributions up until Nep, = 10°. Using RE on PC data alone does not lead to parameter identification, thus
no error ratio can be calculated.

around the true value without covering it with HDCV (Equation 14) of reasonable size while simul-
taneously the two 1-D marginal distribution do cover it with a reasonable HDCI. In general, the KF
posterior distribution has its mode much closer to the true value for various parameter combinations
and it seems that the posterior is approximately multivariate normal. Further, we recognize that the
probability mass of the reasonably sized HDCV of the KF posterior includes the true values whereas
the HDCV from the RE does not. In 6 dimensions we lack visual representations of the posterior. Since
we showed that both algorithms are consistent for a given identifiable model, we are looking for a
way to ask whether the posterior is accurate (has the posterior distribution the right shape). We can
answer that question by asking, how much probability mass around the mode (or around multiple
modes) needs to be counted to construct a HDCV Equation 14 which includes the true values. Then
we can ask for Ngt data sets how often did we find the true values inside a volume V(P) of a specific
probability mass P of the posterior distribution

success ~ binomial(Nset, P(V)). (17)

An algorithm which estimates the parameters of the true process should fulfill this property simul-
taneously to being consistent. Otherwise credibility volumes or confidence volumes are meaningless.
Noteworthy, that this is a empirical test of how sufficient the Bayesian filter and the RE approach hold
frequentist coverage property of their HDCVs (Rubin and Schenker, 1986). We explain (Appendix 8)
in detail how to quantify the overall shape and n-dimensional posterior and comment on its geomet-
rical meaning. One way is to use an analytical approximation via the cumulative Chi-squared distribu-
tion (Figure 5a and b), The other way is to count the probability mass of n-dimensional histogram bins
starting with the highest value until the first bin includes the true values (Figure 5b).
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Figure 9. The HDCls for PC data for a 5-state-2-open-states model show negligible bias for the KF with the true value being included. In contrast, the
HDCE for RE approach frequently does not include the true value and in general appears biased and frequently leaves certain parameters unidentified.
Comparison of a series of (0.95,0.6,0.2,0.1)-HDCls as functions of N, for each parameter of the rate matrix obtained by the KF (green) and the RE
algorithm (blue). The HDCls correspond to the PC data displayed in Figure 7b and d . The first row corresponds to three rates k;; the second row to
the equilibrium constants Kj;. All parameters are normalized by their true value. K5 is because of the microscopic-reversibility prior a parameter which
is strongly dependent on the other rates and ratios. Refer to the caption of Figure 7 for details about the prior that enforces microscopic-reversibility.
Thus, the deviations of Kps are inherited from the other parameters. The rate ksy is frequently not identified by the RE approach and only the limits of
the sampling box confines he posterior.

Knowing how much volume/probability mass is needed to include the true rate matrix allows us to
test whether all HDCVs constructed from the two probability distributions match the binomial distri-
butions of the ideal model. For each data set and for each HDCV of a fixed probability mass, there
are two possible outcomes: The true rate matrix is inside or outside of that volume. For a chosen
HDCV with a fixed probability volume, as indicated by a gray space in Figure 5b , we count how many
times the true matrix is included in the volume of that probability mass for each trail in a fixed amount
of trials. Since the success is binomially distributed, we plot the expected mean of a perfect model
E[Y] = NyialsPirue and binomial quantiles and compare them with the success rate found in our test runs
(Figure 5c¢) for both algorithms with both methods to determine the posterior shape. The posterior
of the KF distributes the probability mass in a consistent manner such that each volume includes the
true rate matrix within the quantile range. In contrast, the RE approach fails for all data sets for all
HDCVs (from 0 - 0.95 probability mass) and does not include the true values in one single case. Note,
that all the binomial trials for each HDCV are made from the same set of data sets which explains the
correlated deviation from the mean. For lower but realistic signal to noise ratios, where the fit quality
decreases, for example by producing larger errors/wider posterior distributions (Figure 6a), the statis-
tics of the HDCV from the RE approach improve but are still outperformed by the KF. In particular, in
our tested case of realistic experimental noise we never find the true values within a 0.65-HDCV if the
data are analyzed with a RE approach. Even for the highest noise level (Figure 6b), the probability
mass of the KF posterior needed to include the true rate matrix remains almost always smaller then
the posterior mass of the RE approach. That means that the posterior mass of the KF is much closer to
the true value distributed than the posterior mass of the RE. With the KF we find the true rate matrix
for one data set in small volume P < 0.05 around the mode. To achieve the same with the RE approach
we need at least a probability mass of 0.3.
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In the inset of Figure 6a and b we do not observe a trend, thus no indication that the RE approach
has a better performance for large values N, in this regard. This challenges the common argument
that the RE approach should be equivalent to the KF for large N, because the ratio of mean signal vs.
the intrinsic binding and gating noise is so large. Thus, including the autocorrelation into the analysis
is important even for unrealistic large N.,. One possible explanation is model a signal-to-noise ratio
which scales o« Ng,. From the multinomial distribution both algorithms inherit mean signals which
scale o< N, and variances which scale in the terms dominating for large N, similarly with o< N¢,. Thus,
identical to the real signal, both algorithms model the scaling of the signal-to-noise ratio o< v/N. It
is plausible, that both algorithms remain sensitive for the occurrence of autocorrelation of the noise
even for largest signal-to-noise ratios. In Figure 5¢c we compare the Euclidean error of the pessimistic
high white noise case with an over-optimistic low noise case. We see, that when increasing N, there
is a regime where the Euclidean error increases faster than Nch_l which we indicate with a coarse
approximate fit oc Nc_hl. In that regime two effects happen simultaneously. First, the mean and the
intrinsic fluctuations of the signal become more and more dominant over the experimental noise.
Second, the standard deviation of intrinsic fluctuations becomes smaller relative to the mean signal.
We speculate, that this produces together a learning rate which is faster than the usual asymptotic
learning rate \/J\E71 of a regular model but relaxes asymptotically towards \/@71

Statistical properties of both algorithms for more complex models

We have seen in Figure 3c and Figure 4a that the RE and the KF algorithm are consistent estimators,
while their error ratio (Figure 7a) seems to have no trend to approach 1 with increasing N.,. Adding
a second observable increases parameter accuracy and adds identifiability for both algorithms since
less aspects of the dynamics need to be statistically inferred (Figure 4a). Furthermore, the second
observable takes away much of the tendency (compare Figure 4b 1 — 6 with 8) of the RE approach
to overinterpret (overfit) which leads to a shrinking of the error ratio 5.6 + 1.4 for PC data to smaller
values for cPCF data (Figure 7a) (red) which are on average still bigger than one, while the Euclidean
error is reduced (Figure 4a). If we then keep the amount and quality of the PC/cPCF data but increase
the complexity of the model which produced the data (Figure 7b and d) from a four-state to a five-
state model (see kinetic schemes above Figure 7a—c), we see that for cPCF data the error ratio stays
roughly the same (difference between Figure 7a and b). For PC data instead both algorithms deliver
an unidentified ky; for Ny, < 2-10? (defined as an improper posterior). For larger N, the KF always
identifies all parameters while the RE fails at N, € {7000,2000,75000} to identify kss. Thus, the KF
reduces the risk of unidentified parameters. To calculate the mean error ratio, we exclude the values
were some of the parameters are unidentified in total that still amounts to 6.8 + 2.7 thus the advan-
tage of the KF (given all parameters are identified) might increase with model complexity for PC data.
The lowest Euclidean error for this kinetic scheme has cPCF data analyzed with the KF. (Figure 7d). A
6-state-1-open-states model with cPCF data has again an error ratio of the the usual scale (Figure 7c).
As expected, the Euclidean error continuously increases with model complexity (Figure 7d and e).
For PC data of the 6-state-1-open-states model even the likelihood of the KF is that weak (Figure 7e)
that it delivers unidentified parameters even for and we can detect heavy tailed distributions up until
. Using RE on PC data alone does not lead to parameter identification, thus no error ratio can be
calculated.

Consistent with our findings, fluorescence data itself, should lower the advantage of the KF
compared to PC data simply by signal-to-noise arguments. The stochastic aspect of the ligand binding
is usually more dominated by the noise of Photon counting and background noise than the stochastic
gating is dominated in current data by experimental noise. In terms of uncertainty quantification the
advantage of the KF with cPCF varies with the model complexity (see, Appendix 9).

Besides analyzing what causes the changes in the Euclidean error (Figure 7a and b) at the single
parameter, we now investigate whether the posterior is a proper representation of uncertainty. Thus,
we look back at the HDCls. The HDCls of the 4-state-1-open-state (Figure 8) of the PC data from
Figure 3 reveal an exacerbated over-confidence problem of the RE approach (blue) compared to
cPCF-data (Figures 4b1-6). This, underlines our conclusion of Figures 5 and 6 that the Bayesian
posterior sampled by the RE approach is misshaped. As a consequence a confidence volume derived
from the curvature at the ML estimate of the RE algorithm understates parameter uncertainty. A
possible way for ML methods to derive correct uncertainty quantification is by using bootstrapping
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data methods (Joshi et al., 2006). Furthermore, the error ratios of each single parameter from its true
value in the last column kg3K43 strongly increased their magnitudes (insets Figure 8). Even error ratios
of 5107 are possible. Note, that the way we defined Equation 15 suppresses the influence of the
smaller parameter errors in the overall error ratio. Thus the advantage (error ratio) of the KF over RE
approach for a single parameter can be much larger or lower compared to the error ratio derived from
the Euclidean error if the respective parameter is contributing less to the Euclidean error. The poste-
rior of the KF (green) seems to be unbiased after the transition into the regime N, > 2 - 10% where all
parameters are identified. Similarly, for the RE algorithm there is no obvious bias in the inference. If we
use the RE algorithm and change from the four-state to the five-state model (PC data from Figure 7b),
bias occurs (Figure 9) in many inferred parameters, even for the highest N, investigated. Milescu
et al., 2005 showed that one or the reason of the biased inference of the RE approach is its ignorance
of autocorrelation of the intrinsic noise. We add here that the bias problem clearly aggravates with an
increased model complexity. It is even present in unrealistically large patches which in principle could
be generated by summing up 107 time traces with Ne, = 10°. In contrast, the KF algorithm reveals that
its parameter inference is either unbiased or at least much less biased in the displayed N, regime.
Furthermore, for both algorithms the position of the HDClI relative to the true value is for some param-
eters highly correlated, which corresponds to the correlation between optima of the ML method of
Milescu et al., 2005 ; Moffatt, 2007.

As a side note, unbiased parameter estimates are a highly desirable feature of an inference algo-
rithm. For example, with a bias in the inference, repeated experiments do not lead to the true value
if the arithmetic mean of the parameter inferences is taken. With bias even bootstrapping methods
fail to produce reliable uncertainty quantification. Due to the variation of the data the ks, parameter
is either identified in some neighbourhood of the true value or complete unidentified (Figure 9), if
the RE algorithm is used. The unidentified ks, occurs even at high-quality data such as N, = 7.5 - 10%.
Only because of the nonphysical prior (Figure 9) of ks, induced by the limits of the sampling box of
the sampling algorithm the posterior appears to be proper but is in fact either unidentified or or more
than two orders of magnitude away from the true value. For the same data using the KF did not result
in any unidentified parameters. Note, that comparable inference pathologies such as multimodal
distributions of inferred parameter were also reported for the maximum likelihood RE algorithm for
low quality PC data or too simple stimulation protocols (Milescu et al., 2005).

In conclusion, the two different perspectives on parameter uncertainty: On the one hand distribu-
tions of ML estimates due to the random data (Milescu et al., 2005 ; Moffatt, 2007) and the Bayesian
posterior distribution loose their tightly linked (and necessary) connection if the RE algorithm is used.
Thus, KF robustifies also ML inferences of the rate matrix. Our findings are consistent with the findings
for gene regulatory networks (Gillespie and Golightly, 2012) which show that RE approaches deliver
a too narrow posterior in contrast to stochastic approximations which deliver an acceptable poste-
rior compared to the true posterior (defined by a particle filter algorithm). On the data side of the
inference problem adding cPCF data eliminates the bias, reduces the variance of the position of the
HDCI and eliminates unidentified parameters (Appendix 9—figures 1 and 2) for both investigated
algorithms. This advantage increases with model-complexity.

For the five-state and six-state model, we applied microscopic-reversibility (Colquhoun et al.,
2004). We enforced it by hierarchical prior distribution (Materials and methods Equation 60) whose
parameters can be chosen such that they allow only arbitrarily small violations of microscopic-
reversibility. But the prior distribution can also be used to enforce some softer regularization around
microscopic-reversibility. Thus, we can transfer the usually strictly applied algebraic constraint (Salari
et al., 2018) of microscopic-reversibility to a constraint with scalable softness. In that way we can
model the lack of information if microscopic-reversibility is exactly fulfilled (Colquhoun et al., 2004)
by the given ion channel instead of enforcing the strict constraint upon the model.

Prior critique and model complexity

In the Bayesian framework, the likelihood of the data and the prior generate the posterior. Thus,
the performance of both algorithms can be influenced by appropriate prior distributions. We used a
uniform prior over the rate matrix which is not optimal. Note, that uniform priors are widely used by
several reasons. They appear to be unbiased, and are assumed to be a ‘'no prior’ option (which they
are not). This is true for location parameters like mean values. In contrast, for other parameters, such
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as scaling parameters like rates or variances, a uniform prior adds bias to the inference towards faster
rates (Zwickl and Holder, 2004). We suspect, that for the PC data even in the simplest model discussed
here the lower data quality limit below which we detected unidentified parameters (improper poste-
riors) is caused by the uniform prior. This lower limit for the KF also increases with the complexity of
the model from N, < 2 - 10° for the foue-state model till N, < 2 - 10* for 6-state-1-open-state model.
Note, that it is hardly possible to fit the 6-state-1-open-state model with the RE approach for the same
amount of PC data. We observe cPCF data eases this problem because the likelihood becomes more
concentrated for all parameters. The likelihood dominates the uniform prior. Nevertheless, for most
parts of the paper we used a uniform prior over the rates and equilibrium constants to be comparable
with the usual default method: a plain ML which influences our results in data regimes in which the
data is not strong enough to dominate the bias from the uniform prior. Thus, both algorithms perform
better with smarter informative or at least unbiased prior choices for the rate matrix.

In principle, to rule out an influence of the prior, unbiased priors should be used for the rates. The
standard concept for unbiased least informative priors is to construct a Jeffreys prior Jeffreys, 1946
for the rate matrix which is, however, beyond the scope of the paper.

The influence of the brightness of the ligands of cPCF data on the
inference

To evaluate the advantage of cPCF data Biskup et al., 2007 with respect to PC data only (Figure 10),
we compare different types of ligands: Idealized ligands with brightness )y, emitting light only when
bound to the channels, ‘real’ ligands which also produce background fluorescence when diffusing
in the bath solution (Appendix 5) and current data alone. For datasets including fluorescence, the
increased precision for the dissociation rate of the first ligand, ky 1, is that strong that the variance
of the posterior P(ky 1, k32) nearly vanishes in the combined plot with the current data (nearly all
probability mass is concentrated in a single point in Figure 10a). The effect on the error of the equi-
librium constants K; is less strong. Additionally, the bias is reduced and even the estimation of N, is
improved. The brighter the ligands are, the more the posterior of the rates decorrelates, in particular
P(ky.1,k32) (Figure 10a). All median estimates of nine different cPCF data sets (Figure 10b) differ by
less than a factor 1.1 from the true parameter except k3,, which does not profit as much from the
fluorescence data as k, ; (Figure 10c). The 95th percentiles, lys of P(kz,1) and P(K;) follow lgs ~ 1/1/Ap.
Thus, with increasing magnitude of ligand brightness 1, the estimation of k; ; becomes increasingly
better compared to that of k3, (Figure 10c). The posterior of the binding and unbinding rates of
the first ligand contracts with increasing A,. The lys percentiles of other parameters exhibit a weaker
dependency on the brightness (los ~ A~%). For A, = 0.01 photons per bound ligand and frame, which
corresponds to a maximum mean signal of 20 photons per frame, the normal approximation to the
Poisson noise hardly captures the asymmetry of photon counting noise included in the time traces.
Nevertheless, ;s decreases about ten times when cPCF data are used (Figure 10c). The estimated
variance of

_ @) — (HE[n()])

r(t) = AT (18)

with the mean predicted signal HE[n(#;)], for PC or cPCF data is oA (ry) ~ 1 (Figure 10d) which
means that the modeling predicts the stochastic process correctly up to the variance of the signal.
Note that the mean value and covariance of the signal and the state form sufficient statistics of the
process, since all involved distributions are approximately multivariate normal. The fat tails and skew-
ness of P(ky1) and P(k») arises because the true model is too flexible for current data without further
prior information. The KF allows to determine the variance (Figure 10e) of the open-channel current
noise for oop = 0.1i. Adding fluorescence data has roughly the same effect on the estimation of o like
using five times more ion channels to estimate agp.

Sensitivity towards filtering before the analog-to-digital conversion of
the signal

On the one side, every analog signal to be digitized needs analog filtering for antialiasing according
to the Nyquist theorem. On the other side, every analog filter does not only suppress unwanted white
noise but also distorts the dynamics (Figure 11a) of the signal of interest (Silberberg and Magleby,
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Figure 10. The Benchmark of the KF for PC versus cPCF data with different bright ligands shows that even adding a weak fluorescence binding signal
can add enough information to identify before unidentified parameters. (a) Posteriors of PC data (blue), cPCF data with Ay, = 0.00375 (orange) and
cPCF data with A\p = 0.375 (green). For the data set with A, = 0.375, we additionally accounted for the superimposing fluorescence of unbound ligands
in solution. In all cases N¢p, = 10%. The black lines represent the true values of the simulated data. The posteriors for cPCF P(k,1, k3 2) are centered
around the true values that are hardly visible on the scale of the posterior for the PC data. The solid lines on the diagonal are kernel estimates of the
probability density. (b) Accuracy and precision of the median estimates visualized by a violin plot for the parameters of the rate matrix for 5different data
sets. Four of the five data sets are used a second time with different instrumental noise, with Ay = 0.375 and superimposing bulk signal. The blue lines
represent the median, mean and the maximal and minimal extreme value. (¢) The 95th percentile of the marginalized posteriors vs. Ay normalized by
the true value of each parameter. A regime with lys ~ 1/v/X is shown for ky.1 and K, while other parameters show a weaker dependency on the ligand

Figure 10 continued on next page
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brightness. (d) Histograms of the residuals r of cPCF with A\, = 2.5 - 1073 data and PC data. The randomness of the normalized residuals of the cPCF or
PC data is well described by r; ~ normal(0, O'rzes = 1). The estimated variance is arzes = 0.98 + 0.26. Note that the fluorescence signal per frame is very
low such that the normal approximation to Poisson counting statistics does not hold. e, Posterior of the open-channel noise [P(o'gplagp’um) for PC data
with Ngp = 103 (green) and Ngp, = 10° (blue) as well as for cPCF data with Nep = 10 (red) with Ap = 0.375. We assumed as prior for the instrumental

variance P(c?) = N(1,0.01).

The online version of this article includes the following source data for figure 10:

Source data 1. Five different sets of time traces of panel b.

Source data 2. Eighteen sets of time traces of panel c.

1993). Therefore, (Qin et al., 2000) recommend to avoid analog filtering as much as possible in
single-channel analysis and let the HMM analyze the data in the rawest available form, even with
simultaneous drift correction (Sgouralis and Pressé, 2017a). One can also expect that analog filtering
of a macroscopic signal is harmful for the inference of the KF and the RE approach. For the CCCO
model considered herein we investigated the mean behavior (accuracy and precision) of the posterior
of both algorithms with seven data sets (simulated at 100 kHz to mimic an analog signal). A digital
fourth-order Bessel filter (Virtanen et al., 2020) was then applied. The maximum analysing frequency
f.na Of the KF used is 100 — 400 Hz to be comparable to cPCF setups. The slower frequency at which
the Bayesian filter analyzes the data is necessary because the applied Bessel filter has caused addi-
tional time correlations in the originally white noise of the signal. Thus, an all-data-points fit would
immediately violate the white noise assumption of Equation 4 which we restore by analyzing at a
much lower frequency. We then let the time scales of the induced time correlations become larger
and larger by decreasing f.,.. Physically, the absolute cut-off frequency f.,, is irrelevant; what matters is
the magnitude of f,, relative to f,,, and to the eigenvalues «; of the ensemble (see, Appendix 3), since
the eigenvalues determine the time evolution of the mean ensemble state, the autocorrelation, and
Fourier spectrum of the fluctuations around the equilibrium distribution (Colquhoun et al., 1997b).
The eigenvalues depend on the ligand concentration such that for a four-state model for each ligand
concentration there are three relevant time scales —1/«; (where i = 2, 3,4) plus the equilibrium solution
which satisfies a; = 0. For 10 different time series 3 - 10 + 3 the outcome is to have different values
of a;.Each eigenvalue is the inverse of the time constant of an exponential decay (see, Appendix 3).
For this reason, we normalize in the following (Figure 11) the cut-off frequencies by a; at the highest
ligand concentration. We analyze the arithmetic mean from 7 different data sets of the median of the
posterior of the rate matrix. The mean Euclidean error of the median (Figure 11b) and a series of quan-
tiles demonstrate that overall the error of the mean median of the posterior KF (green) is smaller than
that obtained by the RE. For unfiltered data, the accuracy of the mean median of the KF is increased
by ~ 1.6. Based on the Euclidean error both algorithms benefit slightly from careful analog filtering
for feu/ap > 1 while the offset remains rather constant. A strong negative effect of analog filtering
starts for both algorithms around feu &~ 1kHZ. This is induced by feut — fana (see, Appendix 10). In
contrast, based on the level of each individual parameter of the rate matrix (Figure 11c 1-6) the bias
induced by analog filtering immediately starts with foux = 70kHz (Figure 11c 1-3). Note, that visual
inspection of the signal (Figure 11a) does not reveal signal distortions feur > 10kHz though they are
detected by both algorithms. For unfiltered data, the maximum of the posterior for the RE approach
is a biased estimate E[OuEg] # Ouue for at least the parameters k21, K1, K3, of the true value Gyue, which
is explained (Milescu et al., 2005) by the fact that RE approaches ignore the autocorrelation of the
intrinsic noise. Additionally, the data indicate that for K43 the maximum of the posterior is even for
the KF a biased estimate which we interpret as limitations induced by the fact that the mean vector
and covariance-matrix do not constitute sufficient statistics as soon as Poisson distributed photon
counting or open-channel noise blurs the signal. For the RE approach, the additional bias induced by
the analog filter on the mean maximum of all parameters of the posterior starts with feu & 70 kHz or,
in other words, at the fastest time scale in the whole data set. The total bias in the estimate is reduced
for ky, with the additional bias from the analog filtering but increased for ks, which for the Euclidean
error leads at first to a small increase in accuracy. The KF is more robust towards analog filtering, as the
results alter less with f,,, (given a reasonable f.,), and less biased for unfiltered data in the estimates
of these parameters. On the one hand, the Euclidean error shrinks for feu > 10 kHz (Figure 11b). On
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Figure 11. The KF is robust against moderate analog filtering of the current signal. High (Bayesian) sampling frequencies and minimal analog filtering
does minimize bias which otherwise deteriorates parameter identification. In order to mimic an analog signal before the analog-to-digital conversion
we simulated seven different 100 kHz signals which were then filtered by a digital fourth-order (4 pole) Bessel filter. The activation curves were

then analyzed with the Bayesian filter at 125 Hz and the deactivation curves at sampling rates between 166-500 Hz. We chose for the analog signal
oexp/i = 10, oop/i = 0.1, thus a stronger background noise, and we set the mean photon count per bound ligand as Ay, = 5. For the ensemble size we
choose Ngp = 10%. (a) Current time trace filtered with different f... Except for 100 Hz (red) the signal distortion is visually undetectable. Nevertheless,
the invisible signal distortions from analog filtering are problematic for both algorithms. (b) Estimate of the distribution mean Euclidean error of the
median of the posterior vs. the cut-off frequency of a 4 pole Bessel filter (upper scale is in units of kHz) or scaled to the channel time scale (lower scale,
see text). The fastest two eigenvalues o] 2/c; for the highest ligand concentration are indicated by the black vertical lines. The fastest ratios oy /0
for the next smaller ligand concentration are indicated by the red vertical lines. The slowest eigenvalue ratio aiz/ap at the highest ligand concentration
is beyond the left limit of the x-axis. The solid line is the mean median of five data sets of the respective RE posterior (blue) and KF posterior (green).
The green shaded area indicates the 0.6 quantile (ranging from the 20th percentile till the 80th percentile), demonstrating the distribution of the error
of the posterior median due to the randomness of the data. (c) 1-3, Accuracy (bias) and precision of the maxima of the posterior I;max,,-j of the posterior
maxima of the rates vs. the cut-off frequency of a Bessel filter. The shaded areas indicate the 0.6 quantiles (ranging from the 20th percentile till the 80th
percentile) due the variability among data sets while the error bars show the standard error of the mean. The deviation of the mean from the true value
is an estimate of the accuracy of the algorithm while the quantile indicates the precision. (c) 4-6, Accuracy and precision of the maxima of the posterior
kmax,,j of the posterior maxima of the corresponding equilibria vs. the cut-off frequency of a Bessel filter.

The online version of this article includes the following source data for figure 11:

Source data 1. Representative data set of cPCF data whose current has been filtered with decreasing f.,..
Source data 2. Representative data set of cPCF data whose current has been filtered with decreasing f.,..
Source data 3. Representative data set of cPCF data whose current has been filtered with decreasing ..
Source data 4. Representative data set of cPCF data whose current has been filtered with decreasing f.,:.
Source data 5. Representative data set of cPCF data whose current has been filtered with decreasing f.,..

Source data 6. Representative data set of cPCF data whose current has been filtered with decreasing ..

the other hand, on the single-parameter level (Figure 11c 1-6), the parameter estimates pick up bias
due the analog filtering even for high filter frequencies, in particular for the RE approach. Only for ks
the KF is more biased than the RE approach.

The KF is the unique minimal variance Bayesian filter for a linear Gaussian process (Anderson and
Moore, 2012) which means, given that the assumptions of the KF are fulfilled by the true process of
interest, the KF is mathematically proven the best model-based filter to apply. Consequently, analog
filtering does not provide an advantage unless it removes specific high frequency external noise sources

Miinch et al. eLife 2022;11:e62714. DOI: https://doi.org/10.7554/eLife.62714 23 of 60


https://doi.org/10.7554/eLife.62714

e Llfe Research article

Computational and Systems Biology | Structural Biology and Molecular Biophysics

(colored noise). We demonstrate (Appendix 10) this for PC data and varied ., and f,,.. On the downside,
increasing f,,, makes the results of both algorithms more fragile if fout >> fana does not hold. Thus, the
critical edge in Figure 11b is indeed induced by f_,. approaching f,... This suggests that the white noise
assumption of both algorithms is violated. On the upside, if feut > fana is given, the KF with an order of
magnitude higher ., has a reduced bias of up to 20% for feur — oo for individual parameters compared
to the KF with lower ... Additionally, a higher f,,, reduces the variance. To reduce the bias of parameter
estimates to a minimum, the experimental design offers two remedies, either doing cPCF experiments
with additional discussed advantages or using the KF at a high ., with even much higher f_,.

By theoretical grounds a further argument for doing less analog filtering is that this benchmark
analyzes data of a finite state Markov process, which is a coarse proxy for the true process. In reality,
relaxation of a protein is a high-dimensional continuous-state Markov process with infinitely many
relaxation time scales (eigenvalues) (Frauenfelder et al., 1991) which, however, might be grouped in
slower experimentally accessible and non-accessible faster time scales (Noé et al., 2013). With larger
data sets of higher quality from better experiments, the faster time scales might become accessible
if they are not distorted by analog filtering. In conclusion, deciding on a specific kinetic scheme and
inferring its parameters means finding a model which accommodates in the best way to the set of
observed eigenvalues. Analog filtering hampers the RE, KF or HMM forward-backward algorithm (Qin
et al., 2000) to correctly describe the faster time scales.

Error due to finite integration time of fluorescence data

So far, we idealized the fluorescence data integration time as being instantaneously relative to the
time scales of ensemble dynamics. In real experiments, the fluorescence signal of cPCF data has
orders of magnitude longer minimal integration time Tj, (time to record all voxels of a frame) or
maximal integration frequency fi,, = 1/Tiy, than the possible sampling frequency of current record-
ings. We mimic the finite integration time

ti=tstart+Tint

ydigital(ti) = Jtvan yanalog(t)dt ~ ZjE[fsxaanaan+Tim] y(tj)At (19)

by summing with a sliding window the 100 kHz signal including the white noise to obtain data at an
effectively lower sampling frequency (Figure 12a). Additionally we set the Bessel filter for the current
data to fau/ap = 4.59 or feur = 90 kHz. The fastest used analysing frequency is fana = 500 Hz. We scale
mean photo brightness )\, and background noise down such that the signal-to-noise ratio of the lower
integration frequency data is the same as of the high-frequency data Ay/Tiy = const . We do that in
order to separate the bias from the finite integration time from other effects such as a better signal to
noise ratios for each integrated point. Note that we only analyzed the plot until fi,; = fana. Both algo-
rithms incur very similar bias due to the finite integration time (Figure 12b). The KF (green) is more
precise for high integration frequencies feu/ay until feu/ay ~ 0.08 then the RE approach becomes
more robust. Similar to Bessel-filtered current data (Figure 11b) on the single parameter level the
systematic deviations start early for example fi,, = 10 kHz for K, (Figure 12c4). Possibly the system-
atic deviations start (Figure 12¢2) already at f;, = 50 kHz for k,. The sudden increase of the Euclidean
error (Figure 12b) of the mean median at fou/ay & 0.2 occurs in this case not due to f,,, approaching
f.: but due to fiy < @12 for many ligand concentrations. To show this we plot the results of the fitting
of five different data sets without including the highest 4 ligand concentrations (red) which means the
largest eigenvalues are much smaller (Figure 12b,C1-6). Additionally, we keep fi,; = const. Although
fluctuations of the posterior medians are higher, the KF becomes more robust. Note, that the fastest
eigenvalues of these reduced data sets are indicated by the blue bars (Figure 12b and c4). Based
on the Euclidean error (Figures 11a and 12a) the robustness of both algorithms against the cut-off
frequency is compared with the robustness against the integration frequency found to be about an
order of magnitude higher. That is related to a specific detail of the model used: the binding reaction,
corresponds to the fastest time scales of the overall dynamic (difference between Figure 1b and ¢),
which is exposed by the fluorescence signal. Thus, kinetic analysis of any data should make sure that
the corresponding frequency of the most dominant timescales of the time series are much slower than
the respective f,f.,, independently of the investigated algorithms.
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Figure 12. Finite integration time of fluorescence recordings acts also as a filter. Thus the sampling should be faster than the fastest eigenvalues to
avoid biased results. We simulated five different 100 kHz cPCF signals. All forms of noise were added and then the fluorescence signal was summed

up using a sliding window to account for the integration time to produce one digital data point. The activation curves were then analyzed with the
Bayesian filter at 125 Hz and the deactivation curves at 166 — 500 kHz, see caption of Figure 8. We plot the 0.6-quantile (interval between the 20th

and the 80th percentile) to mimic +one standard deviation from the mean as well as the mean of the distribution of the maxima of the posterior for
different data sets. (Note, this is not equivalent to the mean and quantiles of the posterior of a single data set.). The quantiles represent the randomness
of the data while the error bars indicate the standard error of the mean maximum of the posterior. Blue (RE) and green (KF) indicate the two algorithms
with the standard data set while red (KF) shows examples that use only the six smallest ligand concentrations for the analysis in order to limit the
highest eigenvalues. a, Instantaneous probing of the ligand binding (blue) compared with a probing signal which runs at fi,, = 1 kHz. The integrated
brightness of the bound ligand is A\p = 5 photons per frame. Although the red curves seem like decent measurements of the process except for the
highest two shown ligand concentrations, the mean error is roughly an order of magnitude worse than for fiy; = 10 kHz. Note, that for visualization

we plot at a higher frequency than the Kalman filter analyzed the data. b, Estimate of the distribution of the (Euclidean error of the mean median of

the posterior) vs. the scaled integration frequency fin/az = 1/(a2 * Tintegration)- We use integration frequency instead of the integration time to make
the plot comparable to the Bessel filter plot. The solid line is the mean median of five data sets of the respective KF posterior (green, red) and RE
posterior (blue). The shaded areas indicate the 0.6-quantile which visualizes the spread of the distribution of point estimates. The two fastest time scales
(eigenvalues) at the highest ligand concentration are indicated by the vertical black lines, the time scales of the next lower ligand concentrations with
the red vertical lines. ¢ 1-3, Accuracy (bias) and precision of the maxima of the posterior kjjqy rates vs. the integration frequency. ¢ 4-6, Accuracy and
precision of the maxima of the posterior Kjj uqyx of the corresponding equilibria vs. the cut-off frequency of a Bessel filter.

The online version of this article includes the following source data for figure 12:
Source data 1. The data folder contains one data set of cPCF data.
Source data 2. The data folder contains one data set of cPCF data.
Source data 3. The data folder contains one data set of cPCF data.
Source data 4. The data folder contains one data set of cPCF data.
Source data 5. The data folder contains one data set of cPCF data.
Source data 6. The data folder contains one data set of cPCF data.

Source data 7. The data folder contains one data set of cPCF data.

Conclusions

We generalized the filter equations (Methods Equation 37, 38d, 57, 58 and 59) of the KF for analyzing
the gating and binding dynamics of ligand-gated ion channels with a realistic signal-generating
model for isolated patch-clamp (PC) and confocal patch-clamp fluorometry (cPCF) data including

Miinch et al. eLife 2022;11:e62714. DOI: https://doi.org/10.7554/eLife.62714 25 of 60


https://doi.org/10.7554/eLife.62714

e Llfe Research article

Computational and Systems Biology | Structural Biology and Molecular Biophysics

open-channel noise, photon-counting noise and background noise. Any other type of linear kinetic
scheme (e.g. for voltage-dependent channels) and signal can be applied as long as the characteristics
of the signal are sufficiently described by normal distributions. Our approach is derived by approx-
imating the chemical master equation of a first order chemical reaction network (which ion channel
experiments usually are) which is exact up to the second statistical moment. For first-order chem-
ical reaction networks, the linear noise approximation (Wallace et al., 2012) are exact up to the
second moment too (Grima, 2015). Thus, we can conclude that our Bayesian filter uses a time inte-
grated version of the linear noise approximation. To our understanding of Wallace et al., 2012 our
approach is thus equivalent to approaches based on the chemical Langevin or Fokker-Planck equa-
tions (Gillespie, 2002). Consequently, this also makes the considerations of the quality of the chemical
Langevin equation as an approximation (Gillespie, 2000) of the chemical master equation valid for our
approach. Compared to previous attempts Moffatt, 2007, this mathematical generalization is neces-
sary (Figure 3b) in order to use Bayesian filters on macroscopic PC or cPCF data. With our algorithm,
we demonstrate (Figures 3c and 7) that the common assumption that for large ensembles of ion
channels simpler deterministic modeling by RE approaches is on par with stochastic modeling, such
as a KF, is wrong in terms of Euclidean error and uncertainty quantification (Figures 5a-c, and 6a-b).

Enriching the data by fluorescence-based ligand binding reveals two regimes. In one regime, the
two-dimensional data increase the accuracy of the parameter estimates up to ~10-fold (Figure 4a
and c). In the other regime of lower channel expression, enriching the data by the second observ-
able, makes non-identified parameters to identified parameters. The second observable in cPCF data
decreases the overfitting tendency (Figure 4a, b and d) of the RE approach on the true process. Thus,
in this regard the advantage of the KF becomes smaller. However, by exploiting Bayesian HDCV we
gain a second perspective: We show for various signal-to-noise ratios (Figures 5a-c , and 6a-b) that
the posterior sampled by a RE approach never covers the true values within a reasonable HDCV. Thus,
the central feature of Bayesian statistics, exact uncertainty quantification by having the full posterior,
is meaningless in combination with an RE approach (considering the type of data and set of signal-
to-noise ratios that we tested). This even holds true for very pessimistic signal-to-noise assumptions
Figure 6b. If HDCVs based on an RE approach cannot be trusted, the same applies to confidence
volumes based on the curvature of the likelihood. This is not the case for the KF which delivers prop-
erly shaped posteriors (Figures 6a-c , and 5a-c). Increasing the model complexity, at unchanged
PC data quality (Figure 7) shows that the RE approach displays unidentified rates even for large ion
channel ensembles while our approach identified all parameters for the same data. We also investi-
gated the robustness of both algorithms against the cut-off frequency of a Bessel filter (Figure 11) and
showed the overall superior robustness of the KF against errors of analog filtering compared to the
RE approach. Analog filtering has its limitations due to distorting the higher frequencies of the Fourier
spectrum of the signal. Thus, one should let the KF sample as fast as possible, with a cut-off frequency
of at least one order of magnitude higher than the sampling frequency of the KF.

Similar to the Bessel filter, the KF is more robust than the RE approach against errors due to the
finite integration time. Nevertheless, it is crucial for both algorithms (Figure 12), that the intrinsic time
scales (1/eigenvalues) of the process to be analyzed are slower than the integration time of the data
points. Otherwise the accuracy of the inference deteriorates.

Altogether, we demonstrated the performance of the generalized Kalman filter on ion channel data
for inference of kinetic schemes. Nevertheless, our approach can approximate any other stochastic
system and signal distributions of linear (pseudo-first-order) kinetics (Sorenson and Alspach, 1971).
Prospective extensions of the Bayesian filter, for example by Bayesian Gaussian sum filters or similar
numerically brute force concepts such as particle filters (Golightly and Wilkinson, 2011; Gillespie and
Golightly, 2012), can overcome modeling errors at low ion channel numbers or low photon fluxes.

Materials and methods

We simulated state evolution s(¢) with either the software QuB (Nicolai and Sachs, 2014) for PC data
or an inhouse Matlab routine (The code will be shared on request.) for cPCF data. The inhouse Matlab
routine is an implementation of the Gillespie algorithm Gillespie Daniel T. (1977). Traces were summed
up, defining the ensemble state vector n(7) := (ny,n2,n3,n4) |, which counts the number of channels
in each state. At first we used a 10 kHz sampling frequency for the Gillespie algorithm but for investi-
gating the errors induced by analog filtering the current signal and the finite integration time for each
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fluorescence data point the Gillespie algorithm sampled at 100 kHz. The KF, RE, and Bayesian filter
routines were implemented in Stan (Carpenter et al., 2017) with the interface package PyStan and
ran on a high performance computing cluster with O(100) Broadwell and SkyLake nodes. A Tutorial for
Patch clamp data can be found on the git hub page https://github.com/JanMuench/Tutorial_Patch-
clamp_data and for cPCF data, https://github.com/JanMuench/Tutorial_Bayesian_Filter_cPCF_data.
The cPCF data simulation code can be found here: https://cloudhsm.it-dlz.de/s/QB2pQQ7ycMXEitE
(Source code 1).

Methods

Hereinafter, we derive the equations for our Bayesian filter for time series anal-
ysis of hidden linear chemical reaction networks (kinetic schemes). A detailed
description  of the  experimental noise is provided in the Appendix 5.

The relation of Bayesian statistics to the Kalman filter

The following conventions are generally used: Bold symbols are used for multi-dimensional objects
such as vectors or matrices. Calligraphic letters are used for (some) vectorial time series and double-
strike letters are used for probabilities and probability densities. Within the Bayesian paradigm (Hines,
2015; Ball, 2016), each unknown quantity, including model parameters 6 and time series of occu-
pancies of hidden states 917 = {n(t,-)}iTzl, are treated as random variables conditioned on observed
time series data YVr = y(ti)l-Tzl. The prior P(0) = H;Vp” P(6;) or posterior distribution P(81)7) encodes the
available information about the parameter values before and after analysing the data, respectively.
According to the Bayesian theorem, the posterior distribution

Nar
POV = 7355 L0 [ P©)) (20)
is a probability distribution of a parameter set 8 conditioned on Yr. The likelihood L()716) encodes
the distribution of the data by modelling the intrinsic fluctuations of the protein as well as noise
coming from the experimental devices. The prior provides either assumptions before measuring data

or what has been learnt from previous experiments about 8. The normalization constant
20 = [ LoroP©)s 21)

ensures that the posterior is a normalized distribution. The KF is a special class of models in the
family of Bayesian filters (Ghahramani, 1997), which is a generalisation of the classical KF. Due to
its linear time evolution (Equation 1), the KF is particularly useful for modeling time series data of
ensembles dynamics of first order chemical networks. It delivers a set of recursive algebraic equations
(Materials and methods Equation 28 and Equation 32) for each time point, which allows to express
the prior P(n(n)lY,_,) and (after incorporating y()) the posterior P(n(#)1);) occupancies of hidden states
n(7) for all ¢ given a set of parameters 6. This means the KF solves the filtering problem (inference of
Nr) by explicitly modeling the time evolution of n(s) by multivariate normal distributions. This allows
us to replace L(Y710) of Equation 20 by the expression of Equation 9.

The Bayesian framework (as demonstrated in this article) has various properties which makes it
superior to ML estimation (MLE) (McElreath, 2018). Those properties are in particular useful for the
analysis of biophysical data since very often the dynamics of interest are hidden or latent in the
data. Models with a hidden structure are called singular. For regular (non-singular) statistical models,
maxima @y of the posterior or likelihood converge in distribution

limy—s 00 v/A(OML — Otrue) ~ N0, F~ ! (Byrue)) (22)

to the true value Buue,where F~1(0uue) is the inverse Fisher information matrix. Under those condi-
tions it is justified to derive from the curvature of the likelihood at @y, via the Cramer-Rao-bound
theorem

covar[@yr.] = F~ ' (0m1) (23)
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a confidence volume for the inferred parameters. In contrast, consider for example the type of data
investigated in this study which probes the protein dynamics by current and light. Singularity means
that the Fisher information matrix of a model is not invertible leading to the breakdown of the Cram-
er-Rao Bound theorem. Due to the breakdown, it cannot be guaranteed that even in the asymptotic
limit the log-likelihood function can be approximated by a quadratic form Watanabe, 2007. Thus,
usually the MLE does not obey Equation 22. Consequently, the posterior distribution is usually not
a normal distribution either (Watanabe, 2007). Using the full posterior distribution without further
approximations detects the resulting problems such as deviation from normality or non-identifiability
of parameters, related to the singularity. In conclusion, the posterior is still a valid representation of
parameter plausibility while ML fails.

Time evolution of a Markov Model for a single channel
In the following, we write the time ¢ as function argument rather than a subscript. Following stan-
dard approaches, we attribute to each state of the Markov model an element of a vector space with
dimension M. At a time, a channel can only be in a single state. This implies that the set of possible
states is S:={(1,0,0,...), (0,1,0,...), ...,(...,0,1)} C {0, 1}*. In the following, Greek subscripts refer
to different states while Latin subscripts refer to different channels. By s(7) = e, we specify that the
channel is in state a at time ¢. Mathematically, eq stands for the a-th canonical unit Cartesian vector
(Table 1).

Assuming that the state transitions can be modeled by a first order Markov process, the path prob-
ability can be decomposed as the product of conditional probabilities as follows:

P(path) = P(s(0),s(1), . ..,s(T)) = P(s(0)) - P(s(1) I's(0)) - P(s(2) I s(1)) - - - P(s(D) I s(T—1)).  (24)

Markov models (MMs) and rate models are widely used for modeling molecular kinetics (Appendix
2). They provide an interpretation of the data in terms of a set of conformational states and the transi-
tion rates between these states. For exactness it remains indispensable to model the dynamics with a
HMMs (Noé et al., 2013). The core of a hidden Markov model is a conventional Markov model, which
is supplemented with a an additional observation model. We will therefore first focus on a conven-
tional Markov model. State-to-state transitions can be equivalently described with a transition matrix
T in discrete time or with a rate matrix K in continuous time, as follows:

Top=P6EE+1)=eqlst) =eg) =exp(K-Af)y g, (25)

where exp is the matrix exponential. We aim to infer the elements of the rate matrix K, consti-
tuting a kinetic model or reaction network of the channel. Realizations of sequences of states can be
produced by the Doob-Gillespie algorithm Gillespie Daniel T. (1977). To derive succinct equations for
the stochastic dynamics of a system, it is beneficial to consider the time propagation of an ensemble
of virtual system copies. This allows to ascribe a probability vector p(¢) to the system, in which each
element pq(?) is the probability to find the system at ¢ in state a. One can interpret the probability
vector p as the instantaneous expectation value of the state vector s.

p() = E[s(n] (26)
The probability vector obeys the discrete-time Master equation

p(t+ 1) =Tp@) (27a)
Els(z + 1)] = TE[s(7)] (27b)

Time evolution of an ensemble of identical non-interacting channels

We model the experimentally observed system as a collection of non-interacting channels. A single
channel can be modeled with a first-order MM. The same applies to the ensemble of non-interacting
channels. We focus on modeling the time course of extensive macroscopic observables such as the
mean current and fluorescence signals as well as their fluctuations. A central quantity is the vector n(?)
which is the occupancy of the channel states at time ¢:

n(r) = YN si(0) (28)
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Symbol Meaning

0 Set of all unknown model parameters for which the posterior distribution is sampled

n(7) Hidden ensemble occupancy vector of channel states in a specific patch at time ¢ which is a continuous Markov state vectorn(f) € RM
Variance-covariance matrix of a hidden ensemble state n(#) n a specific patch at time t which contains the dispersion of the ensemble

P@) and the lacking knowledge of the algorithm about the true n(f)

T Transition matrix of a single channel

K Rate matrix which is the logarithm of the transition matrix

H Observation matrix which projects the hidden ensemble state vector onto its mean signal.

S Single-molecule Markov state vector

kij Specific transition rate from state j to state i, [Kl;; = k;; ,

K; Ratio of two transition rates i.e. an equilibrium constant

y(@) Data point at time

T Number of observations in a time series

Vr Time series of T data points, Y = y(t,-)iT=1

Nr Time series of T hidden ensemble states, Yy = {n(t,-)}iT=1

Nehj Number of channels in patch number

i Mean electrical current through a single-channel

o Variance of the current including all noise from the patch and the recording system

Jgp Variance of the current noise generated by a single open-channel

Ab Mean brightness of a bound ligand

ARl Mean brightness of the fluorescence signal from bulk and bound ligands

Utzyulk Variance of the fluorescence generated by unbound ligands after subtraction of the image obtained for the reference dye

M Number of single-channel states which is the dimension of n(¢) € NM in the KF algorithm

Nobs Dimensions of the observational space

FQ) True probability density of ), i.e. the true data-generating process

LI6) Likelihood function of the model parameters

P(681Y) Posterior distribution of the model parameters

[Ppred(:)jly) Predictive distribution of the new data points

O(yn) Distribution of observables for a single time step

N(lp, X) Normal distribution with mean p and variance-covariance matrix »

El] Mean value

This quantity, like s(#), is a random variate. Unlike s(7), its domain is not confined to canonical unit
vectors but to n € N¥. From the linearity of Equation 28 in the channel dimension and from the
single-channel CME Equation 27b one can immediately derive the equation for the time evolution of
the mean occupancy n(s) = E[n(?)]:

Aa(t+1) =35 To glig(0) (29)
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with the transition matrix T. The full distribution P(n(z + 1)In(?)) is a generalized multinomial distribu-
tion. To understand the generalized multinomial distribution and how it can be constructed from the
(conventional) multinomial distribution, consider the simplified case where all channels are assumed to
be in the same state a. Already after one time step, the channels will have spread out over the state
space. The channel distribution after one time step is parametrized by the transition probabilities in
row number o of the single-channel transition matrix T. According to the theory of Markov models,
the final distribution of channels originating from state o is the multinomial distribution
PO@ ¢+ 1) | naea) = Py, ..., ny | 0 = naea) = nl!’,’%‘_;mff"a T (30)
In general, the initial ensemble will not have only one but multiple occupied channel states. Because
of the independence of the channels, one can imagine each initial sub-population spreading out over
the state space independently. Each sub-population with initial state a gives rise to its own final multi-
nomial distribution that contributes n'® transitions into state B to the total final distribution. The total
number of channels at 7+ 1 in each state can then be simply found by adding the number of channels
transitioning out of the different states a.

nit+1)=3,00c+1) (31)

Evidently, the total number of channels is conserved during propagation. The distribution of
n(r + 1), defined by Equations 30; 31, is called the generalized multinomial distribution:

n(z + 1) ~ general-multinomial(n(z), T) (32)

While no simple expression exists for the generalized multinomial distribution, closed form
expressions for its moments can be readily derived. For large N, each P+ 1) | naea) can be
approximated by a multivariate-normal distribution such that also general-multinomial(n(z), T) has a
multivariate-normal approximation. In the next section, we combine the kinetics of channel ensem-
bles with the KF by a moment expansion of the governing equations for the ensemble probability
evolution.

Moment expansion of ensemble probability evolution
The multinomial distribution (Fredkin and Rice, 1992) has the following mean and covariance matrix

A0+ 1) = naT.a (33)

SO+ 1) = nadiag(T.a) — 16T 0Ty (34)

where T. » denotes the column number o of the transition matrix and diag(T.,«) describes the diag-
onal matrix with T, » on its diagonal. Combining Equation 31 with Equations 33; 34 we deduce the
mean and variance of the generalized multinomial distribution:

E [n¢+ D 1n®] = ¥, 2a(dT;q = o) (35)
cov [n(r+ D,n(r+ 1) 1 n(@)] = 32, na(0) (diag(T0) ~ Toa Ty ) = diag (Tn() — Tdiag (n() T (36)

Note that Equations 35; 36 are conditional expectations that depend on the random state n at
the previous time ¢ and not only on the previous mean n. To find the absolute mean, the law of total
expectation is applied to Equation 35, giving

0+ 1) =E [E [n¢+ Din@)]] = TA(), (37)

inagreementwith the simple derivation of Equation 29. We introduce ashorthand P(z) := cov(n(?), n())
for the absolute covariance matrix of n(z + 1). Similarly, P(z) can be found by applying the law of total
variance decomposition (Weiss, 2005 to Equations 35; 36), giving

P(t+ 1) = E [cov (n(t+ 1),n(t + 1) I n(0))] + cov [Em( + 1) | n(), E(n(z + 1) | n(2))] (38a)

= diag (Tn(r)) — Tdiag (A()) T + cov(Tn(?), Tn(z)) (38b)
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= diag (Tn(¢)) — Tdiag (A(1)) T' + Teov(n(r), n(t))T " (38¢)
= diag (Tn(r)) — Tdiag (A()) T' + TP(HT " (38d)

Equations 37, 38d dare compact analytical expressions for the mean and the covariance matrix of
the occupancy vector n at 7+ 1 that depend on the mean n and covariance matrix P at the previous
time step ¢. Chaining these equations for different time steps 1 =0, ..., T allows to model the whole
evolution of a channel ensemble. Moreover, these two equations together with the output statistics
of O(yIn(»)) are sufficient to formulate correction equations Equation 59 of the KF (Moffatt, 2007,
Anderson and Moore, 2012). These equations will be used in a Bayesian context to sample the
posterior distribution of the model parameters. The sampling entails repeated numerical evaluation
of the model likelihood. Therefore, analytical equations for the ensemble evolution that can be quickly
evaluated on a computer millions of times are indispensable. This was achieved by deriving Equation
37, Equation 38d. Comparing Equation 38d with the KF prediction equation (Anderson and Moore,
2012) for P(f), we obtain the state-dependent covariance matrix of Equation 3 as

Q(T,1(r)) = diag (Tn(r)) — Tdiag (A()) T" (39)

In the following section on properties of measured data and the KF, we no longer need to refer to
the random variate n(7). All subsequent equations can be formulated by only using the mean hidden
state n(r) and the variance-covariance matrix of the hidden state P(r). We therefore drop the overbar
in n(¢) so that the symbol n(?) refers from now on to the mean hidden state.

Modeling simultaneous measurement of current and fluorescence

In the following, we develop a model for the conditional observation distribution O(yIn(9) (Appendix
5 for experimental details). Together with the hidden ensemble dynamics this will enable us to derive
the output statistics of the KF (see, below). Let y(r) be the vector of all observations at t. Components
of the vector are the ion current and fluorescence intensity.

fluorescence intensity(?) V()
y()= , =" (40)
ion current() Yeurr(?)

As outlined in the introduction part, in Equation 4 we model the observation by using a conditional
probability distribution O(y(9)In(z)) that only depends on the mean hidden state n(#), as well as on fixed
channel and other measurement parameters. O(y(9)In(s)) is modeled as a multivariate normal distribu-
tion with mean Hn(r) and variance-covariance matrix 3(¢), that can in general depend on the mean
state vector n(7) (much like the covariance matrix of the kinetics in (Equation 38d) ). The observation

Table 2. Summary of signals and noise sources for the exemplary CCCO model with the closed states o = 1,2,3 and the open state
a=4.

The observed space is two-dimensional with yz; = fluorescence and y; = ion current. The fluorescence signal is assumed to be derived
from the difference of two spectrally different Poisson distributed fluorescent signals. That procedure results in a scaled Skellam
distribution of the noise.

ion current fluorescence

current signal measurement noise fluorescence signal background fluorescence
Signaling states Open state - Ligand-bound states
Error term Open-channel noise Measurement noise Photon counts Bulk noise
Affected signal Current Current Fluorescence Fluorescence
Distribution Normal (ing, ngn4) Normal (0, o2,) Poisson (Apn;(t)) Scaled Skellam
Contribution to H H2,4 =i - Hl,: = (0, )\b, 2)\b’ 2)\b)
Contribution to 33 Yoo = O'gpn4(t) Yoo = O'IZn B1,1 = (0, Ap, 22, 22p)0(2) Y11= Ugack
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matrix H € RNovs XM projects the hidden state vector n(r) onto Hn(z) € RNoxs

observation distribution is

, the observation space. The

O(y(nn(2)) = N (y(nHn(2), E(n(2))) < y(2) = Hn(®) + v(@). 1)

This measurement model is very flexible and allows to include different types of signals and error
sources arising from both the molecules and the instruments. A summary of the signals and sources
of measurement error and their contributions to the parameters of O(y(1)In(?)) is provided by Table 2.
Below we address the two types of signals and four noise sources one by one. For this, we decompose
the observation matrix and the observation noise covariance matrix into the individual terms:

H = Hi + Hpinding (42)
3(#) = Xopen(t) + Lmeas. + Lpinding() + Sipack (43)

In the following, we report the individual matrices for the exemplary CCCO model with one open
state a = 4 and three closed states « = 1,2, 3. Matrices can be constructed analogously for the other
models. For the definition of Xy, refer to (Appendix 5).

Macroscopic current and open-channel noise

We model the current and the intrinsic fluctuations of the open-channel state s = e4 (the open channel
noise) by a state-dependent normal distribution with mean iny(r) where ny(z) is the number of channels
in the open state at 7 and is the single-channel current. The additional variance of the single-channel
current is described by agpen. The sum of the instrumental noise of the experimental setup and the
open channel noise is modeled as uncorrelated (white) normally distributed noise with the mean
E[»1(®)] = 0 and variance [E[ulz(t)] = agpn4(t) + o2, By making the open-channel noise dependent on the
hidden state population n4(z), we fully take advantage of the flexibility of Bayesian filters which admits
an (explicitly or implicitly) time-dependent observation model. By tabulating the parameters of the
two normal distributions into H and X, we obtain

00 0
Hy = (44)
0 .

open(t) + Xmeas. := (45)

0 agpm;(t) + a,%,

One can now ask for the variance of a data point y(¢) given the epistemic and aleatory uncertainty
of n(r) encoded by P(¢) in Equation 38d. By using the law of total variance the signal variance follows
as:

var(y(?)) = E[var[y()in(7)]] + var[E[y(H)In(?)]] (46a)
= Elo2yn4(t) + om] + var[Hn(1)] (46b)
= 0apElna(0)] + om + (HPOH] )21 (460)

See, Appendix 6 for further details.

Fluorescence and photon-counting noise
The statistics of photon counts in the fluorescence signal are described by a Poisson distribution with
emission rate A

YRI(®) ~ Pois(Ag(1)). (47)

The total emission rate Ag can be modeled as a weighted sum of the specific emission rates A, of
each ligand class {0, 1,2}. The weights are given by the stoichiometric factors which reflect the number
of bound ligands. In order to cast the Poisson distribution into the functional form of the observation
model (Equation 41), we invoke the central limit theorem to approximate
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v ~ Pois(Agp) = N (Ap(0), Ari (1)) (48)

The larger g the better is the approximation. We assume, that the confocal volume is equally
illuminated. For our model of ligand fluorescence, we assume for a moment that there is no signal
coming from ligands in the bulk. We will drop this assumption in the next section. With these assump-
tions, we arrive at the following observation matrix

0 A 2N 2)
Hbinding = 0 0 0 0 (49)

The matrix H aggregates the states into two conductivity classes: non-conducting and
conducting and three different fluorescence classes. The first element (Hn); is the mean fluorescence
AR = Ap[na (1) + 2(n3(7) + n4(9))]. The variance-covariance matrix Xpinging can be derived along the
same lines using Equation 48. We find

Hn(z 0
Ebinding(l‘) = (Hn(O) (50)
0 0

Under these assumptions, the observation matrix can be written as follows

0 A 2 2\
= b b b 51)
0 0 0 i

Output statistics of a Kalman Filter

with two-dimensional state-dependent noiseNow simultaneously measured current and fluorescence
datay € R?, obtained by cPCF, are modeled. Thus, the observation matrix fulfills H € R?>*M_ One can
formulate the observation distribution as

Vpois(t)

Vop(?)

y(O=Hn(t)+vm(?) + &y ~ NHn(®), X(1)). (52)

The vector vm denotes the experimental noise, with E[vm] =0 and variance given
by the diagonal matrix Xmeas + Xpack- The second noise term arises from Poisson-
distributed photon counting statistics and the open-channel noise. It has the properties

E Z/Pois(l‘) -0 (53)
Vop(t)
and
cov Vpois () ’ Vpois (1) = Xopen(t) + Zbinding(1)- (54)
Vop(?) Vop(?)

The matrix X is a diagonal matrix. To derive the covariance matrix cov(y(z)) we need to additionally
calculate var(ysiuo(r)) and cov(yiuo(®), Ypaich (1)) By the same arguments as above we get

var[ypuo (0] = Elvar(y(®)in(®))] + var[E(y(1)n(7)] (55a)
=L [agack + (Hn(z))l] + var(Hn(t) (55b)
= ek + (H(D)1 + (Hn()HD)y ) (550)

The cross terms can be calculated by using the law of total covariance

CoV(¥patch» Yfluo) = E[COV(Ypatch, YiiuoM)] + covV(E(ypachm), E(yauoim)) (56a)
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=0+ cov(Hp.n, H; ;n) (56b)
=H,_ cov(n, n)HI; = H2,:P(t)HI: (56¢)

yielding the matrix
cov(y,y) = HPOH ' + =(1) ®7

We assumed that the Poisson distribution is well captured by the normal approximation. In cPCF
data, the ligand binding to only a sub-ensemble of the channels is monitored, which we assume to
represent the conducting ensemble such that N, pr. = Nen . For real data, further refinement might be
necessary to model the randomness of the sub-ensemble in the summed voxels. With the time evolu-
tion equations for the mean (Equation 35) and for the covariance matrix Equation 38d as well as with
the expressions for the signal variance, we possess all parameters that are needed in the correction
equation of the (Kalman, 1960; Anderson and Moore, 2012).

The correction step

For completeness we write down the correction step (Bayesian update) of the KF, although its deriva-
tion can be found in Chen, 2003; Anderson and Moore, 2012; Moffatt, 2007. The mean ensemble
state n(¢) is corrected by the current data point

Dposterior () = +Nprior(?) + Kkal (Y(t) - anrior(t)) (58)

where Kalman gain matrix K, := P(t)pm,,HTZT1 evaluates the intrinsic noise against the experi-
mental noise. How precise are my model predictions about n(r) compared with the information gained
about n() by measuring y(¢). The covariance P(¢) of the ensemble state n(?) is corrected by

Pposterior(t) = Pprior(t) — Kkal (HPprior(t)H + 2(t)) KT (59)

Equation 58,59, 37 and 38d form the filtering equations which summarize the algorithm. One
initialises the first n(0) and P(0) and with an equilibrium assumption.

Microscopic-reversibility as a hierarchical prior

We applied microscopic-reversibility (Colquhoun et al., 2004) by a hierarchical prior distribution.
Usually, micro-reversibility is strictly enforced by setting the product of the rates of the clockwise loop
k1, ko, k3ky equal to the anti-clockwise loop ks, ke, k7, kg and then solving for the desired rate parameter
to be replaced. This means that the classical approach can be described by drawing the resulting rate
from a Dirac delta distribution prior with

ki~ S(ky — Sheigls) (60)

Following Equation 60, we can model microscopic-reversibility with any hierarchical
prior distribution whose limit for a vanishing variance is Equation 60. For mathemat-
ical convenience, we defined the hierarchical prior by a sharply peaking beta distribution

ki ~ beta(100.01,100.01) (61)
and by rescaling and adding an offset
ki = 55095 0,995 +0.01 - &} (62)

we derived a conditional prior which allows at maximum a £0.005 relative deviation from the strict
microscopic-reversibility. The +0.005 micro-reversibility constraint is applied in (Figure 7b—d). In this
way, one could model or even test possible small violation of microscopic-reversibility if smaller beta
parameters such as beta(l, 1) would be chosen.
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Appendix 1

Efficiency of the Hamiltonian Monte Carlo sampler

Bayesian posterior sampling requires a fast and efficient sampler which requires in turn a fast
evaluation of the likelihood and prior distribution. Optimally, the calculation time should increase as
little as possible with the amount of data. This is why we chose the KF framework and parallelized
the processing of a time trace across many CPUs. Compared to the maximization of the likelihood,
sampling from the posterior requires approximately one to multiple orders of magnitude times more
evaluations of the likelihood function to have a decent representation of the posterior. For example,
in Moffatt, 2007 both algorithms need roughly 102 to 10° evaluations of the likelihood function
to converge. This is only a small fraction of the number of evaluations needed here to obtain a
converged estimate of the posterior (in fact the typical "warm-up" phase of the sampler which we
used is barely half completed with such a small number of evaluations).
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Appendix 1—figure 1. The posterior samples display autocorrelation which lowers the effective sample size. (a)
Sample traces from the é-dimensional posterior of the rate matrix recorded after the warm-up of the sampler. (b)
These traces are anti-correlated (in time) such that the effective sample size with which all quantities of relevance
are estimated is smaller than the actual number of samples. Note that even at one iteration the absolute value of
the auto-correlation is never larger than 0.05. The standard error of the bootstrapped mean auto-correlation is in
the order of 1074,

The ratio of the number of used samples to the number of likelihood evaluations can serve as a
simple efficiency measure. However, this ratio is a too optimistic measure as revealed by a look into
the internal dynamics of Hamiltonian Monte Carlo sampler (HMC). HMC treats the current parameter
sample as part of a phase space point of a (dynamic) Hamiltonian system. The force acting on
the system is the derivative of the negative logarithm of the posterior density Betancourt, 2017.
Each suggested sample is derived from a ballistic movement with random kinetic energy in the
augmented parameter space. Calculating this movement is done by integration of the corresponding
Hamiltonian equations. Therefore, one suggested sample requires many evaluations of the gradient
of the log posterior distribution. How many evaluations were needed in turn depends on the shape
of the posterior and the length of the ballistic movement.
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Appendix 1—figure 2. Computational time in units of 1000 samples per day vs Ngata/ CPU10~*. The two colors
represent two different implementations. The difference between the two implementations is that the derived
quantities which are the predicted mean signal and the predicted signal variance for each data point in the less
efficient sampling algorithm are saved. In the more efficient algorithm these derived quantities are discarded.

Strong changes of the gradient of the posterior (high curvature of the posterior) require more
integration steps. Setting all those sampler parameters requires either expert knowledge about the
statistical model and sampler or a sampler which automatically learns optimal sampler parameter
settings (warm-up) before it starts the actual sampling of the parameters of interest. Nevertheless,
HMC generates samples (Appendix 1—figure 1a) from high-dimensional, correlated posteriors
more efficiently than many other classical Markov chain Monte Carlo methods (Betancourt,
2017). By more efficient we mean the product of the speed of drawing one correlated sample
with the amount of iterations needed for the autocorrelation function of those samples to vanish
sufficiently. By construction, the samples from any Markov chain Monte Carlo method are correlated
(Appendix 1—figure 1b). The quality of the adaptive NUTS HMC sampler provided by Stan can
by seen in Appendix 1—figure 1b. The sample traces show a small anticorrelation whose absolute
value is hardly larger than 0.05. This is achieved by letting the sampler adapt to the geometry of the
posterior in the warm-up phase. The samples collected during the warm-up phase are discarded.

Hereinafter, we show that likelihood and sampler considerations are one aspect of computational
efficiency. The other is the implementation of a parallelized algorithm. The blue curve (Appendix 1—
figure 2) represents the scaling of the KF with an implementation of the algorithm which saves besides
the sampled parameters the predicted mean and the covariance of the signal. This means for cPCF
data that for each parameter sample 5 - Niaces - Naaa/ CPU more memory operations are needed on
the cluster node. Note, since we assigned each ligand concentration jump and the following data
points to its own CPU the following relation holds: Ngya/ CPU = Ny, / trace. Skipping saving those
derived quantities (orange curve) creates a speedup of roughly 2 orders of magnitude. The derived
quantities are redundant quantities which we suggest to calculate by feeding a small subsample of
the posterior samples to the KF filter which then reanalyzes the traces by the given draws but does
not redraw from the posterior. See Git-Hub: https://github.com/JanMuench/Tutorial_Patch-clamp_
data.

We compare the computation time for the KF (green) and the RE approach (blue) for the 4-state
model (Appendix 1—figure 3a) versus the data quality by N.,. The calculation time t,. rises for
both algorithms roughly like ~ +/Ng,. For each curve the likelihood evaluations stay constant for the
whole plot. Thus this scaling relates to the integration time of the HMC sampler. Taking the average
of the last 5 calculation times shows that the KF is about 2.7 + 0.2 times slower than the RE approach.
The computation time for cPCF data of the 5-state-2-open states model (Appendix 1—figure 3b)
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shows a similar ~ /N, -regime until it seems to become independent of N.,. Note, the different Ny,
interval which is displayed.

= a 4 State model cPCF b 5 State model cPCF C 6 State model cPCF

2

E 1094 100 1004

g 1071/ 1011 107

21072/ 10724 1072

z

2103 , : 10731 , | 10-3 L, , , |

v 102 103 104 103 10* 10° 10> 10* 10° 10°
Nch Nch Nch

Appendix 1—figure 3. Computational time for cPCF data. Computational time in units of 1000 samples per day
vs. the amount of ion channels per trace N¢p. The green curve belongs to the results from the KF, the blue curve to
the results from the RE approach. The brighter blue curve corresponds to the ratio of computational time. a, four-
state model with cPCF data. The posterior of the RE approach was sampled from three independent chains. We
drew 18,000 samples per chain which included a large fraction of 6000 warm-up samples per chain. The posterior
of the KF was sampled from 4independent chains. We drew 26,000 samples per chain which included a large
fraction of 4000 warm-up samples per chain. b Computational time of the 5-state-2-open-states model with cPCF
data. The KF algorithm drew 9000 samples which included a large fraction of 6,000 warm-up samples per chain.
The RE algorithm drew 10,000 samples which included a large fraction of 5,000 warm-up samples per chain. In
total, we used four independent chains. ¢, Computational time of the é-state-1-open-state model with cPCF data.
The KF algorithm drew 10,000 samples which included a large fraction of 6000 warm-up samples per chain. The
RE algorithm drew 12,000 samples which included a large fraction of 7000 warm-up samples per chain. In total, we
used four independent sampling chains.

Taking the average of the last 4 computation times shows that the KF is about 2.24 +0.01
times slower than the RE approach. Surprisingly, with increasing model complexity the ratio of
the computation time becomes not necessarily larger. The computation time for cPCF data of
the 6-state-1-open state model (Appendix 1—figure 3c) shows a similar ~ /Ny, -regime until it
becomes independent of Ng,. Taking the average of the last 4 calculation times reveals that the KF
is about 3.3 + 0.3 times slower than the RE approach. With increasing model complexity, the ratio of
the computation times becomes larger. Note, that there is little variation of the absolute calculation
time of the algorithm across model complexity which is a good prospect for more complex kinetic
schemes. Nevertheless, to achieve this computational speed we used in total 72 CPUs on one node,
20 CPUs per chain for 20 time traces. Thus, nodes with more then 80 CPUs would enable a better
performance. Overall, the more complex likelihood calculations of the KF require 2-3 times more
calculation for the tested models and cPCF data. Surprisingly, for most part of the displayed interval
the KF is faster than the RE approach (Appendix 1—figure 4a) for PC data. Considering the more
expensive likelihood evaluation (prediction and correction) of the KF, this result reminds that this
computational time benchmark is a downstream test that integrates all aspects of the sampling. One
possible explanation could be the following: We describe in the main text (Figures 4b1-6) for the
RE approach, that due to the treatment of every data point as an individual draw from a multinomial
distribution, HDCVs (Figures 5-6) are too narrow. This problem gets exacerbated (Figure 8) as we
used 10 times more data points which we interpret as the cause of the KF being faster than the
RE approach (Appendix 1—figure 4a). The narrower the posterior is the more integration steps
from the sampler are needed to calculate the proposed trajectory with sufficient precision. Another
example displayed (Appendix 1—figure 4b), has an increased kinetic scheme complexity. Note
that we reduced the analyzing frequency 10 times to be comparable with the analyzing frequency
of cPCF data. Under this condition, the intuition from likelihood calculation complexity is confirmed
that the KF is slower. Taking the average of the last 4 calculation times shows that the KF is about
1.8 + 0.2 slower than the RE algorithm for PC data.
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Appendix 1—figure 4. Computational time for PC data. The computational time in units of 1,000 samples per
day are plotted vs the amount of ion channels per trace N¢p. The green curve belongs to the results from the KF,
the blue curve to the results from the RE approach. a, Four-state model with PC data. In contrast to the cPCF data
(Appendix 1—figure 3), f,,, is increased by an order of magnitude. Thus, 10 times more data points per time trace
and CPU are evaluated. These results were obtained by four independent chains which drew 9000 samples per
chain, including a large fraction of 7000 warm-up samples per chain.b, Five-state model with PC data. Note that
here f,,, equals the analyzing frequency of cPCF data (Appendix 1—figure 3).

Convergence diagnostics

In the limit of infinitely many samples drawn from a posterior by any MCMC method, given that
posterior space is simply connected, the sampling is guaranteed to converge to the typical set
Betancourt, 2017. For a finite amount of samples from the posterior it is not guaranteed that the
samples are representative for the typical set of the posterior. To ensure that the trace has converged
to the typical set is an active field of statistical research. A discussion of these important consistency
checks (Gelman and Rubin, 1992a; Gelman et al., 2013; Vats and Knudson, 2018, Gabry et al.,
2019, Vehtari et al., 2021) ensuring that the sampled traces represent the typical set, is beyond the
scope of this paper. In short, we usually worked with 4 independent sampling chains of the posterior
(Gelman and Rubin, 1992b). On the one hand, we visually checked that all 4 chains do report the
same typical set to verify that the sampler is fine. This convergence can be monitored by the R
statistics (Gelman et al., 2013; Vehtari et al., 2021). R evaluates differences between the within-
and between-chain parameter estimates. A bad mixing is indicated by large values of R. Perfectly
converged chains would be reported with R = 1. Additionally, the effective sample size N of each
object of interest needs to be monitored. Both of them are reported by the “summary” method from
the “fit" object in PyStan. We show (Appendix 1—table 1) an edited version of the output from
this method. The last two columns would indicate signs of missing convergence. The second column
reports the Markov sampling error telling if we drew enough samples in total. Note that any quantity
far out in the tails would have a much larger error. There were cases when the sampler was not fine for
all chains, meaning that 3 chains showed the same posterior but one showed something different. In
such cases we simply discarded that chain. This occurred in particular more often with the RE approach.
As we are benchmarking methods and know the true parameter values, it was rather obvious which
chain did not work well. In particular, the successful binomial test of the HDCV is a downstream test
that confirms besides the assumptions of the algorithm also whether the sampler worked sufficiently.
For the Bayesian filter, sampler problems occurred at very low ion channel counts below N, = 200.

Appendix 1—table 1. Typical summary statistics of the posterior as printed by the “summary”
method from the “fit” object in Pystan.

We deleted the 25% and 75% percentiles to decrease the size of the table and changed some of
the names with respect to the used name in the algorithm to the symbol used in this article. Note
that we assumed to measure 2 ligand concentrations (which includes 4 jumps) from one patch. Thus,
we assumed for 10 ligand concentrations that they are coming from 5 patches which leads to a
five-dimensional channels per patch vector Ng,. The bias of N, discussed in the main article, is also
observed here.

mean S€mean sd 2.5% 50% 97.5% Neg Rhat
Ky 507.65 0.06 11.91 484.74 507.46 531.62 41262 1.0
ks, 481.15 0.16 28.63 428.34 480.19 540.32 33610 1.0

Appendix T—table 1 Continued on next page
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Appendix T—table 1 Continued

mean S€pmean sd 2.5% 50% 97.5% Nogt Rhat
kas 509.95 0.04 6.99 496.39 509.91 523.77 36006 1.0
K 0.5 2.6e-5 5.2e-3 0.49 0.5 0.51 40548 1.0
K, 0.51 6.7e-5 0.01 0.49 0.51 0.54 33228 1.0
Ks 0.49 4.2e-5 7.5e-3 0.47 0.49 0.5 31445 1.0
Nl 1] 1007.1 0.14 20.05 968.84 1006.8 1047.2 19838 1.0
Nenl2] 1006.1 0.14 20.04 967.83 1005.8 1046.0 19874 1.0
Nel3] 1003.9 0.14 20.0 965.66 1003.6 1043.8 19877 1.0
Nch[4] 1007.0 0.14 20.09 968.67 1006.6 1047.1 19843 1.0
N[5] 1005.9 0.14 20.09 967.61 1005.6 1045.9 19874 1.0
i 1.0 7.0e-5 9.8e-3 0.98 1.0 1.02 19971 1.0
ngp 0.25 1.2e-5 2.5e-3 0.25 0.25 0.26 43142 1.0
agp 2.5e-3 1.2e-7 2.5e-5 2.5e-3 2.5e-3 2.5e-3 42707 1.0
szluo 1.3e-5 2.3e-8 4.6e-6 1.0e-5 1.2e-5 2.5e-5 41306 1.0
A 9.98 1.1e-4 0.02 9.94 9.98 10.02 35109 1.0

HMC parameter settings

The sampling efficiency of an HMC algorithm is sensitive to three parameters (Neal, 2011, Hoffman
and Gelman, 2014). The three parameters, discretization time ¢, the metric M and the number of
steps taken L can be predefined or/and are adapted in the warm-up phase of the sampler. A typical
number of iterations Nwarm in the warm-up phase for each chain is between Nyam = 3-10°...7 - 10°.
Since a sufficient Nwarm depends on the correlation structure of the posterior, which depends on the
quality and quantity of the data, we did not engage to optimize the number of warm-up steps. We
rather checked whether for a set of different data (for example with different Ng,) all chains are fine.

Stan

Stan is a probabilistic programming language that provides the research community with easy
access to HMC sampling, variational Bayes, and optimization procedures like Maximum posterior/
ML approaches. Stan uses automatic analytical differentiation of the statistical model such that no
analytical treatment by hand has to be done for any tested model. The only requirement from the
user is to define a statistical model of the data. The Stan compiler calculates the analytical derivatives
of the model and then translates the statistical model to C++code and after that into an executable
program. Furthermore, Stan uses adaptive HMC such that the length of the ballistic trajectory as
well as the variance of the random kinetic energy to create the ballistic trajectory and the number of
integration steps are optimized automatically. Then the program can be started from any high-level
data processing language of the user’s choice such as Python, Matlab, Julia, R or from the command
line.
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Appendix 2

Markov models for a single ion channel

Markov models and rate models are widely used for modeling molecular kinetics. They provide an
interpretation of the data in terms of a set of functional states and the transition rates between these
states. Markov models can be estimated from experimentally recorded data as well as from computer
simulation data. The use of Markov models with one-step memory is supported by the concept
of the molecular free energy landscape. Molecular energy landscapes are typically characterized
by conformationally well-defined free-energy minima that are separated by free-energy barriers.
State transitions in molecules are thermally activated barrier-crossing events on this landscape
(Frauenfelder et al., 1991) leading to a rapid equilibration of the system in the vicinity of this new
minimum. Memory of other minima that have been visited in the past is not required. Regarding the
wide spectrum of time scales at which processes in a protein take place, one has to be aware that
there is typically a small number of relaxation modes with excessively long autocorrelation times and
many relaxation modes with much faster autocorrelation times. To model the slow, experimentally
accessible processes, it is sufficient to retain the small number of slow modes (Noé et al., 2011).
It has been shown rigorously that working with the set of slow modes is equivalent to model the
state dynamics with a small number of fuzzily defined metastable states in the full conformational
space (Deuflhard and Weber, 2005) Later it has been shown that the set of slow modes can be well
approximated with a hidden Markov model (Noé et al., 2013).
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Appendix 3

Eigenvalues and fitting of sums exponential decays: Mean time

evolution of the spectral components of the time evolution
From the experimental perspective we are used to fit sums of exponential decays to time series data
of any signal such as currents or fluorescence.

1) = Ioo + oM, Lexp(—t/T;) (63)

The mathematical background for this procedure is the spectral decomposition of the solution of
the corresponding RE equation

PO — Kp(r), (64)

which is a vector differential equation whose evolution is governed by the rate matrix K.The
general solution to the mean time evolution of the system is

p(0) = exp(K - H)p(t = 0),

A Markov state model has as many real valued eigenvalues as it has states M. With those
eigenvalues one can decompose the solution into its spectral components

p(t) = C; - explaghPo + 01 ' Ci - explainp;

All of the eigenvalues obey a < 0. One of them always fulfills ag =0 which belongs to the
equilibrium probability distribution of the ion channel. With exp(0) = 1 we can write the sum as

p() = Cy - Do+ X0ty ' G - explain)p; (65)

The eigenvalue o = 0 determines the equilibrium solution. Due to «; < 0 the solution is stable
and converges to

p(t=00) =C - Po
The time evolution of the mean signal in its spectral components can then be derived
1) = H(Cy - Bo + iy Ci - exp(cin)y) (66)

by multiplying with the observation matrix H and setting «; = —Til_ we derived Equation 63,
Colquhoun and Hawkes, 1995a. To derive the likelihood based on this deterministic approximation
Milescu et al., 2005 one assumes for each data point that the ensemble state n(¢) is drawn from

n() ~ multinomial(Ngy,, p(2)) (67)

with the additional approximation of the multinomial distribution by a multivariate normal
distribution. Subsequently, the equation

y(#) ~ normal(Hn(z), 3()) (68)

provides the contribution of the recording system to the signal of the ensemble state. In contrast,
the KF approximates a

n(r + Ar) ~ generalized-multinomial(n(z), T) (69)

distribution with multivariate normal distributions (see Methods) and then the details of the
experimental setup are adjoined
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Appendix 4

A note about Kalman filtering within other frameworks such as
variational Bayes, maximum a posteriori and ML

We like to emphasize that the key property of the Kalman filter likelihood for an autocorrelated
time series (see Equation 9) to factorize over time enables us to treat each data point as if it were
independent. The alternative is to treat the whole time series as one high-dimensional data point as
done in Celentano and Hawkes, 2004. A ML Kalman filter (Moffatt, 2007) would try to optimize
Equation 9, which is usually done in the log space to improve numerical stability. Taking the logarithm
of Equation 9 gives also an insight for the reader, who might be more experienced in using residual
sums of squares for fitting.

log L(V716) = log [T, N (y/HE[n,, HPH + ) = SV log N (y/HE[n,, HPH' +3,),  (70)

where we used the logarithmic algebra rule log([]; a;) = >, log(a;) Using the functional form of
the multi-variate normal distribution, we arrive at

log L(Y710) = Y017, log( )(=0.5) - (yr — HE[)HPH " + %]~y — HE,D) ", (71)

1
v/ (2m)? detHPHT +3,)

which is a vectorial residual sum of squares whose summands are weighted by HP,H' + 5. The
past observations of time series are encoded in P; and E[n/], which are calculated with the Kalman
filtering equations before the likelihood can be evaluated.

Generally, the user of our algorithm is not restricted to the full Bayesian inference. He/she can
also stick to optimizing Equation 71. This is because in the probabilistic programming language Stan
one only formulates the statistical model. The method to evaluate the statistical model and the data
is provided by the Stan compiler and the high level programming language interface. Together they
allow to switch quickly between HMC sampling, variational Bayesian posterior estimation, maximum
a posteriori and ML. In particular, the variational Bayesian posterior might be a way to ease the
computational burden due HMC sampling while keeping many of the benefits of knowing the full
posterior distribution.

In the previous versions before PyStan 3.0 all three approaches were supported. Currently, with
PyStan 3.0 only HMC sampling of the posterior is supported but, if desired, any other interface
can be used (Matlab, Julia, R, CmdStan, Pystan 2.9, CmdStanPy,...) to perform optimization or
variational Bayesian approaches. No actual changes in the Stan code are required, eventually with
the exception that the CPU based parallelization needs to be eliminated. Given that one chooses
optimization, the differences between maximum a posteriori/penalized maximum likelihood or only
ML are just a matter of prior choice which need to be coded into the statistical model. Apart from
those minor points, there is no need of extensive re-implementation of the code.
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Appendix 5

The fluorescence signal of cPCF experiments
First four moments of a photomultiplier signal

average fluorescence (a.u.)
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Appendix 5—figure 1. Benchmark of the signal variance vs its mean for experimental solution data recorded
under cPCF conditions: The concentrations of the fluorescent ligand were 0.25, 3, and 15 uM and a reference
dye was present. The laser intensities covered 1.6 orders of magnitude at constant detection settings. The data
points were obtained from 1.4 - 10° pixel. The red and blue lines indicate the theoretical prediction for a Poisson
and Gamma distribution, respectively, assuming € = 1. The linear relation allows to relate the measured a.u. (top,
right axis) to photons (bottom, left axis). The inset provides the corresponding log-log plot. Important for the KF
algorithm is that skewness and excess kurtosis is small.

In this work, the KF analysis assumes Poisson statistics for the fluorescence signal in cPCF. Many
commercial microscopes are not equipped with photon counting detectors or detectors are not
operated in photon-counting mode, often to due to ease of use or limitation in dynamic range.
Therefore, it is important to verify that the fluorescence signal follows, at least approximately,
Poisson counting statistics. In particular, for the KF it is assumed that higher order statistics, such as
skewness and excess kurtosis, vanish. The central assumption of the derivation of our Bayesian filter
is varlyn] = Elyn]

Here we show that this assumption for the detectors used in our previously used LSM 710 (Carl
Zeiss, Jena) system (Biskup et al., 2007; Kusch et al., 2010) is fulfilled by re-scaling to photon-
numbers. The measured variance obeys var[y] = a - E[yg]. It depends linearly on the mean signals
(Appendix 5—figure 1).

var[y] = ak[y] (72)
var[ux] = al[ux] (73)
ﬂz var[x] = ap E[x] (74)

For the scaled signal x being Poisson distributed follows p = a. Re-scaling of the signal by 1/a
provides approximately Poisson distributed values. A linear fit yields a = 205a.u.(16 bit)/photon (for 680
V PMT voltage, 3.26 us pixel dwell time). (Appendix 5—figures 2 and 3) show that excess kurtosis
and skewness remain small at all levels of photons/pixel but are somewhat higher than theoretically
predicted for Poisson-distributed data. The proportionalities are correctly described by the Poisson
distribution assumption but the skewness and the kurtosis are too small by a constant factor of v/2 and
4, respectively. This finding has to be verified for different experimental conditions, because at lower
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concentration/particle densities and higher count rates, particle number fluctuations can dominate
statistics (Brown et al., 2008). For comparison another option would be a Gamma distribution which
has the mean and the variance of E[y] = k8 and var[y] = k6%, respectively. Thus, the applied scaling
requires that 6 = 1. The Gamma distribution has a higher skewness by factor two (independently
of 8) than a Poisson distribution and overscores the skewness and excess kurtosis of the detector.
For simplicity only the Poisson distribution is considered in this work. In conclusion: Typical cPCF
fluorescence signal detection rates are well approximated by a Gamma or Poisson distribution which
in turn have the desired property that can be approximated by a normal distribution.

2

skewness
—

| | | | | |
0 50 100 150 200 250 300

# photon/pixel (estimated)

Appendix 5—figure 2. Benchmark of the signal Skewness vs its the mean for the identical experimental solution
data under cPCF conditions. The Skewness is small but the values are slightly larger than theoretically predicted.

The inset provides the corresponding log-log plot. Important for the KF algorithm is that skewness and excess
kurtosis is small.
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Appendix 5—figure 3. Benchmark of the signal Kurtosis vs its mean for the identical experimental solution data
under cPCF conditions. The Kurtosis is small but the values are slightly larger than theoretically predicted. The

inset provides the corresponding log-log plot. Important for the KF algorithm is that skewness and excess kurtosis
is small.
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Background noise statistics

In cPCF measurements with fluorescence-labeled ligands, the signals of the ligands bound to the
receptors overlap with the signals from freely diffusing fluorescence-labelled ligands in the bulk. This
bulk signal is subtracted from the total signal (Biskup et al., 2007). While the mean difference signal
yik(®) of the confocal voxel k represents the bound ligands in that voxel, its noise y i(?) originates
from both bound and bulk ligands. The additional bulk signal, e.g. the fraction of bulk solution
inside that voxel, varies from voxel to voxel and can hardly be described theoretically. Nevertheless,
it can be determined experimentally (Biskup et al., 2007). At low expression levels or at ligand
concentrations above low nano-molar levels, this background signal is not negligible. It scales
linearly with the ligand concentration, while the signal from bound receptors depends on the affinity,
as estimated by the concentration of half maximum binding BCs,, and the number of ion channels
in the membrane of the observed volume. The binding signal saturates at high concentrations
(Appendix 5—figure 4). Thus, both high affinity (low BCsy) and high expression reduce the relative
contribution of the background to the overall signal, improving the signal to noise ratio.

3 —
50x10° 7] — pulk signal
binding total
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Appendix 5—figure 4. Simulated binding signals. a, Comparison of binding of a labeled ligand at two
concentrations. A simple two-ligand binding process was simulated with the Hill equation for the two expression
levels of 1000 or 10,000 binding sites per patch and a BCy, of 1000 (BCsa) or 10,000(BCsob), respectively, given

in molecules per observation unit. The observed signal is the sum of the signal from ligands free in solution

and bound to the receptors. The solution signal scales linearly with the concentration, while the binding signal
saturates.
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Appendix 5—figure 5. Simulated binding signals. Relative contribution of the binding signal to the total signal.
Note that the contribution of the binding signal scales linearly with the expression level and inversely with
the.BCsq

Practically, the bulk signal is estimated by counter-staining the solution with a spectrally distinct
reference dye (Biskup et al., 2007). The spatial distribution of this dye mimics the spatial distribution
of the freely diffusing ligands. The bulk absolute concentration as well as the molecular brightness
of the reference dye and the labeled ligand differ. Hence, the binding signal is calculated as the
average pixel intensity of the scaled difference image between the signal of labeled ligand and
reference dye according to

3 B\ j\i 75\i acl
YLk = Vig,total — A]ig,back - (yﬂ,ref - )\ref,back) S\Igij\lg'b x, (75)
ref ref,back
where j\lig,back and Xref,back are the arithmetic mean background signals of the ligand and reference
dye recorded beyond the membrane where no signal should be recorded. They represent a signal
offset which needs to be subtracted. The mean intensities in the bulk, Ay and At are estimated
outside the pipette. In order to get the correct scaling, the mean intensities need to be corrected
by the respective mean background signals. If 2=k

ref — AAref,back

distributed (Hwang et al., 2007). The total signal is then yg =", ynx. This procedure creates

=1 holds then yq pin would be Skellam

Elyc] =0 but adds an additional noise term ¢(z). For the general case of different intensities, we
name the distribution 'scaled Skellam distributed’. The scaling variance of the background noise in
each voxel of the difference image
2y A
or = Nig + 52 (76)

is derived from simulated data further below. A, and X are the fluorescence intensity from
the freely diffusing ligands and reference dye molecules per voxel, respectively. Ajj; and A are
proportional to the volume fraction of the voxel, which is occupied by the bulk, and to the respective
concentrations. To achieve a symmetric P(¢), one can set \jjg = Aref. The summed variance of all
selected voxels can be tabulated according to

2
9¢

z:back = (77)

To mimic an experiment which creates time series data ((r), we draw Poisson numbers for the
signal from the membrane Poisson(Hn(7)) and for the signal from the bulk we draw numbers from the
two respective Poisson distributions. Then subtraction of the two background signals is performed
according to
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Alig.bulk

Youlk = Viigbulk — Yrefbulk X pure (78)

assuming that the dark count signal has been correctly subtracted. Then we add the bulk signal
to the bound ligand signal. In this way we produce a time trace with colored noise by the Gillespie
algorithm and add white noise to time traces as it is observed in real experiments.

Deriving the moments of the background noise for the difference
signal
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Appendix 5—figure 6. Master curves of 2nd till 4th centralized moment of photon counting noise { arising from
the difference signal of fluorescent ligands and the dye in the bulk. The curves are created from 4 - 10° draws from
Poisson distributions with different combinations of intensities for the reference dye Aer and of the intensity of the
confocal voxel fraction. Ajjg

For the KF the variance, skewness and kurtosis arising from the background noise has to be
calculated. Skewness and excess kurtosis of the distribution have to be small compared to the total
variance of the signal including all noise sources because only in this case the KF algorithm can be
considered as the optimal solution for the filtering and inference problem (Anderson and Moore,
2012). In the following the 2nd to 4th moment of { are derived. The noise intensity parameter of the
reference dye A is proportional to prefApuik With V being the confocal volume fraction containing
fluorophores and pt the density of the fluorophores in this volume. In Appendix 5—figure 6 we
deduce master curves for the variance skewness and excess kurtosis of the white noise by drawing
4 - 10° Poisson numbers from the respective Poisson distribution and subtract them from each other
according to Appendix 5 Equation 78. The variance is derived empirically to be

o’é g A2

lig
Aref  Aref )‘?ef. (79)

In Appendix 5—figure 6a, we confirm the intuition Agf — 00 = var(¢) = Ajj. Optimally, the
skewness should be zero to avoid a biased estimate of 8 when the data are analyzed by the KF.
Empirically, for A;;; < Ayer the skewness holds

skew(OV/Arer = 1/ 32 (80)

Additionally for Ay, < Ar the skewness holds

skew(Ov/Arer < 4/ 32 (81)

It is zero when A,.r = Ajj,. The KF is optimal if the kurtosis excess approaches zero, in other words
if { is distributed normally. Empirically the kurtosis holds this

Kur(QAref < 32 (82)
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for Arr < Njjg. The relative intensity \;, of the voxel fraction compared to the intensity A,
depends on the affinity of the ligand to the receptor, the number of receptors in the patch, and the
density of the fluorophores p;;, at the patch. For larger concentrations the ratio should be Ajig/A
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Appendix 6

Output statistics of Bayesian filters

Classical Kalman Filter without open-channel noise
Assuming that current measurements are only compromised by additive technical white noise v but
do not contain open-channel noise vop, then our noise model reduces to

() = Hn(¥) + v(t) < y ~ O(yln) = normal(Hn(?), arzn) (83)

The noise term vm has a mean of E[vm] = 0 and variance E[v2] = 02 = const. One has to keep in
mind that we have to add an extra variance term originating from the dispersion of channels over the
state space, as encoded by P(7) and n(7). The uncertainty P(?) is calculated using Methods Equation
30. The variance of the total output is

var(y(n), y(0) = E[5(1) — Ely0DG:() — Ey@)D ' ] (84a)

= E[(5(t) — HE[n()))(v()) — HEm®)]) '] (84b)

= E[(Hn(?) + v(t) — HE[n(®)])(Hn(?) + v(r) — H[E[n(t)])T] (84c)
= HE[(n(1) — Eln()))(n()) — Em()] TH" + E[v()’] (84d)
=HP()H' + om (84e)

The two cross terms E[v(#)(n — E[n])"H']and E[H(n — E[n])v(t;)" ] are zero since v is independent
of n and E[vm] = 0. Our derivation is equivalent to marginalization over the predicted normal prior
of the ensemble state P(n(#)|),_;) at the time of the measurement except that the prior distribution
could be any probability distribution with some mean and variance. Equation 84a is the classical KF
variance prediction of a signal. The first term in Equation 84a, describes the variance from stochastic
gating and that the ensemble state is hidden. Notably, by Methods Equation 30 we realize that
var(y(f)) contains information about T and n(z — 1), which we can exploit with the KF framework.

A generalized Kalman filter with state-dependent open-channel noise

In addition to the standard KF with only additive noise (Moffatt, 2007, Anderson and Moore, 2012;
Chen, 2003), fluctuations arising from the single-channel gating lead to a second white-noise term
vopn4(?), causing state-dependency of our noise model. The output model is then

y(®) = HO() + vm(®) + vop(r) < y ~ p(yin) = normal(yIHN(?), o + na (o) (85)

The second noise term vy is defined in terms of the first two moments E(vop) = 0 and therefore
var(vop) = [E(ygp) = agpn4(t). To the best of our knowledge such a state-dependent noise makes the
following integration intractable

PO() = / normal(y/Hn, 0,2,, + n4agp) normal(nin(?), P(¢)) dn (86a)
_ R LS W DI
B consz/eXp (2(012‘14_”4031))) exp (2(11 n@®))P (n —n()) ) dn (86b)

When assuming that the relative fluctuations of n(¢) are on average small then n, in the denominator
is close to E(ny) of the state. Thus, the incremental likelihood can be written as in the standard KF,
with the only difference that the measurement noise is the sum of two components.

y(#) ~ normal(HA(7), o3, + oap7ia(r) + HPH') 87)

To see that this approximation of the variance is correct, we apply the law of total variance
decomposition Weiss, 2005.
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var(y(t)) = E[var[y(®)in(?)]] + var[E[y(?)In(?)]] (88a)
= E[S + gopna(1)] + var[Hn(1)] (88b)
= o + oapElna (] + HP(OH " (88¢c)

The terms HP(HH | + o2 are the standard output covariance matrix. Again P(¢) contains information
about T, n(r — 1) while the additional variance term includes information about the current n(¢). The
information contained in the noise influences likelihood in two ways. By the variance or covariance
of the current y(¢) but also for y(r+ 1) in correction step by the Kalman gain Kk, matrix defined in
the next section.
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Appendix 7
Error induced for the RE or KF approach by analog filtering of PC data
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Appendix 7—figure 1. Influence of analog filtering on the accuracy and precision of the maximum of the
posterior from PC data We chose for the analog signal gexp/i = 10, oop/i = 0.1, thus a strong background noise.
For the ensemble size, we chose Ngp, = 4 - 10% such that the likelihood dominates the uniform prior. (a) Estimate
of the distribution of the accuracy (mean Euclidean error of the median of the posterior) vs. the cut-off frequency
of a 4th-order Bessel filter scaled to the channel time scale. The solid line is the mean median of 5 data sets of the
respective RE posterior (blue) and KF posterior (green). The green shaded area indicates the 0.6 quantile (ranging
from 0.2 till 0.8) demonstrating the distribution of the error of the median of the posterior due to the randomness
of data.(b 1-3) Accuracy and precision of the maxima of the posterior 1~<ij,max of the maxima of the posterior rates
vs. the cut-off frequency of a Bessel filter. The shaded areas indicate the 0.6 quantiles (ranging from 0.2 till 0.8)
due to the variability from data set do data set while the error bars show the standard error of the mean. (b 4-6)
Accuracy and precision of the maxima of the posterior i{ij,max of the maxima of the posterior of the corresponding
equilibria vs. the cut-off frequency of a Bessel filter.

In order to mimic an analog signal before the analog-to-digital conversion we simulated 5 different
data sets of 100 kHz signals which were then filtered by a digital fourth-order Bessel filter. The
activation curves were then analyzed with the Bayesian filter at 125 Hz and the deactivation curves at
sampling rates between 166 — 500 Hz. Operating the Bayesian filter at a lower frequency is necessary
because due to applying the Bessel filter the former white noise of the signal obtained additional
time correlations. Thus, an all data points fit would immediately violate the white noise assumption of
Equation 4 which we restore by analyzing at a much lower frequency. We then let the time scales of the
induced time correlations become larger and larger by decreasing f.,.. We show (Appendix 7—figure
1a) the results of the Euclidean Error for 3 different cases for PC data. The RE approach (blue) and the
Bayesian filter (red) share the same analyzing frequency. In contrast, an increased fana = 1660 — 5000 Hz
(green) is used for the Bayesian filter. Both algorithms (blue, red) with the same f,,, show a similar rather
constant region separated by an offset. Similar, to cPCF data the KF is more robust. The Bayesian filter
with fana = 1660 — 5000 Hz (green) does not show this constant region but outperforms the Bayesian
filter with the lower f,., if the recording system is operated with minimal analog filtering. This becomes
even more apparent when we consider the single parameter deviation vs. f, (Appendix 7—figure
1b(1-6)). Note, the strong dependence of the critical f,,; at which the performance of all algorithms
becomes suddenly worse scales with f,... Additionally, it is crucial, independently of the algorithm,
that feut > fana. In (Appendix 7—figure 1b(1-6)) we demonstrate the distribution of the errors on the
single parameter level and compare only the KF for different ... Similar to the findings in the main
text, on the one hand, the Euclidean error (red) shows some robustness against ... On the other hand,
the influence of £, on the individual parameter level sets in immediately and is complex. The best
results are achieved with minimal analog filtering and a high f,....
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Appendix 8

Details of the specified two methods to count the probability mass

needed to include the true value

In Figure 4c we compare the true against the expected success probabilities of finding the complete
true rate matrix within an n-dimensional HDCV for different expected success probabilities of a
perfect model. By ‘expected’ and ‘perfect’ we refer to a fictitious ideal algorithm which exactly models
exhaustively all details of the true process, including all measurement details. The first way assumes
a multivariate normal posterior distribution with P(0ly)post & normal(8IE[0], ). Then the ellipsoid of
a constant probability density is exactly the surface of a HDCV of given probability mass P. For a
two-dimensional representation see Figure 4d below the diagonal. In one dimension, the ellipsoid
consists of the two points with a distance dyan = v/ (8 — E[0])2/o from the mean (inset Figure 5a). In
general, the n-dimensional ellipsoids around the mean of a multivariate normal distribution can be
described by points which have the same Mahalanobis distance dy, from the mean.

dyian(0) = /(6 — E[0))X (6 — E[0]) (89)

For a multivariate standard normal distribution without correlation, the Mahalanobis distance
becomes the Euclidean distance \/(0 — E[0DT(6 — E[0]). Rewriting the multivariate normal
distribution in terms of the Mahalanobis distance

normal(9) = ﬁ exp[—0.5d(0)31,] (90)

reveals that all points 8 with dyjay, = const have the same probability density. The random variable
d2pan is % -square distributed. Thus the x -square distribution (Figure 5a) is the probability density
of drawing an 0 in n dimensions and finding it on the ellipsoid’s n — 1-dimensional surface, at a
distance dya from the mean. This allows us to use the cumulative xz-square distribution function
to calculate the probability mass inside the ellipsoid which is the desired HDCV. By evaluating
ditah = vV (Owrue — E[ODE 1 (Oyue — E[0]) and x24(dagy) We specify how much volume, in units
of probability mass, has to be counted until the volume includes the true value. Note, that with
increasing dimensionality (Figure 5a) the probability mass is shifted away from the mode of the
probability density. For general probability densities, this is also true in higher dimensions where
one only rarely finds the true value within a small distance to the maximum of the probability density.
Note, that there is no mathematical theorem for singular models (Watanabe, 2007) saying that
the posterior approaches asymptotically a multivariate normal with increasing data quality/quantity.
Consequently, the underlying assumption that the posterior distribution is multivariate normal, is
situation dependent valid or highly questionable. Thus the displayed method should be validated
additionally in an independent way. To determine the probability mass needed to include the true
value into the HDCV for such a posterior, we can also use a histogram-based method. One starts
by constructing an n-dimensional histogram from the samples of the posterior and by initializing a
global variable with zero. Then we start counting from the bin with most counts and check whether
the true value falls inside this bin. If not, we add the probability mass inside that bin to the global
variable. Repeating this for next lower bins eventually leads to the detection of the bin with the true
rate matrix inside. On detection, the global variable contains the sought-after value P. While this
procedure does not depend on a multivariate normal assumption, it is prone to errors due to the
discrete bins and the finite samples from the posterior.

Nevertheless, both procedures show (Figure 5b) good agreement when plotting the volume/
probability mass needed to include the true parameter value vs. Ng,. Again Ny, = 200 seems to
be a reasonable data quality to trust the statistics of the posterior using the KF. In contrast, the
posterior of the RE approach never includes the true values with a reasonable HDCV. Note, that
a probability mass of ~ 1 to reach the true value means that qualitatively speaking the estimate
of the RE approach is infinitely far away from the true value in terms of the Mahalanobis distance.
Further, due to the finite sampling the method of histogram counting is not qualified for the largest
HDCVs approaching P = 1. The two developed methods contrast the Euclidean distance from the
true values to the maximum mode, median or even the mean of the distribution against all higher
moments of the distribution. Thus it tests the overall shape of the posterior.
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Appendix 9

Uncertainty quantification for the 5-state and 6-state model with cPCF
data

The effect of the second observable on the single parameter level for the 5-state model can be seen
in Appendix 9—figure 1. The biased estimates and the unidentified parameters of the RE approach
for PC data (Figure 9) are eliminated by the fluorescence data.
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Appendix 9—figure 1. HDCls vs Ny, for the 5-state-2-open-states model for cPCF data. The single parameter
level corresponds to the Euclidean error of Figure 7d. Compared to the main text we switched rows with
columns of the panels, the first column represents now the rates and the second column the equilibrium
constants. The prior that enforces microscopic-reversibility is identical to the prior mentioned in the caption of
Figure 7.

Miinch et al. eLife 2022;11:e62714. DOI: https://doi.org/10.7554/eLife.62714 59 of 60


https://doi.org/10.7554/eLife.62714

e Llfe Research article

Computational and Systems Biology | Structural Biology and Molecular Biophysics

Even the over-confidence problem seems to be decreased (compare with Figures 4b1-6). In
contrast, the HDCls of the 6-states-1-open-state model for cPCF data (Appendix 9—figure 2) display
again a much increased over-confidence problem of the rate equation approach. This indicates that
not simply counting of states but the actual topology of the kinetic scheme and the structure of the
observation matrix H determines the scale of the over-confidence problem. Apparently, the more
information comes from the fluorescence data relative to the information from the current data the
less grave is the over-confidence problem and the less different are the Euclidean errors.
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Appendix 9—figure 2. HDCls vs Ny, for the 6-states-1-open-state model for cPCF data. The single parameter
level corresponds to the Euclidean error of Figure 7e. Compared to the main text we switched rows with columns
of the panels, the first column represents now the rates and the second column the equilibrium constants. The
prior that enforces microscopic-reversibility is identical to the prior mentioned in the Figure 7.
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