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Abstract Fast gating of ion channels with rate constants
higher than the corner frequency of the recording set-up
can be evaluated by fitting so-called beta distributions to
measured amplitude histograms. Up to now, this was
preferentially done for O—C Markov sub-models with one
open and one closed state. Here, a fit of the amplitude
histograms from MaxiK (BK) single-channel records was
achieved with a five-state model with two open and three
closed states including three open—close transitions with
rate constants higher than the corner frequency (20 kHz)
of the inevitable low-pass filter of the recording system.
The numerical values of the rate constants of these tran-
sitions enabled a nearly one-to-one relationship between
typical regions of the histograms and the reactions in the
Markov model. These characteristic features are the width
of the peak at the apparent single-channel current, the
side slopes at the open and at the closed peak, and the
depth of the valley between the two peaks. However,
the simplex routine alone was incapable of finding the
solution but could do so if guided by hand along a sug-
gested strategy.
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Introduction

Ion channels in biological membranes fulfill various
functions in a living cell, and thus they have always been in
the focus of research. The unveiling of the crystal structure
of KcsA (Doyle et al. 1998) has opened the way to an
understanding of the biophysical mechanisms of ion
transport at the molecular level. One of the most promising
approaches is the application of molecular dynamics sim-
ulations (MD). They yield, e.g., detailed pictures of the
interactions between the carbonyl groups in the selectivity
filter and the permeant ion (Bernéche and Roux 2005;
Miloshevsky and Jordan 2008) or of the role of salt bridges
at the inner gate (Beckstein et al. 2003; Zimmerman 2004;
Tayefeh et al. 2007) and of the helical screw movements of
the S4 helix (Borjesson and Elinder 2008; Shafrir et al.
2008).

All these predictions of MD simulations have to be
tested by physiological measurements. Ideally, these tests
should be based not only on global properties, for example
conductivity and selectivity, but also on something closer
to the conformational changes in the channel protein. Much
more stringent would be a comparison of gating behavior
as predicted by MD simulations and as measured in a
physiological experiment. Unfortunately, limited comput-
ing power restricts the description of temporal behavior by
MD simulations to a very fast time scale. Nevertheless,
there is hope that in the near future MD simulations which
have now proceeded to some ten nanoseconds using con-
ventional computer power (Tayefeh et al. 2007; Jeon and
Voth 2008) may soon capture the temporal range above
1 us when the full state-of-the-art computer power will be
utilized. For smaller proteins with 30,000 atoms, for
example Fip35, the range of 10 pus has already been
reached (Freddolino et al. 2008) thus giving rise to the
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hope that the temporal ranges of MD simulations and of

physiological gating analysis will increasingly overlap.

In the light of the temporal constraints of MD simula-
tions, the analysis of measured fast gating becomes more
important. Until now, most investigations have dealt with
gating in the range of milliseconds, partially because of
limited temporal resolution but mainly because this kind of
gating is of great medical (Lehmann-Horn and Jurkatt-Rott
1999; Ashcroft 2006) and biological (Blatt 2004; Hedrich
and Marten 2006) interest. The value of the analysis of fast
gating for the understanding of the biophysics of ion
transport became apparent in studies of the stepwise
opening of the selectivity filter in Shaker (Zheng and
Sigworth 1997; Zheng et al. 2001) or of ion-depletion-
induced fast gating in MaxiK (BK) channels (Schroeder
and Hansen 2007, 2008). The model emerging from the
analysis in MaxiK was in agreement with the results of MD
simulations of Berneéche and Roux (2005) and Miloshevsky
and Jordan (2008). These simulations predicted that the
electrostatic repulsion of the (negatively charged) carbonyl
groups in the selectivity filter causes an outward deflection
of these groups when the compensating force of the per-
meating cations is weakened under ion depletion (Zhou
et al. 2001; Yellen 2001).

There are four major approaches to the analysis of fast
gating:

1 fitting beta distributions to measured amplitude histo-
grams (FitzHugh 1983; Yellen 1984; Heinemann and
Sigworth 1991; Klieber and Gradmann 1993; Tsushima
et al. 1996; White and Ridout 1998);

2 the direct fit of the time series (HMM fit, Albertsen and
Hansen 1994; Michalek et al. 2000; Fredkin and Rice
2001; Venkataramanan and Sigworth 2002);

3 fitting of 2D-dwell-time histograms (Magleby and Song
1992; Huth et al. 2006, 2008); or

4 power spectrum analysis (Sigworth 1985; Heinemann
and Sigworth 1988).

The range around 1-10 ps~' (where rotations in peptide
chains seem to occur, Fierz et al. 2009) can be reached by
means of beta distributions (Weise and Gradmann 2000;
Schroeder and Hansen 2006, 2007, 2008), by fitting of
2D-dwell-time histograms (Magleby and Song 1992;
Huth et al. 2006, 2008), or by power spectrum analysis
(Heinemann and Sigworth 1988). In many cases, the model
curves used to fit the experimental data are generated by
means of simulations. This often is the most convenient
way of overcoming the mathematical problems of includ-
ing multi-state Markov models, filter response, sampling
interval, and noise.

Here, we show that three fast gating processes with rate
constants from 0.5 to 10 us™' can be revealed from an
analysis of the amplitude histograms measured in MaxiK

@ Springer

(BK). Until now, the analysis of amplitude histograms was
usually based on a two-state sub-model for the description
of the main peak at the apparent open-point histogram.
This was sufficient for determination of the true single-
channel current and the rate constants of the fastest gating
process in MaxiK channels (Schroeder and Hansen 2006,
2007, 2008). Now, we have found that it is quite easy to fit
beta distributions to complex full-amplitude histograms as
they were obtained from MaxiK channels. The fit can be
based on multi-state Markov models of gating if done
along an appropriate strategy. This results from the very
intriguing finding of a very close relationship between
characteristic regions of the amplitude histograms and the
rate constants of a Markov model.

Generally, evaluation of multi-state Markov models was
considered to be a major strength of 2D-dwell-time histo-
grams (Moss and Magleby 2001; Rothberg and Magleby
1999) or of the direct fit of the time series (HMM fit,
Farokhi et al. 2000; Zheng et al. 2001). However, we found
that the analysis of amplitude histograms requires much
less computing time than, for instance, 2D-dwell-time
analysis does (Huth et al. 2006, 2008). In the literature, two
kinds of gating contributing to the shape of amplitude
histograms can be found: fast gating not too far above the
corner frequency of the filter leading to skewed amplitude
histograms (Yellen 1984; Heinemann and Sigworth 1991)
and very fast gating far above the filter frequency resulting
in nearly Gaussian distributions. This type is less obvious
as it broadens the inevitable amplitude distribution result-
ing from the baseline noise without major effect on the
shape (Weise and Gradmann 2000; Schroeder and Hansen
2007, 2008). Sometimes a transition from the Gaussian
type to the skewed type can be observed as found in Chara
after addition of verapamil (White and Ridout 1998).

Under optimum experimental conditions (high single-
channel currents in 400 mM KC1), we found that both types
of gating coexist in MaxiK (or BK) channels and can be
evaluated: one very short and one short closing interrupting
the main open state and one short opening interrupting the
main closed state. A five-state Markov model with two open
and three closed states could fit these amplitude histograms.
The fits yielded one pair of “very fast” rate constants
(around 5 ps~ ") for the main peak at the apparent open level,
and two pairs of “fast” rate constants (around 0.5 ps— ')
closer to the corner frequency of the low-pass filter (20 kHz).
The latter were obtained from the side lobes of the peaks
related to the apparent open and the closed level. One pair of
slow rate constants (around 1 msfl) was used to adjust the
height of the valley between the C and O peaks. Probably
there are more slow reactions, which, however, cannot be
resolved by the analysis of amplitude histograms, and would
require a subsequent fit with other methods.
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Materials and methods
Electrophysiology

Patch clamp measurements were performed on inside-out
patches of HEK293 cells, stably expressing a h-MaxiK
(BK) a-GFP construct and the f1-subunit (Lu et al. 2006).
The bath and pipette solution contained 400 mM KCI plus
2.5 mM CaCl,, 2.5 mM MgCl,, and 10 mM HEPES. pH
was titrated with KOH to 7.2. Patch electrodes were made
from borosilicate glass (Hilgenberg, Malsfeld, Germany)
coated internally with Sigmacote (Sigma, Deisenhofen,
Germany), drawn on a L/M-3P-A puller (Heka, Lambrecht,
Germany) and had a resistance of about 6 MQ in 400 mM
KCI. Drying of the pipettes at 55°C overnight after pulling
increased seal probability and resistance up to 100 GQ
(Huth et al. 2008). Single-channel currents under steady-
state conditions were recorded by a Dagan 3900A amplifier
(Dagan, Minneapolis, Minnesota, USA) with a four-pole
anti-aliasing filter (Bessel) of 20 kHz. Data were stored on
disk with a sampling rate of 200 kHz and analysed with
custom-made programs and Origin (see below).

Baseline drift, membrane flickering and other artifacts
would distort the amplitude histograms and would lead to
wrong results of the beta fit. Furthermore time series with
sublevels have to be excluded from the analysis. However,
this does not hold for incomplete short openings and
closings related to fast gating as described in Fig. 1b, d,
below. Thus, all data had to be closely inspected and
cleaned manually from sections showing these kinds of
artifact by means of the software Kiel-Patch. The legiti-
macy of this approach was considered for instance by
Sigworth (1985).

Definitions

Iirye 1s the true single-channel current, which could be
measured with a set-up with sufficient bandwidth. I, is
the apparent single-channel current, which is obtained
from an evaluation of the measured time series. Detailed
definitions are given by Hansen et al. (1997, 2003) and
Schroeder and Hansen (20006).

Baseline noise o originates from the recording appa-
ratus under the condition that a seal has been formed, but
that there is no channel in the seal (or the channel is
inactivated). It is not necessarily identical to the noise
obtained from sections of a time series with channels in the
non-conducting state. The latter may be broadened by fast
flickering (Figs. 2, 3, below).

Very fast gating occurs at dwell times of at least 50
times shorter than the rise time of the filter of the amplifier
(Fig. 2b, below). It is the origin of the reduction of [,

to Lypp.

Fast gating leads to amplitude histograms with slopes
deviating with a kink from the main peaks of the amplitude
histograms. At least one rate constant of the related C-O
transitions is above the fivefold value of the corner fre-
quency of the filter. With filter, the inevitable low-pass
filter (here four-pole Bessel filter) of the recording set-up is
meant, not the selectivity filter of the channel.

Simulation of surrogate time series, generation
and fitting of beta distributions

For the construction of the theoretical amplitude histo-
grams, simulations instead of deterministic algorithms were
used, because there is no straightforward procedure to cal-
culate beta distributions for higher-order Bessel filters
(Riessner 1998). Thus, time series and the correspond-
ing amplitude histograms were simulated by the program
Simulat (available at http://www.zbm.uni-kiel.de/aghansen/
software.html) which employed the KISS generator
(Marsaglia 2003) for creation of uniformly distributed
random numbers.

The simulation algorithm has been described in pre-
vious papers (Blunck et al. 1998; Schroeder and Hansen
2006). It is similar to that suggested by Gillespie (1977)
for chemical reactions. The generation and filtering (by a
digital four-pole Bessel filter with a corner frequency fc
of 20 kHz) of the surrogate time series was done in
continuous time. This allowed for dwell-times much
shorter than the sampling interval (5 ps throughout this
manuscript). Briefly, time series of single-channel current
were simulated from a Markov model with a set of
assumed rate constants k;. A pair of random numbers was
generated for each transition in the Markov model: The
first number selected the sink state of the next transition
as weighted by the related rate constants. The second one
determined the time wj of the next jump from state i to
state j from the inverted dwell-time histogram for the
transitions from the source state. Knowing these times of
the jumps (wy), the value of the filtered time series at time
the sampling point ¢ was calculated by means of the
equation:

0= u—=l)+ Y,
k k
wi <t t—45Ats <wy <t

(L —Tig) (g(t—wi) = 1)

(1)

where [;; is the nominal current of state j at jump time wy.
The filter response g(¢), sampled every Ats = 1/(28fc) us
(being 1.8 pus for a filter with a corner frequency of
fc = 20 kHz), was stored on the computer. Intermediate
values were obtained by interpolation. The first sum in
Eq. 1 could be calculated iteratively. The range of the
second sum was kept finite by excluding all responses
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Fig. 1 a Amplitude histogram of MaxiK obtained in symmetric
400 mM K+ at —120 mV with a 20-kHz four-pole Bessel filter and a
sampling rate of 200 kHz fitted by the five-state model OCOZZ (Eq.
2). The solid gray line coinciding with the measured data (black) is
the theoretical curve calculated from the data given in Table I,
column “Fig. 1”. The dotted black line has been obtained by setting
ko3 = 0 and kjp, = 0. 05 was 1.00 pA, I = 36.5 pA, I, = 32 pA.

whose contributions had decreased below one bit. At high
rate constants, there were many jumps at times, w, located
between the sampling points ¢ resulting in very long times
for generation of a single times series (up to several
seconds).

From the surrogate time series obtained by the above
algorithm, the amplitude histogram (beta distribution) was
generated. The noise of the recording apparatus was
introduced either by a convolution of this amplitude his-
togram and the Gaussian amplitude histogram of the
baseline noise or by adding a pre-filtered noise time series
directly to the simulated time series.

Because there is no simple analytical approach to cal-
culation of beta distributions (Riessner 1998), the test of
the reliability of the results, i.e., finding the allowed range
of rate constants for a measured amplitude histogram, can
be done only by an extremely time-consuming method as
follows: Change the value of one rate constant obtained
from the best fit by hand and keep it fixed during sub-
sequent runs of fitting. These runs seek to compensate the
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b, d Occurrence of incomplete transitions related to the side slopes
(regions 3 and 4) in measured (b) and simulated (d) time series.
¢ Simulations without the transitions from C1 to Ob and from Oa to
C3 (kip = 0 and k,3 = 0, dotted line in (a)) led to elimination of the
short peaks of the incomplete transitions. The rate constants for the
simulation were obtained from the fit in a. The dots represent
individual samples with a distance of 5 ps

error induced by the manual change of this rate constant by
readjusting the other rate constants. The allowed range is
given by the maximum deviations of the manually changed
rate constant, which can still be compensated. Repeating
this approach for all rate constants (for one data point) can
take a week or more. Thus, the researcher has to make a
decision of whether the scientific output is worth the
efforts.

A strategy guide for fitting beta distributions is given in
the Appendix.

Results and discussion

Characteristic features of MaxiK amplitude histograms
Figure la shows an amplitude histogram from a single
MaxiK (or BK) channel measured with a four-pole Bessel

filter of 20 kHz. It has been found that this histogram and
nearly all other amplitude histograms obtained from
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Fig. 2 Prototypes of beta distributions as generated from C-O
models with different rate constants. The sampling frequency was
200 kHz, and the length of the simulated time series was 5 x 10° data
points, filtered by a Bessel filter of 20 kHz. a Slow gating with
kco = koc ranging from 100 s~ ! t0 33,000 s™! as indicated above the
curves. b Very fast gating with kco = 3koc. kco is written next to the
curves. The dotted curve labelled “n” presents the baseline noise. /¢,
Lpp and I, indicate the current values for the closed state, the
apparent open and the true open state, respectively. /o is used, when

MaxiK under similar conditions are composed of five
characteristic regions. The observation of all five regions
requires a good signal-to-noise ratio as found at high sin-
gle-channel currents (e.g. with 400 mM KCl on either side
of the membrane). The basic features (labelled in Fig. 1a)
are:

the narrow peak at the closed level;

the broadened peak at the apparent open level;

the adjacent slope on the left-hand side of the O-peak;
the adjacent slope at the right-hand side of the C-peak;
and

5 the height of the minimum between the peaks.

AW —

The amplitude histogram in Fig. la was fitted with a
branched five-state model named OCOZZ by means of the
procedure described in the Appendix. The state label “Z”
indicates that the two closed states (C2, C3) are in parallel

0 10 20
i/ pA

the open level may be I,,, or Iy, depending on whether there is
undetected additional very fast gating in a C—-O-C model. ¢ and d
illustrate the determinants of the amplitude histograms generated by
fast gating. ¢ Influence of k¢ (written next to the curves) on the slope
with koc = 10,000 s™". kco determines the slope without exerting an
influence on the position of the “kink” where the slope deviates from
the Gaussian main peak. d Influence of koc (written next to the
curves) on the “kink” with kco = 140,000 s~!. The slope is not
influenced by the rate constant koc

k., c2
kb! kla %2
Ob \'k— Cl Vk— Oa ka3a (2)
1b al k3a\'
C3

The closed states Ci (i = 1-3) are labelled by numbers,
the open states Oj (j = a, b) by letters. The rate constants
obtained from the fit of the histogram in Fig. 1 are given in
Table 1 below. The scheme in Eq. 2 is in agreement with
the finding of Moss and Magleby (2001) that there are no
transitions between short C (<10 ps) and short O
(<100 ps) states in the 2D-dependency plots from MaxiK.
The temporal range suggests that these short-short transi-
tions would correspond to C3-Ob transitions in Eq. 2. But
they cannot occur in the model because C1 and Oa separate
them.
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i/ pA

Fig. 3 a Partial amplitude histograms showing the influence of the
signal-to-noise ratio i/ on the observability of the side slope of the
closed peak as studied by means of simulated data using a two-state
model (Eq. 3) with kco = 8,000 s™' and koc = 400,000 s™'. The
numbers written next to the curves give the single-channel current i in
pA. Here, this is equal to the ratio i/og for the index-free numbers
because op is 1 pA. “n” labels the histogram caused by baseline noise
with og = 1 pA. The dotted line in (a) labelled 7.5y ;5 was obtained
with a current of 7.5 pA and og = 0.15 pA resulting in the ratio i/
og = 50. b Enlarged presentation of the peak region in (a) for the
three curves labelled n, i//og = 7.5 and i//og = 50. Sampling rate
was 200 kHz. The four-pole Bessel filter was set to 20 kHz cut-off
frequency

The individual components of MaxiK amplitude
histograms

In most cases observed in MaxiK channels, the individual
transitions of the five-state model of Eq. 2 can be well
distinguished in the measured amplitude histograms. Each
of the characteristic elements of the amplitude histogram in
Fig. la can be generated by a simple two-state C—O model

O%MMC (3)

The different types of histograms are shown in Fig. 2.
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Slow gating

The histograms generated by slow gating are well known.
The two peaks in Fig. 2a are located at the nominal cur-
rents of the closed and open state, and their curve shapes
are determined by the Gaussian distribution of the baseline
noise. In the related time series (not shown), we see clear
assignments to the O and C levels. The relative heights of
the two peaks are determined by the ratio koc/kco.
Important also is the height f(i) of the valley between the
peaks (region 5 in Fig. 1a). It is determined by the number
of transitions of upward ([Clkco) and of downward
([OJkoc) jumps and by the difference in the times s when
the filter response reaches the current values i and i + 4i,
respectively.

[Clkco (s, (i) — su(i + Ai)) + [Olkoc (sa(i + AD)) — s4(i))

AT

fl) =

)

where s,(i) is the time when the Bessel filter response
reaches the current i in an upward jump and s, when the
current i is reached in a downward jump. These times have
to be calculated from the inverted response function of the
filter. 4i is the bin width of the amplitude histogram. AT is
the sampling interval (5 ps) and #y, the length of the record.

In an infinitesimally fast recording system, the height of
the valley between the peaks would be zero, because the
output signal immediately jumps from O to C with
s(i) = s(i + 4i). In a real system, these jumps have to
occur along the filter response (data points on the complete
transitions between the O and C levels in Fig. 2), thus
filling the gap between the O and C peaks. This occurs also
in the case of very slow gating, but less often. Thus, the
height of the minimum is a means of determining the
absolute values of kco and koc for a given low-pass filter
(Eq. 4).

Very fast gating

Gating with rate constants more than about 50 times the
corner frequency of the filter is called “very fast gating”. It
merges the amplitudes histograms of the open and closed
state (which are well separated in Fig. 2a) into one peak:
The shape is more or less Gaussian resulting from the fact
that gating is much faster than the filter frequency (Feller
1968) for kco greater than 1-3 us_l (50-150 times the
corner frequency of the filter). Lower values of kco
0.3 usfl, dotted curve) show characteristics of the shape
of only “fast” gating in Fig. 2c¢ (i.e., they are visibly
skewed), but the kink visible in Fig. 2¢, d is not pro-
nounced because of the small difference between koc and
kco. The peak of the distributions in Fig. 2b is located at
the “apparent” single channel-current /,,, which is smaller
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Table 1 Rate constants obtained from fitting the amplitude histograms in Figs. 1 and 4 measured in MaxiK in symmetrical 400 mM KCl

Fig. 1 Fig. 4A Fig. 4B
a b c a b

VimV —120 -20 -20 -20 —80 —80
Fit quality Ok Ok Ok Ok Ok Failed
Baseline/pA 0 0 —0.063 —-0.377 0 —-0.377
aplpA 1.00 1.08 1.08 1.03 1.13 1.00
Lo/ PA 36.5 5.95 6.10 8.34 252 28.1
kpi/s™! 467,000 320,000 320,000 480,000 320,000
ki/s ™! 600 6,000 28,000 880 3,600 or 7,000
kafs™" 615 7,280 5,480 2,700 4,640 3,600
kai/s™! 1,550 980 760 520 1,640 1,388
kaols ™! 667,000 69,600 82,000 192,000 404,000
kouls ™! 5,200,000 5,840,000 2,400,000 3,096,000 3,604,000
kasls ™! 7,600 7,360 8400 4,000 3,680 4,000
kagls™! 181,000 209,200 216,400 180,000 132,000 128,000

PRl

The labels “a”, “b”, and “c” refer to the different parameter sets used to fit the same curve in Fig. 4A or Fig. 4B

Table 2 Rate constants of the model in Eq. 2 and single-channel current as obtained from the individual steps of the recommended fitting

strategy for the related graphs in Fig. 5

Step kouls™! kaols™! kaal/s ™! kas/s ! ka/s™! kya/s ™! kip/s ™! kpi/s ™! IipA
A smooth 1,800 800 32

A dashed 180 80 32

B 4 x 10° 553,000 291 105 36.5
C 5.2 x 10° 667,000 140,000 8,200 220 90 36.5
D 5.2 x 10° 667,000 140,000 8,200 219 85.5 700 200,000 36.5
E 5.2 x 10° 667,000 140,000 8,200 526 205 700 200,000 36.5
F 5.2 x 10° 667,000 181,000 7,600 1,550 615 600 467,000 36.5

than the true single-channel current I, as given by the
relationship:

kco
Iapp - mlrme (5)

Very fast gating cannot be observed directly in the
measured time series because of the smoothing effect of the
filter. Instead, a “noisy” signal occurs around the apparent
single-channel current I,,,. This signal increases the width
of the apparent open-channel peak (Region 2 in Fig. 1a) as
becomes obvious from a comparison of the peaks in Fig. 2a
and Fig. 2b (i.e., it is one of the sources of open-channel
noise; Sigworth 1985; Heinemann and Sigworth 1991).
The influence of fast gating on the shape of the apparent
open-channel peak can be used to determine the rate
constants kco and koc (Schroeder and Hansen 2006, 2007,
2008) and the true single-channel current /. (Eq. 5).

It may be regarded as surprising that fitting of curves
like those in Fig. 2b can lead to the evaluation of rate

constants up to 500 times faster than the corner frequency
of the filter. This is based on the feature that the “10 M”
curve in Fig. 2b is clearly broader than the “n” curve. The
n curve (baseline noise, ) can be obtained from the noise
of a channel-free section of the patch clamp time series
(but not always from the C level, see Figs. 3, 4). Fig. 2b
also shows that the dependence of the width on the
amplitude histogram on the rate constants becomes quite
flat around 10 ps™' as shown by Schroeder and Hansen
(2009). Thus, the scatter of the determination of rate con-
stants rapidly increases in that region of very fast gating.

Furthermore, at values of koc around 10 usfl, the
Schottky noise (Sigworth 1985) resulting from the low
number of ions per open-event (a single-channel current
of 16 pA implies that ten ions are transferred during an
open event of 0.1 pus) might also have an effect on the
shape of the open-level peak. However in most cases, this
can be ignored as discussed by Schroeder and Hansen
(2009).
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Fig. 4 Limitations of the analysis demonstrated for amplitude
histograms measured in MaxiK measured at —20 mV in 400 mM
K*. A Superposition of measured data (black) and three fits (gray, the
three theoretical curves coincide and are not distinguishable) with
different assumptions about the relative contributions of C1-Ob
gating and baseline noise o to the baseline and to the apparent ¢ of
the C-peak. In Table 1 the parameters of these three different fits are
given in columns “Fig. 4A, a—c”. B In contrast, if the i/og ratio
(Iywe = 25.2 pA, 0 = 1.13 pA) is high enough (at —80 mV, mea-
sured data in scattery black) there is a unique good fitting result
(curve not shown for the sake of clarity; the parameter set of the fit is
given in Table 1, column “Fig. 4B, a”). All attempts to merge
baseline noise and C1-Ob gating fail, e.g. when op is reduced from
1.13 to 1.00 pA (the related parameter sets of the fits are given in
Table 1, column “Fig. 4B, b”). The smooth curves were obtained
with the values in Table 1, column “Fig. 4B, b” with
ki = 3,600 s™! (gray) or 7,000 s™! (black)

Fast gating
The new features in Fig. 1a are the side slopes (regions “3”

and “4”). Figures 2c, d show how the side slopes are
related to the rate constants k.3, k3, of the 0a—C3

@ Springer

transitions in the model of Eq. 2. The rate constant k,3 goes
up to 30 times the filter corner frequency. At the closed-
level side the rate constants k;, and ki, generate the side
slopes. The side slopes arise from jumps from source state
R to sink state S, which are too short for the output of the
recording apparatus to reach the level of the sink state. It
stops on this way depending on the ratio of f/k,, (with f,
being the corner of the filter) and returns to the level of the
source state. This can be observed in time series of mea-
sured data (Fig. 1b) and of related simulated data (Fig. 1d),
which have been generated from the rate constants of the fit
(gray) in Fig. la. If the related rate constants are omitted in
the simulations (k,3 = kj, = 0, dotted line Fig. 1a), these
incomplete openings and closings are not observed
(Fig. 1c).

These short and relatively infrequent closings/openings,
we call “fast gating” in contrast with “very fast gating” as
found at the apparent open-level peak (Region 1 in Fig. la,
Fig. 2b). Fast gating is related to the incomplete transitions
shown in Figs. 1b, d. Here, the duration in the source state
is still long enough (koc is slow, 10,000 s~ ) that the
related gating does not lead to a strong shift in the current
levels (but see Fig. 3b and Table 1 “Fig. 4B, b”). In
models with quite fast source-sink transitions (e.g. Oa—C2
transitions), the source-level can also be an apparent level
(i.e. the apparent O level I, in Fig. 2b). The dotted line in
Fig. la also does not match the peak of the O level. This
misfit results from refugees, namely the data points now
expelled from the areas related to the side slopes.

There is one feature in Fig. 1b and d which supports the
view that the incomplete transitions are not jumps to
putative sublevels of conductance: The number of data
points on the leading edge is less than on the trailing edge
in both the measured and simulated data. This results from
the fact that the filter starting from the source state gets an
input signal, which initiates a jump to the next full level,
but on its way it is stopped when the dwell-time of the sink
state ends (ky; or k3,). On the way back to the source state,
the slope is determined by the smaller difference between
the point of return and the level of the source state. Thus,
more data points are found on the flatter trailing edge.

Fortunately, there is a quite simple relationship between
the rate constants and the characteristic features of these
side slopes. The gradient of the slope is determined by kgz
and is independent of kzg (Fig. 2¢) with R labelling source
and S sink. The kink where the slope deviates from the
noise-born and/or very-fast-gating-born main peak is
determined by kgg and is independent of kgx (Fig. 2d).

Caveats at low signal-to-noise ratios

At low membrane potentials, the distance between the O
level and the C level becomes narrow. This leads to
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problems when the rate constants of the transitions between
C1 and Ob (Eq. 2) are to be evaluated. The problem is
illustrated by simulated data in Fig. 3 and by measured
data in Fig. 4.

Figure 3 shows simulated amplitude histograms of
the closed peak and the adjacent side slope obtained from
a truncated model (Eq.3) with fixed rate constants
kco = 8,000 s~! and koc = 400,000 s, typical values
for MaxiK (or BK) channels found at different nominal
single-channel currents. This roughly corresponds to
Region 4 in Fig. 1a and (with reversed roles for O and C) to
the “400 k” curve in Fig. 2c. At small currents, there is not
such a characteristic kink as is observed at high currents
(higher than 7.5 pA in Fig. 3a). At lower currents, the peak
of the baseline noise and the effect of the fast gating are
merged in a broadened distribution. Although this distri-
bution is slightly skewed, it can hardly be distinguished
from a Gaussian distribution of the baseline noise, espe-
cially when only the top of the peak can be distinguished
from the horizontal part of the five-state model (Figs. la,
2a). Figure 3b gives a clearer picture of the effect of fast
gating. In the presence of fast gating (curves with 7.5 and
50 pA) the peak of the C level distribution is slightly
shifted towards higher currents. The histogram related to
7.5 pA is broadened and almost looks like a Gaussian
distribution. This merges the effect of fast gating into
apparent baseline noise.

The dotted line in Fig. 3a labelled “7.5q,5s” demon-
strates that the signal-to-noise ratio i/op is the sole deter-
minant of observability. The pair i = 7.5 pA, og =
0.15 pA has the same i/og ratio as the pair og = 1 pA,
i = 50 pA in (A), thus resulting in the same shape of the
histograms (after spreading the abscissa for the dotted
curve by a factor of 1/0.15).

The above findings in the simulated data pose the
following problem for the experimenter: The width o of
the baseline noise is normally determined from the width
of the measured C level distribution. According to
Fig. 4a, this level may already include the effect of fast
gating. If under these conditions (i.e., the C-peak is used
for the determination of o) the fit would lead to the
probably false conclusion that fast gating at the C-side is
not present. A way out is to determine og from reliably
channel-free sections of the time series. They may be
obtained by blocking the channel by TEA, Ba®>" or other
agents. Another approach may compare the g obtained at
different membrane potentials/single-channel currents. In
either case, it has to be tested on channel-free prepara-
tions that these agents or membrane potential do not
influence op.

The evaluation of amplitude histograms measured in
MaxiK (or BK) channels at —20 mV suffers from this
problem. The signal-to-noise ratio of the time series

corresponds to the 7.5 pA curve in Fig. 3a, b. In Fig. 4a,
three fits of such an amplitude histogram are shown. The
existence of three fits is not visible in Fig. 4a because they
all lead to virtually identical theoretical curves which are
presented by the gray curve. However, the fit parameters
are quite different (Table 1, columns “Fig. 4A, a—”). The
fit parameters in column “Fig. 4A, a” in Table 1 have been
obtained under the assumption that the baseline and g5 can
be determined from the C-peak. Under this assumption,
fitting can be done in a three-state model with
kip = koo = 0 suggesting that the C1-Ob and C2-Oa
transitions do not occur. However, the column “Fig. 4A,
b” shows that a slight shift in the putative baseline results
in a fit which tolerates a value of kj, which is slightly
higher than the value of k;,. Even worse, a good fit (all fits
coincide with the gray curve in Fig. 4A) is obtained also
with a tremendously higher k, implicating (unlikely) fre-
quent transitions between C1 and Ob (column “Fig. 4A, ¢”
in Table 1).

This uncertainty of the true level and noise of the
baseline can become a serious problem. For instance, the
equality of &y, and kq, is a salient feature of the discussion
of the adequate Markov model, which will be presented in
a subsequent paper. The comparison of the three sets of
rate constants related to the histogram in Fig. 4A stresses
the necessity of having channel-free records of the same
patch, because all three solutions in Table 1 are indistin-
guishable when baseline level and noise can be estimated
only from a C-peak like that in Fig. 4A.

This problem does not occur if the ratio i/og is high
enough as illustrated in Fig. 4B for an amplitude histogram
obtained at —80 mV. For the histogram shown in Fig. 4B,
a good fit of the histogram is obtained if 63 = 1.13 pA and
the baseline at 0 pA are estimated from fitting the Gaussian
top of the C-peak. The rate constants are given in Table 1,
column “Fig. 4B, a”. In order to test whether a higher
value of ky, could be obtained by reducing o (as in
Fig. 4A, Table 1, column “Fig. 4A, a—c”) og was red-
uced from 1.13 to 1.00 pA, and the baseline was moved to
—0.377 pA (in order to fit also the data points with small
values of N on the left-hand edge). Figure 4B presents the
good news that these fits are bad. This clear message results
from the good i/gp ratio. The important characteristic is the
kink where the slope related to C1-Ob gating separates
from the Gaussian noise distribution (Fig. 3a, b at high
currents, Fig. 2c, d and Fig. 4b). When this kink is no
longer hidden by the histogram of the baseline noise
(compare Fig. 3a), C1-Ob gating can be clearly identified
by the fitting procedure, because in that case C1-Ob gating
does not contribute to the width of the peak at the C level.
Thus, at high i/op ratios, the noise can be determined from
the peak of the C level without interference from C1-Ob
gating.
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Model equivalence

The analysis described above is done on the basis of the
OCOZZ model as given by Eq. 2, because this model
yields a good decoupling of the individual components as
shown in Fig. 2. This feature of the OCOZZ model is the
basis for a quite straightforward fitting procedure as
described in the Appendix. On the other hand, the
researcher is not interested in a “convenient” model, but in
a “true” model. “True” means that the states of the model
and the transitions between them can be related to certain
moieties and their dynamics in the channel protein.

Many Markov models are kinetically equivalent, i.e.,
they cannot be distinguished by means of a kinetic analysis
of the measured time series. If models are equivalent, a
transformation matrix S exists, which can transform the
matrix K of rate constants k;; of model A to the matrix Q of
rate constants g; of model B (for details, see Kienker 1989)

S'kS=0 (6)

The problem is to find S, which leads to extremely
complex non-linear equations if the models have more than
three states. Fortunately, the values of the rate constants at
least in MaxiK are of such a kind that an approximate
transformation of models is eased. For instance, the rate
constants of the transitions Oa—C3 and Oa—C2 are fast or
very fast, those of Oa—C1 are slow (see Eq. 2 and Table 1).
This implies that modifications on the C1 side of Oa have
little effect on the rate constants on the C2/C3 side. This
enables splitting of the model in two sub-models which are
transformed separately. One interesting transformation is
the conversion of the model in Eq. 2 to the model COOZZ.

ww

q q, -

Cl20b <= Oa_g> (7
bl ba C];a\‘ JCS

The model of Eq. 2 implies that the inner gate of the
channel has two independent open conformations which
both open the way for the current. The conformation
related to Ob is quite unstable, leading to incomplete
openings (short pulses in Fig. 2b, d). The conformation
related to Oa is related to the main open event of the inner
gate. Its apparent lifetime is given by the inverse of k,; (in
the ms range). The interruption by fast gating as caused by
the transitions to C2 are caused by flickering of the
selectivity filter and must not be understood as closure of
the inner gate in state Oa (Schroeder and Hansen 2007,
2008). The same is probably true for the fast Oa—C3 gating,
but that still has to be verified.

The alternative model of Eq. 7 implies that Ob and Oa
correspond to subsequently occurring configurations of the
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opening inner gate. When the inner gate opens, Ob is the
first open configuration. It is still unstable and may close
spontaneously via gy;. The other possibility as provided by
gva 1s the rearrangement to the more stable configuration
Oa.

In a subsequent paper dealing with the voltage
dependence of the rate constants, the equations for
transforming the model of Eq. 2 into that of Eq. 7 will be
given (i.e., the matrix S of Eq. 6 is presented) and the
probability and the implications of these two models will
be discussed.

Conclusions

Even though amplitude histograms have been used by
different authors to determine gating parameters by means
of various approaches (Yellen 1984; Heinemann and Sig-
worth 1991; Klieber and Gradmann 1993; Tsushima et al.
1996; White and Ridout 1998; Weise and Gradmann 2000;
Schroeder and Hansen 2006, 2007, 2008), to our knowl-
edge never more than one fast gating process has been
revealed from the same histogram, even though both kinds
of shapes have been reported. Sometimes the almost-
Gaussian shape as caused by processes far above the filter
frequency and the skewed (or “kinked”) one as related to
slower rate constants have been found in the same object,
but separately under different conditions (Yellen 1984;
White and Ridout 1998).

Here, we found that after increasing the signal-to-noise
ratio by using high concentrations of the permeant ion
(400 mM KCI) meticulous analysis of beta distributions
proved to be more powerful than expected because it
enabled evaluation of three fast gating processes with rate
constants above the corner frequency of the filter and one
slow gating process. The analysis of the very fast gating
process leading to the open-point histograms with almost
Gaussian shapes is of special importance because it
enables estimation of the true single-channel current /.
Often this kind of gating is the origin of negative slopes
in the measured IV curves (Draber and Hansen 1994,
Schroeder and Hansen 2007, 2008; Abenavoli et al.
2009).

The two processes called “fast gating” (Oa—C2 and C1—
Ob in Eq.2) lead to characteristics in the amplitude
histograms, which are to some extent equivalent to one-
dimensional dwell-time distributions (Colquhoun et al.
1996; Blunck et al. 1998). Dwell-time analysis is based on a
plot where the number of events with a given dwell-time is
plotted versus this dwell-time. The sub-histograms related
to fast gating (Fig. 2c, d) give the number of events related
to the short openings or closures shown in Fig. 1b, d. These
pulses rise with the time constant of the anti-aliasing filter
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until the ascent is stopped by the end of the dwell-time in Ob
or in C3, respectively. Consequently, the height of these
pulses (and thus the location on the abscissa of the ampli-
tude histogram) is determined by the dwell-time in
the short-lived states (as also calculated by Heinemann and
Sigworth 1991). The difference from dwell-time analysis is
that the sub-histograms correspond to dwell-time histo-
grams, which are defined by the number of events, which
have at least the dwell-time 7 and not exactly the dwell-time
7 (in the bins between 7 and © + At, of course). The
resulting shape of these incomplete openings and closings is
a means of distinguishing them from sublevels, which have
to be excluded from the analysed time series.

The benefit of the analysis by beta distributions is that it
deals with those fast processes which can be determined by
classical dwell-time analysis only with sophisticated (and
more or less inefficient, Farokhi et al. 2000) correction
algorithms (Milne et al. 1989; Crouzy and Sigworth 1990;
Ball et al. 1993; Draber and Schultze 1994; Qin et al.
2000).

On the other hand, the analysis has been time-con-
suming. The stand-alone application of the Simplex
algorithm (Caceci and Cacheris 1984) was restricted to the
fit of the very fast gating processes related to the open-
peak, and quite reliably delivered the rate constants k,,
and k,,. It was nearly useless for the other rate constants.
Thus, fitting had to be done by the procedure described in
the Appendix. On a good day, four histograms could be
fitted. On bad days, i.e., on days when histograms with
bad signal-to-noise ratios like those in Fig. 4A had to be
fitted, working on one histogram could take three days.
This large effort resulted from the effect that a unique
solution was not found, and time was spent to find ranges
of rate constants which were allowed (Fig. 4a) and which
were not (Fig. 4b) in order to get a picture of how reliable
the evaluated parameters were.

Despite this, in a subsequent paper analysis of the
voltage dependence of the rate constants in MaxiK for the
models in Egs. 2 and 7 will be presented. We still feel that
the method presented here can provide important insights
when results dealing with protein dynamics (which may be
obtained from MD simulations and fluorescence studies)
have to be compared with the physiological behaviour of
the channel. This is especially true as the fast and very fast
gating effects determined from the analysis described here
will be the first ones which may be predicted by MD
simulations.
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Appendix: strategies for fitting beta distributions
to measured amplitude histograms

The straightforward approach to evaluation of measured
beta distributions would be automatic fitting of the ampli-
tude histogram on the basis of an adequate Markov model.
Unfortunately, the Simplex search routine (Caceci and
Cacheris 1984) did not find the correct parameter set of
five-state Markov models. It was only successful in the
case of fitting distributions-per-level (open-point histo-
grams, Schroeder et al. 2004, Schroeder and Hansen 2006,
2007, 2008, 2009) using 2 or 3-state models.

Because of this, fitting had to be done interactively
between the computer and the human operator. A dialogue
in the fitting program (bownhill.exe at http://www.zbm.
uni-kiel.de/aghansen/software.html) allowed the optional
entry of fixed variables (single-channel current, baseline,
baseline noise and rate constants), the introduction of
weighing factors, and, finally, the selection of “free” rate
constants, which were subject to the optimization by the
simplex algorithm. By virtue of the weak interference
between the regions labeled in Fig. 1a, this strategy enabled
the adjustment of certain regions in the amplitude histogram
without seriously affecting those which had already been
fitted correctly or which were not of actual interest.

Below, this strategy based on the model in Eq. 2 is
illustrated for the amplitude histogram shown in Fig. la.
The boxes in Fig. 5f denote the actual “region of interest”
for each fitting step. They can also be interpreted as an
approximate visualization of weighing factors used during
for optional fitting by the computer.

Step A of the fitting routine starts with the slow C1-Oa
transition of the model in Eq. 2 by adjusting k;, and k,; in
the rate constant matrix. The other rate constants may be
estimates obtained from previous fits or may be set to zero.

The best possible fit result with the other k’s set to zero
(thus essentially creating a two-state model) is shown as
the solid curve in Fig. 5a: Only the closed peak (in the box)
is fitted reasonably well. The misfit of the height of the
open peak is necessary because, in the next step, the data
points above the open peak are redistributed to broaden the
open peak. The dotted line illustrates a subsequent
enhancement of the misfit of the intermediate region
between the O and C peak by manually reducing k;, and
k.1 by the same factor. This preserves the relative occu-
pations of the C and O peak (Fig. 2a), but reserves space
for adjustment of the side slopes (Fig. 2c, d) done in the
next steps.

Step B (Fig. 5b) has to deal with the O peak because it
comprises a large number of data points. Because the fit-
ting routine consists of subsequent adjustment of specific
parts of the full amplitude histogram, data points can be
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Fig. 5 Sequence of steps of the
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shuffled from regions just being fitted to those fitted before.
This has a less destructive effect if data points are shuffled
to the main peak from the smaller side slopes or from the
valley.

The width of the O peak is determined by very fast
gating (Fig. 2b). The values of Iy, ka» and k,, are adjusted
until the region in Fig. 5b marked by the box is fitted
satisfactorily. Here, the simplex algorithm works fine for
k. and ky, if I is fixed. The fit has to be repeated for
different guesses of I;.,.. This can be guided by the error
sum as described by Schroeder et al. (2006, 2007) or by a
visual inspection of the fit result (which is more labour-
intensive, but also more accurate). When the simplex
algorithm is employed, weighting factors can be used to
concentrate the calculation of the error sum to this region.

@ Springer

Step C deals with the soft slope near the open peak
(box in Fig. 5c¢), again following the rule that those regions
comprising more data points have to be fitted first. The
adjustment of the steepness (Fig. 2c) of the slope via k3,
and of the location of the kink (arrow in Fig. 2C) via k,3
works best if done manually, because a parallel shift of the
slope (adjusting k3,) can be handled better by the superb
image analysis software of the human brain than by crude
error-sum calculations of the computer.

If the kink is close to the peak of the O distribution,
fitting of the slope can also affect the shape of the main
peak. Thus, k., and k,, might have to be slightly readjusted.
This can be done by the simplex algorithm. Because data
points are shifted between O and C, a slight adjustment of
k. and k;, may also become necessary.



Eur Biophys J (2009) 38:1101-1114

1113

Step D (Fig. 5D) employs the same strategy as step C,
but now applied to the fitting of the side slope of the C
level by means of kj, (gradient) and ky; (location of the
kink). Again, a slight adjustment of k,; and k;, may also
become necessary to correct the fit at the C and O peaks. At
the end of step D, the intermediate region (indicated by an
arrow in Fig. 5d) still shows a misfit.

Step E achieves the closure of this gap by increasing k,;
and k;, while maintaining their ratio.

Step F deals with the final corrections. Step E creates
new error zones because lifting the valley (Fig. 5d, arrow)
also moves up the side slopes (Fig. Se, arrows). This has to
be compensated by increasing k3, (and/or ki), which may
again sink the valley. This coupling between slope and
valley may sometimes lead to repetitive readjustments of
the rate constants of the slopes and of the valley. Never-
theless finally, a perfect fit can be obtained as shown in
Fig. 5f.

The need for iterative repetitions of the above procedure
depends on how strongly the individual components of the
amplitude histogram are separated. In the best case (at high
single-channel currents), the routine can be finished after
the first run. In worse cases, several readjustments using
the above scheme may become necessary. At the end of the
manual fitting routine, an automatic run with the simplex
algorithm may result in fine adjustment (or in a stray run).

It may be desirable to have an algorithm which auto-
matically does the fit along the list of steps given above.
The salient feature for such a fully automatic fitting routine
would be a new error criterion, which would accept a
parallel line as a preliminary result. After having achieved
the parallel location of the hypothetical and measured side
slopes (regions 4 and 3 in Fig. la) the theoretical slope
should be shifted towards the measured one by adjusting
ko3 (or kyp). Programming of such an algorithm may
become worthwhile if urgent scientific questions have to be
answered by an intense application of the five-state anal-
ysis of beta distributions.
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