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ABSTRACT In this paper we present a transistor circuit model for cystic fibrosis transmembrane conductance regulator
(CFTR) that seeks to map the functional form of CFTR both in wild type and mutants. The circuit architecture is configured
so that the function, and as much as possible the form, faithfully represents what is known about CFTR from cryo-electron
microscopy and molecular dynamics. The model is a mixed analog-digital topology with an AND gate receiving the input
from two separate ATP-nucleotide-binding domain binding events. The analog portion of the circuit takes the output from
the AND gate as its input. The input to the circuit model and its noise characteristics are extracted from single-channel
patch-clamp experiments. The chloride current predicted by the model is then compared with single-channel patch-clamp re-
cordings for wild-type CFTR. We also consider the patch-clamp recordings from CFTR with a G551D point mutation, a clinically
relevant mutant that is responsive to therapeutic management. Our circuit model approach enables bioengineering ap-
proaches to CFTR and allows biophysicists to use efficient circuit simulation tools to analyze its behavior.
WHY IT MATTERS The dysfunction of cystic fibrosis transmembrane conductance regulator (CFTR), induced by
mutations, is responsible for the disease cystic fibrosis. While much is known about the functional aspects of CFTR,
significant gaps remain in our knowledge and understanding. Paths toward a fuller understanding of this membrane
channel include structural studies, molecular dynamics simulations, and single-channel patch-clamp studies of function
that may be enhanced using modeling approaches as described here. The circuit is, in the parlance of electronics, a
voltage-to-current converter. For a biophysical approach, one could think of the circuit as an energy-to-current converter.
The computational efficiency and complexity of circuit simulation tools, such as LTspice and Cadence, facilitate the
investigation of wild-type CFTR and its mutations.
INTRODUCTION

Ever since the cloning of the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene in 1989 (1),
the corresponding protein, CFTR, has been studied
extensively because it is the locus of the primary defect
in the disease cystic fibrosis (CF). CF is a multiple-or-
gan disease, affecting primarily the respiratory and
digestive tracts, with substantial impact on the quality
and length of life of individuals affected by the disease.
The genetic complexity of CF is substantial, with nearly
2000 CFTRmutations identified (2) and more than 300
identified as disease-causing (3). While recent years
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have seen the development of novel therapeutics for
a subset of these mutations leading to enhanced sur-
face expression and activity of CFTR in epithelial cells,
not all genotypes are responsive. Hence, further under-
standing the functional mechanisms by which CFTR
activity leads to chloride secretion remains critical for
developing further therapeutic approaches. Under-
standing CFTR is challenging in part because it is
unique. While it is built upon the structural plan of the
ATP-binding cassette (ABC) transporter superfamily,
it mainly functions as a channel rather than a trans-
porter (4). The ABC transporter superfamily represents
an ancient lineage of transmembrane proteins found in
all organisms. These typically have four domains: two
nucleotide-binding domains (NBDs) and two trans-
membrane domains (TMDs) (5). CFTR bears an addi-
tional domain, the regulatory R domain, which must
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be phosphorylated in order for the channel to function.
Other ABC transporter proteins move a preferred sub-
strate in a single direction across the membrane with
typically a strict stoichiometric relationship between
the amount of substrate transported and the number
of ATP molecules consumed. The binding of ATP at,
typically, two distinct sites, across the interface of
the twoNBDsas theydimerize, inducesconformational
change in the TMDs. The hydrolysis of ATP leads to the
translocation of the substrate across the membrane;
hence, traditional ABC transporters are primary active
transporters (6). CFTR, on the other hand, evolved to
use ATP to form a pathway for chloride or bicarbonate
ions to cross the plasmamembrane whereby ions flow
passively down their electrochemical gradient until
ATP is hydrolyzed and the channel closes (7). CFTR
uses a modified “alternating access” transport mecha-
nism (8) whereby the rapid conformational changes
more closely associated with canonical ABC trans-
porters that regulate accessibility to the substrate-
binding pocket from only one side of the membrane
at a time are altered in order to form a continuous
pathway across the membrane—on the time scale of
a second (9). In the traditional alternating access
model, the substrate has access to the binding site
from inside the cell (inward-facing state) or from
outside the cell (outward-facing state) but not both at
the same time (10). In CFTR, the inner gate that would
typically block diffusion from the substrate-binding
pathway into the cell in the equivalent of the outward-
facing state is degraded such that the substrate trans-
port pathway is no longer closed to the inside, thereby
enabling diffusion of substrate (chloride) across the
membrane. CFTRalsobears aseries of intraprotein res-
idue-residue interactions that stabilize the open state,
further slowing the pump-like action of canonical ABC
transporters (7). The cycle of conformational changes
in ABC transporters, such as CFTR, are driven by the
binding and hydrolysis of ATP at the cytosolic NBDs.
One of CFTR's NBDs bears a degenerate ATP-binding
site, a feature found in some transporters from the
ABCC class (11), and thus CFTR can only hydrolyze
ATP at one of the two binding sites.

CFTR also possesses a unique regulatory domain
(R domain) represented by approximately 240 residues
found between NBD1 and TMD2 (1). The R domain is
an intrinsically disordered domain and appears to have
evolved from the incorporation of intronic sequence
following the loss of an RNA splicing site (12). While
the mechanism by which the R domain regulates
CFTR function remainsunclear, it tightly regulates chan-
nel function based on the phosphorylation state of mul-
tiple residues in this domain (13,14).

While CFTR is clearly a member of the ABC trans-
porter superfamily, its unique function as an ion chan-
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nel has enabled this complex protein to be studied at
very high resolution, in both amplitude and time using
a variety of electrophysiological techniques. In combi-
nation with cell biological techniques, electrophysio-
logical approaches have been used to characterize
and classify many clinically relevant mutations as
they have been identified (15–17). In combination
with site-directed mutagenesis, electrophysiological
experiments led to the identification of many residues
critical to CFTR function (18). Structural data from
cryo-electron microscopy combined with molecular
dynamics techniques are helping the community to
gain a better understanding of the locations of these
key functional residues within CFTR. It is hoped that
this work may assist in the development of new ther-
apeutics. In short, there is still much work to be
done in this area.

In this paper we present a transistor circuit model of
the CFTR membrane channel. The importance of cir-
cuit models to represent electrophysiological events
has been clear at least since Hodgkin and Huxley
(19). They were awarded the 1963 Nobel Prize in Phys-
iology and Medicine for the development, after more
than a decade of research, of a circuit model which
provides insight into the underlying biophysical prop-
erties that are central to the operation of axons. A
key aspect of the Hodgkin-Huxley (H-H) model is the
set of nonlinear differential equations used to express
transport of Kþ and Naþ through ion-specific voltage-
gated channels. Over the years since there has been
much work on electronic modeling of neuronal pro-
cesses (20–32). but the H-H model remains the work-
horse of neurophysiology (33). The H-H model is a
macroscopic one and was developed from clever
experimental measurements and patch techniques
(34). It is interesting to note, and germane to the pre-
sent paper, that although Hodgkin and Huxley re-
ported their seminal work in 1952 (19,35–38), it was
not until 1981 that the controversy regarding the role
of these individual membrane channels in cellular
electrical activity was settled by the paper from Hamill
et al. providing single-channel patch-clamp measure-
ments (39). Roughly 30 years passed between Hodg-
kin and Huxley's macroscopic model of axon
electrical activity and an understanding of the underly-
ing microscopic foundation.

Let us examine the usefulness and proper fit of tran-
sistors to the modeling of membrane channel function
and in particular CFTR. Ions such as Kþ;Naþ;Ca2þ, and
Cl� move back and forth across the plasmamembrane
of theeukaryotic cell by the forcesof diffusionanddrift.
These forces are the same physical forces which drive
electrons and holes in semiconductor devices such as
the bipolar junction transistor (BJT). To the untrained
eye, it may appear that utilizing transistors as



components in the CFTR model glosses over much of
the beautiful physics associatedwith these structures.
However, circuit modeling programs such as Cadence
(www.cadence.com) and LTspice (Analog Devices)
can incorporate a multitude of physics modeling for
each individual component. For example, Verilog-A is
a programming language used for themodeling of tran-
sistors for analog integrated circuits, and some of
these models have up to 2000 lines of code. These
model equations include both linear and nonlinear as-
pects of the transistor behavior. Given the complexity
of the physics available within a transistor model, our
approach should be seen as a technique complemen-
tary to molecular dynamics. Although it might seem
better in electronics to keep track of every electron,
every hole, and impurities and defects within a semi-
conductor crystal, what has been found since the
beginning (40) is that models which capture the essen-
tial device physics and are accurate in their predictions
of transistor behavior are of tremendous value. These
modeling tools are quite accurate. One could not fabri-
cate the chips of today, which contain billions of tran-
sistors, without simulation tools that predict the
device behavior while also including manufacturing
variations.

Furthermore, although many applications of BJTs
are in the device's linear region of operation, there
are many for which the nonlinear properties of the
transistor must be considered. As such, BJTs are
excellent components to be included in models for
cellular electrophysiological function and, more impor-
tantly here, individual membrane channel function.
There have been a number of researchers who have
investigated the use of transistors for single-channel
modeling (41–48). To the best of our knowledge this
is the first report of a transistor model for CFTR, a
unique channel regulated by the combination of
post-translational modification (via phosphorylation),
ligand binding (ATP), and hydrolysis of that ligand,
thus resulting in a cyclical gating scheme.

Concisely, the main contribution of this paper is a
transistor model for the membrane channel CFTR.
The circuit-component-level representation facilitates
the modification of transistor parameters so as to
mimic the impact of various mutations of CFTR. The
output of our circuit model will be compared with sin-
gle-channel patch-clamp experiments.
MATERIALS AND METHODS

Preparation of oocytes and cRNA

For electrophysiology experiments, Human CFTR cRNAs used in this
study were prepared from constructs encoding the wild-type (WT)
CFTR gene in the pGEMHE vector. The G551Dmutant was generated
using the Quikchange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) and the entire open reading sequenced as previously re-
ported (49). Xenopus laevis oocytes were injected with 0.5–10 ng
of CFTR cRNAs based on the standard experimental protocol, and
were incubated at 17�C in modified Liebovitz's L-15 medium with
addition of HEPES (pH 7.5), penicillin, and streptomycin. Electro-
physiology experiments were performed 24–96 h following injection
of cRNAs. Protocols for frog handling and oocyte collection were
based on and adhere to NIH guidelines, and have been approved
by the Institutional Animal Care and Use Committee of Emory
University (49).
Electrophysiology

All electrophysiology pipettes used for inside-out single-channel re-
cordings were pulled from borosilicate glass (Sutter Instrument, No-
vato, CA) and pipette resistances were roughly 10 MU after filling
with chloride-containing pipette solution: 150 mM N-methyl-D-gluc-
amine chloride (NMDG-Cl), 5 mMMgCl2, 10 mM TES (pH 7.5), as pre-
viously reported (50,51). Oocytes were shrunk in hypertonic solution
followed by manual removal of the vitelline membrane before elec-
trophysiology experiments. Inside-out patches were excised from
CFTR-expressing oocytes, and CFTR channels were activated in
cytoplasmic solution containing 150 mM NMDG-Cl, 1.1 mM MgCl2,
2 mM Tris-EGTA, 10 mM TES, 1 mM adenosine 50-triphosphate mag-
nesium (MgATP), and 127 U/mL protein kinase A (PKA) (pH 7.45). All
electrophysiology experiments were carried out at room tempera-
ture (22�C–23�C) using an Axopatch 200B amplifier. Data were re-
corded to digital tape, then played back and acquired to a
computer using Clampfit 9.0 (www.moleculardevices.com). Single-
channel data were analyzed with Clampfit 10.2 software (49,52).
The structure and state model for CFTR are shown in Fig. 1.
Source of reagents

Unless otherwise noted, all reagents were obtained from
MilliporeSigma (St. Louis, MO). L-15 medium was obtained from
Gibco/BRL (Gaithersburg, MD). CFTRinh172 was purchased
from Calbiochem (Burlington, MA) and made as 50 mM stock in
DMSO for future use. PKA was used at, or diluted from, 127.6 U/mL
to indicated final concentrations for patch-clamp experiments (Prom-
ega, Madison, WI). VX-770 was initially made as a 10 mM stock solu-
tion dissolved in DMSO (Selleckchem, Houston, TX). All chemicals
used in this study were diluted to their final concentration in the rele-
vant recording solution immediately prior to use (51).
CFTR transistor circuit model

CFTR membrane channels receive input energy from two ATP mole-
cules binding directly at the interface of the NBD1 and NBD2 dimer
and use this energy to open the CFTR pore so that chloride ions may
flow through the channel. One of the ATP molecules, which we will
call ATP1, binds ATP-binding site #1 (ABS1, comprising sequences
from both NBD1 and NBD2) and stays bound for a considerable
period of time, since ATP hydrolysis at ABS1 is defective because
of mutations common across the ABC lineage that includes CFTR.
The other ATP molecule, which we will call ATP2, binds ABS2 (also
comprising sequences from both NBD1 and NBD2), and this keeps
the WT-CFTR channel open for roughly 600 ms on average. Once
ATP2 is hydrolyzed, the channel rapidly closes. It is theorized that
the combination of the two ATP molecules binding to ABS1 and
ABS2 in WT CFTR results in a torquing of the protein around a
fulcrum point roughly in the midpoint of the membrane (7). This tor-
que causes a rotation of the membrane domains of the protein
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FIGURE 1 The structure and state space rep-
resentation for CFTR. (A) The protein structure
from closed state (C0) to open state (O). (B)
State model representations. Brown and yellow
are representations of two halves of the trans-
membrane portion of the protein. Green and
blue configured in the Yin-Yang symbol repre-
sent NBD1 and NBD2. The red circles represent
the bound ATP molecules. Chloride current is
shown by the red arrow (53).
about a center of mass with a radius of gyration, RG (54). This results
in an opening of a pore in the CFTR membrane channel. The subse-
quent effect of this is to allow for the transport of Cl� ions.

One of our metrics of circuit model efficacy is to have the predic-
tions provided by the circuit to faithfully represent single-channel
WT and the G551D mutant patch-clamp single-channel recordings.
For the single-channel recordings presented here, the chloride con-
centration outside and inside the cell are the same. As such, the
Nernst potential for Cl� is zero. Slight modifications would need
to be made to the model to allow for a non-zero Nernst potential
and for the possibility of other ions being transported through
CFTR such as bicarbonate (HCO3). In this paper we will restrict
FIGURE 2 The mixed analog-di
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our discussions to the circuit of Fig. 2, which is a model of CFTR un-
der the experimental conditions of our single-channel patch-clamp
measurements.

The analog portion of the circuit, shown in Fig. 2, is a voltage-to-
current converter representing the mechanism within the CFTR
membrane channel in which the energy associated with ATP binding
results in Cl� current flow. What is driving the CFTR channel is the
two ATP molecules being bound at the same time to the NBD re-
gions. As such, input to the analog portion of the circuit is very
much like an AND gate in a digital circuit. Both inputs have to be
high to produce a positive output. The input section of the model
is shown on the left side of Fig. 2 as a digital circuit. The voltage
gital circuit model for CFTR.



FIGURE 3 Representative WT-CFTR patch-clamp measurements on three different time scales.
sources associated with ATP1 and ATP2 are each labeled with DGLR
q .

The energy associated with the binding of the ATP molecules is the
Gibbs free energy associated with the ligand-receptor interaction be-
tween the particular ATP molecule and the portions of NBD1 and
NBD2. Since volts equate to joules per coulomb, we can divide the
Gibbs free energy by q, the charge on an electron, to obtain the
voltage associated with this particular source in the circuit model.
Ligand-receptor aspects of these sources are emphasized via the
subscript LR for the sources in the circuit of Fig. 2. The resistors,
R1 and R2 are a summing network for the input from ATP1 and a
noise source. The energy from ATP2, through the resistor, R3, is
the other input to the AND gate, marked with an ampersand (&) in
Fig. 2.

Much has been gleaned over the years in CFTR research from the
membrane channel noise (55). The presence of a noise source in
the model facilitates simulations of the CFTR channel response
to the same. We have chosen to use BJTs, labeled Q in Fig. 2, for
the active devices in the analog portion of the model. The output
of the AND gate is then combined with another noise source
through a summing network, comprising R4 and R5, before the
input to the base of Q1. Q1 and Q2 are in a configuration that is
called a differential pair. This configuration only works in elec-
tronics if the transistors are perfectly matched, which is to say
identical.

A multitude of aspects of CFTR can be incorporated into the dig-
ital portion of the model. In addition to the introduction of noise
sources the internal design of the AND gate can be modified, for
example by varying the thresholds at which the output of the AND
gate goes low or high.

ICM is the current which biases the differential pair into an active
region of operation. In an actual analog circuit, this current would
be generated by a current source and an associated current mirror.
Q3 is a split collector BJT and helps to ensure that under DC con-
ditions, the collector currents being supplied to Q1 and Q2 are equal
so that the differential pair is in perfect balance. Q4 is a PNP BJT,
which is biased with 1

2ICM so that the collector voltages of Q1 and
Q2 will be the same. In addition, the collector currents through Q1

and Q2 will be the collector current from half of the split collector
and the base current from Q3 and Q4, respectively. It is imperative
in analog integrated circuit design that components in associated
circuits, such as differential pairs and current mirrors, be identical
in their parameters and that they be biased with the same collector
currents and collector voltages. As we will show, one of the ways
one can think of this model is that in the WT CFTR the transistor
components are matched and identical. In the various mutants
they might not be identical components. It should be pointed out
that for WT CFTR the structures of NBD1 and NBD2 are homolo-
gous, but not precisely identical. In contrast to the structure of
the WT-CFTR channel, G551D-CFTR has a point mutation in the
NBD1 region, so for this variant it would be appropriate to map
the NBD regions into a differential pair of Q1 and Q2, that are no
longer perfectly matched.

One of the characteristics of a differential pair is that, in the
normal region of operation, the inverting and non-inverting inputs
are nominally at the same voltage. In our case this means that the
voltage at the base of Q1 is the same as the voltage at the base
of Q2. Because the base voltages are held at the same voltage,
this can be used to refer to the input voltage at the base of Q1 to
the emitter of Q5. The emitter current then drawn by Q5 is given by

Ie5 ¼
DGLR
q � Vcc

R3
:

This current is then mirrored over to Q7 from Q6 and appears in
Fig. 2 as ICl� , the chloride current.
Biophysical Reports 3, 100108, June 14, 2023 5



FIGURE 4 Representative G551D CFTR patch-clamp measurements on three different time scales.
Model for input source

When looking at the bibliography of ATP binding in CFTR (56–60),
we see that the chemical kinetics of the two ATP molecules are
very different. While one of the ATP molecules, ATP1, has a very
slow dissociation rate, remaining bound to CFTR for a long time,
the other molecule, ATP2, binds and dissociates from CFTR at a
much faster rate—dissociating as ADP, if the ATP is hydrolyzed.
Because of this difference in chemical kinetics, which ranges over
several orders of magnitude (ATP1 can stay bound for hundreds of
seconds while ATP2 stays on the order of milliseconds), we can
disregard the effect of ATP1 in our circuit model. We assume that
it is always bound in our patch-clamp recordings, while the ATP2
binds and unbinds relatively freely. With this assumption in hand,
we can model the behavior of the binding of one ATP2 to its binding
site. The kinetic binding of an ATP to the NBD regions can hence be
modeled as a Poisson process.

Initially, we theorized that there can be more than one state tran-
sition in this process—assuming a sum of exponentially distributed
random variables. This yields an Erlang distribution with an un-
known number of hidden states. However, after fitting the Erlang dis-
tribution to the open and closed times, we realized that the best fit
was an Erlang distribution of order n ¼ 1. This simplifies to an expo-
nential distribution. Thus, we will use an exponentially distributed
random variable to generate the open and closed times. The
MATLAB code was used to generate a vector of 0s and 1s (closed
or open states) with an average open time (to) and closed time
(tc) set to those metrics gleaned from the single-channel patch-
clamp recordings. This output vector was then used as a model
6 Biophysical Reports 3, 100108, June 14, 2023
for the voltage sources DGLR
q in Fig. 2. Also, the sampling frequency

and the total duration time are variable in our code. The exponential
distributions for the open and closed times are set to be indepen-
dent of one another.

The noise in patch-clamp recordings is of great importance in under-
standing its nature. Although in some cases this noise is undesirable
and reduces the accuracy of the measurements, in this case noise is
an important component of the signal and should not be ignored. It
is known that in CFTR noise there are components that are not from
the measuring techniques but from the channels themselves, and
these could give us some information about the protein structure,
behavior, and mutations. To mimic in our model the noise observed
in the patch-clampmeasurements, we are utilizing two different noise
sources with different components and objectives. First, we are
including someGaussianwhite noise after theANDgate (withR5 input
resistance) that applies both to open and closed states. Moreover, it
should be emphasized that the rate of ATP-NBD binding events is line-
arly dependent on the concentration of ATP, at least within the low-
millimolar range, which is a key parameter of the model.
Noise

We used the white noise function from LTspice with amplitude of 1 V
and set it in parallel to the output from the AND gate so that the
voltage in the input node contains both the output signal from the
AND gate and the noisy component from this noise source. This ac-
counts for the uncertainty of the measurement as well as the small
variations in the current through the CFTR with no distinction



FIGURE 5 WT-CFTR model results at three time scales.
between the open and closed states. This helps make the signal
more similar to the patch-clamp data.

As the ATP-NBD binding events depend on random interactions
between ATP molecules in the environment and the NBD regions,
the open durations of the circuit are random. Moreover, these inter-
actions depend on whether the NBD is capable of receiving an ATP
molecule and is already occupied by a previously bound ATP. Thus,
the binding events have an inherently stochastic underpinning.

Between ATP-NBD events, CFTR proceeds through a sequence of
transitions among hidden kinetic states before the NBD region is
once again ready to accept ATP. The transitions may be modeled
as a Poisson process. Thus, the total time taken for an opening or
closing is the sum over the exponentially distributed random time
between events. Assuming no recurrence (or rare recurrence) be-
tween states, and assuming the transitions between hidden states
occur at roughly the same rates, the total time between ATP-NBD
events takes on an Erlang distribution, with order equal to the num-
ber of state transitions in each opening and closing.
LTspice simulation and methodology

The circuit simulation tool we elected to use was LTspice. Our goal
here is to map the protein structure of the CFTR membrane channel
to the transistor circuit. The flexibility of this tool is important in be-
ing able modify some of the individual transistor parameters to more
closely align with the biophysical consequences of CFTRmutations.

The default settings for the thresholds for the AND gate were used
for virtually all of the modeled data in this paper. However, an addi-
tional attribute of LTspice is that the inner electronics of the AND
gate can be modified readily to alter the thresholds at which the
AND gate switches high and low. More is to be said about our use
of this characteristic of the model and simulation tool in the flicker
noise section of this paper.

The LTspice model is designed to predict the chloride channel cur-
rent resulting from ATP binding so that we can obtain simulated
patch-clamp data and be able to collect statistics associated with
open and closing times and open probabilities.

An important attribute of this simulation tool, and many of the
SPICE-based models, is that one can easily alter the characteristics
of any transistor. Furthermore, programming languages internal to a
circuit simulation tool, such as Verilog-A, can be used to incorporate
both linear and nonlinear aspects of the transistor behavior. Given
the complexity of the physics available within a transistor model,
our approach should be seen as a technique complementary to mo-
lecular dynamics.
RESULTS

Measured patch-clamp data

Representative single-channel current traces of WT-
and G551D-CFTR are shown in Figs. 3 and 4. We
note that because the rate of G551D-CFTR activation
is extremely low, we allowed G551D-CFTR to be acti-
vated by MgATP and PKA for only 10 min in order to
Biophysical Reports 3, 100108, June 14, 2023 7



FIGURE 6 G551D-CFTR model results at three time scales.
maintain the high-quality seal resistance needed for
these recordings. This is our standard protocol for sin-
gle-channel patch-clamp recordings.
Model source characterization

One of the ATP molecules, ATP1, is essentially always
bound under physiological conditions, which is to say
that this ATP-binding site #1 is always occupied by
ATP at steady state. The interval between binding
events at ATP-binding site #2 depends upon the ATP
concentration in the solution. Assuming about 1 mM,
which is close to the ATP concentration in normal
cells at rest, the turnover rate for ATP is about 0.5
per second (9). We also know that WT CFTR has a
typical open duration of 600 ms. If we assume that
opening is very fast after binding of ATP and that clos-
ing is very fast after hydrolysis, which is not so well
known, this is likely a good estimate of how long
ATP is bound.

In the “model for input source” section, we noted
that the times between ATP-NBD events could be
modeled with an Erlang distribution. Moreover, since
these events govern the opening of the channel, the
time between events may be observed by measuring
8 Biophysical Reports 3, 100108, June 14, 2023
the time between channel openings. Given results
such as those in Figs. 3 and 4, the mean of the Erlang
distribution is chosen to match the average open and
closed durations, as determined from the patch-clamp
measurements.
Model results

We first seek a qualitative comparison of model data
with the measured data to determine the efficacy of
the model. In Fig. 5 we present the current output
from the circuit model in LTspice for the WT-CFTR
membrane channel showing open and closed states.
The plotted current curves are not unlike the
measured patch-clamp data that was shown in
Fig. 3. In Fig. 5 we can see that the model can repro-
duce most of the characteristics of the measured
signal, including the noise signal and the flickering
in the open state. In Fig. 6 we present the model re-
sults for the G551D mutation and note that they are
also similar to those obtained from patch-clamp mea-
surements shown in Fig. 4. So in terms of the qualita-
tive appearance, our model does a reasonable job of
mimicking the patch-clamp behavior of the CFTR
channel.



FIGURE 7 Histograms showing open and closing times: (A) WT measured, (B) WT modeled, (C) G551D measured, and (D) G551D
modeled.
Statistical behavior of the model

Over the simulation of the WT-CFTR model for 100 s
and for the measured patch-clamp data for the WT-
CFTR membrane channels, we measured the open
and closed durations using the standard methodol-
ogy. The histograms for the open and closed times
for the WT-CFTR measured data are shown in Fig. 7
A. The histograms for the open and closing times for
the modeled WT CFTR are presented in Fig. 7 B. In
Fig. 7 Cwe present the histograms for the patch-clamp
measurements of the G551D mutant. Shown in Fig. 7
FIGURE 8 Histograms for WT
D are the open and closed time histograms for the
modeled G551D mutation.

In Fig. 8 the histograms for the WT-CFTR channel,
both the patch-clamp measurements and the model
output, are presented. These histograms are used in
standard practice to give us the opening and closing
probabilities. In Fig. 9 we present the histograms for
the G551D-CFTR mutation. Finally, we present the
collected statistics for the patch-clamp measure-
ments and the model results. Membrane channels
are typically characterized by their open probability
measurement and model.

Biophysical Reports 3, 100108, June 14, 2023 9



FIGURE 9 Histograms for G551D measurement and model.
Po, open time (to), and closed time (tc). These mea-
surements are the usual statistical variables
computed from patch-clamp measurements. The
summary of all the statistical variables computed
can be seen in Table 1, where they are shown for
both the WT and the G551D-CFTR mutation.

Table 1 is key to understanding the success of our
model. We can clearly see the similarity of all the sta-
tistical parameters in the measured data and the
model, both in the WT and in the G551D mutant.
This is the final quantitative demonstration that our
model can reproduce the data and change depending
on the parameters desired.
DISCUSSION

In this paper we have presented a mixed analog-digital
circuit model for the CFTR membrane channel. In
essence this circuit, presented in Fig. 2, is a voltage-
to-current converter where in this case the driving
voltage is the energy associated with ATP-binding
events. The front end of the circuit is a logical AND
gate which drives one transistor of a differential pair.
This voltage is then referred over to the other tran-
sistor of the differential pair where that voltage sets
up the current, which is then mirrored to the output
TABLE 1 Mean values Po;to, and tc for WT and G551D measured
and modeled

Wild type G551D

Measured Modeled Measured Modeled

Po 0.89 0.90 0.19 0.21
to 1,170 ms 1,313 ms 403 ms 470 ms
tc 137 ms 140 ms 1,680 ms 1,735 ms
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as the chloride channel current. We used the model
to simulate the chloride current in a WT-CFTR mem-
brane channel and the G551D mutant of CFTR. One
of the potential advantages of this model is that modi-
fication can be made in LTspice to the transistor pa-
rameters. There are roughly 2000 mutations of CFTR
known, a good many of which are widely known with
substantial single-channel patch-clamp measure-
ments available. For example, there are mutations in
the R domain which result in a lower number of phos-
phorylation sites and hence the supply voltage,
VR domain , which supplies a bias of sorts to the CFTR
membrane channel, would be lowered.
Flicker noise

The introduction of this noise source is one of the
most novel aspects of this circuit model. This is
done by adding a Gaussian white noise source in par-
allel with ATP1, which creates some noise before the
input to the AND gate. Then, and of critical importance,
the thresholds of HIGH and LOW states in the AND
gate model within LTspice were adjusted to be at a
level inside the variance of the white noise. Without
this noise source, the AND gate will always result in
a HIGH output when ATP1 is set to HIGH. However,
in this case, when the ATP1 is set to HIGH, the vari-
ability makes the output change between HIGH and
LOW at very fast rates. The proportion of HIGH and
LOW states depends on where this threshold is set.
The resulting prediction of flicker noise is shown in
Fig. 10 for three different thresholds for the AND
gate. Flicker noise has for some time been observed
in patch-clamp measurements of CFTR. Future efforts



FIGURE 10 Flicker noise for three different thresholds for the AND gate.
will be directed at understanding this phenomenon
better and what physiologically may be analogous to
a modification of the AND gate threshold.
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