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Appendix 1.

Computational model of membrane potential modulation of insulin secretion.

A schematic diagram of the biochemical steps, Ca** handling, channels and mechanisms of IS
regulation in B-cell is presented in Fig 1 in text. The data used to fit the computational model in our
study were taken were possible from isolated human B-cells and islets. Since human pancreatic -
cells remain incompletely understood, there remain gaps in any completely B-cell specific data set.
For the purpose of making a convenient model we have chosen plausible suggestions of

mechanisms of regulation and parameters from rodent B-cells or other cell types to close the gaps.
1. Channels and their mathematical description

The electrophysiological behavior of a single B-cell can be described with the following current

balance differential equation

dVp
—Cmn—=Ina+ lcaL + lcap + lcat + lpca + Ikpr + lkcab + Ikca + Ikher + Ikate + Inab (1)

dt
where V, is the plasma membrane potential, t is time, Cy, is the whole-cell membrane capacitance,
Ina is the voltage-gated Na* current, Ica. and lcqp are high-voltage-activated “L- and P/Q-type” Ca**
currents, lcar is the low-voltage-activated “T-type” Ca?* current, lpc, is the plasma membrane Ca?*-
pump current, lxpr is the rapid delayed-rectifier K* current, lxca is the Ca®* and high voltage-
activated K* (BK-like) current, lxca is the Ca?* activated K* (SK-like) current, lxper is the human-
ERG K" channel current, Ixatp is the ATP-sensitive K™ channel current and Iygp, is the Na*
background current (Fig. 1 in text). Mathematical description of currents is represented in Appendix
2.

2. Mathematical description of Ca®* dynamics

Ca®* enters into cells through Ca®* channels and is removed by Ca** pumps and exchangers. Ca®*

handling can also include ER and mitochondrial sequestration. Including only fluxes through Ca?*



channels and Ca** pumps on PM, the equations for free cytoplasmic Ca®* ([Ca®*]c) dynamics can be

written as follows:

d[Ca™]. fei (—lcaL — lcat — lcar —2 Ipca)
_ — kg [Ca*"]c )
dt 2F V.

where f;; is the fraction of free Ca®* in cytoplasm, F is Faraday’s constant, V. is the effective
volumes of the cytosolic compartment, and ks, is a coefficient of the sequestration rate of [Ca”"]..
However, detailed data on Ca®* dynamics during one spike in human islets is lacking, so we

used the coefficients we employed for mouse islets’ (Table S1).
3. Insulin release

We model the electrophysiological events inside one cell and also describe granule exocytosis for
one cell. We represent the long-term insulin release in its simplest form as the dependence both on
Ca®" influx through specific non-L-type Ca** channels and [Ca?*]. as in our models for “immediate
fusion” of insulin granules (see for details?) and glucagon secretion.® Then a rate of relative 1S for

one cell can be written as

fis = fvca fica + Kre (3)
fuca = (-Kci lcap/F) (4)
fica = [Ca®"]" Y (Kica" ™ + [Ca?*]"“) (5)

where fis is the rate of exocytosis in one cell; fyc, is the activation function of non-L-type Ca?
channels, where ke is the stoichiometric coefficient and Ic.p/F is the Ca?* influx through specific
VGCCs (P/Q-type Ca?* channels in this work); fica is the calcium potentiating factor, where Kica is
the half-maximum Ca?* activation constant and hiCa is the Hill coefficient and kr is the rate
coefficient for insulin production under resting conditions (in hyperpolarized cells).

To express the experimentally measured rates of long-term IS we should take into account all
B-cells in all islets. For simplification we propose that insulin release occurs in numerous B-cells

which have similar properties. For example, in a hypothetical perfusion experiment where one islet
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is localized in a perfusion chamber, the insulin concentration in media surrounding this islet and the

rate of insulin release from this chamber can be written as in article®

d [In]s / dt = s Ni/Vpi— ke [I] (6)

ls = ksi kpi [In]s (7)

where [In]s is the relative insulin concentration in medium, f; is the rate of exocytosis in one cell, N;
is the amount of B-cells in one islet, V,; is the volume of the chamber, ky; is the perfusion
coefficient, I is the relative insulin secretion rate in the perfusion experiment, kg is the scaling
coefficient.

Human islets contain a substantially higher proportion of a- and &-cells than rodent islets.*”
Estimated that an “average” islet has about 1000 cells® we suggested that the number of p-cells in
one islet (coefficient N; in Eq. 6) is about 600. We have used relative units for our comparative
simulations of [In]s and IS and fit the coefficients for insulin release in Table S1 suggesting that
mean relative insulin concentration in chamber and relative I are about 1 at high glucose levels in

our hypothetical perfusion experiment (see Fig. 3 in text).
4. Computational model

We have constructed the computational model of insulin secretion in human B-cells as the complex
of the differential equations for the regulation of PM potential (Eq. 1) , Ca®* handling (Eq.2), [In]s
(Eq. 6) and the voltage-dependent gating variables for channels (see Appendix 2). The influence of
glucose was modeled as the changes in ATP/ADP ratio that determines Karp channel opening.
Precise determination of the model coefficients is limited due to a lack of adequately
experimental data. Therefore, the model parameters were evaluated from the literature when
possible and were also found by fitting a set of known experimental data as an important reality-
test. Equations and parameter values (Table S1 and S2) contain all the information necessary to
carry out the simulations presented in this paper and are pointed out in the text as a simulation at
basal levels. In some cases, when the values of parameters differed from those at basal level the

values assigned are noted in the text or in the corresponding figure legends. To calculate persistent



cellular parameters, the model was allowed to run up to steady values without changes in
coefficients.

The units, except where indicated otherwise, are: time in milliseconds (ms), voltage in
millivolts (mV), concentration in micromoles/liter (uUM), current in femtoamperes (fA), conductance
in picosiemens (pS), capacitance in femtofarads (fF).

Numerical integration was carried out using standard numerical methods. Simulations were
performed using the software environment “Virtual Cell”’. This model is available for direct
simulation on the website “Virtual Cell” (www.nrcam.uchc.edu) in “MathModel Database” on the
“math workspace” in the library “Fridlyand” with the name “Human Beta cell. Visualization and

graphical analysis were performed using “Excel”.



TABLE S1. Cell and membrane current parameters

Parameter  Definition Value Units Equation  Reference
Cm Membrane capacitance 9,990 fF 1 8
\VA Cytosol volume 0.764 pL 2 ’
. 24 -
£ Fraction of free Ca”" in 0.005 Ul 2 f
cytoplasm
F Faraday constant 96,487 C/mol 2 Physical constant
Coefficient of the ms™ 2 ’
g sequestration rate of [Ca*]. 0.00001
.. . f . -1
ke Coefﬁm_ent_of relative |_n_suI|n 0.00073 ms 3 f
production in rest conditions
Kei Stoichiometric coefficient 2 Ul 4 f
K Half-maximum Ca’* 02 M 5 f
ica activation constant '
hica Hill coefficient 2 Ul 5 f
N; Amount of B-cells in one islet 600 Ul 6 f
Vi Relative volume of the 45000 Ul 6 f
chamber
Kpi Perfusion coefficient. 0.0001 ms™* 7 f
Ksi Scaling coefficient 10000 Ul 7 f

f, adjusted to fit the experimental values; Ul, unitless



Appendix 2.
Mathematical modeling of ion channels

This section details the equations and parameters utilized in the simulations of human B-cell action
potential. A conventional Hodgkin-Huxley-type model was used for voltage-gated Ca**, Na* and K*
channels as it was used in our previous model that described spike activity in mouse p-cells.
Boltzman-type equations are employed for steady-state activation and inactivation functions.

1911 or are described here

Coefficients used in the model were either adopted from previous models
(Tables S1 and S2). While some aspects of human B—cell physiology and pharmacology have been
reported, many quantities, like the measurement of the individual K*, Na* and Ca®* channel
contributions to the overall V, responses during AP generation, the time constants for channel’s
parameters and others have not been determined experimentally. The parameters for which there are
no specific experimental data were chosen during preliminary simulations to produce a close fit to
experimentally observed I-V relations for corresponding currents and to reproduce reasonable
picture of AP firing in different experimental conditions (see Secs. 4-7 in text for simulations).

However, all parameters and constants were fitted to be in their physiological ranges.
1. Voltage-gated Na* current (In,) (Figure S1)

The classic formulation for the Iy, current assumes that the Na* conductance is controlled by
the product of the activation variable (dna) and the fast inactivation gating variable (fn,)*? that we
also used. Coefficients for steady-state activation and inactivation variable curves were fitted to
have a bell-shaped peak current voltage dependence with activation near -30 mV and the maximal
height at 0 mV for of human Na* channels in p-cells® **** (Fig. S1C and Table S2). Values of the
time constants for the gating variable have not been characterized, so we used approximations based
on current decay data® (Table S2). Additionally, the voltage-independent coefficient (knar, Eq. A1)
was included to analyze a role for hypothetical persistent Na* current (see discussion in Sec. 6.2).

This coefficient was accepted as zero at basal set of coefficients in Table S2. Then

INa = OmNa (dNa3 fna + kNar) (VP - ENa) (Al)



d dNa dNai - dNa

- (A2)
dt TdNa
1
dNai = (A3)
1+ exp[(Vana — Vp)/ Kanal
d fNa fNai - fNa
_ (Ad)
dt TfNa
1
fNai = (AS)

1+ exp[— (Vina — Vp)/ Kinal

Our simulations are consistent with the experimental finding from® (see Fig. S1).
2. L-type Ca* current (Ica) (Figure S2)

Ica. Was modeled similarly as in our model for mouse B-cell1 with both fast and slow inactivation
gating variables (Fig. S2 and Egs. A6-A13). Due to a lack of experimental data for activation and
inactivation time constants for Ic,. in human p-cells, the formulations from models * based on

rodent experiments were also used.

lcat = Omear deat ficar facar (Ve — Eca) (A6)
d dCaL dCaLi - dCaL

= (A7)
dt TdCaL

1

deaLi = (A8)

1 + exp[(—VacaL — Vr)/Kacadl
TacaL = 2.2-1.79%exp-[(V, — 9.7)/70.2] (A9)
d fica ficai — TacaL

- (A10)

dt Tf1Cal



1
flCaLi = (All)
1+ exp[— (Vricar — Vp)/ Kricadl

d facaL focaLi — focaL

_ (A12)
dt TfoCal
focaLi = ficaLi (A13)

3. P/Q-type Ca®* current (Icap) (Figure S2)

High-voltage-activated P/Q Ca?* current (Icsp) was also found in human p-cells that posses the fast
activated and, apparently, only one slow inactivated voltage-gated variable.® There were no data
available on voltage-dependence for Icqp activation and inactivation and corresponding time
constants in human B-cells so the coefficients from model for Ic, were partially employed (Egs.
Al14-A18). However, the coefficients for the steady-state activation variable curve were fitted to
obtain a bell-shaped voltage dependence with activation near -20 mV and a maximal peak current

close to 0 mV, as previously reported® (see Fig. S2).

Icap = Omcar deap fcap (VP - ECa) (A14)
d dCaP dCaPi - dCaP
_ (A15)
dt TdcaP
1
deapi = (A16)

d fcap feari — feap
= (A17)
dt TiCap
1
feari = (A18)

1+ exp[— (Vicar — Vp)/ Kicar]

4. T-type Ca®* current (Icar) (Figure S3)



The activation and inactivation of the Ic,t current was defined similarly to the P-type current.
Coefficients for the steady-state activation variable curve were fitted to obtain a bell-shaped voltage
dependence with an activation of above -60 mV and a maximal peak current between -40 mV and -

30 mV, as previously reported® (see Fig. S3).

Icat = Omcat deat feat (Ve — Eca) (A19)
d dCaT dCaTi - dCaT

- (A20)
dt TdcaT

1
deari = (A21)
1 + exp[(Vacat — Vp)/ Kycatl

d fCaT fCaTi - fCaT

- (A22)
dt TicaT

1

feat = feati = (A23)

1 + exp[-(Vicar — Vp)/Kicar]
5. Delayed Rectifier K* current (Ixpr) (Figure S4A)

Delayed Rectifier K* current activates at membrane potential near -30 mV and then increased with
the applied voltage, an inactivation was negligible during at least 200 ms depolarization.'® The
conventional Hodgkin-Huxley-type model for Ixpr and some corresponding coefficients was used

from our previous mouse p-cell model.!

lkor = Gmokr Ak fir (Vp — Ex), (A24)
d dKr dKri - dKr
_ (A25)
dt TdKr
1
dKri = (A26)

1+ exp[(Vokr — Vp)/ Kaki]
10



firi = 1 (A27)

6. Voltage-gaged Ca’*-activated K* current (Ixcag) (Figure S4B)

The sensitivity of BK channels to Ca** was modeled as previously.** *® Here we have also
suggested that Ca®* concentration is high in microdomains surrounding BK channels when they are
functioning during a spike period (see Sec. 5.2). However, the voltage dependence of the activation
and inactivation gating variables and time constants were not measured and several published

11.18 cannot accurately describe the bell-shaped voltage-dependence seen experimentally.?

models
For this reason, the coefficients for BK channels were fit to obtain an initial increase in peak
amplitude voltage dependence from -40 mV to 20 mV to approximate the published initial part of
the peak amplitude (see Fig. 2D,%). This is a sufficient approximation for our model where the

simulated maximal peak voltage during spikes was less than 20 mV.

lkcas = Gmkcas dicas” freas (Vp — Ex), (A28)

where

d dKCaB dKCaBi - dKCaB

- (A29)
dt TdKCaB
1
dkcagi = (A30)
1 + exp[(Vakcas — Vp)/ Kakcas]
where
Vakcas = Vako — Kshirt In ([Ca®* ] /Kcask) (A31)
dfkcas  fkcasi — fkcas
_ (A32)
dt TfKCaB
1
frcai = (A33)

1 + exp[—(Vikcas — Vp)/ Kikcas]
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7. Human-ERG (HERG) current (Ixner)

We modeled this current similarly*® using a Hodgkin-Huxley-type model with slow activation and

deactivation voltage-gated variables:

Ikher = Omkhe dkne Tne (VP - EK)a (A34)

d dkne dknei — Oine

_ (A35)
dt TdKhe
1

Okhei = (A36)

1+ exp (Vakne — Vp) Kakne
d fkne fichei — Tine

= (A37)
dt TiKhe

1

fkhei = (A38)

1 + exp[-(Vikne — Vp)/Kiknel

8. Voltage-independent Ca®*-activated K* current (Ixca)

We included the equation for a calcium-activated K* current (lxc,) from our previous model.

Ikca = Omica dkca (Vp - Ek), (A39)
where

[Caz+]c4
dkca = (A40)

[Ca®"]¢* + Kiea'

9. ATP-sensitive K* channels current (Ixatp)

For ATP-sensitive K* channels current (Ixatp) We adopted a kinetic model® ° for the value of

whole-cell Katp channel conductance.

Ikate = OmkaTe Okate (Vp — Ek), (A41)
12



where

0.08 (1 + 2 [MgADP4] /kgq) + 0.89 ([MgADP¢]. / kdd)2
OkaTp = (A42)
(1 + [MgADPs]./ kdd)2 (1 +0.45 [MgADPs]./ kig + [ATPf]c/ ky)

[MgADP{]. = 0.55 [ADP{]. (A43)

where Okate is the fraction of open Katp channels, MgADPx is free Mg-bound ADP, [ATP¢]. and
[ADPy]. are free ATP and ADP concentrations in cytoplasm; Kqq, Kig and k; are coefficients.

10. Plasma membrane Ca*" pump current (Ipca)

The corresponding equation was adapted from previous models.*°

[C<312+]c2
Ipca = I:>mCap e o ) (A44)
[Ca ]c + KCap

11. Na* background current (Inab)

In addition to the voltage-gated Na" current described above, the model contains Na* background

(leak) current (see Sec. 6.3). We simulated it as previously for mouse B-cell electrical activity (see

for details.> ®

Inab = Gona (Ve — Ena) (A45)

13



TABLE S2. Cell and membrane current parameters (Appendix 2)

Parameter  Definition Value Equation Reference
OmNa Conductance of Iy, 10,000 pS Al f
Ena Reversal potential for Na* 70 mV ’
KNar Coefficient for persistent Na* current 0 _ f
TdNa Time constant for dya 0.1 ms A2 f
VNa Half-activation potential -30 mV A3 f
Kana Slope of half-activation potential 10 mV _ f
TfNa Time constant for fya 0.5ms A4 f
ViNa Half-inactivation potential -42 mV A5 8
Kfna Slope of half-inactivation potential 6 mV _ 8
OmcaL Conductance for lca. 2700 pS A6 f
Eca Reversal potential for Ca** current 100 mV B ’
VicaL Half-activation potential -15 mV A8 f
Kacat Slope of half-activation potential 8 mV _ f
THcaL Time constant for fyca, 6.8 ms A10 8
VicaL Half-inactivation potential -25 mV All f
KficaL Slope of half-inactivation potential 8 mV _ ’
Tracal Time constant for f,, 65 ms Al24 8
Omcap Conductance for lcap 1200 pS Al4 f
Tdcap Time constant for dcap 0.41 ms Al5 f

Vicap Half-activation potential -5 mV Al6 f



Kacap
TfCaP
Vicap
Krcap
ngaT
TdcaT
Vd CaT
kd CaT
TfCcaT
Vicar
kaaT
gm KDr
Ex
TdKr
Vd Kr
kd Kr
OmkcaB
TdKCaB
Kakcas
Kcask

VBko

Kshift

Slope of half-activation potential
Time constant for fcgp

Half-inactivation potential

Slope of half-inactivation potential

Maximum conductance for Icar
Time constant for dcat
Half-activation potential

Slope of half-activation potential
Time constant for fcar

Half-inactivation potential

Slope of half-inactivation potential

Maximum conductance for Ipk,
Reversal potential for K* current
Time constant for dk,
Half-activation potential

Slope of half-activation potential
Maximum conductance for lxcas
Time constant for dkcas

Slope of half-activation potential
Ca”* binding constant for lxcas
Constant

Voltage-shift constant

6 mV
65 ms
-25 mV
8 mV
250 pS
0.41 ms
-50 mV
6 mV
6.8 ms
-64 mV
8 mV
18,000 pS
-5 mV
20 ms
-9 mvVvV
8 mV
25,000 pS
1.9 ms
30 mV
1.5 uM
0.1 mV

18 mV

Al7

Al8

Al9

A20

A21

A22

A23

A24

A25

A26

A28

A29

A3l

A3l

11

11

11
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TfKCaB
Vikcas

kaCaB

TfKhe
Vne
Kihe
Omkca
KKCa

OmKATP

[ADPs].

[ATPs]c
Kdd

Kid

ObNa

Time constant for fxcas
Half-inactivation potential

Slope of half-inactivation potential
Maximum conductance for Ikner
Time constant for dgpe
Half-activation potential

Slope of half-activation potential
Time constant for fxpe
Half-inactivation potential

Slope of half-inactivation potential
Maximum conductance for Ixca
Affinity constant

Maximum conductance for lxatp

Free ADP concentration in cytoplasm at high

glucose level

Free ATP concentration in cytoplasm

Dissociation constant
Dissociation constant
Dissociation constant

Maximum I, current

Half-maximum Ca?* binding constant for lcap

Maximum conductance for Inap

22.6 ms
30 mV
9.2 mV
200 pS
100 ms
-30 mV
10 mV
50 ms
-42 mV
17.5 mV
150 pS
0.2 uyM
45,000 pS

15 uM

3600 uM
17 uM
26 uM
50 uM
5600 fA
0.3 uM

10 pS

A32

A33

A34

A35

A36

A37

A38

A39

A40

A4l

A42

Ad4

A45

10

10

10

10

10

10

f, adjusted to fit the experimental values.
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Figure S1. Tetrodotoxin (TTX) sensitive Na* current (Iy,). A: steady-state activation (— — —

dnai) and inactivation ( fnai) functions with parameters as in Table S2. B: Simulated peak 1-V

relationship of Iy, obtained from Egs. A1-A5. Voltage clamp pulses from — 60 mV to 40 mV from a

holding potential of -70 mV were simulated to reproduce the results of Fig. 4C from®.
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Figure S3. T-type Ca?* current (lcar). A: steady-state activation (dcari) and inactivation (fcari)
functions. B: Simulated peak I-V relationship of Ic,r. Voltage clamp pulses from — 60 mV to 40 mV
(in 10-mV increment) from a holding potential of -70 mV were simulated to reproduce the
experimental conditions (see Fig. 5E from®). C: simulated Icar during a test pulse to -30 mV
preceded by the prepulses from -100 mV to -40 mV that reproduce the results represented on Fig.
5C from.®
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Figure S4. K* currents. (A): Simulated peak I-V relationship for delayed rectifier K™ current (lxpy).
Voltage clamp pulses (500 ms) from — 60 mV to 50 mV from a holding potential of -70 mV were
simulated with parameters as in Table S2 to reproduce the experimental conditions (see Fig. 1
from®). (B): BK type K* current (Ixcas). Simulated peak I-V relationship of lxcas at [Ca®]. = 0.1
HUM. Voltage clamp pulses from — 60 mV to 40 mV from a holding potential of -70 mV were

simulated to reproduce the results of Fig. 2D from®).
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