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Supporting Information S3 Text

Dicalcic model

The scheme of the model to describe the influence of cytosolic Ca concentration on the
transport of Ca ions out of the endoplasmatic reticulum (ER) into the cytoplasm by
IP3R is shown in Fig.

Cacytz C.’:lquZ 2+
L]
P3R|P3 IP3R|P3 caER
IP3R 2+ 2+ 2+ 2+ .
K, +Cacy1T l -Ca_, . +CacytT l -Ca_, K, Mo
Cacyt * 2+ 1 Cacyt * 2+ k2 2+ Cagyt *
IP3R|P3 + CaER <« IP3R|P3. CaER 3 Caoyt + IP3R|P3
k.
2t 2+ 2+ 2+ IP3R+C:
K, PR +Cacy1T l -Ca o +CacytT l -Ca_, K, aer
* 2+
L]
IP3R|P3 IP3R|P3 caER

Figure S1. Dual Calcium binding model. The model consists of two cytosolic Ca
binding sites, one that activates the IP3R transporter when Ca ion concentration is low,
whereas at higher cytosolic Ca concentrations binding to the second site inhibits IP3R.
The dissociation constants are outlined in red.

The dynamic structure of the model is analogous to a diprotic model describing the
influence of pH on an enzyme’s catalytic activity [1]. The transporter IP3R needs to
have bound IP3 to function and we assume that we have a complex between IP3R and
IP3 present described as IPsRips (Fig. . The transporter kinetics of IP3R are
written as Michaelis-Menten kinetics where Ca in the ER binds to the
”catalytic/transporter” site of the transporter and moves it into the cytosol with
associated rate constants ki, k_1, and k. In addition to the transport site of IP3R the
model contains two Ca binding site, one activating the other inactivating the
transporter. In the model the transporting form of IP3R has one cytosolic Ca ion
bound at the activating site and is indicated by Cacyi [P Ryps* (Fig. .
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describe the activation of IP3Rip3 by cytosolic Ca binding leading to the active form
Cacyt]P4Rips*, and its inactivation by the second binding of cytosolic Ca, leading to
Cacyts [Py Rypg, respectively.
The active form “**IP3Rp3* binds Ca from the ER (Cagh), giving
Caer [P3Ryps*e CaZg, which transports CaZg into the cytosol. The rate of transport, v,
is described by
v = kg(cacyquRIPg*' Ca?;f{) (83)

CaW“IPgRng*OCaé‘E can either release the allosterically bound Ca back into the cytosol
giving transporter-inactive form IP3Ripge Ca%'ﬁ or bind another cytosolic Ca and lead
to the other inactive form “*2IP3Ripge Caih. The assumed equilibria considered to

occur in relation to these two processes are described by the two dissociation constants
KIP3R-Capn gnq gIP3R-Casr respectively
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In comparison with experiments [2| v is proportional to observed IP3R channel open
probabilities at different IP3 concentrations as a function of Ca concentration (see Fig. 1
in Ref. |2]).

In deriving an expression for v showing its dependence on cytosolic Ca as well as the
activator IP3 we assume that the total amount of transporter IP3R, IP3Rg, is constant
with the mass balance

IP3Rg = IP3Rips + “** IP3Rips™ + “*v2IP3Ryp3

(S6)
+ IP3Rpse Ca%*{{ + CathIPgRlpg*' Ca%j% + Cacyty IP3Rp3e Ca%'ﬁ
In addition to the above equations, we also assume that the reactive form of the
transporter, “2{[P;Rips* Ca%ﬁ7 is in a steady state, i.e.,
d(2* TP3R1p3* o Cath
( 3hp3 ® ER) -0 (S?)

dt

In analogy with Michaelis-Menten kinetics Eq. [S7]leads to a dynamical equilibrium
constant corresponding to the Michaelis constant Kj; which relates Cazh and
Caer [P3Rps* with “**TP3Rips* ¢ Calk, i.e.,

Ky = (Cagh)(“*'TP3Rips") _ kit ke (S8)
(CacycIP?)RIP?)* R Ca%'ﬁ) kl

By using Egs. and [S2| IP3Rips and “2v2IP;Rip3 can be expressed in terms of

Cacyt [P Ryps*. Likewise, by using Eqs. and IP3R1P3°C&%§ and

Cacva [Py Ripge Cah, and be expressed in terms of “**IP3Rypz*e CaZl. Thus, the mass
balance Eq. [S6] can be rewritten as

IP3Ro = frpar( ™ IP3Rips*) + frear.ca(C* IP3R1ps*e Canh) (S9)
where
KIP3R Ca2t
=14 =2 4 cyt S10
fIP3R Cai;_t Kljp3R ( )
and
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By using Eq. Cacyt[PsRips* can be expressed in terms of 8 IP3Rps*e Caﬁ%

a, * K a -
G IPyRips” = o (“*IPsRipy™s Caiy) (512)
CaER

which, when inserted into Eq. [S9] gives

K a, *
IP3Ro = <fIP3R : Ca—rﬁ + fIPsR.CaER> (> TP3Ryps*e Caph) (S13)
ER

Solving for “**IP3Ryps* -Ca%‘ﬁ from Eq. and inserting it into Eq.|S3| gives an

expression of how v will depend on Cagg and Cac;'t

‘/maw ) (Ca%]—ﬁ)

" frpsr - Ku + fipsrcapy - (Caig)

v (S14)

where Viao=ka-(IP3Ry).

Allosteric Inhibition of IP3R by Calcium

Kaftan et al. [2] studied the IP3R transporter activities at different Ca and IPj
concentrations by using canine cerebellar endoplasmatic reticulum vesicles which were
fused with planar lipid bilayers. To make their experimental results comparable with
the dual Ca model we equate their observed channel open probability with v described
by Eq. To simplify our model we make the assumption that K{P?’R'CGER = K]P3R
= KIPSRCasr — gIP3R Ty the model the effect of Ca on IPsR is a two-fold, Ca
residing at the ER side of the transporter is moved into the cytosol, while cytosolic Ca
activate or inhibit IP3R from the cytosolic site. To compare v with the reported
channel open probabilities in % Vinqe. values are scaled to % channel open probability.
In addition, we have used fixed values for K;=0.01 uM and 1 uM for Ca?EE.

Fig. shows the results of fitting v (Eq. to the experimental channel open
probabilities. The dicalcic model shows good fits for the activation of IP3R by cytosolic
Ca for increasing IP3 concentrations with relative little changes in the dissociation
constants. V., increases with increasing IP3 concentration showing a good fit to a
saturating function f(z) = a-z/(b+ z) (Fig.[S3)). However, except for the 180 uM IP;
data the model shows a less rapid decrease in the transporter activity with increasing
Cag;'t (decreasing pCa) than observed experimentally (Fig. .

In view of numerous cytosolic Ca binding sites of the transporter (Fig. 10) we tested
whether (at least) two allosteric inhibitory binding sites for cytosolic Ca may give a
decreased half-width of the v-pCa bell-shaped curve by considering the following
binding reactions

e P3Rips* + 2 Cally 7= s IPsRyps (S15)
with
Cacyt *
K37 = (O )" IP R (S16)
(“*ersIP3Ryps)
and
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Figure S2. Experimental channel open probability in comparison with fitted
v as a function of TIP3 and cytosolic calcium concentrations. Experimental
results shown as dark-orange dots (left ordinate) are redrawn from Kaftan et al. .
Fitted v values in % (channel open propability) are given in blue (right ordinate).
Parameter values (from left to right and down): TP3=0.02uM: KIPSR Casr — = KIP3E —
KIP3R-Capr _ K“’3R = 1.78 X 10°™M, Vinaw = 0.4 %; IP3=0.2,M: K“’?’R Cazr _
K{PBR KQ“’?’R = KIP3R = 1.78 x 107™M, Vypaw = 2.5 %; IP3=2uM:
K{P3fCaen KIP3R KfPsR Capr — KIP3R — 398 x 107 ™M, Vipae = 7.8 %
IP3 180uM: KIP?’R Caer — KIP3R K’P3R Capr — KIP3RE — 708 x 107™M, Vipae =
11.5 %. KM—O.Ol uM and Cagr=1 uM in all four fits. pCa = —log;([Ca].
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Figure S3. Obtained V,,,, values as a function of IP3 concentration. Purple
dots show V},,,, values while the green line shows the fitted function f(z) = a-z/(b+ z).
The values of a and b were determined to (11.4440.30) % and 0.8444-0.105 pM,
respectively. To see the quality of the fit the abscissa has a logarithmic scale.

Cacyt [P, Ryps*e Ca}%"}‘{ +2 Cag}'; pa— Cacyts [Py Rypse Ca]%;{{ (S17)

with
(Cag;t)z (“oe TIP3 Rips*e Cagg)

K2IP3R'CIIER —
(Coeves[P3Rips o Cadh)

(S18)

While the Ca transport rate v out of the ER is still given by Eq.

Vma:v : Fs
v — (Cagr) - (S19)
frp3r - Kar + f1P3Rr-Capr - (Cagg)

the f-functions are changed to

KIP3R (033;)2

LS $20
fre3r cai; KIP3R (520)
and
KIP3R-Capr (CaZf)?
Capp =1+ —2 = 521
fIP3R-Capn Caijt KlIPSR-CaER (521)

Using Eq. with the new f-functions provide better overall results (Fig. , but
requires that the activating dissociation constants K{73% K 1I P3R-Caer gre different
from KJP3R and K1P37%C4ER The very low values of K1P3F and K3 Caen
(Fig. indicate that the second-order cooperative and inhibitory binding by cytosolic
Ca is strong.
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Figure S4. Fit of dicalcic v as a function of IP3 and cytosolic calcium
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concentrations with a second-order cooperative binding for the Ca inhibiting
step. Experimental results shown as dark-orange dots (left ordinate) as in Fig. [S2| while
v values are given in green (right ordinate). Parameter values (drom left to right and

down): TP3=0.02uM: KIFP3R-Caer — IP3R — 1 96 x 10~ 1M, K1F3FCaer — KIP3R

=7.94x 107", Vipap = 1.07 %; IP3=0.2puM: KIP3RCasr — gIP3R _

3.98 x 1071°M, K1FP3R-Casr — TIPSR — 631 x 107"M, Vipaw = 8.15 %; IP3=2uM:
K{P3RCarn — [IP3R = 501 x 107 14M, K, 73R Cerr = KIP3R = 7.94 x 107™M, Vipas
= 14.2 %; IPs=180puM: KIP3RCa — KIP3R — 398 x 10-10M, KIP3RCa — KIP3R _
2.0 x 107"M, Vipas = 4.15 %. Ky=0.01 M and Cagr=1 pM in all four fits. pCa =

—log;o[Cal.

Fig. shows that for the cooperative case V4, increases logarithmically with

increasing IP3 concentration but becomes low again at IP5=180uM (see legend of

Fig. [S4)).
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Figure S5. Obtained V,,,, values as a function of IP3 concentration in the
cooperative model. Purple dots show V,,,,, values while the green line shows the
fitted function f(z) = a + b-log;o(x). The values of a and b were determined to
(12.40£0.32)% and (6.57£0.30) %/(logio(M)), respectively. The V4, value for
IP3=180uM is not included in this plot.

How the fits were performed

The data were extracted from Figure 2 from Kaftan et al. [2] using GraphClick
(https://graphclick.en.softonic.com/mac). For each IP3 concentration the cytosolic
calcium concentrations were recalculated to pCa values and imported into Excel, which
also contained v either from Eq[S14] or from Eq as a function of pCa.

The dissociation constants K{F3% (K1E), K73 Ceer (K1ES), KIP3% (K2E),
KiP3RCarr (KIES), and Viyax (Vmax) were used as adjustable parameters (Excel
variable names in parentheses). An eye-balled fit of v to the experimental data was
performed by manually changing the parameters K1E, K1ES, K2E, K2ES, and Vmax
within each Excel file. The Excel files are found in the folders dicalcic model (no
cooperativity)’ and ’dicalcic model (cooperative inhibition)’.
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