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Anuclear blood cells, platelets, are the basis for the formation of blood clots in human vessels. While antiplatelet
therapy is most often used after ischemic events, there is a need for its personalization due to the limited effectiveness
and risks of bleeding. Previously, we developed a series of computational models to describe intracellular platelet
signaling and a set of experimental methods to characterize the platelets of a given patient. To build a personalized
model of platelet signaling, we also conducted research on platelet proteomics. The aim of this study was to personalize
the central module of intracellular platelet signaling responsible for the formation of calcium oscillations in response
to activation. The model consists of 26 ordinary differential equations. To personalize the model, proteomics data
were used and unknown model parameters were selected based on experimental data on the shape and frequency
of calcium oscillations in single platelets. As a result of the study, it has been shown that the key personalized
parameters of the platelet oscillatory response are the degree of asymmetry of a single calcium spike and the maximum
frequency of oscillations. Based on the listed experimentally determined parameters and proteomics data, an algorithm
for personalization of the model has been proposed. Here we considered three healthy pediatric donors of different ages.
Based on the models, personal curves of platelet calcium response to activation were obtained. The analysis
of the models has shown that while there is a large heterogeneity of individual indicators of intracellular signaling,
such as the activity of calcium pumps (SERCA) and inositoltriphosphate (IP;) receptors (IP;R), these indicators
compensate each other in each donors. This observation is confirmed by the analysis of proteomics data from 15 healthy
patients: this analysis demonstrates a correlation between the total amount of SERCA and IP;R. Thus, several
new features of human platelet calcium signaling are shown and an algorithm for personalizing its model is proposed.
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INTRODUCTION

Platelets are specialized disc-shaped anucleated
blood cells about 2—4 microns in diameter and
a thickness of about 0.5 microns [1]. The peculiar
structure of platelets is characterized by the absence
of a nucleus and the presence of numerous plasma
membrane invaginations, known as an open canalicular
system (OCS). These invaginations are thought
to provide additional cell surface area for shape
changes and the formation of pseudopods in response
to activation [2]. Platelets also contain a dense tubular
system (DTS), several mitochondria and a large number
of granules that are secreted into the extracellular space
when the platelet is activated [3].

To perform their main function, which is to react
to bleeding from blood vessel injury by clumping,
platelets must be activated (Fig. 1la). Platelets
are activated both upon contact with the intercellular
matrix components (in case of endothelial damage)
and upon activation induced by ADP, adrenaline,
serotonin, thrombin, etc. This triggers an intracellular
signaling cascade, including calcium release from
intracellular stores [2]. Most platelet activators
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act on G-protein coupled receptors, causing subsequent
activation of phospholipase C (PLC; in human
platelets the [ isoform of PLC predominates [4]).
This enzyme hydrolyzes phosphoinositide-4,5-
bisphosphate to inositol-trisphosphate (IP;) and
1,2-diacylglycerol [1, 5]. Since platelets lack ryanodine
receptors calcium output from intracellular stores
is completely determined by IP; receptor channels (IP;R),
and a decrease in calcium concentration
in the cytosol is supported by SERCA ATPases
(sarcoplasmic/endoplasmic reticulum Ca**-ATPase) [5].
Studies of calcium signaling in single cells have
shown that an increase in calcium concentration
during platelet activation occurs, in the form
of non-harmonic oscillations, the so-called spikes,
rather than uniformly [6, 7]. Calcium signaling
triggers integrin activation, shape change, granule
secretion [8, 9], and platelet necrotic-like death [6].

Previously, we developed a series
of computational models to describe intracellular
platelet signaling, a “virtual” platelet which included
all key activation processes [10]: calcium signaling
from PAR1 leading to mitochondrial collapse [5],
accounting for the heterogeneity of healthy donors
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Figure 1. Schematic representation of platelet activation. Damage to the vessel leads to contact of several insoluble
(collagen, fibronectin) and soluble (ADP) activators with intact platelets. (a) An intact platelet, upon contact with
an activator (stimulus), passes either into a proaggregatory state (due to the activation of integrin proteins on its surface,
allowing the formation of protein bridges between cells), or into a procoagulant state (due to exposure to a relatively
negatively charged phospholipid phosphotidylserine on the outer side of the membrane; this catalyzes the clotting
of blood plasma — coagulation). (b) Upon contact with the site of injury, aggregatory platelets adhere to the vessel wall
and aggregate with each other; the procoagulant platelets cause plasma clotting and “cementation” of the platelet
aggregate (indicated in gray). (c) Platelet activation leads to the release of inositol-trisphosphate (IP5) into the cytosol.
IP; binds to its receptors (IP;R) in the ER (DTS) membrane, opening channels for the calcium release, which is usually
contained in DTS due to the action of SERCA (sarcoplasmic/endoplasmic reticulum calcium ATPase). In DTS, calcium
can be buffered by various agents, including calreticulin (Calr). In the cytosol, calmodulin (CaM) plays a role
of the calcium buffer. An increase in the cytosolic calcium concentration leads to the opening of mitochondrial
uniporters (UNI) and the entry of calcium into the mitochondria, where it is buffered by various proteins, including
cyclophilin D (CyD) and the calcium-binding protein SCaMC (SC). Calcium is excreted from the mitochondria
by the sodium-calcium exchanger (NCLX). Gray (colored) arrows indicate activation/inhibition processes, black arrows
indicate substance flows. The color version of the figure is available in the electronic version of the article.
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due to two thrombin receptors [11], ADP-induced
activation, cCAMP-dependent signaling and its interaction
with calcium [12], tyrosine kinase signaling [13, 14],
the role of multiple mitochondria and their connection
with metabolism [6, 15, 16], and integrin activation [9].
In addition, a set of experimental approaches
was developed to characterize calcium signaling
in single platelets [13, 17, 18] and in platelet
suspension [9, 19], as well as platelet protein
composition using proteomics [20]. In all these
studies, a similar set of patterns was recognized
in the experimental assessment of platelet parameters
and their functional response in healthy donors.
According to cytometry data [9, 19], the size of platelets
and the level of fibrinogen binding by platelets
within the same patient can vary by an order
of magnitude; however, the average size differs
by 2-4 times among healthy donors. Meanwhile,
calcium mobilization in response to activation varies
by no more than 20-30% [9, 16] even in patients.
Previously, we showed that the variation of functional
responses in the population may be associated with
polymorphisms of platelet receptors for thrombin [11]
and collagen [14]. Also, for patients with
Wiskott-Aldrich syndrome, we have shown that
the ER/cytosol volume ratio plays a fundamental role
in platelet activation [16]. Thus, it can be assumed
that the personalization of the platelet response
can be carried out by estimating the amount of proteins.

The aim of this study was to develop and validate
a methodological approach to personalizing
a computational model of human platelet calcium
signaling with parameterization based on experimental
observations of the dynamics of calcium signaling
in response to stimulation and proteomics data.

MATERIAL AND METHODS

To describe calcium signaling, we used the models
described earlier [5, 21] with the addition of calcium
buffering proteins — calmodulin, calreticulin, etc.
Using ordinary differential equations the model

describes the behavior of 26 different compounds.
The system of ordinary differential equations
is integrated using the LSODA method [22]
implemented in the COPASI software [23]. A detailed
description of the model and the integration method
are available in Supplementary Materials S1 and
Tables S1 and S2. The parameter estimation was
carried out by the Evolutionary Strategy method [24],
implemented in the COPASI software [23]. The method
parameters were selected by default, and the intermediate
results (values of the objective function and deviations
from the experiment) are presented in Supplementary
Materials S2 and Tables S3 and S4.

Experiments on the dynamics of calcium
signaling in single platelets were carried out using
the method described earlier [13, 17, 18, 21].
Proteomics data are publicly available as online
supplement for the manuscript [20].

RESULTS

Determination of the shape of platelet single
calcium spike

Figure 2a are shows a typical response of a single
platelet to ADP activation. The shape features
of calcium peaks were analyzed by calculating
the growth and decline rates for each single peak.
For this purpose, we used a technique similar to that
in the CaSiAn software package [25], originally
developed to analyze the dynamics of calcium
in neurons. Calcium peaks in the time series were
identified as local maxima, with their boundaries
defined by the absolute minima between adjacent
peaks. Linear interpolation was then used to identify
the points lying at two tenths of the peak height
relative to the basal signal level. The growth and
decline rates were calculated as the tangential
coefficients of the lines drawn through the peak and
one of the found points. Given that peak amplitudes
varied across donors by two or more times, peak
growth and decline times were chosen as the main
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Figure 2. Properties of human platelet calcium oscillations. (a) The typical response of an immobilized platelet
to ADP activation (borrowed from our previous study) [21].( b) A histogram of the growth and decline rates
of calcium peaks in human platelets. (¢) The dependence of the standard deviation of the peak intervals on the average
for the peak intervals. The process of the appearance of calcium peaks is Poisson with a deterministic minimum
distance between the peaks. The equality of the angles of inclination of the lines suggest the commonality
of the mechanisms of the occurrence of calcium peaks in platelets spread on antibodies to CD31 (VM64), activated
by 10 uM ADP (VM64+ADP) and activated by collagen.
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quantitative characteristics. These distributions
are shown in Figure 2b. The average growth time
of the calcium peak was 0.51+£0.65 s, the average
decline time was 1.21+£0.54 s. The average ratio
of the growth rate to the decline rate was 3.5+2.2.

Since platelet calcium oscillations are stochastic
[5, 6], it is not possible to determine their frequency.
To characterize patient-specific responses, we used
the approach proposed by Skupin and Falcke. They
consider calcium spike occurrences as a non-stationary
Poisson process [26]. Their main idea is that the peak
interval (ISI) in various excitable cells consists
of a constant T and a random &, while & is a random
variable from a certain Poisson distribution [26, 27],
and, consequently, the mathematical expectation
of a random variable is equal to its standard deviation.

In platelets, the standard deviation shows
a linear dependence on the average ISI (Fig. 2b).
This observation supports the Poisson nature
of calcium spikes occurrences in platelets: when peaks
are infrequent, they appear more randomly, while
activation-induced increases in spike frequency bring
greater regularity. It is noteworthy that this process
does not depend on the method of cell activation, since
the slopes of the lines on the graphs are statistically
indistinguishable. According to [28], the slope on such
graphs reflects the rate of calcium storage reloading, and
different slopes would indicate fundamentally different
mechanisms for generating calcium oscillations
in platelets. Consequently, there is a commom
mechanism that cause calcium oscillations, both during
platelet activation via the tyrosine kinase pathway
by collagen and the G-protein-coupled pathway.
According to this graph, it is also possible to determine
the minimum interspike interval (1.6£0.4 s)
as corresponding to the zero standard deviation.

Personalization of the Calcium Module of the Platelet
Intracellular Signaling Model

A previously proposed model [5] was used
to describe calcium signaling in platelets, describing
the release of calcium from intracellular stores under
the action of IP; through IP;R2 and replenishment
of stores with SERCA of types 2b and 3. In addition,
it was previously shown [21] that signal asymmetry
was associated with both receptor clustering and
ion buffering in the cytosol, intracellular storages and
mitochondria. Therefore, calcium buffer proteins
calmodulin [29], calreticulin [30], endoplasmin [31],
GRP78 [32], and mitochondrial sensors were added
to the model [33, 34]. The scheme of the main processes
described by the model is shown in Figure Ic.
The list of proteins is presented in Tables 1 and S1.

To personalize the model, we used the following
algorithm. First, the volumes of the -cytosol,
intracellular storages and mitochondria were estimated,
as it was previously shown that the volume ratio
could be important [19]. Reference proteins
presented in proteomics were used to estimate
these volumes (Table 1). After this, protein quantity
was set to the average amount obtained in the proteomic
analysis [20], or, in the absence of protein, the reference
amount [35]. In this work, we used data for three
pediatric healthy donors from [20]. For each donor,
the analysis described in the first part of the article
was carried out, based on previously obtained [17]
data on calcium oscillations in single platelets.
Namely, the average times of spike rise and decline
were obtained, a characteristic single spike was derived
(Fig. 3, left) and the minimum peak interval
corresponding to the zero standard deviation
was determined (Fig. 3, right). After that, parameter
estimation methods were used to select unknown

Table 1. The number of molecules of key calcium signaling proteins per platelet based on proteomics data [35]

Protein/gene (comment) Literature data* ZI))/(;::: (}l’ d 1‘:);:;;1; %)’l al1 6D ;:aorl; ?:)’l d
IP3R1/ITPR1I_HUMAN 2400 4663 n/d n/d
[P3R2/ITPR2 HUMAN 1700 2610 n/d n/d
IP3R3/ITPR3_HUMAN 750 n/d n/d n/d
SERCA2b/AT2A2 HUMAN 9000 26569 12053 37876
SERCA3a/AT2A3 HUMAN 16300 51624 14707 49588
Calmodulin/CALM_HUMAN (Cytosol calcium buffering) | 15600 n/d n/d n/d
ERP29 HUMAN (DTS volume reference) 5900 21809 7753 33151
ERP44 HUMAN (DTS volume reference) 4400 24585 14000 33089
ATPD _HUMAN (Mitochondria volume reference) 2800 11661 31069 73690
ATPA_HUMAN (Mitochondria volume reference) 14700 52976 19870 58178
ACTN1_HUMAN (Cytosol volume reference) 92100 120259 57009 141311
TBA4A HUMAN (Cytosol volume reference) 185000 100476 33220 116309
MCU_HUMAN/C109A HUMAN 5900 19526 4677 26103
CALR_HUMAN (DTS calcium buffering) 20300 51684 26780 67005
ENPL_HUMAN (DTS calcium buffering) 14400 43555 19537 59864
BIP_ HUMAN (DTS calcium buffering) 27900 64928 25630 76352
PPIF_HUMAN (Matrix calcium buffering) 19100 33428 n/d 26404
SCMC1_HUMAN (Matrix calcium buffering) 2200 n/d n/d n/d

*Data for this table were taken from [35].
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Figure 3. Properties of calcium oscillations of platelets from three healthy donors. Each row of the panels corresponds
to one donor. The average calcium peak (left), the characteristic shape of a single peak (center) and the dependence
of the standard deviation of the peak intervals from the average for the peak intervals (right) are presented.

model parameters (DTS calcium concentrations,

SERCA and [IP;R catalytic rate constants,
and calcium buffering parameters) to describe
experimental data — two characteristic calcium

spikes distances by a minimum ISI (Fig. 4a—c).
The accuracy (RMS) of the parameter estimation
was 0.12-0.18 (Table S3). Additionally, validation
was performed on the ability to predict a single peak
(Fig. 3, Fig. Sl), the accuracy of the description
of a single peak was 0.2-0.23 (Table S4). In all cases,
the deviation of the experimental data from the model
was less than 1% of the average value. As a result,
the stimulus-response curves characteristic of each
donor were calculated (Fig. 4d).

The analysis of the constructed models
has shown that, although the parameters of calcium
signaling of healthy donors vary significantly
(Table 1, Fig. 3), characteristic single calcium peaks and
stimulus-response curves turn out to be qualitatively
similar (Fig. 4d). These results can be explained
by the occurrence of internal compensatory mechanisms
during platelet formation. Although the proteomic
data show great heterogeneity for each specific protein
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(Fig. 4e), there is a correlation between the total
number of SERCA calcium pumps and the total number
of IP4R calcium channels (Fig. 4f).

DISCUSSION

Although personalization holds immense potential
to enhance treatment efficacy across various diseases,
its practical application remains limited. Considering
individual patient characteristics — often specific
genomic polymorphisms that mildly influence drug
metabolism or signal transduction — rarely produces
results that justify the efforts invested. However,
personalized modeling of a patient's physiological
systems has the potential to change this trend.

Attempts to personalize the platelet response were
previously undertaken by the Scott Diamond's team
based on neural networks [36], which were then
integrated with the thrombosis model [37]. However,
neural networks do not allow us to identify
the mechanisms of problems and propose fundamentally
new approaches to treatment. Mechanistic models
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Figure 4. Parameters of calcium signaling. (a-¢) Approximation of experimental data for three healthy donors (Table 1).
(d) Signal-response dependence for the obtained personal models, the integral concentration of calcium is represented
along the ordinate axis. (e) A histogram of the SERCA2a distribution in the proteomics data of 15 healthy donors
from the work [20]. (f) The dependence of the total amount of SERCA on the total amount of IP;R [20].

in this regard seem to be much more promising,
especially as the details of the system structure
become clearer. Although there are no such models
for platelets, there is a vivid example of the research
of the Brummel-Ziedins group for blood coagulation:
the approach they developed to personalize
the dynamics of thrombin generation based on blood
plasma composition [38] has successfully manifested
itself in a wide range of issues from clotting
problems in rheumatoid arthritis [39] to the prediction
of thrombosis in thrombophilia [40].

In this study, we took a step toward personalized
modeling for platelets by focusing on the dynamics
of calcium responses, a central element in the platelet
signaling. Due to the complexity of this signaling
system, we used both functional tests and proteomics
data to personalize the models. Alongside addressing
the core personalization task, we identified key features
of the platelet calcium response and its defining
parameters, emphasizing the critical role of balancing
activators and inhibitors in platelet signaling.
This balance allows platelets to produce consistent
and standardized responses to stimulation.

In this paper, we confirmed the results obtained
earlier [21] on the calcium peak asymmetry in a single
platelet (Fig. 3). At the same time, in contrast
to the average peak, which has a linear dynamics
of rise and fall in concentration, the characteristic
single peak has a sharp rise and exponential decline.

To describe the characteristic rate of decrease
in calcium concentration, buffering of calcium ions
has been introduced into the model, due to the fact that
each calcium-binding protein removes calcium ions
from the pool capable of moving between ER and
cytosol [41]. A similar approach was proposed
by Wagner and Keizer [28]. Buffering of calcium makes
it possible to increase the width of the calcium peak,
which is confirmed by an increase in the calcium
response to stimulation in the first donor (Fig. 3).
The rapid increase in calcium concentration
can be explained by the local mutual activation of IP;Rs
located close to each other in the platelet [27, 42].
Since the donors under consideration differed not only
in the number of receptors, but also in the volume
of ER, it makes sense to compare the IP;R activity:
51 uM/s, 35 uM/s, and 20 uM/s for the first, second,
and third donors, respectively. Thus, a sharp rise
in calcium in single peaks correlates with IP;R activity.

The ratio of IP;R and SERCA activities will affect
the frequency and amplitude of the oscillations, which,
in turn, determine the platelet responses. For example,
we have previously shown that mitochondria [5] and
integrins [9] are “integrators” of calcium oscillations
in the platelet [18]: for each peak of calcium,
a signal is “read” depending on its width, and
in the absence of a peak, relaxation occurs. Similar
mechanisms have been analyzed in detail for calcium
signaling in other cells [28]. Thus, for a balanced
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response, it is not so much the constant activity
of enzymes that must be maintained, as the balance
of “activators” and “inhibitors”, which is confirmed
by the analysis (Fig. 4f).

The limitation of this study is that it considers
a small (albeit central) part of platelet signaling,
without taking into account the upstream signaling
pathways from membrane receptors and downstream
pathways leading to functional responses. Despite
the fact that the computer model of this study
is mechanistic, its basic scheme includes a number
of assumptions and simplifications related
to the mechanisms of operation of individual reactions
and molecules. The architecture of the model itself
also includes a number of fundamental assumptions:
the neglect of diffusion, the lack of consideration
of platelet heterogeneity, deterministic simulations.
Regardless of the improvement of the model and
its personalization algorithms, their validation
on a large number of samples of healthy volunteers,
patients, as well as the study of pharmacological
effects should be an important next step that will
provide information about the principles of regulation
of platelet signaling and possible approaches
to its correction.

Further development in this area should be
the expansion of the personalized model to the entire
set of signaling pathways and functional platelet
responses, incorporation of drugs into the model and
the personalization of drug responses, and finally,
connecting a thrombotic status and clinically significant
outcomes. Despite the complexity and scale of such
a task, addressing this need is critical. Thrombosis and
bleeding are collectively responsible for substantial
proportion of mortality in the modern world,
and all existing anti-thrombosis drugs cause bleeding.
Since the hemostatic system functions similarly
in both hemostasis and thrombotic, the likelihood
of discovering a single “magic bullet” to treat
thrombosis without affecting hemostasis is minimal.
However, the personalization of therapy, guided
by a comprehensive mechanistic model, holds
the potential to shift the probabilities in a favorable
direction for each individual patient, enabling more
effective and safer treatment strategies.
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MEPCOHAJU3ALMS BBIYUCJIUTEIBLHON CUCTEMHO-BUOJIOTMYECKOI MOJIEJIN
KAJILLIUEBOI CUTHAJU3ALIMM TPOMBOLIUTOB

@.A. banaouwr’, 10.-/1./]. Kopookuna', C.B. I'ankuna'’, M.A. Illanmeneee’, A.H. Ceéemnuxoea'’*

'HenTp Teopernveckux mpobieM pu3nko-xumudeckon apmakonoruu PAH,
109029, Mockga, yi. Cpenasis Kanurankosckas, 30; *3m1. moura: a.sveshnikova@physics.msu.ru
*HannoHambHBIN METUIIMHCKUHN MCCIEI0BATEILCKUI EHTP JETCKOW reMaToIOTHH,
OHKOJIOTHH 1 uMMyHojorun nMmernn J1. Porauesa, 117997, Mocksa, yin. Camops! Mamena, 1

besbsinepHble KIETKH KPOBU — TPOMOOLIUTHI — SIBISIIOTCS OCHOBOW Ui 0Opa3oBaHMsi TPOMOOB B cocyaax
YeJI0BeKa, a aHTUTPOMOOITapHAs Tepanusi OTHOCUTCS K HauOoJee pacpoCTpaHEHHBIM, TaK Kak MPUMEHSETCSI TOCIe
UIIEMHYECKUX COOBITHH M s ux npodumaktuku. OnHako, B CHIIy OTpaHHYCHHOW 3(QQEKTHBHOCTH U PHCKOB
KPOBOTEUEHHH, CYIIECTBYET MOTPEOHOCTh B €€ mepcoHanu3anuy. PaHee Mbl pa3paboTalii CEpHIO BBIYMUCIUTEINBHBIX
MoOzeNel Al ONMUCAHUs BHYTPHKJICTOYHOM CHTHANN3AIMU TPOMOOIIMTOB M CHUCTEMY SKCIIEPUMEHTAIBHBIX METOIOB,
MO3BOJISIFOINX OXapaKTepH30BaTh TPOMOOLMTHI KOHKPETHOTO TMAallMEeHTa. Takke OBLIIO IPOBENEHO HCCIEIOBAHUE
Mo MpoTeoMuKe TpomOouuToB. Ilenbio HacTosiiero ucciienoBaHus ObLIa MEPCOHANM3AIMS LEHTPAIBHOTO MOIYJIS
BHYTPHKJIETOYHON CUTHAJIM3AIMM TPOMOOIMTA, OTBEYAIOIIEro 3a (OPMUPOOBAHMS OCLUMIUIALUI KOHIEHTPALUH
KaJbIMsI B OTBET HA aKTUBALMIO. Mojenb IpencTaBiseT co0oit cucremy U3 26 0OBIKHOBEHHBIX JTU(depeHInanbHbIX
ypaBHeHUH. /{7151 IepcoHanM3anuy MOJIENIN UCTIONB3YIOTCS TaHHBIE TPOTEOMHUKH M IPOBOJUTCS MOAOOP HEN3BECTHBIX
[apaMeTpoB MOJEIH TI0 SKCICPUMEHTAIBHBIM JaHHBIM O (OpME M YacTOTE OCHWIUIALMN KaNbIHsS B OAMHOYHBIX
TpOMOOIITaX KOHKPETHOTO MallMeHTa. B pe3ynbTare mccnenoBaHust IOKa3aHo, YTO KIFOYEBBIMHU EPCOHATN3UPYEMBIMHU
napaMeTpaMH OCIMJUIATOPHOTO OTBETa TPOMOOINTA SIBIISIOTCS CTETIEHb aCHMMETPHH OJMHOYHOTO Claiika KaJdblus U
MaKcUMallbHasi 4acToTa OCHWULINUA. B pabore OBUIM paccMOTpEHBI TPHU 30POBBIX IEAUATPHUYECKHX JIOHOPA
pasHoro Bo3pacta. Ha ocHOBe Mojeneii ObIIM MONy4YeHBI EPCOHATIbHBIE KPUBBIE KaJbIIMEBOTO OTBETa TPOMOOIMTOB
Ha aKTUBaIMio. AHajau3 MoJeliell IoKas3al, YTO B TO BpeMsl Kak HaOmromaeTcss Oousibmiasi TeTepOreHHOCTD
OTAETBHBIX NOKa3aTeleil BHYTPUKICTOYHON CHUTHANHM3ALNHN, TAKUX KaK aKTHBHOCTH KajblueBbIX momm (SERCA) u
peuentopoB k uHO3UTONTpH(OChary (IP;R), 3T mokazarenn KOMIEHCHPYIOT APYT Ipyra y KaKAOTO JOHOpA.
D10 HaOMIONCHUE MOATBEPIKAACTCS aHAJIM30M JAaHHBIX IMPOTEOMHKH 15 3710pOBBIX JOHOPOB, COMIACHO KOTOPHIM
HaOmonaercst koppessiuusi cymmapHoro konuuectBa SERCA un IP5R. Takum o6pasom, B HacTosiiei pabore moka3aHo
HECKOJIbKO HOBBIX OCOOEHHOCTEH KaJbLMEBOM CHTHAJIM3AaLMM TPOMOOIMTOB YEJIOBEKAa W TIPEIUIOKEH alrOpUTM
TIEPCOHATIM3ALUH €€ MOJIEIIH.
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