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THE MOORE-PENROSE INVERSE OF TRIDIAGONAL SKEW-
HERMITIAN MATRICES WITH ZERO DIAGONAL ELEMENTS

A. Manukyan

Yerevan State University
avetig.manukyan@ysu.am

ABSTRACT

The present paper is devoted to deriving closed form expressions for the
Moore-Penrose inverse of tridiagonal skew-Hermitian matrices with zero
diagonal elements. Using the formulas obtained, a numerical algorithm
with optimal computational efforts is constructed.

Keywords: Moore-Penrose inverse, skew-Hermitian matrix, tridiagonal
matrix.

Introduction. Let us denote by A* the conjugate transpose of a matrix A with
complex elements (see [1], for instance). The matrix A is said to be a skew-Hermit-
ian if A* = —A. Skew-Hermitian and, in particular, skew-symmetric matrices have
many applications in various fields, such as statistical analysis, signal processing,
computational mathematics, machine learning and others [2].

As follows from the definition, the diagonal elements of a skew-Hermitian ma-
trix are either purely imaginary numbers or zeros. In this work we will discuss the
case when all diagonal elements are zero. To find the Moore-Penrose inverse for
tridiagonal matrices, we will use an approach developed in [3, 4] for skew-symmet-
ric matrices. We are talking about generalized inversion, since tridiagonal skew-
Hermitian matrices of odd order are singular (it is easy to verify this). Recall that
for am x n matrix A the Moore-Penrose inverse A" is the unique n x m matrix
that satisfies the following four conditions [1,5]:

AATA = A, AYAAY = AY, (ATA)" = AT A, (AAY)" = AA*. 1)

If A is a square nonsingular matrix, then A* = A=1. Thus the Moore-Penrose
inverse generalizes ordinary matrix inversion. Note that the Moore-Penrose inverse
of a skew-Hermitian matrix is also skew-Hermitian [1, 5].

Let us consider a tridiagonal matrix
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0 aq
-a; 0 a, 0
A= , 2
0 —Aap-—2 0 an-1
—ap_q 0

where n > 3. Note that throughout this article z stands for the complex conjugate
of the complex number z. We assume thata; = 0 for all i = 1,2, ...,n — 1. This
requirement is not restrictive, since if some of the overdiagonal elements of A are
equal to zero, the problem of computing the Moore-Penrose inverse is decomposed
into several similar problems for matrices of lower order.

We will consider separately the matrices of even and odd orders.

The matrix of even order. Let n = 2m. Then from (2) we have

[ 0 aq
—a; 0 a, 0
A= . (3)
0 —dym-2 0 Arm-1
—Gm-1 0

According to above assumption about the overdiagonal elements, this matrix
is nonsingular. It follows from the easily proven equality

detA = (Jay| - |az| - |azm-1])>. (4)

Note that, as follows from the formula (4), for the matrix A to be nonsingular,
it is sufficient that only overdiagonal elements in the odd rows be nonzero.

Thus, in our case At = A~1. Finding the inverse matrix will be based on a
special decomposition of the matrix A. To do this, we introduce into consideration
bidiagonal matrix

[—a;  a;
—az Q4 0
B = ®)
0 —02m-3  Aam-2
—Ad2m—1-

of order m. Next, we define the following matrices:
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B 1, if j=2i
P =Pl Pu= {0, if j#2i’
and
3 1, if j=2i—1
Q= aul im0 {0, if j#£2i-1"
Then the matrix A can be written as follows:
A =PTBQ — (PTBQ)". (8)

The following easily verified properties of the matrices P and Q defined in (6)
and (7) hold:

PPT = I, QQ" =1Ipy, PQ" =0, PTP+QTQ = I, )
(the subscript of the identity matrix indicates its order).

Proceeding from (8) and using properties (9), one can directly verify that
At =QTB™1P — (QTB~1P)". (10)

So, the problem of finding the inverse for the matrix A from (3) is reduced to
the problem of inverting the matrix matrix B defined in (5).

The inverse of nonsingular matrix B can be easily found.

Lemma 1. The elements of the matrix B~" = [w;;| _ areas follows: for the

indices j = 1,2, ..., m we have:

1

az;-1

j=l. ' —
. =12,..,j—1; jj = — .
[, =12, =1 w; a1 (11)

Wij=_
Wij=0' l:]+1,]+2,,m,

where

a
rn=—"-,s=12,..,m—1.
Azs-1

You can verify the validity of formulas (11) by directly checking.

Based on the formulas (11), the elements of the upper triangular matrix B~1
can be calculated by the following recurrence relations: for the indices j =
1,2, ..., m we find:

1 , , .
— Wi =TWiq g, L= 1,721, (12)

azj-1

Wjj =~
It can be readily seen that calculations by formulas (12) requires

Agi;;en) = %mz + 0(m)
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complex arithmetical operations.

Having matrix B! = [Wif]mxm’ we can easily specify the elements of the
matrix A~1. According to the representation (10), we obtain the following
statement.

Theorem 1. The elements of the matrix A~! = [Zij]ZmXZm are as follows:

ZZi—12j=WijJ ZZjZi—lz_Wl] , ]=l,l+1,,m, i=1,2,...,m.

The remaining elements of the matrix are equal to zero.
In order to more clearly present the structure of the matrix A1, below we give
the layout of its elements for the value m = 4:

0 W11 0 W12 0 Wi3 0 Wi4]
-wi;7 O 0 0 0 0 0 0
0 0 0 Wyo 0 Wy3 0 Wy4
gi_|mWE 0 -wmp 0 0 0 0 0
0 0 0 0 0 W33 0 W34 )
W5 0 -Wwy; 0 -ws 0 0 0
0 0 0 0 0 0 0 wy
—w; 0 -wy;; 0 -—ws; 0 —w;; O

Next, we will focus our attention on computing the Moore-Penrose inverse for
skew-Hermitian matrices of odd order.
The matrix of odd order. Let n = 2m + 1. From (2) we have

[ 0 aq
-a; 0 a, 0
A= . (13)
0 —Gym-1 0 apy
—ay; 0

Regardless of the values of overdiagonal elements, this matrix is singular. As
in the previous case (matrices of even order), here also the computation of the
Moore-Penrose inverse A" is based on a special representation of the matrix A.

Let us introduce bidiagonal matrix

[Fa1  a

(14)

[ —dym-1 dom
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of size m x m + 1. Next, we define the following matrices:

1, if j=2i

F=Vilmsamrr - {0, if je2i (= bBem o (19)

and

1, if j=2i—1
i,-:{’ =2 i=12,..,m+1.  (16)

G = 94101 1x2ms1 0, if j#2i—1"

Then the matrix A can be written as follows:
A=FTBG — (FTBG)*. (17)
The following easily verified properties of the matrices F and G hold:
FFT =1, GGT =1I,,1, GFT =0, FTF+GTG = Iy4q (18)
(the subscript of the identity matrix indicates its order).

Taking into account properties (18), it can be proved that
At =GT"B*F — (GTB*F)". (19)

To do this, it is enough to show that the matrix (19) satisfies the conditions (1).

So, the problem of finding the Moore-Penrose inverse for matrix A from (13)
is reduced to a similar problem for matrix B defined in (14). An approach to derive
the Moore-Penrose inverse of the matrix B is based on the well-known formula

B* = lim (B*B + €l,41) " 'B* (20)
&-+0

(see [5], for instance). At first we find the inverse matrix (B*B + ¢I,,,4,) 1. For
this purpose, we use the computational procedure developed in the paper [6]. Then
the elements of the matrix (B*B + ¢l,,,,.1) "1 B* are calculated and a character of
their dependence on the parameter ¢ is revealed. Thereafter, according to the equal-
ity (20), passing to the limit when € = 40, we will arrive at closed form expres-
sions for the elements of the matrix B*. This sequence of actions, applicable to
skew-symmetric matrices, is detailed in paper [4]. We only need to repeat all the
arguments, taking into account the difference between skew-symmetric and skew-
Hermitian matrices. As a result we get the following statement.

Lemma 2. Let B be a bidiagonal matrix given in (14) anda; # 0,1 <i <
2m. Then the elements of the Moore-Penrose inverse B* = [w;;]41xm are as fol-
lows: for 1 <j < m,

C W (M ) (M 75)

Y azj-1 Zﬂnzo(nécﬂ %)(H?lk+1 5) ,

=12,..,] (21)
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and
Wi = (M2 75) Sy (T 1) (M2 2) = itL.mil
U T (s ) T
where
T, = 2 s=12,..,m.
Azs—1

As in paper [4], based on the expressions (21) and (22), below we suggest a

(22)

numerical procedure to compute the elements of the matrix B* = [w;;]m+1xm.

Algorithm MPinverse B*
1. Input elements a4, a,, ..., ay,y, Of the matrix B.
2. Calculate the quantities r:

s = ays/055_1, S=12,...,m.
3. Calculate the quantities f;:
Ams1 =1 [ =nfljizq, i=mm-—1,..,1
4. Calculate the quantities ¥;:
Uy =1, By =01, i=12,..,m.
5. Calculate the quantities R;:
Rm =t/ |a2m|?;
R; = r(lazis1|*Riys + fi1)/laz®, i=m—-1m-—2,.
6. Calculate the quantities S;:

$ = 1/|‘11|2;

Si = (lagi—2|2Si1 + Ui—1)/1agi-11? -1, 1 =2,3,..,m

7. Calculate the quantity
o = |a;|*Ry + iy
8. Calculate the elements of matrix matrix B*:

—ayj_1U;R) /5, i=12..,]
w;i = =
U agjafiS /o, i=j+1,j+2,.,m+1

9. Output the matrix B* = [W;;]m41xm-
End Algorithm

y J =12, ..

L1

,m.

13
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Direct calculations show that numerical implementation of the algorithm
MPinverseB* requires m? + 0(m) complex arithmetical operations. By this fact,
the algorithm may be considered as an optimal one.

The elements of the matrix B* obtained in Lemma 2 are, in the same time, the
elements of the matrix A* for skew-Hermitian matrix (13). Indeed, let us return to
the equalities (17) and (19). We introduce the notation

Tp+tp = —
G'BF=V= [U“B]2m+1x2m+1'

According to formula (19),
At =V -V~ (23)
We also introduce an intermediate notation
GTBt*=U = [uaﬁ]mﬂxm.

Then V = UF. Using definitions (15) and (16) of the matrices F and G, respec-
tively, consider the following four options for the arrangement of the elements in
rows and columns of the matrix V.

[0 Elements at the intersection of odd rows and odd columns of the matrix
V.
Fori=12,...,m+1landj=12,..,m+1:

Vzi-12j-1 = Yhe1Uzi-1k fr 2j—1 = 0. (24)

O Elements at the intersection of odd rows and even columns of the ma-
trix V.
Fori=1,2,...,m+1andj=1.2,.. m:

Vaic12j = Lhe1Uzi-1k fre2j = Uzie1j = Lhot Tk 2i-1 Wkj = Wij.  (25)

0O Elements at the intersection of even rows and odd columns of the ma-

trix V.
Fori=1,2,..,mandj=12,..,m+ 1:
Vai2j-1 = D=1 Uik fr 2j-1 = 0. (26)
O Elements at the intersection of even rows and even columns of the ma-
trix V.

Fori=12,..,mandj=1.2,..,m:
Vaizj = She1Uaik frzj = Uzij = Lhet Gk 2i Wij = 0. (27)

Having expressions (24)-(27) and proceeding from representation (23) of the
matrix A*, we arrive at the following statement.
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Theorem 2. Let A be a skew-Hermitian matrix of order 2m + 1 given in (13).
Itisassumedthat a; # 0, 1 < i < 2m. The elements of the Moore-Penrose inverse
A" = [Zoglam+1x2m+1 are as follows:

Zyi—1 2j = Wl'j, sz 2i—1 — _Wl]! i= 1,2, W, m + 1, ] = 1,2, W, m,

where w;; are the elements of the B* obtained in Lemma 2. The remaining elements
of the matrix A* are equal to zero.

As in the case of even matrix order, below we give the layout of the elements
of matrix A* for the value m = 3:

0 W11 0 Wio 0 Wi3 0
w1 0 Wy 0 Wz 0 Wy
0 Wy 0 Wyo 0 Wy3 0
at=|-wg 0 -wz 0 -wmg 0 -wgl.
0 W31 0 W3, 0 W33 0
Wiz 0 Wz 0 Wiz 0 —wyg
0 Wy 0 Wyo 0 Wy3 0 |

To summarize, in conclusion we emphasize two main results of this work.
First, we obtained closed form expressions for the elements of the Moore-Penrose
inverse of tridiagonal skew-Hermitian matrices with zero diagonal. Secondly, on
the basis of the obtained formulas, a numerical algorithm which is optimal in terms
of computational costs was constructed.
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OBPAIIEHUE MYPA-IEHPOY3A TPEXIUAT'OHAJIBHBIX
KOCO2PMUTOBBIX MATPHII C HYJIEBBIMU JUAT"OHAJIb-
HBIMH JIEMEHTAMM

A. Manykan
Epesanckuii 2ocyoapcmeeHHblil YHuepcumem

AHHOTANIIUA

Hacrosmas crarss nOCBsILEHa BHIBOY SBHBIX BBIPAXCHUH NI SI€MEH-
TOB 0OpaTHO# MaTpuibl Mypa-Ilenpoy3a B ciiyyae TpexanaroHaabHBIX
KOCO’PMUTOBBIX MaTpPHI] C HYJIEBBIMH JIMarOHAJIbHBIMU dyieMeHTamu. Ha
OCHOBE TOYYEHHBIX (GOPMYII TTOTyIeH ONTUMANBHBIH, B CMBICIEe 00beMa
BBIYMCIIUTEIBHBIX 3aTPAT, YUCICHHBIA aJITOPUTM.

KuroueBble ciioBa: obpaieHne Mypa-IleHpoy3a, KOCO3pMHUTOBAsT MaT-
pHILIa, TpeXAuaroHajabHas MaTpHLA.



17

DOI 10.24412/1829-0450-2024-1-17-24 [Moctymuna: 20.02.2024r.
YK 519.218.5 Crnana Ha peneHsuio: 26.02.2024r.
[Hoamucana k meuatn: 19.05.2024r.

BOCCTAHOBJIEHHME 2JIJIMIICA ITIO PACIIPEJAEJIEHUAM
XOP/ ITO HAITPABJIEHUAM

P.I'. Apaman, J1.A. Anunsan

Poccuticko-Apmsanckuii (Crnassnckuil) ynusepcumem
apinlevOO@gmail.com, rafikaramyan@yahoo.com

AHHOTANIUA

3amaua HaxoXkJIeHUs MH(OpMAIMK WM MOJHOTO BOCCTAHOBJICHHUS BBI-
MYKJIBIX TEJl TI0 PacHpeleNIeHusIM XapaKTepHCTHK K-MEPHBIX CEYeHHH —
OJlHAa M3 OCHOBHBIX 3314 CTOXacTH4Yeckoi Tomorpaduu. JlanHas pabora
MOCBSIIIEHa BOCCTAHOBJICHHIO 3JUIUIICA Ha INIOCKOCTH 4epe3 paclpeserne-
HUS CIyYailHBIX XOpJ II0 HampaBiIeHusM. [IperiaraeTcsi ailroOpuT™ Boc-
CTaHOBJICHHUSI.

KiioueBble cioBa: 3JUmMIC, BBITYKIOCTh, (YHKLUS paclpeaeieHHsl,
ornopHasi PyHKIHs, BOCCTAHOBJICHUE HIUIUIICA.

1. Beenenue

I'eoMeTpudeckue XxapakTEepPUCTUKH BRIMYKIIOTO Tena K, mHBapraHTHRIE OTHO-
CUTENFHO EBKIIMIOBBIX IBHKEHHIA, MOTYT OBITH BBIYHCIICHBI CTATHCTUIECKIUMHU Me-
ToaMu. PelieHue Takux 3ajaq BEIXOAWT JAAlIEKO 32 PAMKH TEOPETUIECKOTO UHTE-
peca.

Ota 00J1acTh ObljIa 3HAYUTEIILHO Pa3BUTA B TCUCHUE MTOCICIHUX JECATHIICTHIA,
KOr/1a TpeOOBaJIOCh Bce 0OJIbIlIee KOJMYECTBO PeabHBIX MPWIOKEHNUH. B yacTHO-
CTH, BOCCTAHOBJICHUE BBIIMYKJIOrO TeJd MO €ro CIy4yalHbIM CEUCHUSIM SIBIIACTCA
LIEHTPaJIbHOM 3a1aueii CTOXaCTHUECKOM ToMorpaduu.

Boccranosnenne BRITYKIIBIX TN (KOMITAKTHBIX MHOYKECTB) SIBIIICTCS TJIABHOM
3asiayeil reomeTpuieckoil Tomorpaduu. ['eomerpudeckas Tomorpadus — 3To Ma-
TeMaTu4eckas 00JIacTh, KoTopas (hoKycupyeTcs Ha MpoOiieMaX BOCCTAHOBJICHHS
OJIHOPOJIHBIX (4aCTO BBIMYKJIBIX) OOBEKTOB M3 TOMOIPaUUIECKUX JaHHBIX (3TO MO-
TYT OBITh PEHTTCHOBCKHE JTydH, TIPOEKIINH, CSUCHUS, PYHKITIH SIPKOCTH WJIH KOBa-
puorpammel). [1o cnoBam Puuappaa apauepa, «['eomeTpudeckas Tomorpadust mo-
CBSIIICHA TTOUCKY HH(POPMAIIUU O TEOMETPUIECKOM O0BEKTE U3 JAHHBIX O €r0 MPOo-
eKIUAX (TeHSAX) Ha IUTOCKOCTSIX WIIM CEYCHHUSAX IUIOCKOCTAMW». |'eoMeTpuueckas
ToMorpadus B paMKax MaTeMaTHKH B OCHOBHOM CBSI3aHA C BBIITKJION TeOMeTpreH,
WHTETPAILHOW reoMeTpueid, reoMmeTpueli MUHKOBCKOTO, (DYHKITMOHAIBHBIM aHa-
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JU30M U KOMOMHATOPUKOM, a TaK)Ke BHE MaTEMAaTUKH, C KOMITBIOTEPHOW TOMOTpa-
¢ueil, MeaUIUHCKON ToMorpaduel, AUCKPETHOW ToMorpaduei, 3JeKTpOHHON
MHUKPOCKOITUEH, KOMITBIOTEPHBIM 3pEHHEM U PacliO3HaBaHHEM 00pa30B.

Croxactudeckas ToMorpadus MocBsieHa TOUCKy HHPpOpMaIuy 0 TeOMETPH-
YeCKOM O0BEKTE U3 CAyHYalHBIX JaHHBIX O €r0 MPOSKIMsIX (TEHSIX) Ha MIOCKOCTSIX
WM pacTpeAeseHusl CIydaiiHbIX CeYeHNN K-MEPHBIMU TUIOCKOCTSAMHU.

ITocTanoBka 3agaun

3agada COCTOUT B BOCCTAHOBJIEHUH 3JUIMIICA C TIOMOILBIO (PYHKIMHK pacipee-
JICHHsI JUTMH XOP/ TI0 HalpaBJIeHUsIM. B nanHo# paboTe MBI OmpeiesinM HECKOIBKO
FeOMETPUYECKUX TOHATHI U pACCMOTPUM BO3MOKHOCTh BOCCTAHOBJICHHS JITUIICA
C MOMOIIBIO (DYHKLUH paclpeeNeHus AJIHH XOp/ [10 HalpaBJICHHIO.

ITpoOneMy BocCTaHOBIIEHHS BBITYKJIBIX TEJ IO paclipeesICHHIO IIHH CTy4ai-
HBIX XOpJ BIepBble paccMoTpen Bunbsrensm bostike [1]. Ilycts 3anana Beimykiias
¢urypa. CryyaiiHast nipsimasi (¢ M”HBApHAaHTHOH Mepoi), mepecekaromas Qurypy,
3ajaet ciydaiitnyro xopay x(g). B. Bisnike moctaBui 3agady: onpeenseTcs Ju
BBIIYKJIOE TEJIO MO PacTpeAeICHHIO JIMHBI CIIy4YalHBIX XOpJ C TOYHOCTBIO JI0 Ma-
pajuiensHBIX epeHocoB u otpaxeHuit? [lozxe Komun JI. Mannoyc u Jxon Mopuc
Kitapk ompoBepraiu BEIIIECKAa3aHHOE [2], TTOCTPOMB JBa HEKOHTPYIHTHBIX 12-
YTOJIBHHKA C OJMHAKOBBIMHU PACIPENECIICHUSAMH JUIMH XOPI.

ITocne Obu1a OCTaBICHA BTOPAsi TUIIOTE3a: BOCCTAHABIMBAETCS JIU BBITYKJIast
¢durypa no pacnpe/elIeHHIO JUTHH CIy4aiHbIX XOP/I 110 HAMPABIEHUIO C TOYHOCTHIO
710 TIapaJUIeIbHBIX TIEPEHOCOB U oTpaxkeHHH? Takxke 3Ty MpodieMy paccMaTpUBall
Kopx Matepon. B 1975r. on BBeJ NOHATHE KOBAPUOTPaMMBbI, I0Ka3aJ1 CBS3b MEX-
Iy Hell 1 QyHKUueH pacupeaenaeHus JJIMHbI CIIydaiiHOM XOpAbl M0 HaIlPaBICHUIO
[6], a B 1986r. mpemtosku rumnore3y [4]: koBapHOrpaMMa OTHO3HAYHO OTIPEIEIISAET
BBIMYKJI0€ TeJI0 B R™, ¢ TOUHOCTRIO JI0 MapalIeIbHBIX IEPEHOCOB M OTpaXkeHni. B
1993r. Bepuep Harenbs nokasan 3Ty rUmoTesy Ui BCEX BBITYKJIBIX MHOTOYTOJIb-
HUKOB [3]. MaTepoH Takxe IpeaoKuil MOJIOKUTEIbHBIM OTBET NMPU N1 = 2, KOTO-
peiii Obu1 nokazad B 2007 r. ABepkoBeM U I'. besaku [4]. ['abpusne besuku mo-
CTpOMJI KOHTpIpuMepbl B R™ 1uist kax10ro n = 4 1 nokasai, 4to 3ajiauya KOBapro-
rpaMMbl B O0LIeH MOCTaHOBKE MMEET oTpHuLaTedbHbIi oTBet [5]. s n = 3 npo-
Onema moka He pemeHa. Ho HecMOTpst Ha To, YTO 3a7jada UMEET MOJI0KUTEIbHBIN
OTBET TPU N = 2, aTOPUTM BOCCTAHOBJICHUS BBIYKIIBIX QUT'YpP C IOMOIILIO pac-
TIpeeIeHns AJINH XOP/ 110 HAIIPABJIEHHUIO A0 CHX TIOP OCTAE€TCS OTKPBITHIM.

Ilens naHHOM CTaTbU — HAWTH KaKUE-TO XapaKTEPUCTUKH IIUIICA OT €ro pac-
npeaeneHnid XOpA U BBLICHUTH CIOCO0 BOCCTaHOBJICHHUS 3JUTUIICA Yepe3 ero pac-
MpeNeIeHNs JUINH XOP/ 110 HAIIPaBJICHUSM.
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2. llpenBapurteabHble MOHATHS

2.1. KoopauHaTbl NpsIMOii HA MJIOCKOCTH

IIpocTpaHCTBO MPAMBIX Ha MIOckocTH R? Oymem o6o3Hauats uepes G. Ips-
Mmyto g € G mapamerpuszyem napoii koopausat (P, ¢), p >0, 0 < ¢ < 2z, To ecTh
MOJISIPHBIMU KOOPJMHATAMH OCHOBAHUS IEPICHANKYJISIpa OMYLICHHOTO HA IPSAMYIO
g n3 Havana koopauHat O. Beenem B G MHBapHaHTHYIO OTHOCHTEIILHO €BKIIUIO-
BBIX JIBIKEHUI, Mepy dg = dpdg.

2.2. PacnipeniesieHe JJIMHBI XOPAbI 10 HATIPABJIECHHUIO

IIycts D — KoMnakTHOE MHOKecTBO B EBKIMi0BOM pocTpancte R2. G npo-
cTpaHcTBO HpsAMEIX B R?, g € G, (p, ) —monspHble KOOPAMHATH NPAMOM g, T/e
p=0,¢ €S, ST — enunuuHas OKPYKHOCTb Ha TIOCKOCTH C LIEHTPOM B HaYaje
koopauHart. [Ipsimas g mepecekaer MHOkecTBO D M 00pa3yeT Xopay, KOTOPYIO
o06o3naunM y(g) (Puc. 1).

D

-

Y

Pucynox 1.

3adukcupyem HampasiieHHe @. PaccMOTpuM Bce TpsiMble B 3TOM Harpaslie-
HUHN. Kaxcaasl TaKasda HpSIMaH OJHO3HAYHO onpez[enﬂeTcsI ce nepecequI/IeM C OCbHO
Ox.

(DYHKI_[I/UI pacnpeacjacHus JJIMHbI XOPJbl IO HAIIPABJIICHUIO — 3TO

Fp(t) = P{|x(g,)| < t: x(94) = 9, N D},

IJI€ g, UMEET HANPABIIEHHUE (0.

3. OcHOBHbBIE Pe3yJbTAThl

3/1eCh paccMOTpeH yumuIc Ha R? 1 BbIABIEHA ero (yHKIMS paclpeieeH s
JUIMH XOPZ 110 HAIPaBJICHHIO, OTIMCaHa OMOpPHAas (PYHKIMS U MPEJICTaBICH CII0CO0
BOCCTaHOBJICHUSI.

3.1. OnopHuasi pyHKIusI HJJIMIICA

Onopnas ¢yukims tena K — 1o Sup(@, X) = h(@), rie ¢ ecth eIUHAYHBINA
x €K

BEKTOP B HampaBlieHUH . V3BeCTHO, uTO omopHas (yHKIMs BeITyKioro teia K
oxuo3Hauno 3amaet K. ITycts K ammuic ¢ monyocsmu a u b:
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W3BecTHO, uTO OmMOpHAsK (YHKIIHS JLTUTICA UMEET CIEAYIOIINNA BU;

h(p) = \Ja%cos2g + b2sin2¢

3.2. ®yukuus pacnpeeeHus AJIUH XOP/I JJIs JIJTUICA 10 HANIPABJIEHHU IO

Hns ammmnica K o603HaunM depes t mmuay Xopast (A, B) orcekaemoit mpons-
BOJIBHOM TIpsiMoii ( OpOIIIEHHOH 10 HampaBICHHIO (), 0003HAYNM Uepe3 P JITHHY
MEPICHIUKYJIAPA, MPOBEIESHHOTO OT IIEHTpa AJutuIca 10 xopasl t. Halinem gpyHk-
LU0 PaCIIPeeICHUs JIIMHBI XOp bl K 110 HAaNpaBICHHIO (), TO €CTh F(p (®).

P \

W3 onpenenenus GyHKUUH paclipeeeHUs UMEEM:

__ h(p)-p
Fo(8) = h()

UYroOwl HaliTm koopauHaTel A = (Xxq,y1) U B = (x;,,y,), paccMoTpum cie-
AYIOLIYIO CUCTEMY:
XZ yZ
{ atp=1

xXcos@ + ysing =p

3aMeTHM, 9TO

— — — 2 —v.)2
t = |AB| = J(x; = x)? + (y2 — 1)
IloxcraBmsis BeIpaKeHHUE I X M3 BTOPOTO YPABHEHHUS CHCTEMBI B IEPBOE, TI0-
Ty4UM

(p— ysing )2
cosp y-
a? b2

OTkyna nomyynm

(v, — )2 _ 4p®b*sin*@  4b*p*-4b*a’cos?p
§) V1 h*(g) h2(¢p)

AHaJIOTUYHBIMU 00Pa30M MOITyYHM
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4p?a*cos?’e  4a?p?-4bZa’sine
h*(9) h?(¢)

(2 — x1)2 =

Tak kak

(xz —x1)* + (V2 —y1)? =

(a4cosz(p—b4sin2qo - 2) n 4a?b?
hz(q)) h2(¢) h2(¢)

OKOHYATEIHHO MoJIy4acTcsa

( 2 4a2b2) __ 4p*a®p?
h2(ep) h*(p)

OTciofa u ony4aeTcs BhIpaXeHHe s P

2 t2
((,0) h((,o)2 4q2p2

Ilozcrasus ero B F, (t) u cenaB COOTBETCTBYIOIIME YIPOIIEHUs, OBbLT MOTY-

YeH OKOHYATENbHBINA BUA U QYHKIMK pacipeeNieHus JJIMH XOp/ 10 HaIlpaBie-
HUIO:

_ t2h(p)?

Orcrosia MOKHO BBIpasuTh h(¢p) uepes Fy,(t)

2ab

h(p) = 1-(1- F,@®)?

[TonyuaeTcs cnenyromas jemma:
Jlemma. J{ist mro0oro aruunica v ist 1r000T0 HApaBleHHs () BRIpasKEHHE

1-(01- F,@®)?
E li-a-ro
HE 3aBHUCUT OT {.

OO6paTHOe yTBEpK/IeHHE MBI IIPEICTABIsIEM KaK TUTIOTE3Y:

I'unore3a. Ecnu 11 Hexol GUrypsl M J1000T0 HANPaBICHUS (9 BHIPAXKECHUE

ZS

— 1— (1 - F,(t))? ne 3aBucur ot t, To 3Ta GUrypa ABIAETCS ILTHIICOM.
3.3. BoccTaHoB/IeHME HEMIOBEPHYTOI0 JIJIMIICA
MBpI ipejptaraeM clieIyIoIuii alropuT™ IJ1sl BOCCTaHOBIICHUS HETIOBEPHYTOTO

OJIJTUIICA
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st BoccTaHOBJICHHS HEOOXOMMBI 2 CaMbI€ JUTMHHBIC XOP/AbI B ABYX HE KOJI-
JIMHEApHBIX HampapieHUsX. CaMylo JUIMHHYIO XOpJAy B HalpaBJICHUU ¢ 0003Ha-
qUM l(p. Haiitu ee MOXHO U3 TAaHHOU CUCTEMBIL:

2 2

X Yo o_
az ' b2

xcos@ +ysing =0

ly = VG — 2%+ (2 — y1)?

_ abcosp

Y12 — JaZcos2p+ bZsinZe
_ absing

X21 =

~ JaZcos2p+ bZsinZ¢

OTKyzna noiay4aem, 4ro

2ab
l, = -
JaZcosZp+ bZsinZg

Octaércst peluTh CIEAYIOIYI0 CUCTEMY BBIPA3UB a U b 4epe3 3TU XOpAbl U
WX HalpaBJICHUS

_ 2ab
¥1 JaZcosZp,+ b2sin2¢,
2ab
ly, = .
2 JaZcosZp,+ b2sinZg,

[

OKoHYaTeILHOE BBIPpAXXCHUEC JJI HOHyOCGﬁ BBITJIAOAT TaK:

a= lp,lp,COSP, \/ sinZ2@,—tg2¢@,

2 2
2 lp,“cos?@1— 1y, “cos?@,

b= Lo, lp,Sings cos2¢@,— ctg?¢pq
2 lq,lzsinz(pl— lwzzsinzqoz

3.4. BoccTanoB/IeHHE MOBEPHYTOT0 JLTHIICA
MBI nipeyTaraeM ClaeayIoNnii alrOPUTM ISl BOCCTAHOBIICHHUS IIIUIICA TTOBEP-
HYTOTO Ha yroJI Y. AHaJOTHYHBIM 00pPa30M COCTaBISACTCS CIEIYIOIas CUCTEMA.
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(l — 2ab

| ¥+ JaZcos? (1 )+ bZsin? (91~ )
) — 2ab
$2 " Ja%cos?(pa— P)+ bZsin?(po— P)
I _ 2ab

#3  JaZcos?(p3— )+ b2sin?(p3— )

PemmB cucTeMy aHATOTMYHBIM 00pa30M, MBI TIOJyYUM &, D 1 Y B TepMHUHAX
01, P2y P3, g, Ly, Ly, Tlomyuarores cnemyronme BHIPGKEHHUS IS TAPAMETPOB

P11 "Q
SIUTUTICA:
C2
ll) _ arctg(cl_cs)
2
2
a =
C1+C3—,’(C1—C3)2+ ;2
2
b= )
Ci+C3+ /(cl—c3)2+ C,°
rae
4
Cl = l_Z'
(s
P
4
(3= .2
0
_ 8
C;=C;+C3— 2
7
3akiIoueHne

Takum 00pa3oM MBI TIOKa3aJIH, CIOCOO BOCCTAHOBIECHHUS MPOU3BOJIIBHOTO HJI-
nutica (MMOBEPHYTOTO) TI0 €r0 pacipeeNICHUIO CITydalHbIX XOP/I 0 TPEM Halpas-
neHusM. Borpoc BoccTaHOBIIEHHS TIPOU3BOJIBHOW BBIMYKIION (DUTYPHI 1O pacrpe-
JICJIEHUIO CIIy4alHBIX XOp/ [10 HAIIPABJICHUSAM OTKPBIT
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RECONSTRUCTION OF AN ELLIPSE FROM THE DISTRIBU-
TIONS OF CHORDS IN DIRECTIONS
R. Aramyan, L. Apinyan
Russian-Armenian(Siavonic) University

ABSTRACT

The problem of finding information or completely reconstructing convex
bodies from the distributions of characteristics of k-dimensional sections
is one of the main problems of stochastic tomography. This work is de-
voted to the reconstruction of an ellipse on a plane through the distribution
of random chords in directions. A reconstruction algorithm is proposed.
Keywords: ellipse, convexity, distribution function, support function, el-
lipse restoration.
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RMSD CALCULATION TOOLS IN MOLECULAR DOCKING
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ORCID: 0009-0002-0021-3789

ABSTRACT

The accurate calculation of RMSD, especially with symmetry correction,
is vital for reliable molecular comparisons in computational chemistry.
This study conducts a comparative analysis of three advanced RMSD cal-
culation tools to assess their accuracy, failure rates, and computational
efficiency across varied molecular scenarios. Utilizing two large datasets,
each comprising approximately 2000 molecular structures, the tools are
evaluated in the context of molecular docking simulations. These datasets
are sourced from well-established molecular databases and include a
range of complexities to challenge the tools under test. The research ex-
tends to include special molecular cases, designed to expose strengths and
weaknesses of each tool, providing a comprehensive overview of their
performance. This analysis aims to guide computational chemists in se-
lecting the most appropriate RMSD calculation tools for their research
needs, enhancing the accuracy and reliability of molecular modeling stud-
ies.

Keywords: symmetry corrected RMSD, molecular docking.

Introduction

Root Mean Square Deviation (RMSD) is a widely used metric in computa-
tional chemistry for quantifying the similarity between molecular structures, par-
ticularly in the context of molecular docking and structural biology. The precision
of RMSD calculations directly influences the reliability of molecular modeling
studies, affecting interpretations and decisions in drug design and other applica-
tions. However, RMSD calculations can be particularly challenging when dealing
with symmetric molecules, as traditional RMSD often fails to account for intrinsic
molecular symmetries, potentially leading to misleading results.

Recent advancements have led to the development of symmetry corrected
RMSD calculation tools that address these issues by considering molecular sym-
metries in their algorithms. This paper focuses on tools which use graph isomor-
phism for finding symmetries, specifically: DockRMSD [1], spyRMSDI[2] and
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obrms (from OpenBabel [3]), which represent significant improvements in the ac-
curacy and efficiency of RMSD calculations.

Previous studies have begun to explore comparisons between these RMSD cal-
culation tools, focusing on their performance in terms of accuracy, speed, and reli-
ability. Notably, references [1, 2] present comparisons between DockRMSD (with
generalized bonds) and obrms, as well as between spyRMSD and obrms, evaluating
their equivalence in results and computational speed. These comparisons showed
that all three tools yielded the same RMSDs, indicating a high level of consistency.
However, these studies did not discuss instances where the tools fail or produce
inaccurate results. This omission highlights a gap in the current understanding of
these tools reliability across more diverse or challenging molecular scenarios.

To address this gap, this study employs two large datasets, each comprising
approximately 2000 molecular structures. The first dataset is randomly sampled
from the refined set of PDBBInd [4], widely recognized for its relevance in protein-
ligand binding studies. The second dataset is composed of randomly selected com-
plexes fetched from the Protein Data Bank (PDB)?, including complexes that pre-
sent challenging ligands, which are known to test the limits of computational tools
in terms of accuracy and efficiency. These datasets provide a robust basis for eval-
uating the performance of each RMSD tool under standardized as well as challeng-
ing conditions. Additionally, special molecular cases are introduced to test each
tool's ability to handle complex scenarios that challenge their computational and
algorithmic limits.

By systematically comparing these tools across multiple datasets and special-
ized cases, this study aims to elucidate the strengths and limitations of each RMSD
calculation method. The insights gained from this research will not only enhance
the understanding of current RMSD calculation capabilities but also aid in the con-
tinuous improvement and development of these essential tools in computational
chemistry.

RMSD Calculation Tools

DockRMSD [1] is an open-source tool specifically engineered to calculate
RMSD for symmetric molecules. It utilizes graph isomorphism to ensure accurate
atom mapping, addressing the common challenge in traditional RMSD calculations
where symmetrical structures are misaligned due to arbitrary atom ordering.
DockRMSD applies graph isomorphism to ensure that each atom is precisely paired
with its corresponding counterpart, even in complex symmetrical molecules. Dis-
tinctive features of this tool include its implementation in C, which makes it excep-

! Protein Data Bank (rcsh.org)
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tionally lightweight and free from dependencies. Additionally, DockRMSD consid-
ers bond types too, and only if no isomorphism is found, it assumes that all bonds
are of the same type.

SpyRMSD [2] is a Python-based tool designed to perform symmetry corrected
RMSD calculations, thereby enhancing the accuracy of molecular similarity assess-
ments. While the tool also supports translational and rotational symmetries, our fo-
cus will primarily be on its capability regarding graph isomorphism. Distinctive
features of SpyRMSD include its implementation in Python, which allows for seam-
less integration into existing computational workflows?. Additionally, the tool is
noted for its reliability, as it leverages well-known libraries such as NetworkX [5]
to manage graph isomorphisms effectively.

Obrms is part of the OpenBabel [3] suite, a powerful tool for chemical data
handling, which includes functionality for calculating RMSD. Obrms leverages
OpenBabel's extensive capabilities in format conversion and molecular manipula-
tion to facilitate RMSD calculations even for complex and large molecular systems.
While obrms is primarily written in C++ for high performance, it is also accessible
via a Python wrapper provided by the OpenBabel suite, enhancing its versatility.
For the purposes of this study, however, we will utilize the standalone executable
version of the tool.

Evaluation Methodology

This study evaluates several key aspects of RMSD calculation tools: accuracy,
failure rate, and computational efficiency. The comparative analysis of RMSD cal-
culation tools in this study is based on two selected datasets: PDBBind Refined and
PDB Random, each comprising approximately 2000 molecular structures. These
datasets were chosen to provide a broad spectrum of molecular complexities and
scenarios, ensuring a comprehensive evaluation of the RMSD calculation tools in-
volved.

PDBBind Refined dataset is derived from the PDBBind database's refined set.
PDBBind provides a curated collection of protein-ligand complexes with experi-
mentally measured binding affinities, widely utilized in the validation and bench-
marking of molecular docking algorithms. The refined set specifically contains
high-quality entries that have been rigorously validated for structural and resolution
integrity. It also provides carefully processed molecular structure files. In case of
uncertainty in bond types, bonds are marked as aromatic in MOL2 files, so only in
uncertain cases DockRMSD will proceed with generalized bond types (Figure 1).
On the left side the crystal structure (with N1 and N2 atoms) is PDBBind processed
molecule, and on the right side the crystal structure (with N1 and N2 atoms) is

2 https://github.com/RMeli/spyrmsd/tree/develop
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generated from complex PDB file and ligand SMILES. There is also a generated
conformation in both pictures. In first case DockRMSD will generalize bonds and
produce RMSD of 3.0293143 A, which is correct thing to do in this case, while in
the second case it’ll find atom mapping N1N20 and N2[OIN1J which will cause
RMSD of 3.1660216 A.

Figure 1. BENZAMIDINE molecule.

PDB Random dataset consists of randomly selected complexes from the Pro-
tein Data Bank, an expansive repository of three-dimensional structural data of bi-
ological macromolecules. This dataset is enriched with complexes that include
challenging ligands, known for testing the robustness and adaptability of computa-
tional tools.

Dataset preparation

For the first dataset, we randomly selected 2000 complexes from a pool of
approximately 5000 available complexes and conducted molecular docking using
SMINA software [6]. This procedure was designed to generate a variety of distinct
conformations for each complex. In the case of the second dataset, we created a
pool of roughly 10,000 complexes using their 4-letter PDB 1Ds and subsequently
extracted the small molecules found within these complexes. A filtering process
was applied to isolate protein-ligand pairs, ensuring that each pair featured unique
PDB IDs for both the complex and the ligand. This selection strategy primarily
aims to ensure the uniqueness of ligands in the final dataset. While two complexes
with different PDB IDs may share the same protein, the uniqueness of ligand PDB
IDs guarantees that the ligands are distinct. Ultimately, we selected 2000 such com-
plexes and performed molecular docking in a similar manner to the first dataset,
aiming to generate the necessary conformations.
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Molecular docking using SMINA resulted in SDF files including multiple con-
formations of the same molecule, which were converted into MOL2 format and
written into separate files using OpenBabel toolbox. Details about the final datasets
can be found in Table 1. Additionally, these datasets will be made publicly avail-
able to facilitate further research and validation by other researchers.

Table 1. Summary of generated datasets

29

Name Initial complexes | Successfully docked | Total conformations
PDBBInd Refined | 2000 1996 12574
PDB Random 2000 1983 16422

Evaluation of RMSD Tools

As previously discussed, this study evaluates several key aspects of RMSD
calculation tools: accuracy, failure rate, and computational efficiency. Given that
RMSD calculations are typically used to evaluate docking results involving around
10 conformations per complex, it is crucial that these calculations are performed
quickly. To address this, we have implemented a 10-second timeout for each
RMSD calculation task in our study, establishing this cutoff to ensure timely pro-
cessing and to highlight cases where the duration may be problematic. If a tool
exceeds this time limit, it is classified as a failure. However, it is important to dis-
tinguish between failures due to time constraints and those resulting from algorith-
mic shortcomings. This differentiation will allow us to more accurately assess the
practical limitations and strengths of each tool under test.

Conformations were processed in terms of RMSD calculation in parallel. The
following versions of software were used:

O DockRMSD — built from the source, available in website®.

0 spyRMSD - v0.7.0.

[0 obrms — OpenBabel v3.1.1.

During processing of each complex, sequentially DockRMSD, spyRMSD and
obrms were run on all the docking generated conformations of given complex, then
results were finalized, and processing of a single complex was completed. Calcu-
lations were run on a machine with AMD EPY C 9654 96-core processor, using 1/3
of its processors, while no other jobs were running.

% https://zhanggroup.org/DockRMSD/
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Results

Failure rate

By failure we mean a job which doesn’t give any numeric output within the
timeout period. This may be caused of very long running time or runtime errors of
tool in case of which program just aborts. As illustrated in Figure 2, DockRMSD
exhibits the highest failure rates, with approximately 5% in the PDB Random da-
taset and around 30% in the PDBBind Refined dataset. While spyRMSD also en-
countered several failures, all were due to timeout issues. In contrast, failures in
DockRMSD were caused by segmentation faults in all but two complexes from the
PDB Random dataset. Those two complexes (comprising a total of 15 confor-
mations) are similar to each other and represent special cases where DockRMSD
struggles, often operating for hours before successfully identifying the optimal iso-
morphism.

Figure 2. Failure rate comparison.

Accuracy

In this section, we focus on examining the agreement between various RMSD
calculation tools. This assessment is particularly crucial as there currently exists no
dataset with symmetry corrected RMSDs calculated in an established, accurate
manner. By comparing the outputs of these tools, particularly using obrms as a ref-
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erence standard, we aim to identify the degree of consistency across different im-
plementations of core algorithms. As noted in the beginning DockRMSDs approach
slightly differs from the other two. For comparison of core algorithms of our tools,
a modification is made to DockRMSDs approach to match those of spyRMSD and
obrms by generalizing the bond types of input molecules immediately.

Upon analysis, it was found that all tools consistently agreed on the outputs for
all successfully processed conformations across both datasets. The mean absolute
error (MAE) between spyRMSD and obrms was approximately 10°°A, highlighting
a high degree of precision. In contrast, DockRMSD displayed a slightly higher
MAE of approximately 5x10°A. This variation is attributed to DockRMSD's
rounding of output values to the third decimal place.

These results confirm that the core algorithms of the tools are fundamentally
aligned, with no significant algorithmic discrepancies noted in DockRMSD apart
from the consideration of bond types. To further investigate, we will analyze the
performance of DockRMSD without any modifications to its algorithm, specifi-
cally focusing on cases where the results deviate significantly from the established
reference standard.

We begin with the PDBBind Refined dataset, known for addressing issues re-
lated to ambiguous bond types in MOL2 files. Our focus will be on complexes with
docked conformations where the DockRMSD results deviate from the obrms refer-
ence by more than 0.1 A. Notable examples from this dataset include complexes
2FLE, 3A20, 6CSP and 1EBW. An in-depth examination of two such instances
will be provided.

.
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& Y

Figure 3. Ligand with PDB ID Al and docked position for it in complex 2FLE.

Figure 3 illustrates the ligand of complex 2FLE, providing both 2D visualiza-
tion and 3D visualization along with some docked pose. The 2D representation
clearly indicates that the molecule is not symmetric. However, if we were to hypo-
thetically consider the lower ring as aromatic, the molecule could be perceived as
symmetric. This is relevant because the docking algorithm almost perfectly aligned
the two pairs of rings on the right side of the molecule, as shown in the figure.

Despite this near alignment, the docking results reveal a critical issue. One of
the pairs consists of an aromatic ring and a non-aromatic ring and considering them
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the same introduces a potential problem in evaluating the docking accuracy. Such
discrepancies are important as they could lead to misleading conclusions about the
closeness of a pose to its crystal structure, which in turn could impact the develop-
ment of docking algorithms.

In this specific case, obrms and spyRMSD reported a deviation of 3.78617 A
from the reference structure, indicating a relatively close alignment with the ex-
pected model. On the other hand, DockRMSD showed a significantly larger devia-
tion of 12.21 A. This substantial difference underscores the challenges posed by the
molecule’s structural characteristics and highlights the need for careful considera-
tion of molecular symmetry and ring types when assessing docking results and de-
veloping docking algorithms.

i

HN

Figure 4. Ligand with PDB ID FBM and docked position for it in complex 6CSP.

Figure 4 provides a detailed look at the ligand of complex 6CSP, featuring
both a 2D representation of the molecule and its docking outcomes. The 2D view
clearly shows that the molecule lacks symmetry. A critical aspect of this case is the
molecule’s ring structure, which contains a single double bond whose position is
crucial for accurately modeling the molecule's behavior. If we treat all bonds as
having the same type, valuable information about the ring's specific characteristics
is lost. This simplification can mislead the alignment process, potentially resulting
in inaccurate assessments of molecular fit during docking procedures.

The right side of Figure 4 illustrates that two poses of the molecule are nearly
aligned. Under a hypothetical scenario where bond types are disregarded, these
poses would require only a minor translation to achieve near-perfect alignment.
However, the presence of distinct bond types within the ring necessitates consider-
ing a rotation to find the correct isomorphism, emphasizing the complexity intro-
duced by varying bond characteristics.

In this example, the results from obrms and spyRMSD indicate a deviation of
1.22636 A from the reference, suggesting a close alignment. Conversely,
DockRMSD shows a larger deviation of 1.877 A. This disparity highlights the im-
pact of bond type considerations in RMSD calculations and underscores the im-
portance of accurately modeling all molecular features to achieve reliable docking
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results. Such insights are crucial for refining docking algorithms and improving the
precision of molecular simulations.

In the context of the PDB Random dataset, it's observed that there are over 200
complexes where the results from DockRMSD significantly differ from the refer-
ence. This variance is largely attributed to the less processed nature of the com-
plexes within this dataset compared to those in the PDBBind Refined dataset.

Runtime

Figure 5. Runtime distribution (log(seconds)).

Figure 5 displays the runtime distributions of the RMSD calculation tools
across both datasets, including those datasets without failed conformations. Despite
the frequent failures of DockRMSD, filtering of such conformations influenced
only DockRMSD tools runtime distributions. The failed runs of DockRMSD gen-
erally lasted between 0.06 and 0.08 seconds, which can be attributed to the try-
catch block mechanism implemented in the wrapper used for these computations.
This setup was responsible for managing segmentation faults, leading to minimal
runtime accumulation even in failure scenarios. Consequently, these failures repre-
sent mere noise within the overall runtime distribution of DockRMSD, suggesting
that the more relevant insights are derived from the graphs on the left, which ex-
clude these anomalous data points. Mean and standard deviations of runtime distri-
butions can be found in Table 2.

Table 2. Summary of runtimes of tools on each of datasets (all failures filtered)

DockRMSD SpyRMSD obrms
Mean Std Mean Std Mean Std
PDBBInd Refined | 0.00167 | 0.00119 | 0.30955 | 0.29248 | 0.01663 | 0.03368
PDB Random 0.00208 | 0.06322 | 0.31170 | 0.31179 | 0.01593 | 0.01271

Name
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From the table we can see that PDB Random dataset was “harder” compared
to PDBBind Refined for DockRMSD and spyRMSD in terms of runtime, while
obrms showed better running times and more stability in runtime.

The big increase in DockRMSD standard deviation from PDBBind Refined to
PDB Random is because of timeout failures. For some conformations of timeout
failure complexes DockRMSD managed to find optimal isomorphism within
timeout window, but the runtime of for those conformations affected the runtime
distribution. By filtering such conformations too, DockRMSD also shows stability
on both datasets.

Overall results on both datasets are similar in general and not assuming special
cases that we intentionally added to the datasets, our tools showed no slight changes
in runtime distributions.

We won’t compare spyRMSD against other tools in term of runtime, instead
we already compared its performance on two datasets, and it showed consistency.
Let’s now compare tools DockRMSD and obrms with each other.

DockRMSD outperformed obrms nearly 10x both in terms of mean runtime
and standard deviation. Similar comparisons have been done like in [1], but for our
datasets we had conformations for which DockRMSD was slower than obrms (not
the special cases). More specifically about 10 jobs in PDB Random and 4 jobs in
PDBBind Refined datasets. Overall DockRMSD works better than obrms if it
doesn’t crush.

Special cases

There are special types of molecules and their structures for which DockRMSD
will run for very long period. Let’s have a look at ligand with PDB ID PE3 which
is ligand corresponding to complex with PDB ID 1XWV from PDB Random
dataset.

Figure 6. Ligand with PDB ID PE3 and docked positions for it in complex 1XWV.

For the example on the left DockRMSD runtime was 0.017 seconds, while in
case of the example on the right execution time didn’t fit info 10 second window.
The problem comes from DEE criterion not reaching for long time in case of the
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example on the right. This is also caused by the fact that tool makes its initial cor-
respondence possibilities space artificially large. In this case assuming the imple-
mentation of DockRMSD, it’ll consider more than 10 potential matches for each
heavy atom, while increasing depth of tree the tool constructs for each atom will
eventually lead to 2 potential matches in chain like symmetric molecules. Similar
structure was also present in dataset: the ligand with PDB ID 330 as part of com-
plex with PDB ID 5YJ6 from PDB Random dataset, which just like this molecule
but 3 atoms shorter from one end.

Conclusions

This paper has explored several notable RMSD calculation tools that utilize
graph isomorphism to account for molecular symmetry. While each tool has
demonstrated distinct advantages, they also exhibit specific limitations under vari-
ous scenarios. These tools are among the most recognized in the field for their ap-
plication of graph isomorphism principles in symmetry corrected RMSD calcula-
tions.

Despite their robustness and foundational research, the tools have encountered
challenges in certain conditions, which were highlighted through comprehensive
evaluations. Addressing these limitations presents a significant opportunity for fu-
ture research. Potential areas for development include refining existing algorithms
to enhance their accuracy and reliability. Additionally, there is room for innovation
in the creation of new RMSD calculation tools which may use features that organic
compound graphs have.

The datasets used in this study are publicly available to ensure the reproduci-
bility of our results and to facilitate further research in the field. They can be ac-
cessed at https://altunyanv.github.io/rmsd-analysis-paper.
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CPABHUTEJIbHBINA AHAJIN3 HHCTPYMEHTOB JIJI51 PAC-
YETA KOPPEKTUPOBAHHOT'O CUMMETPHUE RMSD B
MOJIEKYJIAPHOM JOKHHI'E

B.H. Anmynan
Epesanckuii 2ocyoapcmeeHHblil YHuepcumem

ORCID: 0009-0002-0021-3789
AHHOTAI U

Tounsrii pacder RMSD, 0cOOEHHO C yueTOM KOPPEKIHH CHMMETPHH,
MMEET BaXHOE 3HaUCHHE JUIA HAJEKHOTO CPAaBHEHHS MOJIEKYJ B BHIYHC-
JUTENbHOW XUMUH. B JaHHOM HCce0BaHUM NPOBOJIUTCSA CPABHUTENb-
HBII aHAJTU3 TPEX COBPEMEHHBIX HHCTPYMEHTOB s pacuera RMSD c ue-
JIBIO OLEHKH MX TOYHOCTH, YaCTOThI COOEB M BBIUMCIUTEIbHON 3 dek-
TUBHOCTH B Pa3JIMYHBIX MOJICKYJISIPHBIX CIeHapusx. Mcnonb3ys nBa
KPYIHBIX HaOopa MaHHBIX, KaXAbIH M3 KOTOPBIX COJEPKHUT MPHUMEPHO
2000 MONEKYISIPHBIX CTPYKTYP, MHCTPYMEHTBI aHAIM3UPYIOTCS B KOH-
TEKCTE MOJICKYJISIPHOTO JIOKMHIa. DTH HaOOPBI JaHHBIX B3SITHI U3 U3BECT-
HBIX MOJICKYJISIPDHBIX 0a3 JaHHBIX M BKIIOYAIOT B cels pasHooOpasue
CTPYKTYp, YTO IO3BOJISIET OLIEHUTh WHCTPYMEHTBHI B HCIBITATEIbHBIX
ycnoBusix. MccaenoBanue Takke 0XBaThIBAET CIICLUANbBHbBIE MOJIEKYJIISIp-
HBIE CITyJau, pa3paOOoTaHHbIE JUIS BBISBICHHS CHIBHBIX M CIIA0BIX CTOPOH
Ka)XJIOTO MHCTPYMEHTA, MPEIOCTABIISS BCECTOPOHHUI 0030p MX MPOU3BO-
JTUTEIBHOCTH. ODTOT aHAJIU3 HAIPABJIECH Ha MOMOILb BBIYMCIUTEIBHBIM
XMMHKaM B BbIOOpe HanOosee MOAXOAIINX HHCTPYMEHTOB ISl pacyera
RMSD, 4To moBsImIaeT TOYHOCTh U HAICKHOCTH UCCIIEAOBAaHUH MOJIEKY-
JIIPHOTO MOJEINPOBAHUSI.

Kurouessie cioBa: RMSD ¢ xoppekiueil cHMMETpHH, MOJEKYISIPHBIHA
JTOKHHT .
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ABSTRACT

This paper delves into a comparative analysis of various Change Detec-
tion (CD) methods on aerial image pairs known for their promising out-
comes. By incorporating adjustments, like Image Matching, Sliding Win-
dow, and our proposed method, the Gaussian Sliding Window, these
methods were trained on distinct CD datasets to attain the most effective
solution for the proposed problem.

Keywords: Change Detection, Transformers, Image Matching, UAV,
Aerial Images.

Introduction

Change Detection is a fundamental task in remote sensing and computer vi-
sion. It involves the identification of disparities between pairs of images captured
at the same geographical location but at different temporal instances. These changes
can range from identifying alterations in buildings, the movement of vehicles or
military equipment, and deforestation, to assessing damage caused by natural dis-
asters. Each of them presents a unique facet of the change detection problem.

An effective CD model excels at recognizing these significant changes filtering
out irrelevant alterations at the same time. The latter are caused by factors, like
seasonal variations, shadows, atmospheric conditions, and lighting changes. How-
ever, tackling this task is challenging due to limited datasets and the problem that
a one-size-fits-all approach doesn't work.

Presently, cutting-edge CD methods primarily rely on Deep Convolutional
Neural Networks (DCNN). These networks are favored for their ability to extract
valuable features. To improve their performance, recent research has focused on
expanding their ability to understand large-scale context across space and time.
This perception has led to the development of models with advanced features like
stacked convolutional layers, dilated convolutions, and attention mechanisms.
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In this paper, we aim to conduct a comprehensive analysis of various CD net-
work-based methods like ChangeFormer [1], BIT-CD [2], and ChangerEx [3].
These methods were trained on distinct CD datasets and subjected to thorough eval-
uation. Additionally, we introduce enhancements to augment their performance,
which will be discussed in detail in the Proposed Method section.

Furthermore, it's crucial to note that the success of current deep-supervised CD
methods is closely tied to the availability of large annotated datasets. However,
annotating aerial images is a costly process, especially for bi-temporal compari-
sons. It demands an expert examination of pixel-level differences.

To provide context, the images we exploit in this paper are captured from Un-
manned Aerial Vehicles (UAVS). They are equipped with cameras and gimbals to
stabilize camera vibrations.

With this study, we seek to provide a holistic understanding of the capabilities
and limitations of these approaches, providing insights into their performance
across different scenarios and dataset conditions.

Related Work

In our study, we explore network-based methods, such as ChangeFormer [1],
BIT-CD [2], and ChangerEx [3]. These networks were trained on a range of well-
known datasets, such as S2Looking [4], SYSU-CD [5], CDD-Dataset [6], LEVIR-
CD [7], and SECOND (SEmantic Change detectiON Dataset) [8] and on their
merged version.

The problem with the existing methods lies in their limitations when it comes
to detecting changes across diverse datasets. These methods often struggle to
achieve consistent and accurate results across various data types. When these net-
works are trained on one specific dataset, their performance tends to suffer once
they are applied to a different dataset. Additionally, a common requirement in net-
work-based approaches is that the input images must be of the same size, which
further restricts their adaptability. This can be a significant drawback since real-
world scenarios often involve the need to detect changes in images of varying
shapes and sizes.

Proposed Method

In this research paper, we address the challenge of change detection thor-
oughly, going beyond just comparing images. We acknowledge certain practical
complexities often overlooked in the research landscape, specifically:

A. Image Matching

Our first consideration revolves around addressing potential disparities in per-
spective within image pairs. These differences in perspectives can occur due to
some factors. For example, the gimbal not being perfectly stable, GPS deviations,
or variations in the flight routes. We assume that the common area shared by the
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image pair is substantial enough for meaningful analysis. To address this, we em-
ploy traditional image-matching techniques. The latter includes keypoint detection,
keypoint matching, and the derivation of homographic transformations to align one
image with the perspective of the other, as shown in Figure 1. Well-established
algorithms like SIFT [9], SURF [10], ORB [11], and even neural network-based
solutions like SuperGlue [12] are available. In our case, we opt for ORB [11] due
to its simplicity and effectiveness.

B. Training with Cropped Images

In our proposed method, we address the challenge of effectively training neural
networks on larger images by employing a cropping strategy. We support cropping
these images into smaller, standardized sizes, such as 256 x 256 pixels, before
feeding them into the networks for training. This approach is particularly beneficial
for aerial or satellite imagery, where large images may contain subtle details or
changes that could be overlooked by the network when processed in its entirety. By
segmenting the images into smaller regions, we ensure that the network receives
input where the region of interest is not too small.

C. Testing Methods

During our testing phase, we encounter challenges with large images on mul-
tiple fronts. Firstly, using neural networks directly on these images demands a lot
of computing power and memory. Secondly, finding labeled datasets with large
images is tough. Also, our network must handle images of different sizes.

To handle these challenges, we use a neural network trained on 256 x 256
size images. Then we test that network using the Resized, Cropped, Sliding Win-
dow, and Gaussian Sliding Window techniques. The Resized technique is quite
simple, it resizes the image pair into 256 x 256 images before feeding them to the
network. The rest of the methods are visualized in Figure 2.

In Figure 2(c), the proposed method Gaussian Sliding Window works in the
following way. It employs the classic sliding window, but the entries are weights
generated from a 2D Gaussian bell. The proposed method helps align and handle
big images better for change detection.

D. Change Detection Process

To provide a comprehensive understanding of our change detection methodol-
ogy, we present the entire process here. In our approach, we start with two pre-
change and post-change images (Figure 1), which are initially processed. One of
these images is aligned with the perspective of the other (Figure 1(c)), as discussed
in the Image Matching section.
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(@) (b) (c)

Figure 1. (a) pre-change image (b) post-change image (c) pre-change image
aligned with the perspective of the post-change image.

Next, to deal with the challenges posed by large images, we introduce different
testing techniques. Instead of directly using neural networks on large images, we
divide them into smaller 256 X 256 pixel regions with the methods specified in
section Testing Methods. This process ensures that our network can effectively an-
alyze images of varying sizes while avoiding object fragmentation issues.

We then employ three neural networks, Change Former [1], BIT-CD [2] and
ChangerEx [3] to generate change maps. The use of testing methods (except Resize)
results in multiple 256 x 256 change maps, which are then combined into a single
comprehensive change map (Figure 3).

Figure 3 illustrates the entire change detection process, showcasing the interplay
of Image Matching, Testing Methods, and the generation of the final change map.

Figure 2. Testing Methods. (a) Crop Method (b) Sliding Window Method (c)
Gaussian Sliding Window Method, where * is the convolution operator.
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Results

A. Experimental setup
We conducted our experiments using several CD key datasets mentioned in
“Related Work”. Networks were trained on Ubuntu 22.04, Intel i7-11700F CPU,
and Nvidia GeForce RTX 3060 GPU.
B. Experimental Results
From the results presented in Table 1, it becomes evident that the models
trained on one dataset fail to perform on another one, that is why we propose to
train the models on a merged dataset, which consists of the 5 datasets, which sig-
nificantly improves the F1 scores. Also, the best results are obtained when the
weights obtained from the training on the merged dataset are used and the perspec-
tives of bi-temporal images are aligned. On average the proposed Gaussian Sliding
Window approach performs better than other methods.

Table 1. Test method comparison on 3 models and 6 datasets based on F1 scores.

ChangeFormer ChangerEx BIT

Train Test - - - - - -
Dataset Dataset |Resize| Crop| SW  [Gaussian] Resize [ Crop | SW  |Gaussian|Resize| Crop | SW |Gaussian
Average] SW Average| SW Average| SW

SYSU 71.42|71.51| 71.61 | 71.66 | 74.87 |73.33| 72.18 71.29 |77.09|77.08 | 77.07 77.07

SECOND ]39.74|41.32| 42.55 | 43.47 | 45.19 | 42.7 | 40.79 39.31 |43.08|45.93 | 46.25 46.39

SYSU S2Looking | 3.6 | 2.77 | 2.65 2.6 465 | 433 | 4.06 3.84 | 154 | 465 | 4.64 4.68
CDD-Dataset | 29.67 [29.16| 28.78 | 28.47 | 32.5 |32.54| 32.55 | 32,56 | 31.6 |31.02| 30.63 | 30.36
LEVIR-CD |16.71|15.93| 15.43 | 15.06 | 18.74 | 17.8 | 17.18 16.69 |14.25| 18.4 18.7 18.77

SYSU 53.83| 53.9 | 53.96 54 54.31 |54.06 | 53.88 | 53.74 |54.61|54.66 | 54.68 | 54.69

SECOND ]67.11|66.67| 66.37 | 66.15 | 67.54 [67.42( 67.41 67.43 |63.24]66.98 | 67.63 67.91

SECOND | S2Looking 14 13 | 12.47 12.1 8.75 [15.72| 16.1 16.25 16 |14.83| 14.38 14.1
CDD-Dataset | 21.88 | 22.07 | 22.22 | 22.34 | 22.01 |21.86| 21.75 21.66 |22.26|22.26 | 22.26 22.26
LEVIR-CD |25.87|25.48| 25.21 25 22.87 |124.14| 25.14 25.88 |14.99]22.36 | 22.73 22.89

SYSU 18.51118.22| 17.98 | 17.79 | 21.91 | 21.97 | 21.99 22 20.74119.91| 19.32 | 18.88

SECOND |36.23| 35 | 33.89 | 33.01 | 41.24| 39.2 | 37.68 36.6 |37.85]|41.88| 42.23 42.42

S2Looking | S2Looking |58.75]57.52| 56.66 | 56.01 | 25.46 |55.63| 56.78 | 57.27 |56.75| 57.7 | 58.47 | 59.02
CDD-Dataset | 23.74 [23.27| 22.85 | 22.48 | 28.19 | 28.21| 28.21 | 28.22 |26.57| 2553 | 24.81 | 24.28
LEVIR-CD |28.87| 28.4 | 27.99 | 27.66 | 24.86 |26.53| 27.88 28.94 |11.28123.99| 24.71 24.95

SYSU 16.01116.35| 16.63 | 16.86 | 14.72 |15.11| 15.39 156 |14.08(14.11| 14.12 | 14.13

SECOND |22.15|22.41| 225 2257 | 1584 | 19.1 | 21.01 2233 | 146 | 15.36 | 15.16 15.08

Dcalt?asDet S2Looking |14.04(13.71| 13.42 | 13.16 | 10.11 |14.08| 14.44 | 1454 | 145 |14.35| 14.2 14.08
CDD-Dataset] 89.18 | 88.8 | 88.48 | 88.22 | 92.94 [91.49| 90.45 | 89.66 |95.07|95.08 | 95.08 | 95.08
LEVIR-CD |22.6820.56| 18.93 | 17.62 | 20.82 |21.93| 22.49 22.82 |12.79]| 20.64 | 20.81 20.89
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. ChangeFormer ChangerEx BIT
Train Test - - - - - -
Dataset Dataset |Resize| Crop | SW |Gaussianf Resize [ Crop | SW |Gaussian|Resize| Crop | SW [Gaussian|
Average| SW Average| SW Average| SW
Sysu 551 | 52 | 495 | 474 | 322 | 442 526 589 | 139 | 139 | 1.38 1.38
SECOND |[13.77|16.04| 17.63 | 18.86 | 12.32 |12.77| 12.94 131 J11.77]12.69 | 1254 | 12.49
LEVIR-CD| S2Looking | 6.05 | 5.79 | 557 | 541 41 | 518 571 609 076|411 | 41 4.11
CDD-Dataset | 25.89 [ 25.78 | 25.68 | 25.6 | 24.86 | 254 | 25.77 | 26.04 |23.95(23.97 | 23.97 | 23.98
LEVIR-CD |87.38|86.44| 85.88 | 85.44 | 86.76 |87.23( 87.63 | 87.89 [87.38|86.44 | 85.88 | 85.44
Sysu 66.86|67.55( 68.12 | 68.59 | 72.48 [69.66( 67.58 | 65.99 }76.55|76.55| 76.55 | 76.55
SECOND [53.16 [53.95| 54.64 | 55.2 | 63.42 | 58.7 | 55.41 | 53.05 §59.13|63.98| 64.82 | 65.17
Merged | S2Looking |36.2836.52| 36.74 | 36.94 | 51.11 (44.72| 40.02 | 36.43 J18.76|49.25| 51.01 | 51.65
CDD-Dataset § 55.77 | 55.24 | 54.81 | 54.44 | 57.02 |56.77( 56.58 | 56.42 [|57.15]|57.28 | 57.32 | 57.35
LEVIR-CD §71.41|72.53| 735 | 74.26 | 83.83 |77.98( 7434 | 71.82 [18.83|82.21( 84.09 | 84.76
yer
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Figure 3. Change Detection Process Overview. Pre-change and post-change images are
brought to the same perspective, after which with the chosen test method the images are
processed and fed to the model as input. The model outputs the final change map.

Conclusion

In conclusion, this research has provided a deep analysis of CD methods and
introduced practical improvements to tackle issues with diverse datasets and large
images to enhance accuracy in CD for aerial images.
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CPABHEHUE U YJIYUIUIEHUE METOJ0B OBHAPY KEHUS
U3MEHEHU

A. @azpaoan®, T. Bazoacapan?, B. Menxouan, B. Caakan?, JI. Kupaxocan®,
0. Ozanecan, C. Capzcan, A. lapounan’

AHHOTAIUA

JlaHHast cTaThs NOCBSIIICHA CPABHUTEILHOMY aHAIM3Y Pa3IMuHBIX METO-
n0B oOHapyxeHus uzmenennit (CD), u3BeCTHBIX CBOMMH MHOT000€IIIat0-
IMIMMH pe3yibTaTaMy. BHepsisi Takue KOPPEKTHBEL, KaK COTIOCTaBICHUE
n300paKeHUH, CKOJIb3sIIlee OKHO M HAlll TPeJI0KEHHbII MeTton — ["ayc-
COBO CKOJIb35I1E€ OKHO, TH METO/IbI ObLIM 00yUEHBI Ha pa3JINUHbIX Ha0O-
pax manabix CD, uTo0bI 1ocTHYb Hanboee 3PGHEKTUBHOTO PEIICHUS IS
IPEI0KEHHON IPOOIEMBI.

Kiwuesrble ciioBa: oOHapyxeHne usmenenuii, Tpancopmepsl, Comoc-
TaBleHue uzobpaxkenuil, BIUIA, aspodoTocHUMKY.

43



44

DOI 10.24412/1829-0450-2024-1-44-55 [Moctynuna: 07.03.2024r.
YIK: 577.25 Cnana Ha peuensuto:07.03.2024r.
[oamucana k meuatn: 19.03.2024r.

BJMUSIHUE MOAYJISITOPOB TRPC6 HA AKTUHOBBIM
HUTOCKEJIET IN VITRO
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AHHOTANIUA

B nmanHBIX 3KcriepuMeHTax oueHUBacs 3((EKT MOAYIATOPOB KaHala
ra3MaTryeckoir MemOpanbl TRPC6, oka3piBaeMbIil Ha KICTOYHBINA aK-
THH. B KauecTBe aroHHCTOB NpUMEHsUIHCH coequuenust GSK1702934A,
C20, Z12-30 B xauectBe Om0kaTopa SKF96365. DKcriepiMeHTHI TPOBO-
JUINCH Ha MEPBUYHOM KynbType ¢puOpoOaacToB, a Takke Ha HelpoHax
NIEPBUYHON THUIITOKAMITAIEHON KYJIBTYPBI.

Kiarouesbie cioa: TRPCO, Heliponerenepanusi, akTUHOBBII IIUTOCKe-
JIET, HEHUPOH.

BBenenune

TRPC6 kanan — 310 oaun u3 O6enkoB cemeiicta TRPC (“transient receptor
potential canonical”), kanain ra3matuueckoit MeMOpaHbl, cocTosIIN 13 4 CyOb-
enuHUL, GOpMHPYIOIIMX HOH-TIpOoHHIaeMyto mopy [1, 2]. Hacrosimee nccnenosa-
HHUE HaIpaBJICHO Ha u3yueHue MoaysiTopoB TRPCO B KOHTEKCTE N3yUeHHS Kajlb-
LIMEBOW Teopuu naTorenesa 6onesnn Anpureiimepa (bA). Panee nokasano 3naun-
TenbHOE cHIDKeHMe dkcnpeccuu TRPC6 y manmentoB ¢ BA [3], a Taxke mpoe-
MOHCTPUPOBAHO YJIYYIIEHUE MPOCTPAHCTBEHHOM MaMSATH Y MBILIEH C THIEPIKC-
npeccueit TRPCG [4, 5]. [Ipeanonaraercs, uro TRPC6 yuactByeT B pabore pas-
JIMYHBIX PETYJISITOPHBIX MEXaHM3MOB, B TOM YHCIIC M JEIMO-yrpasisieMoro [6], u
pELenToP-ypaBIsieMOro BXo1a Kajblus [7], 4To menaer MaHHbIA KaHall THOKUM
PETyISTOPHBIM MHCTPYMEHTOM KaJIbIIMEBOTO OajaHca B HEMPOHAX C BO3MOXKHO-
CTBIO (hapMaKOJIOTHIECKON KOPPEKTHPOBKH ero padboTsl [8, 9].

Omnako TpeOoBaHUS, TMPEAbSIBIIEMbIE K (HapMaKOIOTHYECKUM arcHTaM,
BKJIFOYAIOT HE TOJIBKO yCIelHyo Moaysinuio TRPC6 kaHaia, HO 1 Habop dapma-
KOKWHETUYECKUX CBOUCTB. [loaTOMY mpojoimKkaeTcsi MOMCK HOBBIX CTPYKTYp, KO-
TOpBIE OYAYyT COOTBETCTBOBATH BBILICTIEPEUHCICHHBIM TpeboBanusM. Panee Ob110
obHapyxxeHo coemuHeHue 51164, mpou3BoaHOE MHUIEpa3NHA, JEMOHCTPUPYIOIIEES
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HeliponpoTekTopHbIe cBoiicTBa “in Vitro” [10]. Ha HEK293T kietkax 6bu10 MOKa-
3aHO, 4To 51164 akTuBUpYeT KaibuueBblid Bxon yepe3 TRPC6 [10]. Taxxe 51164
B KoHIeHTparun 10 HM cnocoOHO BOCCTaHABIMBATH CTPYKTYPHI TPHOOBUIHBIX
IIUIAKOB B YCJIOBHUAX aMIJIOMIHOW TOKCUIHOCTH, a B KoHIIeHTparuu 100 HM uc-
npaBisieT AePULIUT JOATOBPEMEHHON MOTEHIUAIM Y 6-MecsYHbIX Mbliel SXFAD
[10]. Kpome Toro, mis 51164 O6but 0OHapy»KeH albTePHATHBHBIN MPOTEKTOPHBII
MEXaHW3M — Ha MEPBUYHON KYJIbTYPE MBIIIUHBIX (hHOpOOIACTOB BIIEPBHIE OBLIO
MmokazaHo, uto 51164 B xormeHTpammu 1 MKM, MPensITCTBYET AETIONNMEPH3AIHH
akTuHa [11].

Onnako 51164 neMOHCTPHpYET HEYJOBIETBOPUTENBHBIN MpOQuiIL OHOmO-
CTYHNHOCTH. B 3TOi cBfA3M ¢ MOMOIIBIO METOJOB OMOMH(OPMATHKH M HA OCHOBE
thapmaxodopa 51164 6bLT OnTpeieneH HOBbIM KaHUIAT U3 TPYIIITEI THTIEPa3HHOB —
coeaunenne Z12-30 [12]. B manHO# paboTe MCCIeq0BANIOCH BIUSHHE HA OpraHu-
3anuio akTuHa coeanHenns Z12-30 — takyke MpoM3BOAHOTO MUnepa3uHa. B padote
WCCIIeIOBANIOCH BIMsAHUE Ha akTHH Z12-30 1 HEeKOTOPHIX paHee W3BECTHBIX MOIY-
nstopoB TRPCG.

MartepuaJibl U METOABI

0  XuMHYECKHEe COCMHEHUS
3-(3-,4-Dihydro-6,7-dimethoxy-3,3-dimethyl-1-isoquinolinyl)-2H-1-benzo-
pyran-2-one (C20) omywen u3 Tocris (Tocris, Bristol, UK, # 6875); ITutoxamasuu-D

(Tocris, #1233); SKF96365 (Tocris, #1147); GSK1702934A (Sigma, #SML2323).

[J TlepBuuHBIE KyIBTYPHI MBIIIHHBIX (hHOpOOIACTOB

[TepBuynas KynbTypa puOpoOIacTOB ObLIa TTOIyYeHa MO TPOTOKOITY, ONHCAH-
Homy panee [11]. KopoTko: ¢puOpo6aacThl BBIACISUTUCH U3 XBOCTUKOB HOBOPOXK-
nenHbix (1-3 nenp) Mpimieid muann FVB. HeGonpime yqacTku XBOCTOB H3MeJIbya-
nmck B xonoxHoM Oyddepe (1% 10x CMF-HBSS (Gibco, Grand Island, NY, USA;
#14185), 1% Pen Strep (Gibco, Grand Island, NY, USA; #15140)). IIpoBoannach
(depmenTarms B pactBope mamanua (Worthington, Columbus, USA; #LK003176)
B Teuennu 1,5 wacos mpu 37 °C, 3arem npombiBKa (IBakasr) pactBopom JJHKaser
I (Sigma, St Louis, MO, USA; #DN-25). PocT kJIeTOK MPOUCXOIUI B Cpele Jis
kynetuBanimy DMEM (Gibco, Grand Island, NY, USA; #41965) ¢ 10% FBS
(Gibco, Grand Island, NY, USA; #10500), 1% PEST, (Gibco, Grand Island, NY,
USA,; #15140) ipu 37 °C B 5% CO; nnkybaTtope. Ha 2—-3 maccaxxe KieTKu mepeca-
xuBanmch Ha 15 mm nokpoHeie crekna (Fisher brand microscope cover glass,
#052212-9), npenBaputensHo odpabdotannbie 0.1 mMr/mi nmonu-D-mu3uHoM (poly-
d-lysine, Sigma, #SLBN9056V). Ha cienyromie CyTKM KIETKH HHKYOHPOBAJINCH
¢ 1 MxM Z12-30 w/umu 0,125 mr/min nuToxanasuna D, 3aTeM OTMBIBAINCE B pac-
TBOpe (ocdarHoro oydpepa PBS (VWR life science, #0015C192) u ¢uxcupona-
mch B 4% napadopmansaeruae (Across organics, #B0150852) 15-20 MunyT npu
KOMHATHOH TeMIIeparype, epMeaduan30BbIBaIiCh pactBopom 0,1% Triton X-100
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(Helicon, #3616C357) B teuenun 10 munyt. B cnenyromme 10 MUHYT KJI€TKH
oKpammBanuch 3—5 Mkr/mi popamun-damonxuaom (Invitrogen by Thermo Fisher
Scientific, #1475357).

0 IlepBU4HbIE THIITIOKAMIAIBHBIE KYIbTYPEI.

Beinenenue nepBUYHON THITIOKAMITAIBHOM KYJIbTYPhl IPOBOIUIOCH O MPO-
ToKoIy, onrcaHHoMy panee [11, 13]. KopoTko: runnokamnanbHbie KyJIbTyphl Bbl-
HEISINCh W3 HOBOPOKAEHHBIX Mbmmeii (0-2 mews) muamm FVB  (Jackson
Laboratory, 001800). Beipe3anue THIMIIOKAMIIOB OCYIIECTBISUIOCH B XOJIOJHOM
oydodepe (1% 10x CMF-HBSS (Gibco, Grand Island, NY, USA; #14185), 1% Pen
Strep (Gibco, Grand Island, NY, USA; #15140), 16 mM HEPES (Sigma, St Louis,
MO, USA; #H3375), 10 MM NaHCOs (Sigma, St Louis, MO, USA; #S5761);
pH=7.2). Tlocne 30 muuyt ¢epmentanuun npu 37°C B pacTBOpe NamamHa
(Worthington, Columbus, OH, USA; #LLK003176) rummokamibsl 00pabaThIBAINCH
pactBopom JIHKa3sr | (Sigma, St Louis, MO, USA; #DN-25). Knetku paccuBa-
JIMCh Ha MOKPOBHBIE CTeKIa, oOopaboTanubie 0.1 Mr/min momu-D-nmusurom (poly-d-
lysine, Sigma, #SLBN9056V) B 24-nyHouHnblii mianmeT. KieTkn KyJIbTHBHPOBa-
suck npu 37°C B 5% CO, unkybaTtope B cpene Neurobasal (Gibco, Grand Island,
NY, USA; #10888) ¢ 1% FBS (Gibco, Grand Island, NY, USA; #10500), 2%
50xB27 (Gibco, Grand Island, NY, USA; #17504), u 0.05 MM L-riyramuHOM
(Gibco, Grand Island, NY, USA; #250030). Yepes 24 vaca KyJIbTHBAI[MU KJIETOY-
Has KyJbTypa WHKyOUpoBanach ¢ OJHUM U3 MonynsTopoB TRPC6, 3arem ¢ukcu-
poBasiach MO MPOTOKOJY, aHAJOTMYHOMY JUIsi (PUKCAIMU TIEPBUYHON KYJIBTYPBI
(hnOpoOIaCTOB C OKPACKOW POAAMHIH-(ATLITOUTHHOM.

0  MMMyHOLIMTOXHMHUSL.

[ BU3yanu3anuu MUKpOTpyOouek HeHpoHOB (ukcupoBaHHas B 4% mapa-
bopmManbaeruae Kyabrypa OnokupoBaiack 30 MHHYT NMpU KOMHATHOH TeMmrepa-
Type B 5% pactBope BSA B PBS (Sigma, #SLBZ6631), nepmeaOnin3oBbIBaINCH
10 munyT pactBopom 0,1% Triton X-100. 3aTem npoBoHiIack OKpacka MbIIIH-
HbIMHM MOHOKJIOHJIbHBIMU aHTHTeIamMu anti-MAP2A (Sigma, #2500681), pactso-
pernbiMu 1:1000 B 2,5% pactBope BSA B PBS, 2 yaca npu koMHaTHOU TeMnepa-
type. Okpacka BropudHbiMu aHTuTeaamu Alexa Fluor 488 goat anti-mouse anti-
body (Thermo Fisher Scientific, #R37120), pacrBopennsivu 1:2000 B 2,5% pac-
TBope BSA 1 wac nmpu komHaTHOU Temmeparype. s oqHOBpEeMEHHOI BU3yan3a-
[[MH HEHPOHATLHOTO aKTHHA KJICTKH OKPAIINBAIKCH POAaMHUH-(DaNIONINHOM B Te-
gyenue 10 munyT. [locie kaxaoro sTama OKpackd mpernapat 3 pa3a MpOMBIBAJICS
pactBopom PBS 1o 2 MUHYTEI.

0 KoHpokanbHass MEKPOCKOITHSI.

MHUKpOCKOIIHS TPEenapaToB OCYLIECTBISUIACH ¢ UCTIONb30BaHNEM KOH(OKaIb-
Horo mukpockona Thorlabs (ThorlmgLS1 software 5 (Newton, NJ, USA)) ¢ yse-
mmyenuem 40X (LUMPlanFL N, 40x/0.80 water, OLYMPUS), pa3pemenuem 0,116
MKM/TTUKCENTH IS KyIbTypsl (hndpobmactor u ¢ yBenmdenneMm 100x (UPlanSApo,
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100x/1.40 Oil, OLYMPUS), paspemerrem 0,046 MKM/IIUKCENb Ui KYJIbTYPbI
TUIMIOKAMITAIEHBIX HEHPOHOB.

[0 Amnanm3 opraHu3alyy aKTHHOBBIX TSDKEH B KIIETOUHBIX KYJIBTYpax

Jns ananmza m3o0pakeHuid prOpoOIACTOB HCIIOIH30BAICS METO BBIUHCIIC-
HUS PpaKTaIbHONH pa3MepHOCTH, alroput™M “box-counting method”, onucannsiit
panee [11, 14]. B xo/e MeToa Ha MpeABAPUTEILHO OMHAPHU30BAHHOE M300pasKe-
HHE HaKJIQJBIBACTCS] KBA/IpaTHAsl CETKA U MOACUYNUTHIBACTCS OTHOCHTEIFHOE YHCIIO
SYEeK, COAEPIKAIINX AIEMEHTHl M300paKEHUs, 3aTeM JacToTa Pa3OMeHHs CeTKH
YBEIMYUBACTCS, © OTHOCUTEIFHOE YMCIIO SYEEK MOJACUUTHIBACTCS BHOBB; MPOIIE-
nypa moBTopsiercs. DpaKTanbHOW pa3MEepHOCTHIO Ha3bIBACTCS MpEesl MOTydYHB-
IIeHcs OCIeI0BAaTeIbHOCTH YUCEN. DTO 3HAaUCHHE MOXKET XapaKTepu30BaTh Opra-
HHU3ALHUIO0 KJIETOYHOTO aKTHHA: B KJIETKAX C JICTIOJMMEPU30BaHHBIM O] AeHCTBHEM
BHEIIHUX (PaKTOPOB aKTUHOM (AKTHH B BHJIE OT/ICJIHBIX TOUYEK) (hpaKTaNbHas pas-
MEpPHOCTH Oy/IeT HWXKE, YeM JIsi HOPMAaJbHBIX KJIETOK. J|aHHBIM aHanHu3 BBITION-
Hacs B I1O “Imagel]” — ¢ ucnonbs3oBanueM riaruna “FracLac”.

s olleHKH HEeMpOHAIBHBIX KOHYCOB POCTa BBIYUCIIIICA CPEJHUN YPOBEHb
WHTEHCUBHOCTH ()IIyOpecUeHIIUH (aHHbIe CBETUMOCTH KOHYCOB pocTa u3 16-0uT-
HBIX U300paKCHUH, JIeNIeHHbIE Ha YMCIIO MTUKCEIed BHYTPH BBIJICICHHON 00IacTu
KOHYyCa pOCTa C BEIYETOM 3Ha4eHHH ()OHOBOM MHTEHCUBHOCTH).

PesyabTarsi

0 TIpou3BomHOE MUTIEpa3uHa MOJCPKUBAET AKTUHOBBIE (PHIIAMEHTHI B T10-
JTUMEPU30BaHHON (hopMe B KYIbTYPE KIIETOK MBIIIUHBIX (UOPOOIACTOB.

bruto cnenano npeanonoxenne o Hanuauu y coenuHenus Z12-30 cnocoOHo-
CTH TIOJJIEPXKHUBATh aKTWH B TOJIMMepu3oBaHHOW (Gopme. [annsiii addekt Obin
MPOIEMOHCTPUPOBAH HA TIEPBUYHON KYJIBTYpE KIETOK MBIIIMHBIX GrOPOOIacTOB.
Bri0op KynbTypbl [Uis HcciiegoBaHHs OOYCJIOBIEH MOP(OIOTHYECKUMH CBOM-
cTBaMu (uOPOOIACTOB — XOPOILO Pa3BUTHIM aKTHHOBBIM LIMTOCKEJIETOM, B HOpME
3aMOJIHAIOIIUM BCE IIUTOIUIa3MaTHYeCKoe mpocTpancTso [15].

s eeisBneHust 3pdexra Z12-30 KISTKU MBIITHHBIX (PUOPOOIACTOB B TCUCHHE
15 munyT onBepranuck aericteuto 0,125 mr/mit uroxanasuda D (TokcuH, pazpy-
maromuit Gpudprntsipabiid aktul (F-akTH) 10 ero monomepos (G-akTnuHa)) BMecTe
¢ Z12-30 B konueHrpaiuu 10 MKkM wiiu SkBUBaJIcHTHBIM 00beMoM DMSO. 3arem,
YTOOBl BH3YaJIM3UPOBATh KJIETOYHBINH aKTWH, (HUOpoOIacThl (QUKCHpOBAUCH U
OKpaIlMBAIUCh poAaMuH-(aonauHoM. M300paxkeHue, monydeHHble Ha KOH(O-
KaJIbHOM MHKPOCKOITIE, aHAIM3UPOBAIIUCH C HCIIOJIb30BAaHUEM METO/a N3MEPEHHUS
(dhpakransHO# pasMepHOCTH. JIaHHBIA METOJT TIO3BOJIIET KOJUICCTBEHHO OIICHHUTD
OpraHU3aINIO0 aKTHHOBOM CTPYKTYphI KieTKH [14].

Ha Puc. 1 npencraBnensl penpe3eHTaTUBHbBIE H300paskerns GuopoOIacToB U
pe3yAbTaThl KONMYECTBEHHOr0 aHanu3a. KieTku, HHKyOupoBaHHBIE C IIUTOXaa3H-
HoM D (Ilpt.D), oTimyanuch MEHBITAM 3HAYCHHEM (hpaKTaaIbHOM pa3sMEPHOCTH B
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CpaBHEHUU C KOHTPOJIbHOH rpymnmoi kiaeTok [1.75 £ 0.01 (n= 30, mo 10 kietok u3
3 pazIMYHBIX KYJIbTYP) B KOHTPOJILHOU IPyIIE — MPOTHB TPYIIIHI KIETOK, 00pabo-
taunbIx LuT.D 1.45 +0.03 (n = 30), p =6.2*10*!, tect Kpyckana-Yomnuca, ¢ mo-
CleqyroImuM anoctepruopHsiM TectoM Jlanna]. Maky6amwms ¢ Lut.D, coBmecTHO
Z12-30, npuBena K yBeqTUUEeHUIO (ppaKTaabHON pa3MEPHOCTH B CPABHEHHH C IPYTI-
MO¥ KJICTOK, IMOABEPTIIUXCS BO3MEHCTBUIO TONBKO ¢ [ut.D [1.61 + 0.02 (n = 30)
nox aevicteueM Lut.D + Z12-30, mpoTuB rpynmsl mof AeicTBreM Toibko ¢ Llut.D
1.45 £ 0.03 (n = 30), p=0.0006].

OTOT pe3yibTaT AO0Ka3bIBaeT, 4TO MPOU3BOAHOE mwuiepazuHa Z12-30 cmo-
COOHO MPEMATCTBOBATH JETOIMMEPH3AINY aKTHHA Yepe3 MEXaHU3Mbl, He CBSI3aH-
HBIE C CHTHAIBHBIM myTeM aktuBanuu | RPC6.

6 _] worrposs
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£ ‘ |
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Pucynox 1. Hccneoosanue enuanusa Z12-30 na opeanuzayuro F-akmuna 8 nepsuunou
Kyavmype ubpooracmos mviuu. A. Penpezenmamughvie KOHQOKanbHbIE U300pAdICEHUS
KIIemoK NepeutHoU Kyaibmypvl MbIUUHBIX PUOPOOIACMO8, OKPAULEHHBIX POOAMUN-
Gannoudurnom. Jnuna macuumaobrnoeo ompesxa 40 mxm. b. Konuuecmeennulii ananus
cmeneHu 3anoJIHeHHOCMU KIemMOK NePeUYHOU KYIbmypul puopodbaacmos akmuHo8blmu
MANCAMU, 8bINOTHEHHBIN C UCTIONb308AHUEM MEMO0d 8bIYUCIEHUS PPAKMATLHOU
paszmeprocmu. Pezynomamuer npedcmasienvl Kak Meouana + 6epxXHUtl/HUMNCHUL KGapmuib.
Buo pacnpedenenus dannwix nposeper ¢ ucnoavsosanuem mecma Lllanupo-Yunxa. Ilpu
cmamucmuyeckom ananuze ucnoavsosanca mecm Kpyckana-Yonnuca, Post-hoc ananus-
mecm Hanna, *P<0.05, ¥**P<0.005, ***P<0.0001 (n = 30 0215 kascooii epynno).

O [eiictBue 61okatopa TRPC mpuBoauT K mepepacrpeiesieHnio Hehpo-
HAJILHOTO aKTHHA W Pa3pyIIeHUIO aKTHHA B HEHPOHAIBHBIX KOHYCaX po-
cTa.

CymectByroT Moayisitopsl TRPC6, KOTOpbIe MPEANOIOKUTEIBHO BIUSIOT Ha
aKTHH, WCIOJB3YSl HEMOCPEICTBEHHO CUTHANBHBIA IMyTh, BKIIOYAIOMINN paboTy
TRPC6 kanaia. CorjiacHO JINTEpAaTypHbIM JaHHBIM B HEHPOHAX UMEET MECTO Kac-
KaJl peakiui, 3anyckaeMbix TRPC6, mpuBoasIIMii K aKTUBAI[MM [CHOB, PErYIHPY-
IOLIMX CHHANTUYECKYIO TUIACTHYHOCTD, CPEIU KOTOPHIX HEUPOTPONHBINA (akTop
mosra (“brain derived neurotrophic factor”, BDNF) [16, 17]. [Toka3aHo Taxxe, 4To



Brusnue modynsmopos TRPC6 na akmunogeitl yumockenem in Vitro

cTUMyISIMs Bxoaa kanbims 4epe3 TRPC6 mpuBoaut k pocty nenapuros [18] u
YIIpaBIISIeT ABMKEHHEM KOHYcoB pocTa [19]. OcHOBO# Takoit AMHAMUKH MOP(OIIO-
TMYECKUX TPH3HAKOB SBISECTCS N3MEHEHHE CTPYKTYPHI aKTHHOBOTO ITUTOCKEJIETa
[20].

Jns BeisiBnenus poiau TRPC xaHanoB B peryisiuH COCTOSIHUSI HEHpPOHAIIb-
HOT'O aKTHHA HcHonib30Banoch coenuHenne SKF96365. SKF96365 — ato Hecenek-
TUBHEIA O1okaTop TRPC ¥ moTeHIHAN-3aBUCHMBIX HATPHEBHIX KaHaioB [21]. B
HKCTIEPUMEHTE COeTUHEHHE JOOABIAIOCh B Cpeay M KyJIbTHBAUN HEHPOHOB B
koHueHTpanyu 10 MkM, T.K. TOKa3aHO, YTO Takasi KOHIIEHTPAIHS ITOJHOCTBIO 0JI0-
KUPYeT BXOJ KanbIus [22].

Oddext ot nmetictBus SKF96365 onennBancs mo koH()OKaIHHBIM CHUMKAM
HEWPOHAJIBHHOTO aKTHHA B TEPBUYHON KYJIBTYpe THIOKAaMITAJIGHBIX HEHPOHOB
(divl), okpareHHO# poaaMUH-(DAUIOUIMHOM. AKTUHOBBIN LIUTOCKENET B HEHPO-
Hax MpeACTaBIsIeT co00M ckoruieHus: G-akTHHA B TeJie HelipoHa (Ha0IoqacMble B
BUJIC OTJCNBHBIX TOYEK) U 3BE31000pa3Hble CTPYKTYphl F-akTHHA Ha KOHIAX OT-
POCTKOB HEHPOHOB — KOHYCHI pocTa. COCTOsIHHE KOHYCOB POCTa SIBISETCS OYCHb
W3MEHYUBBIM M OTpa)kaeT BHYTPHUKIETOYHBIC TIPOLIECCHl HA PAHHUX CTAAUSAX Pa3-
BUTHS He#poHos [23-25].

M3MmeHeHns: B HEHPOHATBHOM LUTOCKEJIeTe ObUTM 3a(UKCHPOBAHBI 1MOCIE S-
gacoBoro BozneicTus 10 MkM SKF96365. biokarop TRPC Be3Ban nepepacmpe-
JieJicHHEe aKTHHA: 3all0JTHEHUE MOJICKYJIaMH1 aKTHHA Tella HEMpPOHa U PeAyKIHIO KO-
HycoB pocTta (Puc. 2). ITo naHHBIM JHUTEpaTypBhI, BBHIIIEONICAHHOE SIBIEHUE PETPO-
IPaJHOTO TPAHCIOPTA AKTHHA MPOTHUBOIOCTABIISETCS MOJIMMEPU3ANNHN aKTHHA W
HEWPHUTOTreHEe3Y, POCTY HEWPOHAIBHBIX OTPOCTKOB [26, 27].

A. KOHTpONL B. SKF 5 vacos

20 mxkM 20 ranM

Pucynoxk 2. Akmunogulil u MUKpompybouKo8wlil Yyumockeiem 6 HetipoHax nepeuttoll
SUNNOKAMNANLHOU Kyibmypbl. DyopecyeHmHble u300paxiceHust NOKA3bl8aAom
pacnpedenenue F-akmuna (kpachulil, 0kpacka pooamun-@aiiouounom) u
Muxpompybouex (3enenviil, okpacka anmumenamu anti-MAP2A) 6 3apuxcuposannvix
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HelpPOHAX, NOOBEPSHYMbIX UMMYHODIYOpecyenmuomy akpawusanuro. A. Helipon 6e3
xumuyeckozo éo3oevicmsus. b. Hetipon nocne eozoeticmeus 10 mxM SKF96365 6 meuenue
5 uacos.

KonuuectBennas onenka BiaustHus SKF96365 3akimouanach B aHAJINU3E CPei-
HEll MHTEHCHBHOCTH (PIyOpECHEHIMH KOHYCOB POCTa, OKPALICHHBIX POAaMHUH-
tdammonnmaoM. MHKYyOMpOBaHWE TEPBUYHON THUNTIOKAMITAIFHOW KYIBTYpPHI C
SKF96365 B TeueHme 5 4acoB 3HAUNMO CHIDKAJIO MHTEHCUBHOCTD ()ITyOPECIICHIINT
[5018+117 (n=15) nox ne#ictBueM SKF96365, mpoTuB KOHTPOIBHOI rpynmbl 9148
+ 102 (n=15), p = 0.0001, T-rect Ctbtonenra]. biokarop TRPC kaHasnoB npuBen
K JICTIONIMMEPH3aIiK Tskel F-akTHHa U Jerpajaiui KoHycoB pocrta (Puc. 3).

SKF 5 qacon

§ ns 1 e
x ]
i [ { ]

|
b X 1

£ '

T e |

-4 |

A [}

45 snyr S vacos

Pucynox 3. Jeiicmeue 6nokamopa TRPC kananos SKF96365 na cocmosinue akmuna 8
HeUpOHATbHBIX Konycax pocma. A. Penpesenmamugnvle KOHpOKanbhble uz0opadicenus
KJIEeMOK NePeUYHOLL 2UNNOKAMNALLHOU KYAbINYPbl, OKPAUEHHBIX POOUMUH-DALTOUOUHOM
nocne sozoeucmeus 10 mxM SKF96365 uepes 45 munym u 5 uacos, a maxoice
KOHMpOabHOU epynnsl kKiemok. b. Konuuecmeennwiili ananusz cocmosanus KOHyco8 pocma
HEUPOHO8, BbINOIHEHHbI NymeM usmMepeHust cpeonell UHMeHCUBHOCIU (yopecyeHyuu
KOHYco8 pocma. Peszynomamul npedcmasnenvl Kak cpeouee 3uavenue £ SD
(cmandapmuoe omxnonenue). Buo pacnpedenenus u pasencmeo oucnepcuii nposepenvl ¢
ucnonwvzosaruem mecma Koimoeoposa-Cmuprnosa u mecma Bapmaiemma
coomeememeento. [lpu cmamucmuueckom ananusze ucnonwv3oeancs T-mecm ¢ nonpagkou
Yonua, ***P<0,0001, ns- non significant (n=15 oxns xasicdoii epynnoi).

[0 M3MeHeHus B OpraHM3allMi aKTUHA KOHYCOB POCTa MO/ ICHCTBUEM I10JI0-
KUTENbHBIX Moy siTopoB TRPC6 He HaOmoganuce.

Jlasee, B aHAJIOTHYHBIX YCIIOBUSIX IKCIIEPUMEHTA ObUTH MPOTECTUPOBAHBI 110~
JOXHUTENbHBIE MomyIsTOpel TRPC6 kanama: GSK1702934A [28], C20[29] u Z12-
30 [12].

Oskuzasiock B pe3ylibTaTe aHaiau3a (IIyopecleHIINE KOHYCOB pocTa 3a(uKcH-
pOBaTh 3HAYMMOE yBEIWYEHHE 4YHcia Tshkel F-akTuHa B HelipuTax. DTo mpenmno-
JI0)KEHHE OCHOBBIBAJIOCH HA JIAHHBIX 00 yBEINYEHHUHU MPOIYKIUH aKTHHA B PE3YIIb-
tare aeiictBus aktuBaropa TRPC6 [30].
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OnHako B ONKCHIBAEMBIX B JTAHHOH padOTe IKCIEPHUMEHTAJBHBIX YCIOBHSX
BBISIBUTBH 3Q(EKT OT MPUMEHEHHUS MOJI0KUTENBHBIX MoaysiTopoB TRPC6 He yna-
soch [1.00 £ 0.17 (n = 35) mst koHTponbHOM Tpynmel, 0.98 + 0.18 (n = 43) s
GSK1702934A, 1.09 + 0.22 (n = 35) ma C20, 0.97 + 0.17 (n = 33) ana Z12-30,

MIPU CPaBHEHHH KaXA0# rpymiisl ¢ KoHTpoasHOH P>0.05, T-tect Ctrionenta] (Puc.
4).

10 meM

i

e GSK

CRMMMAR MIHTEHRCIEHOC TS
dnyopecyerumm

ar
Pucynox 4. Jleticmeue axmusamopos TRPC6 xananoe na cocmosnue akmuna 8
HeUpOHAbHLIX Konycax pocma. A. Penpesenmamugnbvle KonpoKanbhvie uzobpadicenus
KAeMOK NepeUUHOL 2UNNOKAMNALLHOU KYAbIMYPbl, OKPAUWEHHBIX POOAMUH-DANTOUOUHOM
uepes 5 uacoe nocie sozoeticmeust coeounenusimu GSK17029344, C20, Z12-30 6
konyenmpayuu 10 mxM. B. KoauuecmeenHulil aHanu3 COCMOoAHUSL KOHYCO8 POCMA
HelPOHOB, GbINOTHEHHBII NyMeM U3MepeHUsi CpeOHeli UHMEHCUBHOCIU (hyopecyenyuu
KOHYCO8 pOCMA, HOPMUPOBAHHOU HA KOHMPOLbHbIE 3HAYeHUA. Pesynomamul
npedcmaeiensl Kaxk cpeonee sHavenue + SD (cmanoapmuas owubdka cpeonezo). Buo
pacnpeoenenust u pageHcmeo OUCNEPCUll NPosepensl ¢ UCNob306anuem mecma Lllanupo-
Yunxa u mecma bapmnemma, coomeemcmeenno. Ilpu cmamucmuyeckom ananuze

ucnonvzosancs oonopaxmopuuiil anaiuz ANOVA, Post-hoc ananusz- mecm Lludaxa, ns-
non significant P>0,05 (n om 33 0o 43 0ns kaoswcooil epynnwi).

e—3

ctrl  712-30

Oo6cy:kaeHne pe3yjbTaToOB

Hacrosimast craTbst ONMCHIBAET BO3MOYKHBIE MEXaHHU3MbI BO3JICHCTBHS MOJIY-
nsitopoB TRPC Ha akTHHOBBIM uTOCKENET. JlaHHbIE MEXaHU3MBI, BEPOSITHO, MOTYT
3aTparuBaTh Kak KajlbLUH-3aBUCUMBIE KaCKaJbl OETKOBBIX B3aUMOACHCTBHM, TaK U
HETIOCPEICTBEHHOE BO3/ICHCTBHE XUMHUUECKUX areHTOB HA MOJICKYJIbI aKTHHA.

Krnerku nmepBuuHOM KyabTyphl (UOpOOIACTOB, BBULY OTIUYHH B IKCIIPECCUU
TRPCG6 ot neiiponos [31, 32], xapakTepH3yrOTCsl OTIIMYHBIM CHTHAJIBHBIM ITyTEM
peryJsiuy OpraHu3auy akTuHa. Tak GuOpodIacTel MOTYT CIYXKHUTh YA0OHONH MO-
JeNIbI0 VI U3YYEHUS aJbTePHATUBHBIX MEXaHU3MOB BJIMSHMS Ha KIETOYHBIN aK-
TUH, KOTOPBIE XapaKTEPHBI JUI1 COEIMHEHUH Kilacca MPOU3BOJIHBIX MHIIEPa3HHA.
OcHoBBIBasICh Ha JaHHOM ucciieqoBanuu Z12-30 u paHee MOyYEHHBIX JaHHBIX
UL CTPYKTYPBI 51164 0 ctocoOHOCTH OAIEPKUBATH AKTHH B TIOJTMMEPU30BaHHON
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(hopme, MOXKHO ClIeNnaTh BEIBOJ, UTO TAKOE CBOMCTBO SBJISIETCS OOLIMM TSI TPYIIIBI
MPOU3BOJHBIX UIEPAa3HHA.

Crnenyer paccMOTpETh JaHHOE CBOWCTBO C TOYKH 3PEHUS] LUTOTOKCUYHOCTH.
C omHOM CTOPOHBI, BRIPAYKCHHBIM HETAaTUBHBIM 3(D(PEKTOM 001a1af0T XUMHICCKHE
areHTsl, pa3pyllaronre akTiHoBbie Gpriamentsl [33, 34]. C apyroii, akTHH-CBS3bI-
BalOLINE COCTUHEHUS, YBEINIUBAIOLINE (PPaKIHIO TOIMMEPU30BaHHON (POPMBI aK-
THHA, TAKXKE [IUTOTOKCUYHBI M IPUMEHSIOTCS KaK IPOTHBOOIYX0JIEBbIE IPETIapaThl
[35]. Takast Touka 3peHHs O3BOJISET PACCMATPHUBATh MTUIIEPA3UHbI KAK OCHOBY LIS
MOKCKa W pa3pabOTKH HOBOTO KJlacca MPOTHBOOMYXOJEBBIX IPENapaToB, IO-
CKOJIbKY CTaOMIIM3aTOPBl aKTHHA CIIOCOOCTBYIOT HHTHOMPOBAaHUIO TIpoudepanun
U HapyUICHHI0 MHIPald PakoBbiX KiIeTok [36]. Ilpu 3TOM ycTaHOBIEHHas B
HACTOAIIEM HWCCIIEIOBAHUH aKTHH-CTa0MIn3upyromas KoHmeHtpamus Z12_30
(10 MxM) Ha mopsIOK OOJIBILIE KOHIICHTPAIMH, UCTIOIB3YEMBIX B “IN VIVO”- 3KcIIe-
pumenTax. ISl BBIABICHUS HUTOTOKCUYECKUX CBOWCTB MPH PA3TUYHBIX KOHIICH-
Tpauusix TpeOyroTCs AanbHEHIINe SKCIEPUMEHTHI.

B nmaHHO# cTaThe BIIEpBBIC OBLT IMPOAEMOHCTPUPOBAH “iN Vitro”-addekT aro-
HuctoB TRPC6 Ha HelipoHaX MEPBUYHONM FMIIIOKAMITATBHON KyJIbTYphl. B 3T0 kKe
BpeMsl, MOJyYeHHbIC PEe3yJbTaThl BO3JEHCTBUS OJIOKATOPOB CBUIIETEILCTBYIOT O
TOM, 4TO BX0J Kanbus yepe3 TRPC siBnsercst Heo0X0quMbIM 111 GOPMUPOBAHUS
KOHYCOB POCTa, a OJIOKHPOBKA JIaHHBIX KaHAJIOB MPUBOAUT K (aTaIbHBIM H3MEHE-
HUSIM KJIETOYHOTO CHTHAJHMHTA, Pa3pyLICHUIO ITUTOCKENeTa U THOeNn HeWpOHOB.
Onnaxo, BBuny Hanmaus y SKF96365 cnocobnoctu aktuBupoBats TRPC u moten-
LUaI-3aBUCUMbIE HAaTPHEBbIC KaHAJbI, HENb3sl OAHO3HAYHO 3aKIIIOUYNUTh KaKOW U3
KaJbIMH NPOHMUIAEMbIX KaHAJIOB UIPAET MEPBOCTENICHHYIO POJIb B IIpolieccax Mmo-
JUMEPH3aliy aKTHHA B HE3PEJbIX IEPBUYHBIX KYJIbTYpax TMIIIOKaMIIA.

HccnenoBanue BBITIOIHEHO 3a cueT rpaHTa Poccuiickoro HaydHoro (onma
Ne 20-75-10026: https://rscf.ru/project/20-75-10026/».
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Brusnue modynsmopos TRPC6 na akmunogeitl yumockenem in Vitro

EFFECT OF TRPC6 MODULATORS ON ACTIN CYTOSKELE-
TON IN VITRO

D. Melenteva?, N. Zernov!, V. Ghamaryan'?, L.Hunanyan'?, E. Popugaeval”

Ipeter the Great St.Petersburg Polytechnic University, St.Petersburg, Russia
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ABSTRACT

During experiments, the effect of TRPC6 plasma membrane channel
modulators on cellular actin was evaluated. Compounds GSK1702934A,
C20, Z212-30 were used as agonists of TRPC6, and SKF96365 were used
as blocker. Experiments were performed on primary tip tail fibroblasts
culture, as well as on primary hippocampal culture.

Keywords: TRPC6, neurodegeneration, actin cytoskeleton, neuron.
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AHHOTAIUA

H3ydyeHnue TPETHIHBIX CTPYKTYp OSIKOB OYEHBb Ba)KHO VIS TIOHHMAHUS
MOJIEKYJISIPHBIX MEXaHH3MOB JICHCTBUS, OCOOCHHO €CJIU JaHHBIN Oesok
UTpaeT KIII0YEBYIO pOJIb B MaTorenese 3aboneBanuii. Ha manHprii MomeHT
umMeeTcst 0OJIBIION CIEKTpP IPOrpaMMHBIX NIAKETOB U CEPBEPOB, IIO3BOJIS-
IOIIME CMOJAEIHNPOBATH ITOJTHOPA3MEPHBIE CTPYKTYPBI OEJIKOB, HCXOIS U3
aMHHOKHCIIOTHOW TIOCJIeZI0BaTeNbHOCTH. B maHHOW paborte Obuin pac-
CMOTPEHBI TPH HAaHOOJIee UCTIONb3YeMbIE H TOYHBIE IIPOTPAMMBI 1O MPea-
CKa3aHHuIo CTPYKTYp OenkoB: “AlphaFold2”, “Rosetta”, “I-TASSER”.
KiioueBble ci10Ba: MOJEIMpOBaHHE CTPYKTyp OenkoB, “in silico”,
“AlphaFold2”, “Rosetta”, “I-TASSER”.

BBenenune

Mo/ienupoBaHue TPETHUHBIX CTPYKTYP OCJIKOB SIBIISETCS aKTyaabHOM pooiie-
MOWM JJIsl pEeIlieHHs 3aa4 10 JU3aiiHy JIEKapCTBEHHBIX MPEMaparoB, a TAKKe JUIs
BBISICHEHHMSI MEXaHM3MOB JICHCTBUSI OENKOB IpH maroreHese. st mpoBenieHHs
peHTreHorpaduIecKoro aHajan3a HeoOXOJMMO BBIPACTUTh KPUCTAILUIBI OelKa, Imo-
MECTUTh OJIMH M3 HUX I0J] PEHTICHOBCKHUI JIyd ¥ coOpaTh NaHHbIC AU(PPAKIHN
ny4a, oOpaboTaB KOTOpBIE MOXHO ONpENesIuTh CTPYKTypy. Hekoropwie Oenkn
JIETKO KPUCTALTU3YIOTCS, a IPYTUe — HET, U MCCIIeJIOBATEIN HE MOTYT OIPEJICITUTh
ux cTpykTypy [1]. Ha naHHBI MOMEHT yuYeHbIe CO3/al0T U KOHCTPYHUPYIOT MPO-
rpaMMBl M aJITOPUTMBI, KOTOPBIE PEUIAIOT MPOOJIEMY MOJACIUPOBAHUS CTPYKTYP
OeJIKOB, ISl KOTOPBIX HE M3BECTHBI MX KpHCTaJulorpaduyeckue CTpykTyphl. Lle-
JBIO JTAHHOTO UCCIICIOBAHUS SIBJSUIOCH CPABHHUTENLHBIA aHAIN3 MPOTPaMM MOJIe-
JIUPOBAHUS CTPYKTYp OenkoB Ha mpumepe 14-3-3¢, Ui BBIABICHHUS HAWTyUIIICH
MOJTHOPAa3MEPHOI MOJEIH.

Uzodopmer Oenka 14-3-3 Obu1n EpBEIMU OETIKaMH, HACHTH()UINPOBAHHBIMU
Kak creruuiecku cassbiBaroiiie Gpochoceprn/GpochoTpeoHrH coaepikaie Mo-
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TuBHI [2]. 14-3-3 y4acTBYIOT B nepeiadye KJICTOUHBIX CUTHAJIOB, PETYJISIUHA Pa3BHU-
THSI KJIETOYHOTO [IUKJIA, HEHPO/IeTeHepaTUBHBIX MPOIIeccax, aonTo3e, KaHIepore-
Hese, ayTodaruu, a Takke B MPOIecce peruInKaiuy BUpycos [4].

B kieTkax MICKOMHMTAIOLUIMX UMEETCS ceMb u30popm Oenka 14-3-3, kakmaas
U3 KOTOPBIX 0003HayaeTcs rpeveckoii OykBoii (-0era, y-ramma, o-AenbTa, €-31CH-
nioH, (-m13eta, O/t-Tera/Tay, n-eta) [5]. Usodopma 14-3-3¢ sBiseTcs Hanbomee KOH-
CepBaTHBHBIM WieHOM cemeicTBa 14-3-3. 14-3-3¢ cIIbHO SKCIPECCHPYETCS B TO-
JIOBHOM MO3T'€ M B3aMMOJICHCTBYET C MHOKECTBOM OEJIKOB, KOTOPHIE MOTYT UTPATh
KPUTHYECKYIO pOJib B QYHKIMSIX MO3ra, U o0menpu3Hano, uro 14-3-3g cBsizaH ¢
MHO>KECTBOM HEBPOJIOTHYECKUX 3abosieBanuii [6].

MaTepI/IaJIbI H METO/bI

JInsi OLIEHKH KadecTBa MPOrpaMM MO MOJCIUPOBAHHIO TPETUUHBIX CTPYKTYP
cymectByeT koukypc CASP (“Critical Assessment of protein Structure Predic-
tion”), KOTOpBIA MPOBOAUTCS pa3 B JBa T0OJla U PE3yIbTATOM KOTOPOTO SBJISETCS
BBIIBIICHHE HAWITy4dlled CMOJEINPOBAHHON MOJENHU. B cBs3M ¢ 3THM, B KOHTEKCTE
JAHHOTO HWCCIIEIOBaHUS OBLIM PAacCMOTpPEHBI TPH HamOoJiee PacHpoCTpaHEHHBIX
MIPOrpaMMBI [0 MOJIETTUpOBaHHIo cTpYKTyp OenkoB. Cepsep I-TASSER npencras-
JsieT co0oil OHNalH-TIIaTGOpMy, PEATU3YIONIYI0 OCHOBAaHHBIE aJITOPUTMBI TIpe.I-
CKa3aHMs CTPYKTYphI U hyHKImH Oenka [7]. Bbuio pa3paboTaHO MHOXKECTBO METO-
JIOB JIUTS CO3aHmst OENKOBBIX CTPYKTYp “ab initio”. OxHum u3 mMoIXxo10B SBIsSETCS
MeTO cOOpkH Ha OcHOBe (hparMeHTOB, uaes boyn u Aizenbepra [8]. B Rosetta
UCIIOJB30BATUCh OMOIMOTEKH (DParMEHTOB M3 TPEeX M JeBATH OcTaTkoB [9].
AlphaFold2 siisiercst mporpaMmoii HCKYCCTBEHHOTO MHTEIJICKTa, pa3paboTaHHas
“DeepMind”, koTopast BBEITIOIHSAET MPOTHO3UPOBAHUE CTPYKTYPHI OeKa U paspa-
OoTaHa Kak cucrema riayookoro ooyuenus [10].

OLIEHOYHBIMH KPUTEPHUSMH JIOCTOBEPHOCTH IOJYYCHHOW MOJENH IPHHSATO
CUUTATh HECKOJBKO, M3 HHX CaMBIMH paclpoCTpaHEHHBIMH sBIsFoTCS: RMSD
(cpenHexkBagpaTHIHOE OTKIOHEHHUE MOJI0XKEHHIT aTtoMoB), GDT-TS (sBisieTcs Kpu-
TEpUEM CXOJICTBA MEXIY IBYMsI OCIKOBBIMHU CTPYKTypamu), TM-score (metpuka
JUISL OLICHKH TOTIOJIOTMYECKOTO CXOJCTBA OEJIKOBBIX CTPYKTYyp). st ouenku TM-
score u GDT-TS Obu1 ucionb3oBan Beb-cepsep ot Zhang

Lab [11]. Tns orenkr RMSD 6b1ta ucnionb3oBana mporpamma ICM-Pro 3.8-
7 [12]. B xadecTBe KOHTPOJIBHOW MOJIEIH ISl TIPOBEPKHU ObLIA MCIOJIb30BaHA J10-
CTymHasi Kpucrawiorpapuyeckas cTpykrypa u3 6assl ganneix PDB (PDB ID:
7C8E). Tak kak Juisi CBOErO HOPMAaIBHOTO (YHKIMOHUpOBaHUS 14-3-3 noimkeH
OBITh B TUMEPHOM (popmMe, HEOOXOAUMO MPOBECTH OEIOK-OCIKOBBIA JOKHUHT, YTO
OBLIO CETaHO ¢ TIOMOIIIB0 IporpamMmer ICM-Pro 3.8-7 [13].
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Pe3yabTaThl U 00CyXKIEHHE

Ha Puc. 1. yka3zaHbl nosiydeHHbIE CMOJAEIHMPOBaHHBIE Mojenu. B ciydae
“AlphaFold2” nmporpamma mgaeT BO3MOXHOCTh CO37]aBaTh KOMIUIEKCHI cpa3y 0e3
HEOOXOJUMOCTH JATBHEHIIUX MAHHITYJISIUH, KOTOPbIE ObLIM CHIEIaHbI MOCIE T0-
nmyueHHbBIX Moneneii “Rosetta” u “I-TASSER”, a umMeHHO OeTOK-0€ITKOBBIN TOKUHT
¢ mpeobpaszosanue Pypoe (FFT) [13].
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Pucynox 1. [lonyuennvie mooenu. A: 14-3-3¢ nonyuennas ¢ nomowwpro “Rosetta’;
b: 14-3-3¢ nonyuennas ¢ nomowwio “AlphaFold2”’; B: 14-3-3¢ nonyuennas
¢ nomowvio “I-TASSER”.

Bce cTpykTypbl OBbIITH CYTIEpUMIIO3UPOBAHEI 10 OTHONICHHUIO K KPUCTAIIIOrpa-

¢duueckoii ctpykrype PDB ID: 7C8E 1 noxy4eHb! OLIEHKH MOJICIUPOBAHHUS, KOTO-
pble ykazansl B Taom. 1.

Tabnuya 1. Oyenounvie 3Ha4eHUs NOIYYEHHBIX CIPYKMYP.

Cmpyxkmypa TM score RMSD GDT-TS
Ouenka

14-3-3¢ I-TASSER 0.7998 4.4472 0.6473
14-3-3¢ Rosetta 0.9830 1.8173 0.9168
14-3-3¢ AlphaFold?2 0.3881 5.4922 0.2217

HUcxonst u3 Tabi1., MOKHO 3aMETUTb, YTO HAWITYUIINE PE3yIbTaThI IO OILIEHKaM
y mporpammsl “Rosetta”, roe TM score 0.9830, RMSD 1.8173 u GDT-TS 0.9168.
Ho cTouT OTMETHTH M TOT (aKT, YTO MBI PACCMATPUBAIN CTPYKTYPY B TUMEPHOM
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¢dopme, ecni paccCMOTPETh 0 MOHOMEpaM, TO HaWIy4LIHid pe3ysbTaT Mo 3Haue-
o RMSD y nporpamwmsl “AlphaFold2” u paBusiercs 1.6343 (TM-score 0.8788,
a GDT-TS 0.8422, t.e. o 3tuM IByM KpuTepusiM y “Rosetta” 3HaueHuss HEMHOTO
BBIIIIE).

[Tonmy4eHHBIE pe3yabTaThl AAIOT HAM BO3MOXHOCTb, TIPOBESI CPABHUTEIBHBIN
aHaJM3, BBISIBUTh HAWIYUIIYIO JUMEPHYI0 Monenb 14-3-3¢, 4yTo B AanbHEHIIeM
MO3BOJIMT MIPOBOUTH MOJIETTMPOBAHUE CTPYKTYP OCTaIbHBIX M30(opM. Hecmotps
Ha TO, 4T0 Y “AlphaFold2” pe3ynbraThl 3a OCIEIHUE rOJ]a CAMBIC BBICOKHE U JI0-
CTOBCPHBIC, CTOUT YUUTBIBATH TOT (I)aKT, 4TO IIpHU MOJACIIMPOBAHNU U APYTHUMU IIPO-
rpaMMaMHu BO3MOYKHO TIOJTy4Y€HHE XOPOUIUX Pe3yIbTaTOB, U KaK IIOKA3aJl aHAIN3 Ha
OTJIENBHBIX MOHOMepax, ¥ “AlphaFold2” u “Rosetta” momydeHune oreHKH OY€HB
OJIM3KH.
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A COMPARATIVE ANALYSIS OF PROTEIN STRUCTURE
PREDICTION PROGRAMS USING THE EXAMPLE OF 14-3-3.
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ABSTRACT

Identifying the tertiary structures of proteins is very important for under-
standing the molecular mechanisms of action, especially if a given protein
plays a key role in disease pathogenesis. A wide range of software pack-
ages and servers are currently available to model the full-length structures
of proteins based on the amino acid sequence. In this paper, we reviewed
the three most common programs for predicting protein structures: Al-
phaFold2, Rosetta, and I-TASSER.

Keywords: protein structure modeling, in silico, prediction methods, Al-
phaFold2, Rosetta, I-TASSER.
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ABSTRACT

The factors that influence tumor development are diverse and ambiguous.
Consequently, there is a necessity for the development of new data-min-
ing approaches that will contribute to efficient disease diagnostics, prog-
nostics, and monitoring of disease courses.

This study is aimed to identify patterns of genetic changes that provide
changes in expression in tumor samples. Multiomics data for analyzing
the main manifestations of genetic shifts were obtained from the GDC
database. We used a multilayer self-organizing map (ML-SOM) algo-
rithm for clustering and dimension reduction. This approach allows for
distinguishing the sets of factors associated with cancer, and on the other
hand, it provides information on the distribution of multilayer genetic data
among tumor samples.

Keywords: breast cancer, multi-omics data, self-organizing maps.

Introduction

Breast cancer is the most common cancer worldwide with 7.8 million women
alive as of the end of 2020 who had received a diagnosis within the previous five
years. Women in diverse age groups are at risk of receiving a breast cancer diagno-
sis, moreover, the development of this disease is directly correlated with aging [1].
The implication of new approaches is becoming imperative because of the diverse
course across the different subtypes of ductal cancer. Receptor-based molecular
classification methods continue to be applied for modern clinical purposes.

Nevertheless, new classification approaches have been developed. One of the
examples is transcriptomics-based PAMS50 classification which uses expression
signals from 50 genes to classify breast cancer[2]. Multi “-omics” data has revealed
new ways to understand the covert relationships between genomic features and
serves as a basis for developing machine learning models capable of comprehensive
analysis of big biological data.

In our previous studies, we showcased the advantages of self-organizing map
pipelines in analyzing and describing multi-layer datasets[3]. Low-grade gliomas
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study [4], B-cell lymphomas study[5], and others prove the credibility of the SOM
method to depict the origins and further progression of the illness.

To unveil the cornerstone of the Breast Carcinoma development process, we
have used multi-SOM machine learning algorithms on gen-, transcriptomic, and
epigenetic data.

Materials and methods

Study Datasets

In this study, we used available-omic datasets of the TCGA-BRCA project [6].
Total, RNA-seq counts, microarray promoter and gene body methylation, microar-
ray CNV, and SNV were obtained for 996 samples.

Data preprocessing

RNA-seq counts were subjected to library size normalization and converted to
log counts using variant stabilization transformation.

Promoter methylation data was converted from betta to m values.

CNVs were normalized by adding small numbers to avoid constant values.

SNVs were summarized by genes.

Also, we have divided samples into subtypes by PAM50 gene signature clas-
sification, which separates breast cancer into Basal (N=161), LumA (N=480),
LumB (N=199), HER2E (N= 74), normal-like (N= 32), True Normal (N= 46), and
CLOW (N= 4) groups.

Integrated analysis of cancer molecular features with multi-layer SOM

To conduct a comprehensive integrative analysis of -omics datasets of breast
cancer, we employed a refined multi-layer self-organizing maps (mI-SOM) ap-
proach, extending our prior research. The self-organizing map (SOM) algorithm is
a neural network-based technique for dimensionality reduction and clustering. Nu-
merous studies have demonstrated its effectiveness in grouping genes based on
their expression profiles into co-expressed modules. Furthermore, the SOM imple-
mentation in the “oposSOM” package is enriched with robust function mining ca-
pabilities, facilitating the assignment of biological functions to gene clusters. This
capability efficiently reduces the high-dimensional gene space into numerous dif-
ferentially expressed functional modules. As a result, this approach enables a seam-
less transition from analyzing individual genes to conducting systems-level anal-
yses while preserving the integrity of the original information.

In this approach, we organized all the datasets into distinct layers and trained
them collectively on a single SOM grid, similar to a classical single-layer SOM (sl-
SOM) [7].

Analysis of survival

Survival analysis (overall survival, disease-free survival, disease-specific sur-
vival, and progression-free survival) was performed using the Cox proportional



Multi-omics portrayal of breast cancers 63

hazards regression using contsurvplot R package [8]. The model includes survival
as a dependent variable and group information, and spot -omic profiles as predic-
tors.

Results

The mI-SOM algorithm not only highlighted the differences between subtypes,
as we expected, but showed relationships between data categories as well. (Figure
1A). By primary visual comparison of group portraits, we have identified specific
spots for subtypes, meanwhile, we have observed several common clusters between
these groups. To confirm the last hypothesis, we have conducted a correlational
analysis of the expressional levels for each subtype (Figure 1B). The analysis indi-
cates the similarity of True Normal and normal-like, Basal and HER2E groups.
There was a weak correlation between LumA and Basal, as well as LumB and nor-
mal-like groups.
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Figure 1. Visualization of SOM group portraits (A). From left to right are group portraits
of transcriptomics, methylation, copy number variations, and single nucleotide variants,
respectively. Red spots belong to highly expressed clusters, which are the target for
research. Correlations between groups in transcriptomic level (B). True Normal and
normal-like, also Basal and HER2E subtypes show a high correlation. K-means defined
gene clusters (C). Spot A differs not only between subtypes but also between data
categories.

Furthermore, gene clusters based on k-means rates were investigated (Figure 1C).
This part of the study aimed to identify specific transcriptome-level changes across
subtypes and suggest possible reasons for these changes by uncovering the influence
of other categories of data. We have chosen Spot A because of its specificity in several
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subtypes and different values among data categories. For unveiling the dependents of
gene expression levels from methylation, CNV, and SNV data categories we have
trained linear regression models. The methylation profile was significantly negatively
correlated with expression levels in basal and normal-like groups, while a positive as-
sociation with CNV was observed in lum A, lum B, and HER2 cancers. No significant
trend was observed for SNV in all cancer subtypes (Figure 2).

- - -

= nNv

Figure 2. Representation of trained linear regression models. In the Y-axis are placed log
transformed Gex values, from left to right X-axis refers to Gmx, CNV, and SNV data, and
colors describe subtypes.

The cluster contains 114 genes, to analyze this number of genes we performed
gene enrichment analysis using the online tool “Webgestalt” (Figure 3) [9]. We
used KEGG pathways [10] to understand the likely phenotypic changes due to the
mixing of changes at different levels in genes from spot A.
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Figure 3. Gene enrichment analysis. KEGG pathways differed in genes from se-
lected spots. The enrichment ratio shows the significance of the results.

The enrichment shows significance with the DNA replication[11], One carbon
pool by folate[12], and Cell cycle pathways[13].
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Also, survival analysis of samples showed that the LumA and LumB subtypes
better survived than HER2E and Basal [14] (Figure 4).

Cross-checking the results of gene enrichment and survival analysis against liter-
ature sources showed the applicability of using the approach on multi-omics data.
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Figure 4. Survival plot of breast subtypes based on transcriptomic level. The colors refer
to subtypes. Some of the subtypes do not provide sufficient significant results due to the
small number of patients.

Conclusions

Machine learning methods enable a comprehensive study of the nature of
breast cancer, identifying the factors that determine the levels of gene expression.

The methylation profile exhibited a significant negative correlation with ex-
pression levels in basal and normal-like groups, while a positive association with
CNV was observed in lum A, lum B, and HER2 cancers. No significant trend was
observed for SNV in all cancer subtypes.

LumA and LumB subtypes have a better survival probability than other subtypes.
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MYJbTH-OMUKC UCCJIEJOBAHHME OIYXO0JIA
MOJIOYHOM KEJIE3bI

C.C. lasumagan'?

YUncmumym Buomeouyunvt u Papmayuu
Poccuiicko-Apmanckuii (Crasanckuil) ynusepcumem
2Hccnedosamenvcras epynna Buoungpomamuxu,
Hucmumym Monexynapnou buonoeuu HAH PA

AHHOTAIUA

@DakTophl, BIUAIOIINE HA Pa3BUTHE OIYXOJH, pa3HOOOpa3Hbl U HEOIHO-
3Ha4HBL. CyIIecTBYeT HEOOXOIUMOCTh B Pa3padOTKe HOBBIX MOAXOMOB K
cOOpY TAHHBIX, KOTOPBIE OYIyT CIIOCOOCTBOBATH 3 (EKTHUBHOM TUArHOCTHKE
3a00JICBaHM, MPOTHO3UPOBAHHIO 1 MOHUTOPHHTY MIpOrpecca 3a00JICBaHuUiL.
Ilenbto 1aHHOTO MCCIEIOBAHNUS SIBIISIETCS BBISBIEHUE 3aKOHOMEPHOCTEN
TCHETHYECKUX W3MEHEHHU, KOTOpble 00YyCIIaBIMBAIOT M3MEHEHHUS JKC-
MPECCUH B OMYXOJIEBBIX 00pa3uax. MyinbTH-OMUKCHEIE TaHHBIC IS aHa-
732 OCHOBHBIX TPOSIBJICHUH '€HETUYECKUX U3MEHEHUI ObUIH TIOTY4EHBI
u3 6a3pl nanHbIX GDC. MBI HCIIONB30BAIM AITOPUTMBI CAMOOPTaHU3YIO-
miericst kaptel (ML-SOM) asist ki1acTepu3aliii ¥ yMEHbBIICHHS pa3MEepPHO-
CTH JaHHBIX. Takol MOAXOA IMO3BOJSET BBIACIUTH HAOOpHI (aKTOpOB,
CBSI3aHHBIX C OIYXOJbBIO M NMPENOCTaBIseT HHGOPMALHUIO O pacipeaene-
HUH MYJIbTH-OMHUKCHBIX T€HETUYECKUX JAHHBIX Cpeau 00pa3LoB.
KiloueBble ciioBa: Omyxojb MOJIOYHOM Kele3bl, MyJIbTH-OMUKCHBIE
JTaHHbIE, CAMOOPTIaHU3YIOIUECS KapThl
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AHHOTAIUA

CraHaapTHBIM JieueHHEM TUPPY3HOU KPYITHOKICTOYHOM TUM(POMBI BCe
ele ocraercss KoMOMHanus UMMyHO-xumuonpenaparos R-CHOP (pu-
TyKcuMab, mukinopochamu, TOKCUPYOULIUH, BUHKPUCTHH, MTPEITHU30H).
IIpu stom 10 40% NanMeHToB He JOCTUraloT CTaOWIBHOI PEMHCCHH.
OOuHyTY3yMab — MOHOKJIOHAJILHOE aHTUTENO NPOTHB b-KkieTouHoro pe-
nentopa CD20, KoTopoe TeCTUPYETCs B KIMHUIECKUX UCTIBITAHUAX B Ka-
YeCcTBE albTEPHATHBBI pUTyKcMMaly B Buae komOuHanuu G-CHOP.
MukpookpyxeHre JIuM(pOM HUIpaeT 3HAYUTEIBHYIO NPOTHOCTUYECKYIO
pois nipu neuennu R-CHOP B niepBoit muann. B maHHOM HccnenoBannm
Obu1a moaTBEpAKAeHA accoruarys noarunos LME-GC, LME-MS ¢ nyu-
IIMM MIPOTHO30M, ueM y noatuna LME-DE npu neuenun komOuHarmei
G-CHOP B niepBo#i JTMHUY Ha TaHHBIX KIIMHUYeCcKOro ucnbitanus GOYA.
KmoueBble cioBa: muddysHas KpYMHOKIETOUHAs JUMQPOMa, MHUKPO-
OKpYXeHHe TUM(OM, IPOTHOCTUYECKHE OMOMAapKEPHI.

BBeaenue

Huddysznas kpynaoknerounas numdoma (DLBCL) sBisercs nanbonee pac-
MPOCTPaHEHHOW (POPMOIN HEXOKKUHCKUX TMM(poM, U coctaBisieT 25-35% ciry-
gaeB. Yactora 3a0omeBaemoctu B CIIIA u Bocrounoii EBpone onennBaeTcs B 5,5
genoBek Ha 100000. A TATHIIETHSISI BBKUBAEMOCTh COCTAaBIISIET 0KOJIo 65% [12].
Texymuii craHAapT JeUSHUs HA MEPBOM JIMHUU — 3TO KOMOMHAIUS PUTYKCHMaba
(MoHOKJIOHaNBHOE aHTUTeN0 npotuB CD20) ¢ xumuorepanuein (R-CHOP) mns
Bcex nanuenToB [10]. TIpu Takom JieueHHH BCE ellle CYIIECTBEHHBIN MPOIEHT Ma-
umeHToB ~40% ocTaeTcst HeM3JIeUNMBIM M yMHpPAeT BeieAcTBUe Ooe3Hu. Ha Teky-
U MOMEHT yike pa3paborano Oonee 10 pa3Hbix Tepanuii (Bkirouas AZA, CAR-
T, Bites, IBN u T.1.), KoTOphIe O0nee 3pPeKTUBHBI B 3aBUCHMOCTH OT HEKOTOPBIX
MOJICKYJIIPHBIX TTapaMeTpoB MaIlUeHToR [2, 3, §, 9].

B 2000 roay Ash Alizadeh 1 coaBTOpbI BBIIEIHIIN 1Ba OCHOBHBIX TPAHCKPHII-
unonHbIX noaruna DLBCL: GCB — npoucxoasmiie U3 KIeTOK FTepMUHATUBHOTO
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HEHTpA, MOKHO JAJIBIIC MOACIUTh Ha HCHTPOILUTHI 1 HeHTpO6J'IaCTLI. ABC - npo-
HUCXOOAIUMEC U3 AKTUBHUPOBAHHBIX B xnerox wim YK€ U3 BbBIICAIINX U3 T'CPMUHA-
THBHOMU peakiuu. [lannenTsl ¢ muMdomamu tuna GCB o0braHO IMeroT OoJee Oi1a-
FOHpPI?ITHbIﬁ IPOTHO3 KaK B 3M0XY OO0 HCIIOJIB30BAHUA pI/ITYKCI/IMa6a, TaK U B
Hacrosimiee Bpemsi. Takke cymiectByer Tpetudd moartun COO, u3BeCTHBINA KakK He-
knaccu¢unupoBanbiil (UNK) wmu Tim 3, KOTOPBIi JIUIIEH SBHBIX TaTTEPHOB 9KC-
MIPECCUU TEHOB, KOTOphIe OBl Kimaccuduimposanu ero kak GCB nimu ABC [1, 15].

H3BecTHO, 4TO OmyxoseBble B KieTKH aKTHBHO B3aWMOJEWUCTBYIOT C
JIPYTUMH KIIETKaMH OpraHu3Ma B JIMM(}oy3iax (OmyXoJIeBEIM MHKPOOKPY-
KEHHEM) M YacTO BJIMSIIOT Ha KOMIO3UIMIO U MOJISIPU3ALUI0 UMMYHHBIX U
CTpoMaIbHBIX KJeToK [11, 5]. Me1 B 2021 roxy onyOnukoBaiiv 4 moaTHIIA
Mukpookpyxkenust DLBCL u npogemMoHCcTprupoBaiu, 4To CTaHAapTHAsI UM-
MYHOXMMHOTEPANUS UMEET PA3JIMYHBIA yCIIEX B 3aBUCMMOCTH OT MOATHIIA,
a TaKkKe U TO, YTO pa3HbIe MOATHUIIBI 0OOTalleHbl TeHETHYECKUMU U TPaH-
CKPUIIIMOHHBIMA U3MEHEHUSAMH, KOTOPBIE MOTYT TOBOPUTH O YYBCTBUTEIb-
HOCTH Ha JIpyrue npenaparsl [6].

O6unyty3ymad, CD20 — HampaBie€HHOE aHTHUTENO, aHAJIOT PUTYKCH-
Maba aKTUBHO TECTHPYETCA B KayecTBE 3aMEHbl pUTYKCMMaba Ha MepBOi
nunuu neuenus [7, 13, 4]. Tlo pe3ynapTaTaM paHI0MU3HPOBAHHOTO UCCIIEO-
BaHus TpeThelt pasel GOYA, oOuHyTy3ymMabd moka3an CpaBHUMBIE PE3YIib-
tatel o OS/PFS ¢ putykcumabowm [13, 14].

B nannoit pabote mbl 3amaemcsi Bompocom, ectb i 1ist G-CHOP ana-
JIOTUYHAsI MPOTHOCTHUYECKAS] acCOIMalMsl MOATHUIIOB MHUKPOOKPYXEHHS C
BBDKHBAeMOCTHIO, Kak 111 R-CHOP.,

MartepuaJibl U METOABI

Lannvie sxcnpeccuu 2enos. JlanHble 3kcnpeccuu TeHoB nuccnenoBanua GOY A
ObuTH TOTy4eHsl u3 6a3bl JaHHeIX SRA (SRP183071) u nepecuntansr u3 FASTQ
(haitlioB-MeTOI0M, OMUCAHHBIM paHee [6]. AHaIM3 KauecTBa JTaHHBIX CEKBEHHPO-
Banust PHK Owin mposenen ¢ nomomnipto FastQC v0.11.5, FastQ Screen v0.11.1.
OO0pas3iibl, He TPOIIEANINE KOHTPOJIb KauecTBa [6], ObUIN UCKITFOUYCHEI.

Knaccugurayus noomunos. Tunuposanue noarunos COO, LME 6buto nipo-
BEIICHO METOJIOM M3 OPUTHHAIILHOHN CTaThu [6].

Cmamucmuueckuti aHaau3. AHaNA3 BbDKMBAEMOCTH OBUT POBENEH C IOMO-
mpto Tecta “log rank”. Ananu3 nepe-npeacTaBIeHHOCTH POLCHTOB KIIaCCOB ObLI
IIpOBeJieH ¢ IoMolIbo Tecta duriepa win TecTa Xu-KBaapar.
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Pe3yabTaThl M 00CyXKIEHHE

Jlyist Toro 4to0bl IpOBEpHTH accoranuu noarunoB LME ¢ BeDku-
BAaE€MOCTBIO MalKMEHTOB Ha oOuHyTy3ymab-xumun (G-CHOP) ¢ putykcu-
Mab-xumusi (R-CHOP), Mbl ucnosib30Banu JaHHBIE YKCIPECCUU T€HOB M3
kimHnueckoro ucnsitanusg GOYA. Ilocie nepepacyeToB U KOHTPOJIS Kaye-
ctBa ocranoch 212 G-CHOP u 224 (R-CHOP) o6pasua. Jlns cpaBHEHUS
Takke B3sIn MeTa-KoropTy u3 uccienoBanus [6].

Ipoenocmuueckas cuna COQ. JIns Havana MbI POBEPHIIH, YTO COCTAB aHAIH3H-
PyeMOil KOrOpThI 0XKUIAEM C TOUKH 3PSHHSI MOJICKYIISIPHBIX MapameTpoB. [IporieHTh
COO (GCB/ABC) 6b11 oxxunaemslii (50% u 55%) 1 He oTIMYaNCS MEXTY KOropTamMu
G-CHOP u R-CHOP (p=0.5), B T0 Bpems? kak nporieHT ABC ObUT 3HAUNMO MOBBIIICH
B mogkoroptax GOY A — orHocurensaO MeTa koropts (0.0009 G-CHOP GOY A mpo-
tuB Merta koroptsl, 0.03 R-CHOP GOY A nporus Merta koroptsr (Puc. 1).

el OO

100% et

80%

-

Pucynox 1. Pacnpedenenue npoyenmog COO noomunog é nooxocopmax G-CHOP u
R-CHOP uccneoosanus GOYA u Mema xozcopme. Ilokazannvie P-3Hauerust nOOCUUManvl
mounvim mecmom Quwiepa.

GOYA.R-CHOP
MetaCohort

BrokuBaemocts 0e3 nporpeccurt GCB npotuB ABC Obiia 3Ha4UMO JTydIie B
koropte G-CHOP (p=0.03), B xoropte P-uom Habmomasics tper (p=0.1). Bo Bcex
Tpex Koroprax BbDKHMBaeMocTh nmoxaruna GCB Owwa mydme, yem monruna ABC
(Puc. 2).
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A GCHOR, N=224 b ROHOP. Nw212 B MetaCohort, N=2209
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Pucynox 2. Cpasnenue gviorcusaemocmu 6e3 npoepeccuu mexicoy epynnamu ABC u GCB.
A —xoeopma G-CHOP GOYA, b — kocopma R-CHOP GOYA, B — Mem-xoeopma. B
3020108KAX NPeOCMABNEeHbl P-3HAUEHUA 102-PAHK MeCHd.

Ilpoenocmuueckasn cuna noomunog LME. Jlanee, kaxxaoMy oOpasily ObLT
HazHaued LME noarun mo mMeronqy M3 opuruHanbHOU ctathu [6]. B xoropre G-
CHOP GOYA 6buio 6onpmie LME-IN u LME-DP (63.8%), uem B koropre R-
CHOP GOYA (54.2%, p=0.08) u 3HaunMo OoJibliie, 4eM oxuaaeMoe u3 Meta Ko-
roptsl (51.8%, p=0.002). B koropre R-CHOP GOYA mponeHTsl NOATUIIOB 3Ha-
YIMO He OTVIMYAIIUCh OT OXkHIaeMbIx u3 Meta koropTsl (p=0.6).
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Pucynox 3. Pacnpedenenue npoyenmos LME noomunos ¢ nooxozopmax G-CHOP u
R-CHOP uccneoosanus GOYA u Mema-kozcopme. Ilokazannvie p-3HayeHus ROOCYUMaHvl
mecmom Xu-keaopam.

OskuaeMslii MPOTHO3 OTIAMYAETCS U KaXKAOTO TOATHIIA B 3aBUCHMOCTH OT
noaTuna MUKpookpyxenus (Puc. 4B, Puc. 5B). B xoropre G-CHOP Mb1 06HApY-
KHUITU 0KAAEMYIO ACCOLMALIUIO BBKHBAEMOCTH 0€3 MPOrpeccuu 1 001Iel BBIKH-
Baemocty: noaruiel LME-GC, LME-IN, LME-MS, o cpaBHEHHIO ¢ TIOATHTIOM
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LME-DP, umenu 3HaunMo JTydiryto oouryto BeikuBaeMocTh (p=0.002) u BebKHBa-
emocth 0e3 nporpeccuu (p=0.03) (Puc. 4A, Puc. 5A). HeoxunanHo, HO B KOTopTe
MAIUEHTOB, JICYNMbIX PUTYKCHMaOOM, He OBUIO OOHApY>KEHO OKHAAEMOTO pac-
XOXKIIeHHUS KpUBBIX BeKHUBaeMocTH (p=0.6, p=0.3) (Puc. 4B, Puc. 5b).
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Pucynox 4. Cpasnenue obweii gviorcusaemocmu mexcoy epynnamu LME. A — kocopma
G-CHOP GOYA, 5 — kocopma R-CHOP GOYA, B — Mema xoeopma. B 3aconosxax

npedcmaeﬂeﬂbl P-3HAYEHUS HeEMbIPEXCMOPOHHE2O J10-PAHK mecma.
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Pucynox 5. Cpasnenue svioicusaemocmu 6e3 npoepeccuu mexcoy epynnamvu LME.
A — kocopma G-CHOP GOYA, B — kocopma R-CHOP GOYA, B — Mema xoeopma.
B 3azono06kax npedcmasnenvl p-3HaueHus 4emulpexcmopoHHe20 102-paHK mecma.

3akiIoueHne

Mpbl npoaHaIM3UPOBaIM MPOTHOCTUYECKYIO CHIIY MOJTHIIOB JTUM(OMHOTO
MHUKpPOOKpykeHuss LME Ha naHHBIX paHIOMH3UPOBAHHOIO KJIMHUYECKOTO UCCJIE-
nosanust GOYA. B pesynbrare Mbl MOATBEPIMIN TUIIOTE3Y, YTO HPH JIEICHUH 00U -
HyTy3ymMaboMm coxpansercsi nporaoctudeckas cuia LME nmonrumos. Takke Mbl
TTOKa3aJm MporaocTudeckyto cuny nmoarurioB COO. B koropre manueHToB, JICUeH-
HBIX PUTYKCHUMaOOM, HE YAaJI0Ch HAlTH 3HAYMMBIX OTJIMYHUM 110 BBDKUBAEMOCTH HE

Tosibko B moatumnax LME, Ho naxe mexry COQO, 4TO MOKET TOBOPHUTH 00 0COOEH-
HOCTH 3TOH HOJKOTOPTHL.
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LYMPHOMA MICROENVIRONMENT SUBTYPES PROGNOS-
TIC POWER VALIDATION IN FRONTLINE OBINUTUZUMAB
TREATED PATIENTS WITH DIFFUSE LARGE
B-CELL LYMPHOMA

N.Yu. Kotlov
“Boston Gene Technologies” LLC

ABSTRACT

The standard treatment for diffuse large B-cell lymphoma still remains
the combination of immunochemotherapy agents R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine, prednisone). However, up to
40% of patients do not achieve stable remission. Obinutuzumab —a mon-
oclonal antibody against the B-cell receptor CD20, is being tested in clin-
ical trials as an alternative to rituximab in the form of the combination G-
CHOP. The microenvironment of lymphomas plays a significant prognos-
tic role in the treatment with R-CHOP in the first line. In this study, the
association of the LME-GC and LME-MS subtypes with a better progno-
sis was confirmed compared to the LME-DE subtype when treated with
the combination of G-CHOP in the first line based on data from the clin-
ical trial GOYA.

Keywords: Diffuse large B-cell lymphoma — lymphoma microenviron-
ment — prognostic biomarkers.
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