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CyuiecTByloliMe KpeMHUEeBble KOMIMbIOTEPHbIE TEXHOJIOTUMM MOAXOAST K TeopeTuyeckomy npepeny
MacwtabupoBaHusa. TpebyroTcsl HOBble, MPOPbIBHbIE TEXHOJIOTUU, C MOMOLLbIO KOTOPbIX CTaHeT
BO3MOXHO TMpeojosieTb 3TU OrpaHUYeHMss MaclWwTabupoBaHMA B YCTPOMCTBAX O06pa6oTKU
MHpopmauuu. OQHMUM M3 afibTepPHATUBHbIX MOAXOAO0B SIB/ISIETCS UCMOJIb30BaHNE 6MOMONEKYNSPHbIX
XUMUYECKUX peakuuin A BbluMCIeHUN. B pa6oTe paccMOTpeHbl peanmsaumnu Takux BblYUCIEHUN
Ha ocHoBe [IHK, 6en1KOB 1 MO1IeKyASIPHbIX CUCTEM.

Existing silicone computer technologies are coming to theoretical limit of scaling. The new
breakthrough technologies with the help of which it will be possible to overcome these
limits of scaling in the devices of information processing are required. One of the alternative
approaches is to apply biomolecular chemical reactions for computation. Implementations of
such computation based on DNA, proteins and molecular systems are reviewed in the article.

HacTosiIlee BpeMsI MacIiTabHass MUHHATIO-

PU3aLHsI KOMIIOHEHTOB UHTEIPAIBHBIX CXEM,

TaK Ha3bIBaeMBIH 3aKOH Mypa, IpomoIKaeT
OCTaBaThCSI OCHOBHOM JBM KYLIEH CHUJIOK PAa3BUTHU S
Pa3JIMYHBIX HPUIOKEHHUN 06paboTKK UIHU Ipo-
LlecCHHra HHPopMal UK - IpueMa, npeobpasosa-
HUS, XpaHeHUs, 06paboTKH U mepefayvu AaHHBIX.
O@HaKO CYyIleCTBYOIHMe KOMIIBIOTePHBIE TeXHO-
JIOTUM Ha KPeMHHUH y3Ke B Onrskannem 6ymyiem
CTOJIKHYTCS C yHIAMeHTaIbHBIMHU QU3HUECKUMU
rpefesaMHu MacIITabHMpPOBAHUS, II03TOMY HeobXxo-
OHM IIOMCK KOHIIeIITya/JIbHO HOBBIX TeXHOJIOTHUH
06paboTKu MHPOPMAIUH, CIIOCOOHBIX 3aMEHUTH
HJIH PACUIMPHUTBH CYIIeCTBYIONIHE.

B nmocnemHee BpeMs HabiniogaeTcss OBICTPBIT
IIporpecc B TAKUX JUCLHUIIIHHAX, KaK IUTOJIO-
rusi, CyOKJIeTOUHBle CUCTEMBL U CUCTeMHas 6uo-
JIOTHSI. DTOT IIPOrpecc BO MHOTOM CBsI3aH C bosee
r1y60KUM ITIOHMMaHHEM U OCMBICJIeHHueM HHOp-
MAaI[MOHHBIX ACIIEKTOB BHUOJIOTUYECKUX MTpOLlec-
COB, YTO B MTOre [aJI0 UMIIYJIbC B HCCJIeLOBa-
HUSIX HOBBIX METOJOB IIOCTPOEHHU S CUCTeM obpa-
60TKH HHPOPMALIMK HA OCHOBE HHOXHUMHUYECKHUX

peakuuH - "6HO0JOruYeCcKOro”, UM MOJIEKYJISIp-
HOTO KOMIIBIOTEpa.

B HacTosmee BpeMs "OHOTOTHYECKHU M KOMIIBIO-
Tep', HApsAY C BBIUHCJIEHUSIMHU Ha OCHOBE CHCTEM
KBAaHTOBBIX JIOTHYECKHUX BeHTHIeH ('KBaAaHTO-
BBIII KOMITBIOTEP"), pACCMAaTpPHUBAETCS B KadecTBe
OCHOBHOTO aJIbTePHATHBHOIO IoAX04a HHOP-
MaIIMOHHOIO IpOLeCCHHra (TaK Ha3blBaeMble
HeTpPaJAUILIMOHHBIE METOABl BEIUKC/IeHHs) B Oyay-
IIMX BBIUMCAHUTEIbHBIX CUCTeMaX. [Ipu 3TOM,
KaK IIPaBHJIO, C KBAHTOBBIM KOMIIBIOTEPOM CBSI-
3BIBAIOT MOIIHBIEe CTAllHOHAPHBIE BBIUHUCIHUTEb"
Hble CUCTeMBI, a C "6MOTOTHYEeCKHUM KOMIIBIOTE-
pomMm'", Imo KparHeH Mepe, B OnuskanmeM 6yny-
ImeM - MaJible aBTOHOMHBIE HHTe/JIEKTyaJIbHBIe
yCTPOMCTBA.

U ecnu peanu3anus KBAHTOBOIO KOMIIBIOTEPA
HAaXOAHUTCS BCe ellle IIOf, BOIIPOCOM, TO BCe SKHUBBIE
OPraHH3MBI, CO3/IaHHBIE IPHUPOAOHN U OKPY>Ka0-
IMe Hac, y’kKe MOXXKHO PacCMaTpPHUBATh Kak "6uoso-
ruvecKkre KOMIIbIoTepsl'. Hx "anmaparHsle” U "mpo-
rpaMMHBIe" CpeicTBa, obecredyrBalolle BEIXKHBA-
HHe U aJJallTALIMI0 OPTAaHHU3MOB K BHeIIIHeH Cpejie,
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CONTROL AND MEASUREMENT

1o 3¢ $eKTUBHOCTU BO MHOIOM IIPEBOCXOIST
CYLIeCTBYION[HEe TeXHOJIOIUH Ha OCHOBE KpeMHHUSI.
Tak, B pabore [19] paccmaTpuBaeTcsl KHIIeYHA S
nanouka (E.coli) kak 6uonoruveckumt uHbopma-
LIMOHHBIN ITporeccop. [IPUBOAUTCS €ro CpaBHEHHUE
C IpegenbHBIM THUIIOTETUYECKUM KPEeMHHEBBIM
KOMITBIOTEPOM TOrO XKe 06beMa B 1 MKM?3, HUKHUT
nopor ob6beMa MHGOPMAIUHU, HEOOXOQUMOM s
IIOCTPOEHHSI HOBOM KJIETKH IIPH ee JleJIeHUH, Olle-
HeH B 1011 6uT, ckopocTh 06paboTkU HHPOPMALIUHU
B TaKOM ITpoleccope 107 6uT/c mpu pacxoze 3Hep-
FHY Ha OJHY Oorepaluio mopsaaka 10 kT (k - mocTo-
sHHas BonpiMaHa, T - TeMIlepatypa), Toraa Kak
B KPeMHHUEBBIX TPAH3UCTOPHBIX CTPYKTYypax 3Ta
BeJMYHWHA OTPAHUYMBAETCS 3HAYeHUSIMHU 10%-
10° kT. M3 aToro cienyer, 4To "mipenenbHbrri KMOII-
npoieccop”’ He MOXKeT CPAaBHUTHCS C HHGOpMAIH-
OHHBIM IIPOLIECCOPOM SKHUBOM KJIETKH HU II0 IJIOT-
HOCTH PaCIIONIOKEHU S IaMSTH U JIOTUYECKUX 3JIe-
MEHTOB, HU I10 CKOPOCTH, HU I10 IToTpebisemMon
SHEpruH.

HeTpagUILIMOHHBIE METOLBl BBIUHCIEHHUHU
Ha OCHOBe ODMOXHMMHUYECKHUX PeaKILIUH B 06beMe

pacTBOpa BKJIIOYAIOT B cebst KaK HOBble BHIUKCJIH-
Te/IbHbIE MTapaJUIMbl U aJITOPUTMBI, TaK U HOBBIE
31eMeHTBl CXeM BBIUHCJIHTENbHBEIX CHCTEM,
M3 KOTOPBIX MOKHO BBIAEJIUTE 3/IeMeHThl Ha JJHK
(me3okcHpubOHYKIENHOBAS KMCIOTA) CTPYKTYPaX,
3JIeMeHTHl Ha OCHOBe pepMeHTOB, a TakKe 3dJie-
MEHTHI Ha OCHOBE HAaHOYACTHUI] U MOJIEKY/ISIPHBIX
HaHoMaTepHhanoB. OTAe/IbHO, B KauecTBe Kjacca
3JIeMeHTOB U OT/Je/IbHBIX YCTPOKMCTB, MOXKHO pac-
CMaTPHUBATh MOJIEKYJ/ISIPHbIe HAHOCUCTEMBI, OTIH-
YHUTEeNbHON 0CO6@HHOCTBIO KOTOPBIX SIBISIETCS,
IIOMHKMO UHGOPMALIMOHHOM 06paboTKHU, HaTUUHe
CEeHCOPHBIX, IIpeobpa3oBaTe/bHBIX U HCIOJHU-
Te/bHbIX QYHKIIUH.

Ha puc.l npencraBieHa obmas cxema "6uo-
KOMIIBIOTepa" M pa3fesibl HAayYHBIX JUCIIHUIIINH,
CBSI3aHHBIe ¢ HUM. TaM >Ke IIpUBeAeHBl Hepap-
XH4YeCKHe YPOBHHU TaKOM CHUCTeMBl B CPaBHEHHUU
C HepapxU4YeCKUMHU YPOBHSIMHU "KpeMHHeEBOro"
KOMIIBIOTEPA.

K HacTosimeMy BpeMeHH CyllecTByeT Ooblioe
KOJTMYeCTBO MybIMKALINI, ITOCBSIEHHBIX BBIUHC-
neHusIM Ha JHK-cTpyKTypax.

owadays the large-scale

miniaturization of compo-

nents of integrated circuits,
so called Moore’s Law, continues
to be the main driving force for
development of different applica-
tions of handling or processing of
information - inputting, trans-
forming, storing, processing and
transmitting of data. As far as the
existing computer technologies
based on silicone in the nearest
future will come across the fun-
damental physical limits of scal-
ing, it is necessary to search for
conceptually new technologies
for processing information, capa-
ble of substituting or expanding
existing ones.

Rapid progress in such disci-
plines as cytology, sub-cellular
systems and system biology has
lately been observed. This progress
is largely connected with deeper
understanding and comprehen-
sion of informational aspects of
biological processes which as a

result has given an impulse in
the researches of new methods for
developing systems of informa-
tion processing on the basis of bio-
chemical reactions - a "biological"
or molecular computer.

Nowadays "a biological com-
puter” along with the computa-
tions on the basis of quantum
logical gates systems ("quantum
computer”) is considered to be
the main alternative approach to
information processing (so called
non-traditional methods of com-
puting) in future computation
systems. As a rule in concurrence
with this the quantum computer
is associated with powerful sta-
tionary computation systems and
the biological computer is asso-
ciated, at least in the nearest
future, with small autonomous
intellectual devices.

And if implementation of the
quantum computer is still open
to question, the living organisms
created by nature and already

surrounding us can be regarded as
biological computers. Their "hard-
ware" and "software" securing
survival and adaptation of organ-
isms to their environment largely
surpass in effectiveness the exist-
ing technologies based on sili-
cone. Thus in the work [19] bacte-
rium coli (E.coli) is reviewed as a
biological information processor.
It is compared with the marginal
hypothetical silicon computer of
the same capacity in 1pm® The
lower threshold of information
volume necessary for the con-
struction of a new cell during its
division is evaluated at 10" bits,
the speed of information process-
ing in such a processor is 107 bps
with the consumption of energy
per one operation of order 10 kT
(k - being Boltsman constant, T-
temperature), while in silicone
transistor structure this value
is limited to 104-105 kT. Hence it
implies that "the marginal CMOS
processor” may nor be compared
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Puc.1. a - 6uonozuyeckas 06pabomka UHHOPMALUL, OCHOBAHHAS HA PA3AUYHbIX BUOMOAEKYASIPHBIX / 6UOAOZUHECKUX U 3AeKMPOH-
HbIX COCMABASIIOWLUX, KOMOpble Mo2ym 0bpabampleams MHO204UCAEHHbIE BXOOHbIE CUZHAABI U 2eHEpUPOB8AMb 8bIXOOHOU CUZHAA
8 coomeemcmauu ¢ pasAu4Hol apxumekmypou; 6 — uepapxu4eckue YposHU MOAEKYASIPHOU U KpemMHUEe8oU mexHoAozuUli

Fig.1. a - biological information processing based on different biomolecular / biological and electronic components which can process

multiple input signals and generate an output signal in accordance with different architecture. 6 - hierarchical levels of molecular and
silicon technologies
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IOHK saBaseTCcs HOCUTe/JEeM TeHeTHUYeCKOH
HHOOpMAIIUU OpraHu3mMoB. OHa COCTOHUT
M3 Llelled HYKJIEOTHOOB, KOTOPBle HeasITCS
Ha 4deThipe Tuna A, G, T, C (afeHHUH, T'yaHHH,
THUMUHH, HUTO3uH). IIpu 3toM A/ Tu G/ C koM-
InjeMeHTapHBL APYT APYyry. JBoMHAs COHpalb
SIBIISIeTCSI OCHOBOM CTPYKTyphl JHK u dopmu-
pyeTcs 3a cueT THOPUAM3ALKHU ABYX BOJOPOLHBIX
cBA3ed MeXAy A U T U Tpex BOLOPOAHEIX CBSI3eU
mexnay G u C.

YesoBeYECKUI T€HOM COCTOUT IIPUOIU3UTENBHO
M3 3 MJIpZ IIap OCHOBAHMI, KOTOPEIE OIIpelesiioT
0Ko0J10 20488 reHOB, PACIIOIOKEHHBIX B 23 Imapax
TOMOJIOTUYHBIX XPOMOCOM. Bce mapel oCHOBaHUU
JTHK 13 0HOM YeJI0BeUeCKOH KJIeTKU UMEIOT o6n1y10
JJINUHY 2,6 M IIPU PacOyTEIBAHUU U PACTSIKeHHHU, HO
CKHUMAIOTCA B Aape 1o pa3smepa 200 MKM.

Briepssie JleoHapn AnjieMaH U3 YHUBePCUTETA
IOskHOM KanubopHHUU HCIIONB30BAT MOJEKYIIBI
JOHK mns peleHHs CeMUTOYEUHOH 3aJauyl KOM-
MHUBoOsIKepa B 1994 rony. Topoma v pacCToIHHUSA
OBIIM 3aKOAMPOBAHBI C HUCIIOB30BAHHEM CePUU
OJHK, u omepanuu AJid pelleHHUs OBIIU CO3-
IAHBI C UCIIOJIb30BAHUEM IIOJIMMEPHBIX LeIIHBIX
PeaxrLHi.

FONBIMIMHCTBO IMNPOLEMOHCTPHPOBAaHHBIX
BRIUHCIeHUH Ha JHK ocHOBaHBI Ha MeKMoJie-
KYJISIPHBIX PeaKIHsIX, U3 HUX Haubosee U3BeCT-
Hble MOAXOABl - 3TO PeaKIIMH Ha OCHOBEe 3aMe-
meHUs HUTer JHK [1, 2] u peakuuu c buorara-
nu3aropaMu Ha ocHoBe JHK [3, 4] (T.H. me3oxk-
cupubo3uMsl unu JHK3HUMBE - HCKYCCTBEHHO

cuHTe3upyeMele [JTHK c 60/1b1101 6KH0T0THYECKOM
CTaOUIBPHOCTHIO U CIIeLUPUIHBIMU PepMEHTATHB-
HBIMH CBOMCTBaMH).

3aMemeHue HUTed JJHK - aTo mmpoluecc, B KOTO-
POM OBe HUTH C YACTUYHOW MM IIOTHON KOM-
IIIeMeHTapHOCThIO THOPUAU3YIOTCS APYT C APY-
oM, IIPHU 3TOM BBITeCHSIETCS OfHA UJIH HeCKOIbKO
[IpefBApHUTEIbHO TUOPUAHU3NPOBAHHBIX HHUTEH.
B HacTosiIee BpeMs Ha OCHOBe peaKIIMH 3aMele-
HUg HUTeHn JHK IpeaoKeHbl pealu3aluy JTOTH-
4yecKHX [5] M1 aHAJIOrOBBEIX CXeM [7], a TaKkKe Hem-
POHHBIX ceTell [6].

CKOpPOCTh MeTO/Ia 3aMellleHUsI HUTeM 3KCIIOHEeH-
LIMaIbHO 3aBHUCHUT OT IJIMHBI HUTU. Ha puc.2 roka-
3aH MeXaHH3M paboTsl MeToza 3aMelleHHUsI HUTeHn
JHK Ha npuMepe MOCTPOeHUS OBYX IUPPOBHIX
norudeckux BeHTusen (M u UJIH) [1]. dyHknus
CTPOUTCS Ha TpeX PYHKLHOHAJIBHBIX 3JIeMeH-
Tax. BeHTHU/Ib "Kavenu" (BXOOUT B BeHTHIb 2,
5 u 6) 3aMmemaet cBobomuyo HUTHh JHK (X, U X,)
Y BBICBOOOSK/IaeT CBOXO HUTH (paboTaeT MeJIeHHO).
[1opOroBBIFT BEHTUJb (BXOOUT B BEHTUb 5, pabo-
TaeT 6BICTPO KM3-33 HAJTUYHS YyKOPOUEHHON HUTH)
cogepkutT JHK, B3aHMo,ue171c1“Bylomyfo C BXO/[-
HBIMH HHUTSIMHU U IIPe0OpPa3yIOIKUMU UX B OTXOIBI
peakuuu (mapametp th 3amaeT KoHIEHTpaLHIO
IIOPOTOBOTO BEeHTH/IsI). BBIXOAHOM BeHTUJIb (BeH-
THUJIb 6) OCHOBAaH Ha MeXaHM3Me BeHTH/II 'Kauenau"
U CollepKUT B cebe pomaMUH (PpryopecLeHTHYIO
MeTKYy) W IIOJaBUTe/lb poLaMHKHA. [Ipu Halu-
YU HeoOX04MMOM CBOOOLHOM HUTHU II0LABUTEIb
(racuTenp) 3aMelaeTcss PYyTrol HUTHIO U MeTKa

with the information processor of
a living cell neither in density of
memory and logic elements, nor
in speed or energy consumed.
Non-traditional methods of
computation on the basis of bio-
chemical reactions in the solu-
tion volume include both new
computing paradigms, algo-
rithms and new elements of com-
putation systems circuits, out of
them it is possible to distinguish
elements on DNA (dsoxirybonu-
cleic acid) structures, elements
based on enzymes, and also ele-
ments on the basis of nanopar-
ticles or molecular nanomate-
rials. Separately as the class of

elements, and separate devices
one can consider molecular nano-
systems which distinguishing
feature, besides information pro-
cessing, is the presence of sen-
sory, transformational and execu-
tive functions.

In Fig.l there is a general
scheme of "biocomputer” and the
fields of science related to it. Also
there are hierarchical levels of
such a system as compared with
hierarchical levels of a "silicon"
computer.

By now a great number of pub-
lications dedicated to computa-
tion on DNA structures have been
released.

DNA is the carrier of the genetic
information in organisms. It is
composed of the chains of nucle-
otides which are divided into 4
types A, G, T, C (adenine, gua-
nine, thymine, cytosine). Where
A/T and G/C are complementary
to each other. The double helix is
the basis of the DNA structure and
is formed due to hybridization of
two hydrogen bonds between A
and T and tree hydrogen bonds
between C and C.

The human genome contains
approximately 3 billions of bases
pairs, which define about 20,488
genes, arranged into 23 pairs of
homologous chromosomes.

VoL.11 No. 7-8 (86) 2018 NANO INDUSTRY



KOHTPOJIb U UBMEPEHMUA

0 1 2 3 4 5
Bpems (4acol)

a) 1 2 5
3
6)
Wl‘Z(Xl)
S1
BEHTU/b S5
T S2 "Kauvenun"
S2 T
- ——
Wsz(xz) >
s3 T S2% T 2% T
T S2
B)
1
1 1vl
0,8 1v0
g 06 ovL
x
A 04
0,2
0 ovo

WNN: th=0,6
oAaMUH '
po W:th=1,2
1V y
2
BbIXOAHOW BEHTUNbL
7 C yopecLeHTHON MeTKOM
26 ® racutenb
= o @ pofaMUH
NoporoBbIl BEHTW/Ib S6
BEHTW/b Kayenm
S5 NS T W o ()
S5* T S5* T s7
S5 T
x1
n y
X2
1
1vl
0,8
g 06
X
@ 04
1v0
0.2 ¢ 1 ov1
0 (0)%0]

0 2 4 6 8 10 12
Bpemsa (4acbl)

Puc.2. Liugposbie nozuyeckue seHmuau Ha JJHK, ocHosaHHble Ha Memode 3ameuieHus Humel [1]. a — abcmpakmuas duazpamma
gblyucAeHUl QyHKuuU M uau UM, 6 — CxemamuyHoe u3obpakeHue pabombl GyHKULUOHAAbHbIX 6A0KO8 MEMOOOM 3amMelleHUSs HU-
mel [HK, 20e eHMuAb 2 — 8eHMUAb "Ka4eAau" ¢ BXOOHbIMU CU2HAAAMU X1 U X2; 8eHMUAb 5 — N0P0208blIli 8eHMUAb, BEHMUAb "Kaue-
AU" U 8eHMUAL-MONAUBO 045 puUAbMPALUU U YCUuAeHUs cuzHand (nosicHeHue Ha puc.3); eHMUAb G — 8bIX0OHOU 8eHMUAb C pAyopec-
ueHmHol memkoU 0451 2eHepayuu cuzHana y; 8 - ObosHa4eHue nozuyeckux eeHmuael Y u IJIW u 2paduk 3a8ucumocmu ux KuHe-
muyveckux peakuul om apemeHu. Jlozudeckue yposHu O uau 1 coomeemcmaytom 0.1x u 0.9x om obujeli KOHUeHmpauuu e 100 HM
Fig.2. Digital logic gates on DNA based on the method of strand displacement[1] a - an abstract diagram of computation of functions AND
or OR; 6 - Schematic depicting of functional blocks in the method of DNA strand displacement, where gate 2- the gate "seesaw" with input
signals x1 and x2; gate 5 - the threshold gate, the "seesaw" gate and gate-fuel for filtration and amplifying of the signal (explanation on pic-
ture 3); gate 6 - the output gate with fluorescent mark for generating signal y; 8 - Picturing of logic gates AND or OR and the graph of their

akTHUBUpYyeTcs. Ha BrIxome GopMUpyeTCs ONITUYe-
CKHU CUTHAI.

K MOCTOMHCTBAM BBIUUCJIEHUS C MCIIOJIb30Ba-
HueMm JHK MOXHO OTHECTH CIIOCOOHOCTE BBIIIOJI-
HATHh OonbIIMe mapasijielbHble BBIYUCIEHUS
C BBICOKOM CEJIeKTUBHOCTBHIO U OOJIBIION OTEH-
MUaa OJas CXeM MaJIOM MOIMHOCTU. K HemocTaT-
KaM MOXHO OTHECTH Me>XMOJIeKY/IIpHbIe B3aHMO-
JenctBusa Ha JHK, KoTopsle, B CHJIy CBOEH IPHU-
ponbl, UMeT GOHOBBIEe U MOOOUHBIE PeaKI[HH.
Onsi UX MUHUMH3ALHUKU OOBIYHO HCIIONB3YIOT

HAHO MHOVCTPHA Tom 11 Ne7-8 (86) 2018

HHU3KHe, HAHOMOJISIPHbIe KOHLIEHTPAI[UH peareH-
ToB. IIOCKOJIBKY CKOPOCTH peaKIHH U, CIe[0Ba-
TeJIbHO, BPeMs BBIYMC/IeHU I IIPOIOPIHOHATbHEI
abCOMIOTHOM KOHII@HTPALUU PeareHTOB, 3TH IIPO-
L1eCCBI BBIITOJTHSIOTCS. MeIJIEHHO U MOTYT JJIUThCS
OT HeCKOJIbKHX YaCOB 10 HECKOJIBKUX JHEMH, YTO
3aTPyAHSET UX IIepeBoJ B IPaKTUYeCKHe IIPHUJIO-
>KeHUS [8].

Ins pemeHus npobaeMbl "CKOPOCTH" KHBBHIE
OpPTraHM3MBI UCIIOTB3YIOT MOJIEKY/ISPHBIE MIablI0HEI,
TaKkHe KaK IIUTOCKeJeT, KIeTOuHble MeMOpaHBbI
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geHmuAs 2 (puc.2a). BeHmunb-monAugo Heo6xodum dAs ycuAeHus u codepxxumcs 8 seHmuAe 5. Ha ebixode eeHmuAs 5 popmu-
pyemcs cuzHaA "8bixod", Komopeil nocmynaem Ha 8x00 8eHMuAs 6
Fig.3. Explanation of work of gate 5 (Fig. 2a). Gate-output is after the work of gate 5 (Fig.2a). Input - after gate 2 (figure 2a). Gate-fuel is nec-
essary for amplifying and is contained in gate 5. At the end of gate 5 the signal "output” is formed, and it comes to the input of gate 6

All the pairs of DNA bases of
one human cell have the total
length of 2.6 m when uncoiled and
spread out but get compressed in
the nucleus to the size of 200 pm.

For the first time Leonard
Aldeman from the University
of Southern California used the
model of DNA for solving the
seven-node problem of a travelling
salesman in 1994. Cities and dis-
tances were encrypted using series
of DNA and operations for the solu-
tion were produced with the use of
polymer chain reactions.

Majority of the demonstrated
computations on DNA are based on
intermolecular reactions and the
most famous approaches are the
reactions on the basis of the dis-
placement of DNA strands [1, 2] and
reactions with biocatalysts based
on DNA (3, 4] (so called deoxyribo-
zymes or DNAzymes - artificially
synthesized DNA with greater
biological stability and specific
emzymatic properties).

Displacement of DNA strands
is the process where two
strands with partial or complete

complementation hybridize
with each other displacing one
or several previously hybridized
strands. Nowadays realizations
of several logic[5] and analogue
circuits [7] and neural networks
[6] are proposed on the basis of
this reaction of displacement of
strands of DNA.

The speed of the method of dis-
placement of strands exponen-
tially depends on the length of the
strand. In Fig.2 the mechanism of
work of DNA strands displacement
method is shown on the example
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u 6enKku-xabsl gast Habopa ceTeBBIX KOMIIOHEHTOB,
TeM CaMBbIM IOBBHIIIAS UX 3QPEeKTHBHYIO KOHIIEeH-
Tpanuio 6e3 yBenndeHU s 0611ero KoJIHu4ecTBa MoJie-
KyJ. [Ipyrue MeTOZ bl IIOBBIIIEHHU ST KWHETUKHU 3aMe-
meHuM HUTer JHK oCHOBaHBI Ha MCIIOJAb30BAHUU
38-ro KHJIOAAABTOHHOro 6ejika IJIsi BOCCTAHOBIIE-
HUs U roggepskaHu g JJHK B KayecTBe KaTaan3aTopa
[8] M KAaTUOHHBIX COIIOJIKMEPOB [9] A5 ynydlIeHUS
KUHEeTHUKHU IIyTeM CTabMIHM3aUU KOMIIIEKCHOTO
obpasoBaHus. HegaBHO 6bl1a IIpeIokeHa CTPYK-
Typa TpexXxMepHOM TPeyroJbHON MPU3MBI, 0b61amga-
IOIIel, 110 MHEHHIO aBTOPOB, 6oJibIel cTabUIBHO-
CTHIO II0 CPAaBHEHUIO C OOBIUHOM LBOMHON HHUTHIO
IOHK nns meToma 3amemenus JHK [10].

ObnmacTp NepCHeKTUBHBIX NpuMeHeHUH JHK-
BBIYHMCI€HHU N O4eHb OOIIUPHA ~ OT MOJIeKYJISIPHBIX
MalluH, po60TOB U ceTel, BEIIIONHSIOMUX OUHAP-
Hble OIlepPalluy U BIUYUC/IeHHUS Ha MOJIEKY/ISIPHOM
YyPOBHe, 10 [I0JTHOCTbI0 aBTOHOMHBIX CUCTEM, 3MY-
JUPYIOU KX SKU3HENoJ06Hble QyHKIIUH.

Kartanutuyeckue peakuuu Ha JHK cucteMax
GYHKIIMOHAIBHO OTPAaHUYEHBI B pa3Hoobpasuu
U 30 OeKTHUBHOCTHU U YCTYHAIOT 6elIKaM C TOUKH
3peHUsI aQOUHHOCTH U pa3HOOOpa3U sl IUTAHIOB,
koTopele THK MoskeT pacmo3HaBarTs [11]. B To ke
BpeMs ¢pepMeHTHl (benku, obnamaromue Crerm-
OUUYeCKHMHU KAaTATHUTUUYECKHUMH CBOMCTBAMH)
SBJISIOTCS CeJIeKTUBHBIMU U YyBCTBUTEIbHBIMH
peuentopaMu. OHU M3BeCTHBI KaK Jy4lIle KaTa-
JIU3aTOPBbl, KOTOPbIE IIO3BOJSIOT HOBBICUTH CKO-
pocTh mo 10V pa3 1o cpaBHeHHIO C HeKaTalHU3HU-
PyeMBIMU PpeakUUAMHU [12]. BeluuCIeHUS

Ha OCHOBe $epMeHTOB OTPaHHUYEHBI OllepallusiMU
HeCKOJIbKMX JIOTUYeCKHX BeHTHUIeH, a CJIOKHOCTh
CeTH orpaHHUYeHa KPOCC-PeaKTUBHOCThIO pepMeH-
TOB U mymoM [13].

IIpuMmepoM pepMeHTATHUBHOM cucTeMBl (puc.4)
sBsieTCs 6MOMOJIEKYJISPHBIN JTOTUUECKUH YHII
(BioLogicChip) - koHIIeNIT ycTpoKCTBA, OCHOBAH-
HOI'0 Ha MHTerpally B UKIle 6MOMOIeKY/ISPHBIX
BeHTHU/IEH ¢ 6MOCeHCOPHOM/aKTIOATOPHOM CHCTe-
mou. CucTtema Cogep>KUT LUGPOBOM AATUHK IO~
KO3bI, TUJPOTre/IeBbll K/IallaH C HarpeBaTe/JlbHbIM
3JIeMeHTOM [IJISl BRLICBOOOSKAeHHU s IeKapCTBEHHOT O
CpenCcTBa U3 3aKPBITOrO pe3epByapa B MUKPOKU/-
KOCTHOM KaHaJjle IpH CXKaTHU THAPOTeNs, pe3ep-
Byap /sl 1eKapCTBEHHOIO CPeJCTBa, AAaTUMUK
uMInenaHnca (oyus obHapysKeHUS CXKATHUS THAPO-
rejisi) U JATUKUK HHCYIHHA (/151 KOHTPOJISI BBICBO-
boxkmeHusT UHCYIHHA) [14]. PepMeHTATUBHBIH
JTOTUYeCKUM BeHTHU/Ib aKTUBHUPYeT HarpeBaTelb
Y BBI3BIBaeT U3MeHeHHUs ruaporesns. [ugporenp
paboTaeT Kak KjlIaIlaH aKTIOATOPHOTO MeXaHH3Ma
(oTKpBIBaeT UJIK 3aKPBIBAET pe3epByap) U MOKeT
BBICBOOOKIATh MHCYJHH AJISI CHUKEHHS YPOBHS
IJII0KO3bI. JJaTUKMK UHCY/JIHHA KOHTPOJUPYeT BblAe-
JeHHe UHCYIHHA (JO3UPOBKY K BpeMs) U YPOBEeHb
[JIIOKO3BI.

ObbenmuUuHEeHUE depmenTaTUBHBX U JHK-
BBIYMC/IHTE/NBHBIX CUCTEM B Lenu pepmeHT-JHK
[I03BOJIUT peasin3oBaTh (1) BEICOKOCETIEeKTUBHOE
pacrmo3HaBaHHe pa3Hoob6pa3HOro cIeKkTpa 6uo-
JTOTUYeCKHX MOJIeKYJ UK MapKepoB boe3Hel;
(2) ycuneHue KaTaJlUTHUYECKOro curuana; (3)

of the construction of two digital
logic gates (AND and OR) [1]. The
function is based on three func-
tional elements. Gates "seesaw"
(isincluded in gates 2,5 and 6) dis-
places the free strand of DNA (x1
and x2) and releases it is strand
(works slowly). The threshold gate
(is included into gate 5, works
quickly due to having a reduced
strand) contains DNA interacting
with the input strands and trans-
forming them into reaction waste
(parameter th is set by the concen-
tration of the threshold gate). The
output gate (gate 6) is based on the
mechanism of the "seesaw" gate,
contains rhodamine (fluorescent

mark) and rhodamine suppres-
sant. Whenever there is a neces-
sary free strand, the suppressant
is displaced by another strand and
the mark is activated. At the out-
put the optical signal is formed.
To the benefits of computation
using DNA it is possible to ascribe
the ability to perform large par-
allel computation with high
selectivity and great potential
for schemes of little capacity. To
drawbacks it is possible to ascribe
intermolecular interactions on
DNA, which due to their nature
have the background and side
reactions. For their minimization
low nanomolar concentrations of
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reagents are used. As the speeds
of the reaction and consequently
the time of computation are pro-
portionate to the absolute concen-
tration of reagents, theses pro-
cesses are performed slowly and
can last from several hours to sev-
eral days, which complicates their
practical implementation [8].

For the solution of the "speed"
problem live organisms use molec-
ular patterns such as cytoskele-
ton, cellular membranes and pro-
teins-hubs for selection of network
components, thus increasing their
effective concentration without
the increase of the total quantity
of molecules. Other methods of
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Puc.4. KoHuenyus BioLogicChip (cxemamu4Ho) 8 sude ycmpolicmaa dAs 8bIC8060)KAeHUSs 8eLecmad ¢ 3aMKHYMblM LUKAOM, KOmo-
poe akmusupyemcs pepmeHMamuBHbIM A02U4eCKUM 3AemeHmon [14]
Fig.4. The concept of BioLogicChip (schematically) in the form of the device for substance liberation in the closed circuit, which is activated

by the enzymatic logic element[14]

increasing the kinetics of the DNA
strand displacement are based on
the use of the 38th kilodalton pro-
tein for restoration and keeping of
DNA as the catalyst [8] and cationic
copolymers[9] for improvement of
kinetics through stabilization of
complex formation. Recently it
has been proposed the use of the
structure of three-dimensional
triangular prism which according
to the opinion of the authors pos-
sesses greater stability in compari-
son with regular double strand of
DNA for the method of DNA dis-
placement [10].

The field of prospective imple-
mentations of DNA computation

is really wide - from molecular
machines, robots and networks,
performing binary operations
and computations on the molec-
ular level till absolutely autono-
mous systems emulating lifelike
functions.

Catalytic reactions on the DNA
systems are functionally lim-
ited in variations and effective-
ness, and are inferior to the pro-
teins from the point of view of
affinity and diversity of ligands
which DNA can identify [11].
Also enzymes (proteins possess-
ing specific catalytic properties)
are selective and sensitive recep-
tors. They’re known as the best

catalysts which allow to boost the
speed 1017 times in comparison
with non-catalyzed reactions [12].
Computations based on enzymes
are limited to the operations of
several logic gates, and the com-
plexity of the network is limited
by cross-reactivity of enzymes and
noise [13].

The example of the enzymic sys-
tem (Fig.4) is BioLogicChip - the
concept of the device based on inte-
gration in the chip of biomolecular
gates with biosensor/actuator sys-
tem. The system contains a digi-
tal transducer of glucose, a hydro-
gel valve with the heating element
for the liberation of the medicinal
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MacCCHBHYIO OBICTPYIO U Mapaljle/IbHY0 06paboTKy
NAHHBIX U (4) KOMIIJIEKCHY0 00paboTKy BBIUHUCIH-
Te/bHON MHPOPMAIIMH /15l 6HOTOTHUeCKH COo3/1a-
BaeMBbIX CUTHAJIOB.

CMeImaHHBle BBIUHCIHUTENbHbIE CHCTEMEI
Ha ocHoBe JHK 1 pepMeHTOB UMeIT QyHKIKO-
HaJ/lbHble OTPAaHHUYeHHS Ha YPOBHe CBOMCTB
bepMeHTOB.

B ITHK-pepMeHTATHBHBIX CMEIIaHHBIX BHIUUC-
JHUTEeJBbHBIX CUCTeMaX ComepKarTcs pepMeHTHI,
IeHCTBYOIIHe TOIbKO HellocpeAcTBeHHO Ha JHK,
Hanpumep JHK-monumepassl, JHK-nmurassr,
3HAOHYKJIeassl U T.J. Ho depmeHTHI, 06pabaTsl-
Baromue JHK, He MoryT obHapykuTh bromap-
Kepbl 60/1e3HU B BUe HEOONBIINX OHOTOrHYeCKUX
MOJIeKYJI caxapa, 6enKka U T. . BHOKOMIIbIOTepHBIE
CHCTeMBbI, OCHOBAHHBIe Ha 0bmux pepmeHTax (He
CBSI3aHHBIX ¢ JJHK), yCIeImHO UCIIONIb3yTCS A5
norudeckor o6paboTku M 6MHAPHOTO pacIo3Ha-
BaHUS Pa3JIMUYHBIX KOMOMHALIUK U3HOIOTHYe-
ckux 6uomapkepos. ITosTomy Heobxogum 6omee
YHHUBePCaAbHBIN HHTepPeIC A/ HOAKIIOUYeHHUS
bepMEeHTAaTUBHOTO BBIXOJJHOTO CUTHAJIA C LelsIMHU
obpaborku JHK [15].

BONBMIMHCTBO MeTOJOB, HCIIOIb3yeMBIX IJIS
CUMTBIBAHUS Pe3yAbTaTOB BBIUMCIEHUH, BKIIO-
YaloT B ceOs MCIOAB30BAHME 30HAOB UIH KOM-
IIJIeKCOB A/l CYUTBIBAHUS, HeCcymux diyopec-
LleHTHBle MeTKH, YTO Cepbe3HO OTPAaHUYHUBAET
BO3MOKHOCTHU MY/IBTHUIIJIEKCHPOBAHUS U yCJIOXK-
HseT IIpollecc M3MepeHHUs. DTH OTPaHHUUYEHUS
MOT'YT OBITh CHSITBL B THOPUAHBIX 611037IeKTPOHHBIX

CUCTeMax, rae 6HMOMOJIeKY/IsIpHble BEIUHUCIEHUS
HHTeTPUPOBAHEI C 0OBIUHOI 3/IeKTPOHHKOM Uepes
uMmmMobunusanuio JHK-Mamuyg Ha IIOBePXHOCTH
3JIeKTPOHHBIX cxeM (16, 17].

Monexynsl JHK 1 6e/1KOB SIBJISIFOTCSI OCHOBHBIMH
CTPYKTYPHBIMH 3JIeME@HTAMHU MOJIEKYJISIPHBIX
HaHOCHCTeM. B oCHOBe Ka>kJ0ro 3HaYHUTEIbHOI 0
OHosoruuecKoro mnpoiecca jgexkaT HAaHOMOTOPHI
M MalIHWHBI MOJIEKYJISIPHOIO YPOBHS: [IepeBO3sIKe
Ipy3Bl IO KjJeTKe (KMHe3HUH), CTUMYJIHpYIOIHe
IOBHKeHHEe OPraHHU3MoB (baKTepHabHBIE KTy TH-
KOBBIe IBUTATeNIH), CHHTe3upyoouue 6enku (pubo-
COMBI) U paszensiomue HUTH JHK (remuKasel).

MoneKyasipHBle CHCTeMB MOTYT OBITH
IIOCTPOEHBl KaK Ha OCHOBe OMOJOTHYECKHX
CHCTeM, TaK M Ha OCHOBe MaKPOCKOIIHMYECKHUX
06BpeKTOB HeOHMOIOrHYeCKOTO IIPOUCXOXKIEHHUS,
HalpuMmep, "'MoNeKyIspHBN 1udT" CTommapra,
"MoJlekyasipHble MOPUWHU", "HaHOaAaBTOMObOUIH"
Typa u T. I. Henb3sl O4HO3HAYHO CKa3aTh, KaKOH
13 0 X0J0B Oy/leT MCII0/b30BATLCS /1S IIOCTpoe-
HUSI MOJIEKYJISIPHBIX CHCTeM B bynyImeM.

B 1980-1990-x romax BIepBhle u306penu cmo-
coOBl CO3MaHHUSI MeXaHHUYeCKH B3aHMOCBS-
3aHHBIX HMCKYCCTBEHHBIX MOJIEKYJISPHBIX
cucteM (kateHaHBbl - JKau-IIpep CoBaxk, poTak-
caHbl - [I>keriMc Ppesep CToaAapT, MOJIEKY/ISIPHBIA
MoTop - Bepuapn Jlykac ®epuHra). B 2016 roay
3TOT KOJIJIEKTUB Iony4u1 HobeseBCKyI0 IpeMHUIO
10 XMMHHU 32 [IPOEKTHPOBAHUHE U CUHTE3 MOJIeKY-
ASIPHBIX MamKUH. OHU pa3paboTanu MOJIEKYIIH,
IBHKeHHEeM KOTOPBIX MOYKHO YIIPaB/IsATh.

preparation out of the closed res-
ervoir in the micro liquid chan-
nel under the application of pres-
sure to the hydrogel, the reservoir
for the medicinal preparation,an
impedance transducer (for detec-
tion of hydrogel compression) and
an insulin transducer (for the insu-
lin release control) [14]. Enzymic logic
gate activates the heater and induces
changes in hydrogel. Hydrogel works
as the valve for the actuator mecha-
nism (opens or closes the reservoir)
and can release insulin for lower-
ing the level of glucose. The insulin
transducer controls the liberation of
insulin (dosage and time) and the
level of glucose.

Combining of enzymic and DNA
computing systems in the circuit
enzyme-DNA will allow the real-
ization of (1) highly-selective iden-
tification of the diverse range of
biological molecules and disease
markers; (2) amplification of the
catalytic signal; (3) massive quick
and parallel processing of data
and (4) complex processing of com-
puting information for biologi-
cally induced signals.

Mixed computing systems
based on DNA and enzymes have
functional limitations on the level
of enzyme properties.

In DNA-enzymic combined
computing systems there are
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enzymes which affect directly
only DNA, e.g. DNA -polymer-
ases, DNA-ligases, endonucle-
ases and so on. But enzymes,
processing DNA cannot identify
biomarkers of a disease in the
form of small biological mol-
ecules of sugars, proteins and
etc. Biocomputer systems based
on common enzymes (not con-
nected with DNA) are success-
fully used for logic processing
and binary recognition of dif-
ferent combinations of physio-
logical biomarkers. That is why
there should be a more univer-
sal interface for connecting
enzymatic output signal with
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st peanu3aliuU MIOTeHIIMAlIa MOJIEKY/ISIPHBIX
CUCTeM He0obXO0ZHMMO PelHTbh HeCKOIbKO OCHOB-
HBIX 3a/la4:

1. HeobxoqMMO CO3/aTh XUMHUUYECKH yIIpaBIseMble
ABTOHOMHBIE CHHTETHYeCKHe MaJIOMOJIEeKY/IsIPHbIE
CUCTEMBI.

2. HeobxonrMo pa3paboTaTh CUCTEMBI C MHOKECTBOM
MHTEIPUPOBAHHBIX YaCTeH, I/e KakAas MajomMo-
7eKyasapHas MallMHa BBIIIONHSET OIlpe/le/IeHHYI0
pOJIB.

3. HeobX0AMMO YUUTBHIBATh CTOXaCTUYECKYIO IIPHU-
pozy MOJIeKyISpPHOM JUHAMUKHU. Buomoruyieckue
MaIIMHBL MOTYT COBepLIATh "OMMOKU" B OTIIHULE
OT MaIIMH MaKPOCKOIIMYeCKOro MUpa.

4. HeobxomuMoO CO34aTh MaJIOMOJEKYISPHYIO
"MamuHy ThIOPHHTA", TO €CTh MOJIEKYISIPHYIO
MAaIIUHY, KOTOPasi MOKET CYUTHIBATh HHPOPMALIHIO
13 KOAHPYeMOH CIMBOJIOM MOJIEKYJISIPHOM LeIIH.

B 6ymymem Ha OCHOBe OHOMOJEKYISIP-
HBIX CHCTeM MOXHO 6ymeT co3maBaThb CJIOXK-
HBle CHUCTeMBbl "yMHBIX' MaTepHajaoB. A CBS3HI-
BaHUe 3TeKTPOHHBIX CXeM K 6HMOMOJIeKyISIPHBIX
YCTPOMCTB MOKeT II03BOJIMTH CO3JaBaTh MaJo-
MOIIHBle OMOCOBMeCTHMble UHTEJIIeKTyaIbHbIe
CHUCTeMBl A/ BBICOKOIIApaJiIe/IbHOM U MOTeH-
LIMa/JIbHO 0TKa30yCTOMYMUBOI 06paboTKU HHPOP-
Manuu [20].

3a mocnenHue 20 €T UCCAeL0BaHO U pa3pabo-
TaHO OTPOMHOE KOJTHYeCTBO HHOMOJIEKY/ISPHBIX
cucteMm Ha ocHoBe JHK/PHK u ¢pepmenTtoB/bern-
KOB, OZJHAKO II0Ka He pa3paboTaHO MOAXOL0B s
CO3MaHHUSI YHUBEPCAaJbHON OHMOMOJIEKYISIPHOM

BBIYHUC/IUTEJIbHON MAaIIHHBE MOZOOHOMN Kiac-
CHYeCKOMY KOMIIbIOTepYy. 9TH HOBEle HHOMOJIe-
Ky/JIsipHble CHCTeMBl HAXONST CBOe IIPUMeHe-
HHe B peaJIbHbIX 6I/IOMQJII/ILII/IHCKI/IX IIpHUIIOXKe-
HusX (TepaHOCTHKa) [21]. IlIar 3a marom 4esuo-
Be4yeCTBO HPI/I6JII/I)K3.ETC$I K CO3JaHHIO CIO>XKHBIX
reTepoOreHHBIX CUCTEM, B KOTOPBIX 00 be JUHSITCS
MHUKPO3JIeKTPOHHBIe, OMOXHUMHYECKHe CHCTeMBI
Y yMHBIe MaTepHaJbl.

Cmamea nodzomosnena npu puHaHcosoll noddepske
MutobpHayku Poccuu 8 pamrax 8binoAHeHU 20cydapcmeen-
H020 3a0anu 16.12976.2018/8.9.
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the circuits for DNA processing
(15].

Majority of methods used for
reading the results of computation
include the use of probes or com-
plexes for reading that carry fluores-
cent marks which seriously restricts
opportunities for multiplexing and
complicates the process of measur-
ing. These limitations can be taken
off in the hybrid bioelectronic sys-
tems, where biomolecular compu-
tation are integrated into regular
electronics through immobilization
of DNA-machines on the surface of
electronic circuits [16, 17].

Molecules of DNA and proteins
are the basic structural elements

of molecular nanosystems. In the
foundation of any significant bio-
logical process there are nanomo-
tors and machines of the molec-
ular level: transporting cargo
around the cell (kinesin), stimu-
lating the motion of organisms
(bacterial flagellum propellers),
synthesizing proteins (rybosoms)
and separating strands of DNA
(helicases).

Molecular systems can be
built both on the basis of biolog-
ical systems and as well on the
basis of microscopic objects of
non-biological origin, for exam-
ple, "molecular elevators” of J. F.
Stoddart, "molecular pistons",

"nanocars” and so on. It is impos-
sible to say unambiguously
which of the approaches will be
used for building molecular sys-
tems in future.

In 1980-1990 the first meth-
ods of creating mechanically
connected synthetic molecu-
lar systems were invented (cat-
enanes - Jean Pierre Sauvage,
rotaxanes - James Frazer Stoddart,
molecular motor - Bernard
Lucas Feringa). In 2016 this
team received the Nobel Prize in
Chemistry for designing and syn-
thesizing molecular machines.
They developed molecules the move-
ments of which can be controlled.
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For realization of the molec-
ular systems potential, several
main tasks should be solved:

1. It is necessary to create chem-
ically controlled autonomous
synthetic small-molecular
systems;

2. It is necessary to develop sys-
tems with multiple integrated
components, where each small-
molecular machine performs a
certain role;

3. It is necessary to take into
consideration the stochastic
nature of molecular dynamics.
Biological machines are capa-
ble of making "mistakes" in
contrast to the machines of the
macroscopic world.

4. Itis necessary to create the small-
molecular "Turing machine", i.e.
the molecular machine, which
can read information from the
symbol coded molecular chain.
In future, on the basis of bio-

molecular systems it will be possi-
ble to create compound systems of
"smart" materials. And binding of
electronic circuits and biomolecu-
lar devices may enable the creation
of low-power biocompatible intel-
lectual systems for highly-parallel
and potentially fault-tolerant pro-
cessing of information(20].

Within the last 20 years a great
amount of biomolecular sys-
tems on the basis of DNA/RNA
and enzymes/proteins have been
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developed, although the methods
for creating a universal biomolec-
ular computing machine similar
to a classic computer haven’t been
developed. These new biomolecular
systems find its implementation in
real biomedical applications (ther-
anostics) [21]. Step by step human-
ity is approaching the creation of
compound heterogeneous systems,
where microelectronic, biochemi-
cal systems and smart materials
will be combined. [
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