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HasanbHbin anutenuin.ObnacTtb HOca, KOTopast NEXWUT BbilLEe
Ha3anbHOM NOSIOCTN, COAEPXKUT OKONO MUMNIIMOHA CEHCOPHbIX
HeMpPOHOB. HepBHbIE UMNYNbCbI, BO3HUKaKOLLME MPU CBSA3bIBAHUMN
MOSEKYn ogopaHTa peuenTopamMmu B peCHUYKax, nepeagaroTcs no
CEHCOPHbIM HEMPOHAM B OBOHSATENbLHYIO NYKOBULLY
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B MYKYCHOM XXUAKOCTU, OKpyXaloLleid CEHCOpPHbIe AeHAPUTbI U PECHUYKU
OoOHapyXeHbl HebonbLwKne BogopacTBopuMble 6enku. OHU NpoayLUpPYHOTCA rnaHaamMum
Ha3anbHOW NONMOCTU. DTU OesNiKn No-BUAUMOMY CBA3bLIBAKOT rMAPOMGOOHbIE O40PaAHTLI U
yBeJIM4unBaroT Ux AocTtyn K peuentopam. OHU npeacTaBnAOT cob6on nonunenTuaHble
Lenu, cBepHyTble B 8 B-NUCTOB C O- cnUpanbHbIM AOMEeHOM B6nn3n C- KoHua uenu. B-
NUCTbI 00pa3yloT cBA3aHHY H-cBA3AMM 604KOOOpa3Hy0 B-CTPYKTYPY, BO BHYTPEHHIOKO
NOJSIOCTb KOTOPOM BKNOYaTCA ruapodobHble nuraHabl.
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PyHKUNA 0O6OHSIHNS B OCHOBHOM COCTOUT B
MOHUTOPUHIE XUMUYECKOIO OKPYXKEHUS MyTEM
BAObIXaHUS U BblAbIXaHUS Yepes3 Hoc. [1oaTomy
Ba)XHO, YTOObI 040pPaHTbl, NOSTy4YEHHbIE NpU
BObIXaHUW, ObICTPO ncyesanu, 4Tobbl 4aTb MECTO
cnegyowen BonHe ogopaHToB. T.0. HeobxoauMBbI
ObICTpasa MHaKTUBaLUMS UNW yaaneHne ogopaHToB
Ans HeENPepbIBHOMO NpuemMa HOBbIX CUrHaroB.
OpopaHTbl, N0-BUOMMOMY, MHAKTUBUPYIOTCS

C NoMoLbO hepMeHToB brnoTpaHchopmaumnm
NN NHTOKCUKaLMKn

OBP obecneunBatloT BXo, BbIX0O4 U BpeMsi NpedbiBaHNA 0gopaHTOB BOM3N
peuenTopoB 1 OEeUCTBYHOT Kak NepeHOCHMKN O40PaHTOB Yepes MYKCYCHbIW Cron.



O6oHsaHne obecneymBaeTcs 3a CHET rPOMaHOro CEMENCTBA PeLenTopoB, KOTOPbIE
npeacTaBnaloT cobon TpaHcMeMbpaHHble Benkn, cocTosiLme U3 cemMu a-cnnpanen,
NPOHU3bIBAKOLLINX NNA3MaTUYECKYO NUNUAHYI0 MeMOpaHy

OpopaHTbl AeTEKTUPYIOTCS B cneunduyeckon obnactm Hoca —000HATENBLHOM aNNTENUU
KOTOPbIN HAXOAUTCH B BEPXHEW YaCTu Ha3anbHOM NOMocTn (CM. puUc.)

[MpuMepHO 1 MUNNTIMOH CEHCOPHbLIX HEMPOHOB NOAXOAAT K rpaHuue aton obnacTtu.

Bonocku (cilia), cogepxalume 6ernkoBble peuenTopbl O40PaHTOB, OTXOAAT OT 3TUX
HENPOHOB B MYKYCHOE NPOCTPaHCTBO Ha3anbHOW NOMoCcTy.

B Guoxmummnyecknx nccrnegoBanusax, npoeeaeHHblx B 80x rogax 20 B, nccnegosanu

n3onupoBaHHsbie Cilia ns anutenusa kpbickl. 1104 AEUCTUEM OQOPAHTOB DObINIO 0GHapPYXEHO
yBenuyeHne BHyTPUKNETOYHOro Meamnatopa u-AM® B kneTtkax, KOTopoe Habntoganoch
TonbKo B npucytcteumn [ TH. Ha ocHoBaHMK TOro, 4YTo ObINO yXXe U3BECTHO O CUCTEMAX
nepegayvn (TpaHCAyKUuM) BHELWHMX CUrHAroB B KNeTkn, ydactne u-AMO n I'To
ceugetenbcrteoBano o6 yyactumn G-6enkoB n criegosatenbHo 7-TM peuenTopos.
Yyactue aTnx peuentopoB Onpeaenuno cTtpateruto naeHTudmnkaumm cammx peLenTopos.
Bbinn npoBeaeHbl noncku gononHuTtenbHblx JHK, koTopekle (1) akcnpeccupoBanuco B
CEHCOPHbIX HEMPOHAaX , NOAXOAALWMX K Ha3anbHOMY anuTenuio (2) kognposanu,

7TM Genkun n (3) npucyTcTBoBanu B Buae 60nbLWOro n pasHooobpasHoro ceMencTaa,
COOTBETCTBYHLLEIO LWIMpoKoMy Habopy ogopaHToB. 1o atnum kputepmuam OHK,
OTBETCTBEHHbIE 3a peLenTopbl ogopaHToB, 66 B 1991 rogy naeHtTndonumpoBaHsbl
Puxapgom Akcenem u Jinngon bak (Hobenesckada npemusa 2003 r.)



topology of an odorant recep-
tor. The seven transmembrane
domains (T'MD) are supposed
to form a .funnel™ which ac-
commodates the odorous li-
gands. The specificity of the
binding site i1s determined by
amino acid side-chains of the
central TMD




Odorant cAMP-gated
Na' ion channel

Adenylate

CessbiBaHne ogopaHTa ¢ OP Ha HenpoHanbHOM NOBEPXHOCTN MHULMUPYET Kackad TPaHCAYKUUK
curHarna, KoTopbin NPUBOAUT K CO34aHUI0 NoTeHUnana gencreus.CeasanHbin ¢ nuraHgom OP
aktneupyet benok Golf,, kotopbin ncxogHo ceasaH ¢ GDP.[Mpn aktneaummn ocsoboxpaetca GDP,
ceasbiBaetca GTP un ocBoboxpatotca cybbeamHuubl By . CybbeanHuua o aktmemnpyet doepMeHT
ageHunaruuknasy, kotopasa ysennymeaet KoHueHTpauuto cAMP. Poct cAMP aktusupyet
KaTMOHHbIE KaHarbl, Yepe3 KoTopble Ca 1 apyrue KaTMoHbl BXOOAT B KMNETKY, Aenonsapusys
HEeMPOHaNbHYO MeEMOpPaHY U MHUUMUPYSA NOTEHUMAN AeUCTBUA. OTOT NOTEHUMan BMecTe ¢
noTeHUnanamu AenucTBus OT ApYyrnx 06OHATENbHbIX HEMPOHOB NPMBOAUT K BOCAPUATUIO 3anaxa.



OLI.I,yLI.I,eHVIe 3anaxa. MOoJieKyJnsdapHbie OCHOBbI Y3HaBaHUA OAO0pPadHTA

MECHANISMS INVOLVED IN ODORANT OboHATeNbHAaA peuenuust OCHOBaHa Ha akTMBaLMn

RECOGNITION

(1) The ‘profile-functional group’ theory of

olfaction

1. [dencrBme XMmMmmyeckux
byHKUMOHaNbHbIX rpynn

[laBHO 3aMe4yeHo, 4YTO nPpUCyTCTBUE
onpegesieHHbIX XUMNYECKUX rpynr 4acto

KoppenupyeT ¢ onpeaeneHHbIM 3arnaxoMm.

N3BecTHbIN Npumep - rpynna SH,
KOoTopas npuaaeT nobdon monekyne,

He3aBMCMMO OT ee (popMbl
cneuyndunyecknin 3anax rHAsbIX auy
nnn YyecHoka. [pyrvne

XvMundeckune rpynrbl Takxke npuaator

cneuuduyeckne 3anaxwm,

KOTOpble MOXET 0BHapPYXUTb OMNbITHbIN

Habnogartens. Tak, HuTpunbel (CN)
npuaarT «Macrio- MeTansiM4ecKkning
OTTEHOK 3arnaxa Jitobomy oopaHTYy.

MOSeKyriamMmum ogopaHTa 0bOHATENbHbBIX PELEenTOpOB
(OP), pacnonoXeHHbIX Ha peCHUYKax 0OOHATENbHbIX
HEMPOHHbLIX OKOHYaHU. CO BPEMEHU OTKPbITUSA
reHoB OP (bak 1 Akcenb, 1991) 6b151 4OCTUTHYT
BGonbLon nporpecc B NOHUMaHUM PrUsnonorm4eckmnx
N BNOXNMUNYECKNX OCHOB ODOHSIHNA, HO MEXaHN3MbI
peuenumMn Ha MONEKYNSIPHOM YPOBHE Masno NOHSATHbI.

KonebatenbHasa Teopus 060HAHUA

CnekTtpanbHble nccnegosaHus dancoHa B 1930r.
OBOHapYXXWUNn Koppensaumo Mexagy 3anaxom u
konebaTtenbHbIMW YacToTamMu Mosnekyn. Ha ocHoBaHum

OTUX pe3ynbraTtoB ObiNo NpeanonoXeHo, YTO OpraHbl
OBOHAHNA MOryT Kaknm-To o6pa3om AeTeKTupoBaTb
MonekynsapHble konebaHus n onpeaeneHHble 3anaxu obinm
OTHeceHbl K paMaHOBCKMM YacToTamu B uHTepBane 1500-
300 cm(-1). BT1a Teopus Obina nogseprHyTa pesmsnn Pantom
(1954 r.), KOTOPLIN OTMETUI, YTO paMaHOBCKME JIMHUN B 3TOM
NHTEpBane XOpOoLLO KOPPENUPYHOT C KOHKPETHBIMU
dyHKumoHaneHbiMu rpynnammn (OH, SH, CO etc.)ogopaHTa.
Ecnun 3anax MoxeT KoppenupoBaTtb C 3TUMKU YacToTamWu,

OH MOXET Takke KoppenupoBaTb C COOTBETCTBYHOLLNMMU
@PyHKUMOHANbHLIMW FpynnamMn n ,crnegoBaTenbHo,

HET Hy>Xabl B konebaTenbHon Teopun 3anaxa.



2.1. Teopusi oOOHAHUA 3a cueT profile-functional groups.
XUMWUKM AaBHO 3aMEeTUNK, YTO NPUCYTCTBME B MOJIEKyne onpeaeneHHbIX XMMUYECKMUX rpynmn 4yacTo
KOppenupyeT ¢ onpeaerieHHbIM 3anaxomM. Hanbornee n3BecTHbI npumep - rpynna SH, kotopas
npuaaeT nobon Monekyne He3aBUCUMO OT ee (POPMbI YHUKASTbHbBIN «CEPHbINY» 3anax , MOXOXNN
Ha 3anax TyXnNbIX UL UK YeCHOKa. iccnenoBaHUs KOppenaunm Mmexay CTPYKTYPOn 1 3anaxom
aanu nyyuee noHMMaHue 3anaxa S- coeguHeHuin. [pyrne xmumuyeckue rpynnbl Takke npugatoT
ornpegeneHHbln 3anax, KoTopbin MOXET OblTb OOHapPYXXeH TPeHMPOBaHHbIMM HabnaaTensaMu.
Tak, HUTpUIbl NPMOAT «MacrsgHO-MeTanIMYeckui» 3anax nbomy ogopaHTy; N3OHUTPUNLI
() - NNoCKNn MeTannIM4yeckuin xapakrtep 00nbLWON MOLHOCTU HENPUATHOIO OLWYLEHNS;
OKCUMbI - 3efIEHOBATO-KaMOPHbIN XapaKkTep, HATporpynnbl () NPUATHO 3OMPHLIN 3anax,
n3oTruouraHaTHble rpynnbl gatT mustardy 3anax,aMmmHOrpynnbl - 3anax pbiobl 1 MO4H,
apcuHOBas rpynna -3anax KanycTbl, a ClIOXHO-3ahupHaga rpynna — odbl4HO NaxHeT ppyKTamu.

Hannune «cobcTBEHHOro 3anaxa» (PyHKUMOHANbHOW rpynrbl 0COBEHHO 04EBMOHO B HEDOSbLUMX
MOneKynax, NOCKONbKY NPUCYTCTBME DONbLUMX ankuibHbIX N OEHUITBHBIX FPYNN MOXET MeLaTb
B3aMMOOENCTBUIO PYHKLMOHAMbHbIX Fpynn U NpuBoAUTb K gpyromy 3anaxy ().

Koppenauma mexay pyHKuMOoHarnbLHOW rpynnon n xapaktepom 3anaxa npueena euwe B 1920
I. K ngee, YTo UMeHHO PYHKLUMOHaNbHas rpynna onpegenser Ka4ecTBo 3anaxa, B TO BpeMs Kak
obLas CTpyKTypa MOneKkynbl OKasblBaeT NULLb BTOPUYHOE BnNusiHne. butc npeanoxun B 1957 r.

T.H. Teoputo o6oHsiHMA 3a cueT profile-functional groups : sanax onpenensietca asyms
Bknagamu : (1) ot dpopmbl, pazmepa n 06beMHbIX o4epTaHN Monekynbl U (2) yHKUNOHaNbHON
rpynnon (rpynnamu),koTopble onpeaenstoT OpMEHTaLNI0 MOMEKYSbl B peLenToOpHOM LEeHTpeE.
AP PEKTUBHOCTb (PYHKLMOHANBHOW rpynnbl, T.e. €e CNOCOBHOCTb 3O (PEKTUBHO OPUEHTUPOBATL
OdOpaHT B peuenTopHOM cauTe, No KpanHeEW Mepe, YaCTUYHO ONpenensieTcd ee TeHOAEHUMEN K
obpasoBaHNIO BOOOPOAHbIX CBA3EMN.



2.2. BubpaumoHHas Teopunusi 0OOOHAHUSA.
Cnektpockonuyeckue nccnegosanus [lancona B 1930 r. oOHapyXmnu Koppensaumio
MexXay onpeneneHHbIMN 3anaxamm n KornebaTtenbHbIMKM YacToTaMu Morekyn (1938).
CornacHo aTum pesyrnesratam 0bOHATESbHbIE OpraHbl MOryT KakMM-To 0bpa3om
obHapyXxmnBaTb MOSIEKYNApPHbIE KonebaHus n onpegeneHHble 3anaxm 6binu npunucaHsol
onpeaeneHHbiM paMmaHoOBCKMM YacToTam B ananasoHe 1500-3000 cm-1. OTa Teopus
Obina BHOBb paccmoTpeHa Pantom (1954), koTopbiv ykasar, 4To B 3Ton obnacTu
paMaHOBCKME JNIMHUN CUNbHO KOPPENUPYIOT C onpeaeneHHbIMyU PyHKUMOHaNbHbIMU
rpynnammn ( OH, SH, CO etc.). Ecnun 3anaxun KkoppenupyoT ¢ 3TUMU YacToTaMK, OHWU Takxke
MOIYT KOPPENMUpoBaTb C COOTBETCTBYOLLMMN OYHKLMOHANbHLIMKU rpyrnnamMm un
cnepoBaTesibHO, HET HyXAbl B KoriebaTenbHOM Teopuun 3anaxa. Takum obpasom, Ongd
TOro, YTOObI NOAKPENUTL 3TY TEOPUIO, HYXKHO UCKaTb KOPPENALUIO MEXAY 3anaxom,
CMEKTPOM MONEKYNSpPHbIX KorebaHui Ha yactoTax Hke npumepHo 700 cm-1.
HecmoTpsa Ha 3Ha4mnTenbHble YCUNUsS NoaTBEPAUTL KonebdaTenbHyo Teoputo 3anaxa,
NNLWb OrpaHUYeHHbIN ycnex Bbii JOCTUMHYT B MOUCKaX KOPPENALMN MeXOy XapakTepom
3anaxa ¥ HU3KOYaCTOTHLIMU MOMEKYNAPHbIMK KoriebaHusMn. OTa Teopusi COBEPLLEHHO
He MOXeT OOBbACHUTL, NOYEMY pasfindHble 3HAHTUOMEPDI, UMEKLWME NOEHTUYHbBIN
KoniebaTenbHbIN CREeKTP, NPOU3BOAAT pasfnnyHble 3anaxu . bonee Toro, He 6bIN HanaeH
Bronornyecknn MexaHmu3m, KOTopbi MONEKYISIPHbIE KonebaHus nepeBoanT B
aKTuBaLMO HENPOHOB.



(3) The steric theory of olfaction

After the discovery of enzyvme-substrate interactions based
on molecular recognition between a protein receptor and
a ligand, scientists suggested that a similar mechanism could
be involved in olfaction. So, molecules with a particular
shape would fit into certain complementary sites of nasal
receptors, like a keyv mto a lock, triggering a signal processed
by the brain (Moncrieft; 1949). This ‘steric theory” proposed
by Moncriefl was later referred to as ‘stereochemical theory’
by Amoore (1963), who popularized the idea that molecular
shape 1s related to odour character, a concept widely
accepted today. He compared the odour description and
molecular structure of a large number of compounds and
found some similarity between odour and molecular shape.
Accordingly, he suggested that different smells such as
ethereal, floral, pepperminty, camphoraceous and musky
odours were conferred by molecules sharing distinctive
structural features. Camphoraceous i1s the term used to
describe the smell of molecules like d-camphor, hexa-
chloroethane or 1.8-cineole, that have a spherical shape
(Amoore, 1963). Given this clear relattionship between
shape and odour, it was assumed that there was an olfactory
receptor that recognized molecules with this particular
shape, and consequently camphoraceous was considered as
a primary odour.



2.3. Ctepuyeckas Teopuss OOOHAHUA.

[Mocne oTKpbITUS PpepMEeHT-CyDCTpaTHbIX B3aUMOLENCTBUIA, OCHOBAHHbLIX HA MOJSIEKYNAPHOM
y3HaBaHUM Mexay 6enkoBbiM pPeLenTopoM 1 nNUraHgom, 6b1mo nNpeanonoXeHo, YTo aHarmoOrmMyHbIN
MeXxaHM3M OeNCTBYET Npu ODOHATENBbHOW peuenuun. Tak, Monekysbl onpeaeneHHon popmebl
BKIKOYAKOTCS B onpeaesieHHbIe KOMMSIMMEHTapHble CanTbl HOCOBLIX PELIENTOPOB, KakK KoY B 3aMOK,
NpUBOAA K BO3HMKHOBEHMIO CUrHara, KoTopbl aHanmM3npyeTcs MO3romMm. Jta cTtepuyeckasa Teopus,
npeanoxeHHaa MoHkpudom (1949), ctana no3xe Ha3biBaTbCA CTEPEOXMMUYECKON TEOPUEN NOocrie
pabot Amopa (1963), KoTopbIn NoNynsapu3MpoBan naer, 4To opmMa MosieKyrbl CBsi3aHa C
XapaKkTepoMm 3anaxa- KoHuenuusa, KoTopasi B HacToslee BpeMS LLUMPOKO pacnpocTpaHeHa.

B 1991 bak 1 Akcenb 06HapyXnnmn UCKNYNTENbHO BONbLUOE MYSTBTUTEHHOE CEMENCTBO
TpaHCMeMOBpaHHbIX 6erikoB, KOTOPbIX OTHECIIM K ODOHATENBbHBIM peLenTopam, NOCKOSbKY UX
aKkcnpeccua bbina orpaHndYeHa 0boOHATENbHBIM 3ANUTENUEM KpbIC. bonbLLoe YnMcno 3TUX peuenTopoB
NO3BOSIANO MNOHATb, KAK MOXHO ObIfIo pasnuyaTb 00MnbLOE YACNO 040PaHTOB. OTK 6enku
OTHOCSATCS K TUNY CBSA3aHHbIX ¢ G-6enkamu peuenTopoB, KOTOpble OXBaTbIBAOT H60MbLLIOE YMCIIO
peLenTopoB, pearnpyroLnx Ha camble pasnuyHble cTumynbl. AK nocnegoBaTenbHOCTb 3TUX 6enkoB
coaepXut 7 cermeHToB ¢ rmapodobHbiMu AK, KOTopble Kak npeackasbiBaeTcs, CNOCOOHbI
obpasoBbiBaTh anbda —cnupanbHble CTPYKTYpPbl, NOrPy>XEHHbIE BHYTPb MeEMBpaHbl.OTK anbda-
cnnpanbHble y4acTKM YepeayroTcsl ¢ cermeHTamu rmapodunbHbix AK, koTopble 06pasyoT neTnu,

KOTOpble YCTOMYMBLI B BOAHOM Cpefe U CBA3bIBaOT Mexay cobon anbda-cnupann.(Puc. 1.)

NocnepoBatenbHocTU B 3,4 1 5 a-cnupansax CuUrbHO U3MEHYUBbI ANA pa3fUYHbIX N30¢opm;
NMoaTomy GbIN10 NPeanosIoXXeHOo, YTO 3TU 061acTU y4acTBYHOT B 0Opa3oBaHUM LIeHTPOB CBA3bIBaHUA
pa3nuyHbIX ogopaHToB.CeMb a-cnupanen ob6pa3syroT CBA3KY, KOTOpasa COAEepPXUT MeCTO CBA3bIBaHUA
Ha BHeLWHeW CTOpPOHe MeMbpaHbl U MeCTO CBA3bIBaHUA Ha ee LuTonsiasmaTMu4yecKkon CTopoHe, Kotopas
CBfI3blBaeT retepo-TpumepHbIn G-6enok



III. DISCOVERY AND CHARACTERIZATION OF
OLFACTORY RECEPTORS

i1} The discovery of olfactory receptors

In 1991 Buck and Axel discovered an extremely large
multigene farmmly of transmembrane proteins that were
believed to be ORs, since their expression was restricted to
the rat olfactory epithelum (Buck & Axel, 1991). The
numerous variants of the receptors suggested how a large
number of different odorants may be discriminated. These
proteins belong to the well-known family of G-protein-
coupled receptors (GPCRs), that comprises a variety of
receptors for a multtude of different stimul. Thewr
sequence contains seven segments with mostly hvdrophobac
amino acid residues, that are predicted to form o-helix
structures buried i the hpid bilayer membrane, alternated
with segments ol hydrophilic residues that form loops which
are stable in the water domain, interconnecting the helices
(Fig. 1). The sequence in the 3™, 4" and 5 ransmembrane
(TM} domams 1s highly vanable between the diflerent
isoforms of this gene, and thus it was suggested that they
would be involved in the odorant binding site (Buck & Axel,
1991; Pilpel & Lancet, 1999; Liu et al, 2003). The seven
TM hehces pack agamst each other to form a bundle
assembly (Fig. 1} that contains an odorant binding site on
the extracellular side (corresponding to the mucus layer in
the nose} and a binding site on the cytoplasmic domain that
couples a heterotruimenc G-protein (guamne nucleotde
binding protein), that is made up of three subunits.
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Consensus amino acid sequence of class II olfactory receptors showing the predicted transmembrane (TM] regions
Most resicdues in the TM regions are hydrophobic (leucine, L; isoleucine, I; valine, V;
phenylalamne, I'; alanine, A; tryptophan, W), while the most hydrophilic residues are usually located in the water domain (arginine,
R; lysine, K; aspartic acid, D; glutamic acid, E). The loop between TM4 and TM5 contams the HFFCD consensus motif, that
might coordinate a metal ion (filled circle) (Wang ¢t al., 2003). By contrast, other authors suggest that the cysteine (C) of this motif
may form a disulphide bond with other cysteine residues (Zozulya, Echeverrt & Nguyen, 2001; Liu et al, 2003).
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The first functional proof that one OR gene encodes
a receptor selectively activated by an odorant was provided
by Zhao et al. (1998), who used a recombinant adenovirus to
drive the expression of a particular OR gene in the rat
olfactory epithehum. Records of electrical activity in the
neurons showed that mcreased expression of a single gene
led to a greater sensiivity to a small group of odorants

(Zhao ef al., 1998).

olfactory sensory neuron (SN} expresses only one member
of the OR gene family in the mouse olfactory system
(Ressler, Sullivan & Buck, 1994). The mechanisms involved
in this ‘one neuron — one OR” rule have been mvestigated.
Functional ORs are likely to imtiate a feedback signal in
order to ensure that no other OR gene will be expressed in
The axons of OSNs expressing the same OR converge to
only one or a few of some 2000 modules, called glomeruh



(2) Olfactory receptor specificity

(3) Attempts to identify key amino acid residues
in olfactory receptors

'4) Structural changes 1n the receptor upon

odorant binding

Details of the conformational changes upon odorant
binding are unknown, but a mechanism similar to other

GPCRSs 15 usually assumed. Different studies have revealed
that photoactivation of rhodopsin mvolves a rotation and
tilting of TM6 with respect to TM3 (Lin & Sakmar, 1996).
The Po-adrenergic receptor was suggested upon agomst
activation to undergo a conformational change similar to
that seen in rhodopsin (Ghanoum e al, 2001), that in ths
case may involve disruption of a strong ionic interaction
between TM3 and TM6 (Ballesteros ef al., 2001). A similar
mechanism was proposed for serotonin receptors (Shapiro
et al., 2002). The loop between TM3 and TM4 (cytoplasmic
domain) contains a DRY moufl (single-letter amino aad
notation: aspartic acid — argimine — tyrosine) that 1s
conserved in ORs and other GPCRs with shight variations
([DE][RH][YF]). Studies involving site-directed mutagene-
sis of this mouf in the H(2) receptor (Alewiynse ef al, 2000),
the op-adrenergic receptor (Scheer ef al, 2000} and the
ATya angiotensin receptor (Gabornk e al, 2003) have
revealed that it plays a pivotal role in the activation process
of GPCRs. Although the details of G-protem activation are
not yvet clear, it seems that the relative movement of TM
helices upon hgand binding exposes the DRY moutf to the
miracellular domain, and allows the coupling of the specific
subtyvpe of G-protein,



IV. THE THEORY OF OLFACTORY
RECEPTORS AS METALLOPROTEINS

Although the odotope theory 1s currently the most widely
accepted, the largely divergent and charactenstic odours of
small molecules such as NHs, HoS or HCN cannot easily be
explained by differences in nucleophilic or electrophilic
character. The fact that alcohols (<OH) never smell like
thiols (-SH) at any concentration, despite the similar shape
and properties of both functional groups, suggests that the
recognition mechanism must somehow be sensitive to the
fine structure of the electron distribution (orbital energies,
charge density, etc.) of the functional group (Turin & Yoshi,
2003), an aspect not properly taken into account by the
odotope theory.

(1) The mechanism of odorant recognition
based on Inelastic Electron Tunneling
Spectroscopy

Attempting to overcome these limitations and based on
previous vibrational theories, Turin (1996 proposed a trans-
duction mechanism of primary olfactory reception suggest-
ing that ORs act as biological spectrometers and probe the
molecular vibration of a bound odorant. Therefore, ORs
would be ‘tuned’ to the vibrational frequency of particular
odorants, rather hke cones in the eye are ‘tuned’ to certain
wavelengths of hght. The finding of a congemtal specific
anosmia to thiols or amines (Amoore, 1971} suggested the
existence of specific receptors tuned to the frequency band
of these functional groups. This theory was based on
inelastic electron tunneling spectroscopy (IETS) (Adkins &
Phallips, 1985), which rehes on the interactions between
electrons tunnehng across a narrow gap between metalhe
electrodes. Metallic conductors are absent i biology, but
Tunn speculated that IETS was possible with proteins
contamning a metal 1on able to interact with the odorant.
This hypothesis 1s reasonable, given that many enzymes
contamn metal 10ns involved 1n electron transter (Cass & Hall,
1980; Coleman, 1998). Recent work has further imvestgated
the physical viability of this mechamsm, and the results were
consistent with observed features of smell (Brookes e al,
2007). Several decades ago, Dravnieks (1962) also suggested
that metals mght be mvolved in OR activation.



A Zn(Il} 1on was suggested by Turin (1996) as the best
candidate, given the strong link between zinc and olfaction:
zinc deficiency, either dietary (Alpers, 1994), caused by
treatment with histdine (Henkan ef al, 1975), thiocarbamades
(Erikssen, Seegaard & Naess, 1975) or captopril (Zumbley
et al, 1985} 15 unique in causing a complete and rapidly
reversible anosmia. Moreover, zine 15 common in many
metalloproteins (Coleman, 1998). Interestingly, Zn(ll) 1s
widely distributed throughout the central nervous system
and 1s present in several regions of the bramn, where it 1s
stored in synaptic vesicles of the nerve terrminals and 1s co-
released with neurotransmitters to the synaptic gap upon
neuronal activation (Frederickson, 1989; Smart, 2004).
Moreover, Zn(Il} binds with high affimity to and modulates
the function of a number of GPCRSs 1n neural tissues such as
the tachykinin NK3 receptor (Rosenkilde ef al, 1998) and the
Bo-adrenergic receptor (Swaminath ef al., 2002). Experimen-
tal assays with melanocortin MC 1 and MC4 found that these
GPCRs of the nervous systermn can be activated by Zn(ll) 1ons,
and the endogenous metal-ion site was characterized (Holst,
Elling & Schwartz, 2002). These findings are consistent with
the hypothesis that Zn(II) plays a key role in the activation of
ORs, since they are expressed by neural cells.

The amino aad sequence CASHL (cysteine — alamne —
serine — hstidine — leucine) 1s conserved 1n TM6 of ORs
(Fig. 1) wath shght vanatons (L e al,, 2003), and Tunn
(1996} assumed that this sequence was the zinc-binding site.



(2) The metal-ion-assisted odorant recognition

mechanism
Another mechanism has been proposed, based on the
imvolvement of a metal ion i odorant recognition. The
research group of K. Suslick works with metalloporphyrins
and their applications as chemical sensors (artificial
olfaction and molecular recogmton). They have developed
a colonmetric procedure to discriminate molecules based
on the ability of metalloporphyrins to form selective co-
ordination complexes with orgamic compounds (Rakow &
Sushck, 2000}, which led to the idea that a sumlar
mechamsm could be mwolved in olfaction. Searching the
genome sequences of human ORs, it was found that the

consensus sequence FoocC[DE] (histudine — two residues
usually hydrophobic — cysteine — aspartic or glutamic acid)

was rather conserved in the extracellular loop between the
fourth and fifth TMs (45 loop) (Wang, Luthey-Schulten &
Sushck, 2003). Actually, this motil 1s present in 65% of the
347 putative human ORs identified by Zozulya ef al. (2001).
To test the metal binding properties of t his sequence,
a pentapeptide contaiming this putative binding site was
synthesized and analvsed with arcular dichroism spectros-
copy, a techmqgue used to deterrmine protein secondary
structure. The results suggested that the pentapeptide had
no particular structure (random coil}, as expected for a short
peptide. But upon addition of Cu(Il), the spectrum changed
to one characteristic of an o-helix, and the equilibrium
constant revealed a high coordination affinitv Similar
results were observed for Zn(ll} and Ni(Il} (Wang et al,
2003). The metal ions Zn(IT} and Cu(Il} were suggested as
the hkely candidates to be present 1in O Rs because they
strongly coordinate amines and thiols, which are strong
odorants, and similar sequences containing His, Cwvs, Asp or
Glu are usually the metal 1on-binding site in zince and

copper mr...l_dlluprt)l.t:ul,h (Coleman, 1993 Cass & IIlll 198[)!.






(3) Properties of olfaction consistent with the
hypothesis of ORs as metalloproteins

(a) Good ligands for metal coordination are likely
to smell strongly

One interesting pair of structurally related compounds with
very different odours consists of methanol, which 1s
relatively odourless, and methyl mercaptan, which has
a highly powerful and disagreeable odour. Neither the slight
differences in bond length, bond angle or reactivity; nor the
slight difference in orientation of the methyl groups, seem
capable of explaming such pronounced difference in odour
quality and intensity. The major difference 1s the ability of
mercaptans to form stable complexes with many metal 10ns.
Thus, the difference in odour quality seems primarily
connected with a distinct electronic behaviour (Klopping,

1971).

Acetonitrile (CH3-C=N:) presents a molecular structure
similar to methyl isonitrile (CH3-N+=C~:). Both have large
dipole moments with a lone electron pair on the terminal
atom of the functional group that can play the role of
acceptor in a hydrogen bond. Moreover, both are linear
molecules with nearly the same size and shape. However,
acetonitrile has a relatively weak, pleasant, ethereal odour,
while methyl 1sonitrile has an extraordinarily wvile and
powerful odour. To account for the remarkable difference in
odour quality, it was pointed out that isonitriles, unlike
nitriles, react with salts of many heavy metals to form very
stable complexes (Klopping, 1971).



Certain structural features of molecules tend to make
them stronger odorants (Moncrieff, 1967). These and other
examples led long ago to the belief that odorants that are
good ligands for metal 1on coordination are likely to smell
strongly, and hence are detected at a lower concentration.
Thiols, amines, mitriles and 1somitriles, some of which are
among the strongest odorants known, readily coordmate to
zinc. Other strong odorants such as emoxyfurone, oxa-
thiane, vanillin, diacetyl and pyrazine esters present
structural features capable of bidentate binding to a metal
ligand (Turin, 1996). This property of olfaction, hardly
reconcilable with the odotope theory, can be mterpreted
under the assumption that ORs (or at least some of them)
are metalloproteins, as suggested by Turin (1996) and the
MIAOR mechanism. Thus, if a metal 1on 1s involved 1n the
receptor binding site, the odorants with a high affinity for
metal 1on coordination will bind most tightly to a specific
subset of ORs, resulting in a strong odour perception (Wang
et al., 2003). This hypothesis would explain why odour
intensity spans several orders of magnitude for compounds
of similar size and volatility but different functional groups
or molecular features. Some authors have mterpreted the
high sensitivity of human olfaction to detecting hydrogen
sulphide (H5S) and amines as an evolutionary adaptation to
detect decaying food and toxic gases, that have been present
for evolutionary significant time periods in the atmosphere
(Doleman, Severin & Lewis, 1998).



(b) Dufferent functional groups and even different atoms may
produce similar odours

It was long ago observed that chemical compounds wit
different functional groups can smell alike. One of the be:
known cases 1s the bitter-almond odour character, shared b
molecules of a widely different structure (Zakarya, Yahiaou ¢
Fkihtetouani, 1993). Another example 1s that of nitril
and aldehydes: benzaldehyde and benzonitrile have simile
odours, as do agrunitril and citronellal, cinnamaldehyd
and cinnamalva (Turin, 1996). The nitrile group can usuall
replace an aldehyde with only a minor change in odou
character, making it duller and somewhat oily (Bedoukiar
1986). Some molecules with an acetylenic ~-C=C— tripl
bond share a mustard-like smell typical of 1sothiocyanate
(-NS), which 1s clearly recognizable for example in acetylen
and m methyloctynoate (Turin & Yoshi, 2003). Thes
findings are difficult to reconcile with the odotope theor
unless we assume that they bind different receptors sharin
a common perceptual pathway. The fact that about one 1
ten persons cannot smell the bitter-almond odour ¢
hydrogen cyanide but perceive this odour in benzaldehyd
and nitrobenzene (Kirk & Stenhouse, 1953) seems consi:
tent with this hypothesis. According to the MIAOI
mechanism, compounds with different functional groug
that produce a similar smell probably share a similar abilit
to form a coordinate bond with a metal ion, thoug
additional chemical properties and steric constraints ma
also be mvolved. Turin’s (1996) hypothesis would be the
they share some similar pattern in vibrational spectra.



| . o ceous odour reminiscent of chloroalkanes, while nickel-
(¢) Molecules with an almost identical structure may smell ‘ o C o ,
ocene smells oily-chemical (a typical cycloalkene odour)

different (Turin, 1996). ~\lthouqh the slight variations m molecular
Ferrocene and nickelocene are composed of a metal ion of shape might account for differences n the repertoire of
Fe(IT) and Ni(II), respectively, almost completely encased by activated ORs, their different smell can also be mterpreted
two cyclopentadienyl rings (Fig. 3). The resulting coordina- ~ as resulting from a different affimity to form a coordinate
tion complex is hydrophobic and volatile and the structures  bond with a metalion, given that cach encased metal atom

. . \-+ 2+ 2 A
are nearly 1dentical. However, ferrocene has a camphora- (Fe=* or Ni°¥) P“’du“ s a hybridised resonant orbital of
unique characteristics.

Fig.3. Ferrocene and nickelocene: same molecular shape but
diferent smell. Two cyclopentadienyl ions coordinating a Fe(ll]
cation hecome a ferrocene molecule (upper lff. Same structure
for nickelocene, replacing Fe(Il) by Nill) (upper right). The
structures are nearly identical, since the atomic radii of the
metals are very similar (1.72 A for Fe and 1.62 A for Ni), which

suggests a pron that they are likely to activate the same set of
olfactory receptors (ORs). However, this s not the case, since
they smell different. This observation is consistent with the
hypothesis that at least some ORs are metalloproteins able to
discriminate the fine electron orbitals of resonant structures.
OSN; olfactory sensory neuron.




Isotope effects

Another finding consistent with Turin’s (1996) vibrational
theory but difficult to explain by the odotope theory is that
some 1sotopes produce a different smell compared to their
parent compounds, despite their identcal structure; they
only differ in the number of neutrons of some atoms.
Differences between the odour of deuterated and regular
benzaldehyde have been described (Haffenden, Yaylayan &
Fortin, 2001). Dimethyl sulphide was reported to smell
repulsive, green and cabbage-like, but its fully deuterated
analogue dimethylsulphide-dg smells cleaner, more truffle-
like, without the gassy cabbage-like note of the parent
compound (Turin & Yoshii, 2003). Similarly, acetophenone
and acetophenone-dg produce a similar but not 1dentical
odour profile that can be distnguished by trained experts.
Acetophenone-dg has stronger fruity and bitter-almond
notes, while acetophenone smells more like toluene (Turin,
1996). These differences were not found in a later report
(Keller & Vosshall, 2004), maybe because panelists were not
experts in odour description. Computational studies could
help to determine if reported variations in smell correspond
to a different afhnity for metal coordmaton.



Pe3kas rpaHuMua no pasmepam MoneKysn Npyu ux AeTeKTUPOBaHUU

He Bce mornekyrnbl naxHyT. Bo nepBbIx, TpebyeTca onpeneneHHas neTy4yectb
YTOObI 4OCTNYb OBOHATESNBLHOrO ANUTENNA B HOCY U Monekynsl ¢ MB>300[a He
MNaxHyT.

[aBneHne napa ObICTPO YMEHbLUAETCSH C YBENUYEHEM pasmepa MOMeKyrnbl, HO
monekysnbl ¢ MB >300[Ja mMoryT umeTb 3HauYuTENbHbIE AaBreHUs napa.ATo
O3Ha4YaeT, YTO OHM CIULLIKOM BErWKK, YTOObI NOAXOANTL peLenTOPHOMY y4acTKy.
OT0T 3 pekT 0bpesaHnss ocobeHHO BUAEH N9 MYKCYCHbIX ogopaHToB. Hanbornee
nopasuTernbHbIA NPUMep Takoro pes3koro obpesaHus — 3aMmeHa atoma yrnepoga B
beH3eHONOHOM MYKCyce Ha aTOM KpeMHUSA NPUBOANT K MCHYE3HOBEHMIO 3anaxa.
BonbLWWHCTBO MOMEKyN C 3anaxoM MyKCyca MMEIT NMOHWXEHHYHO

MOKOCTb, KOTOPast MOXET ObITb CBsiI3aHa C pe3knm obpesaHnemM. MoHkpud (1967)
NpeanonoXun, 4To rmbkas monekyna nveet donbLle BO3MOXHOCTEN
NpPUCNocobUTLCA K peLenTOpHOMY yHacTKy, Torfa Kak XecTkas Mosiekyra
CBSA3bIBAETCH TONLKO C OOHMM TUMOM caunTa. JTO O3HaYaeT, YTO M’MOKMe MOneKyrnbl
Takue Kak yrneBogopoabl He OMKHbl MMETb pe3koe obpe3aHne Kak MyKCychil,
OLHaKO ONA NOATBEPXOEHNA 3TOWN rMnoTe3bl HYXXHbl 3KCNepUMeHTarnbHble JaHHbIE.
[pyras rmnotesa — BrvsHMe pasmepa Ha CBA3biBaHWE C TPAHCMNOPTHbLIM HBerikom.
OTO OrpaHuyeHne MOXeT onpenendaTb NposBieHne 3anaxa.



OpopaHTbl AeKOAUPYKOTCH NO KOMOMHAaTOPHOMY MeXaHU3My

[Mpobnema 06oHATENBHOM peuenumn - Kak CornocTaBnTb Kaxkabln 06oHATeNbHbINM peuentop (OP)
n3 6onbworo cemencrea OP ogHOMY MNK HECKOSbKMM ogopaHTamM. B aTom HanpaBneHun Obin
OOCTUrHyT 6onbLuon nporpecc. lNepsoHadanbHo OP conoctaBnanu ¢ ogopaHTamu nytem
aKcnpeccun eAnHCTBEHHOTO cneumnduyeckoro reHa y kpbic. 3tot OP pearmpoBan Ha NMUHENHbIE
anbgerngbl, 6onee CUNbHO Ha H-OKTaHamnb, MEHEE CUMNbHO Ha H-renTaHanb U H-rekcaHarlb.

Bonbwmnin nporpecc 6b1 OCTUMHYT NPY NCNOSMb30BaHUM Kackagda TpaHcgopmauum curHana ot
OP. OgHa 13 cekunn HasanbHOro anutTenust 6oina HarpykeHa YyBCTBUTENbHLIM K Ca Kpacutenem
Fura-2. 3atem TKaHb 0bpabaTbiBanu pasfnnyHbIMKU ogopaHTaMu No ovepean n onpeaeneHHomn
KOoHUeHTpauun. Ecnu ogopaHT cBasbiBarncs ¢ OP 1 akTMBupoBan ero, ero HEMPOH MOXHO BbIno
OBHapYXnTb NO4 MUKPOCKOMOM MO M3MEHEHUIO doryopecueHunn, obycrnosrneHHomy Bxogom Ca,
4YTO NPOUXOAMT B X04e NpoLecca TpaHcayKumn curHana. Ytobel onpegenutb, kakon OP
OTBETCTBEHEH 3a curHan, c-AHK reHepuposanack 13 m-PHK, koTopyto nsonmposanu n3
eOVHUYHbIX naeHTuduunpoBaHHbIx HenpoHoB. C-AHK 3atem noasepranun NCP ¢
NCNosib30BaHNEM NpanMepoB, KOTopble 3PFEKTUBHLI B YCUNEHNU

OONbLUNMHCTBA UK BCeX reHoB. 3ateM nocrnegoBatenbHocTb NCP npoaykToB OT Kaxaoro
HEMPOHA onpeaensanu n aHanmsnposarnu.



YeTblpe cepun oqopaHToOB ObinNn NpOTECTUPOBAaHbI

Ha B3aumogeuncteme ¢ OP 0
Vicnonb3ays aToT Noaxod, 6binv npoaHannanpoBaHbl (”), ‘OH
OTKINMKIA HEPOHOB Ha Ceputo CoeaMHEHMIA Exciionylic scids
C pas3nuyHon ANMHON Lenu U KOHEeYHbIMN (i =2-7)
byHKLMOHaNbHBIMK rpynnamun.Pe3ynstaTthl 3TUX
9KCMEPMMEHTOB Ha NepBbii B3rNa YaNBUTENbHbI 0

Br.._
Okasanocb, YTo HET NPocToro 1:1 cooTBETCTBUSA \6"), "OH
Mex/y ofopaHTamu 1 peLienTopamu ] comamidneyliiudiite
[ouTK Kaxabli OlOpaHT aKTUBUPYET LenbIin paa (i=3-7)

peuenTopoB (06bIMHO B pa3HOW CTEMEHN)

[MoyTn Kaxabl peuenTop akTBupyetcs boree,
YyeM OgHUM OLOPaHTOM.

OpHako, BaXXHO, YTO KaXabl OO0PaHT akTUBMpPYET
YHUKanbHyto komobuHauuo OP. B npuHumne, atoT
KOMOMHATOPHbIN MEXAHM3M NO3BOSISIET Aaxe
Hebonbwomy vncny OP pasnuyatb rpomagHoe
4YMCNO OOQOPaHTOB
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Figure 32.7 Patterns of olfactory-receptor activation. Fourteen
different receptors were tested for responsiveness to the
compounds shown in Figure 32.6. A colored box indicates that
the receptor at the top responded to the compound at the left.
Darker colors indicate that the receptor was activated at a lower
concentration of odorant.

Odorant




Kak nHcdopmauusa o Tom, kakon OP akTuBmpoBarncst AaHHbIM 04opaHTOM, nepenaeTcs

B MO3r? Hy>XHO BCNMOMHUTb, YTO KaXabll HEMPOH 3Kcnpeccupyet Tonbko oanH OP un

YTO KapTUHA 3KCMpeccuimn NoBUANMOMY ABMSETCS criydarHOW. CyLeCTBEHHbIN KNOY K

cBs3n mexgy OP 1 Mo3rom 6b11 0OHapy»XeH npu NCnosib30BaHnUM MblLLN, KOTOpast
9KCnpeccupyeT reH Anga fnerko AeTeKTMpPYeMOro okpalleHHOro Mapkepa B CO4eETaHMN CO
cneumdunyeckum OP reHom. OBoHATENbHbIE HEMPOHbI, KOTOPbIE AKCMPECCUPYHOT

komGuHauuno OP- mapkep-6enok,bbinm npocnexeHbl 40 X KOHEYHOro MecTa Ha3HadYeHus

B MO3ry OO CTPYKTYpbl, « 000OHATENbHas nykosuuay (cMm. puc. ) bbino obHapyXeHo,4To
NpoLecChl OT HEMPOHOB, KOTOPbIE 3KCNPECCUPYIOT oauH 1 TOT e OP reH, cBaA3aHbl C OOHUM

N TEM XXe MeCToM B 0O0HATENbHOW NykoBuue. bonee Toro, ata kKapTuHa CBs3bIBaHUS
HEMPOHOB OKa3arnacb WOEHTUYHOM BO BCEX 0O6CNEeAOBaHHbIX MbilLaX. Takum obpa3om, HEMPOHHI,
KOTopble aKcnpeccupytoT crneuyndpundeckne OP, cBs3aHbl CO cCneUndUYecKkMmMm cantamm B MO3ry.
OTO CBOMCTBO MO3BOSIAAET CO34aTb MPOCTPAHCTBEHHYIO KApTy HEMPOHANbHOMN aKTUBHOCTH
3aBUCSLLNX OT O4OpaHTa OTKINMKOB Ha OA0PaHTbl BHYTPU OOOHATENBHOW NYKOBULbI.

Figure 32.8 Converging olfactory neurons, This section of the nasal cavity is stained to
reveal processes from sensory neurons expressing the same olfactory receptor. The
processes converge to a single location in the olfactory bulb. [From P. Mombaerts, F. Wang,




MoXeT fin Tako KOMBMHATOPHbIN MEXaHU3M pearibHO pasfnnyaTb MHOIO pPasfimnyHbIX
OLOPaHTOB? ONEKTPOHHLIN HOC, KOTOPbIN OYHKLIMOHMPYET MO TOMY Xe NPUHLUNY,

naet ybegurtenbHoe OOK-BO, YTO MOXET. (cM. puc 32.9.) B criydae anekTpoHHOro Hoca

peuenTopamMun ABMSOTCS NONIMMEPDI, KOTOPble CNOCOOHbLI CBA3bIBaTb psa HEOOSbLUMX

Monekys. Kaxabi nonMmMmep CBA3bIBAET KaXKabI OA40PaHT, HO B pa3nnyHon obnactn. BaxHo, 4To
ANEeKTPUYECKne CBOMCTBA 3TUX MONIMMEPOB U3MEHSAIOTCA NPU CBA3bIBaHUM ogopaHTa. COBOKYMNMHOCTE
n3 32 NOSIMMEPHbLIX CEHCOPOB, COEANHEHHbIX BMECTE, TaK YTO KapTUHA OTKITMKOB MOXET ObITb
OLleHeHa, cnocobHa pasnuUynTb Takue NHOANBUAYasnbHble COeQNHEHNS, KaK H-MEHTaH N H-reKkcaH , a
TaKkke CIOXXHbl€ CMECH, Takme Kak 3anaxm CBEXUX U NCMOPYEHHbIX OPYKTOB.

Figure 329 The Cyranose 320. The
electronic nose may find uses in the
food industry, animal husbandry, law
enforcement, and medicine. [Courtesy
of Cyrano Sciences.]



Functional Magnetic Resonance Imaging Reveals Regions of the
Brain Processing Sensory Information

Can we extend our understanding of how odorants are perceived to events in
the brain? Biochemistry has provided the basis for powerful methods for ex-
amining responses within the brain. One method, functional magnetic reso-
nance mmaging (f MRI), takes advantage of two key observations. The first is
that, when a specific part of the brain is active, blood vessels relax to allow
more blood flow to the active region. Thus, a more active region of the brain
will be richer in oxyhemoglobin. The second observation is that the iron cen-
ter in hemoglobin undergoes substantial structural changes on binding oxy-
gen (p. 185). These changes are associated with a rearrangement of electrons
such that the iron in deoxyhemoglobin acts as a strong magnet, whereas the
iron in oxyhemoglobin does not. The difference between the magnetic prop-
erties of these two forms of hemoglobin can be used to image brain activity.

Nuclear magnetic resonance techniques (p. 98) detect signals that origi-
nate primarily from the protons in water molecules but are altered by the
magnetic properties of hemoglobin. With the use of appropriate techniques,
images can be generated that reveal differences in the relative amounts of
deoxy- and oxyhemoglobin and thus the relative activity of various parts of
the brain.

T'hese noninvasive methods reveal areas of the brain that process sen
sory information. For example, subjects have been imaged while breathing
air that either does or does not contain odorants. When odorants are pres-
ent, the f MRI technique detects an increase in the level of hemoglobin
oxygenation (and, hence, brain activity) in several regions of the brain
(Figure 32.10). Such regions include those in the primary olfactory cortex
as well as other regions in which secondary processing of olfactory signals
presumably takes place. Further analysis reveals the time course of activa-
tion of particular regions and other features. Functional MRI shows
tremendous potential for mapping regions and pathways engaged in pro-
cessing sensory information obtained from all the senses. Thus, a seemingly
incidental aspect of the biochemistry of hemoglobin has yielded the basis for ob-
serving the brain in action.



Figure 3210 Brain response to odorants.
A functional magnetic resonance image
reveals brain response to odorants. The
light spots indicate regions of the brain
activated by odorants. [From N. Sobel et
al., J. Neurophysiol. 83(2000):537—-551;
courtesy of Dr. Noam Sobel.]



CONCLUSIONS

OBOHSAHME — 3TO XMMUYECKOE BOCMPUATME, KOTOPOE NMPON3BOAUT OLLYLLIEHNE U
AVCKPUMUHALMIO NEeTYy4YnX XMMmmyeckmx sellects. OHO UrpaeT Kn4yeByo ponb B
BbDKMBAHUU, WOEHTUUKALUUM XULHUKOB Ui S408.0OHO y4acTByeT B KOMMYHMKaLNK
MeXay XUBOTHbIMU. [103TOMY BbIACHEHME MEXaHN3MOB 0OOHSHNA OAcT, B YaCTHOCTH,
nydwee noHNMaHue NoBeAEHUS XXNBOTHBbIX.

3anaxu geTekTnpyTcs 60MbLLIMM YACIIOM PELENTOPOB, CUHTE3UPYEMbIX B ODOHATENBHOM
anuTenuu Hoca XnBoTHoro. Co BpemMeHun oTKpbiTUs OP 6onbLlion nporpecc obis1 AOCTUTHYT
B MOHMMaHUM (PN3NONOrMYecknx OCHOB 060HAHMA. OgopaHTbl Y3HaTCA NOCPEACTBOM
KOMOWHATOPHOM KOOMPYIOLLIEN CXEMbI, KOTOpasi OO bSACHSET, Kak HECKOSTbKO COTEH pasnUYHbIX
peuenTopoB MOryT pasnuyaTb ThiCAYM pasnmyHblix Monekyn. KombuHaTtopHasa Teopus
KoOMpPOBaHWNA 3anaxa AOMKHa BKIoYaTb NepupeLenTopHble cobbiTUs, COCTOSLLE B
TpaHcnopTe n 6uoTpaHcopmMmaumm ogopaHTa: AaHHbIN O4OPaHT MOXET aKTUBUPOBATb
N NHrMbupoeaTb pasnuyHble KombmnHaummn peuentopoB, OCB, nnu pepmeHTOB
BuoTpaHcopmaumm, B TO BPEMS KaK Kaxabli N3 BEnkoB, y4acTBYHOLLMX B TpaHCNOPTE
0f0OpaHTa, y3HaBaHun u TpaHcdopMaunm MOXET BbiTb akTUBMPOBAH
NN UHINBMPOBaH Pa3IMYHBIMU MOJSIEKYaMn. OTOT CIOXHbIW CLLEHAPUN AEMOHCTPUPYET
6onbLUyto TPYAHOCTb B MOAENMPOBAHUM XapaKkTepa 3anaxa U ero MHTEHCUBHOCTH,
HO JaeT Hay4YHYyl OCHOBY ANs1 paLMOHanbHOro gu3anHa OgopaHToB.



OP npuHapnexat Kk ceMelcTBYy peLenTopoB, AeCTBYOLNX Yepe3 G-6enku, KoTopoe

OXBaTbIBaET HObLIOE YACHO PELIENTOPOB, pearnpyowmx Ha pasHoobpasHble CTUMYIIbI.
[MocnenoBaTeNlbHOCTU BCEX MHTAKTHBIX FEHOB B HACTOSLLIEE BPEMS U3BECTHbI NMLWb A4
HEKOTOPbIX XXMBOTHbIX. B pasnnyHbIxX nccrnegoBaHMaxX aHanmMsanpoBanncb U CpaBHMBaNuUCh
pasnuyHble OP reHoMbl, YTO NPUBESIO K BOSHUKHOBEHUIO pAaa MHTEPECHbLIX MMNOTE3 O

00 3BOSMIOUMOHHBIX acnektax oboHATeNbLHOW peuenunn. Tak, HegasHO BbINO NPEaNONOXEHO,
4yTO Yenosevecknn OP reHOM U3MEHSIETCS C A0BONbHO DOSbLLION CKOPOCTLIO, YTOOLI
COXPaHNTb BO3MOXHOCTN OBOHATENLHOW peLenunn,KoTopble NogBepraroTca AaBrneHnto
(BbITECHEHMIO) CO CTOPOHbI FEHOMOB 3peHus 1 criyxa. C aTon rmnoTe3on cornacyrTcs HegasHNe
nccrnenoBaHus, B KOTOpbIX 06HapyXeHo pas3Hoobpasue B Yenoseyecknx OP reHomax,
KOTOpOE MOXET 06bSCHUTL pa3Hoobpasne B BOCNPUATUM 3anaxoB Yy OTAENbHbIX
NHONBNOYYMOB.

Bonblion Habop OP B 060HATENBHOM 3NUTENUM OOLIYHO paccMaTpUBalOT Kak
Hecneyndunyeckoe XMMn4Yeckoe BOCNpuUATHE, KOTOPbIN BO3HMKaN No Mepe HeobxoanMocTn
y3HaBaTb IeTy4ne XumMmnieckme coeanHeHnd. [lpyrasa saxxHasa yHKUNSA - 3TO UCMOMb30BaHNE
0BOOHATENBHONW peuenunn ans KOMMyHUKaLMUWU CPean XXUBOTHbLIX NyTEM y3HaBaHUS
crneundmnyecknx Mornekyn, Kotopble AENCTBYIOT Kak coumnanbHble XMMUYECKNEe CUTHarbI.

Takne coegMHEHUS Kak aMUHbl UK NeNTUAbl y4acTBYHOT B MHAWMBUAYANbHOM y3HaBaHWUW,
Bbl6ope napTHepa nnu B3aMMOAENCTBUN MEXAY POAUTENSAMU U AETbMMU.

MexaHnam, NocpeacTBOM KOTOPOro XXMBOTHbIE MOTYT Y3HaBaTb APYr Apyra no 3anaxy, 4OBOSbHO
CNOXEH N BKIOYAET reHbl UMMYHHOM CUCTEMBI. [ofy4YeHHbIe K HAacTosWweMY BpeMeHn AaHHbIe

OOHapYXMBaOT MOMEKYNSPHbIA MEXaHN3M, NOCPEACTBOM KOTOPOro MHAMBUAYYM MOXET
4yBCTBOBaTb COBMECTMMOCTb MOMNEKYN MMMYHHOW CUCTEMbI NApTHEPa U COOTBETCTBEHHO
OGecneumBaTb HyXxHOe coumarnbHoe noseaeHne. PyHKLMOHAmbHbIN aHann3 reHoMma Hoca
XXMBOTHbIX NOKa3bIBaET, YTO WUCMONIb30BaHME OOOHSIHMUS NO3BOMSAET U3bexaTb MHOPUONHT,
YBENNYNUTb UMMYHOKOMMETEHLIMIO 1 OOMbLLYI0 YCTONYMBOCTb K NaToreHam.



HecmoTpsa Ha nporpecc B NOHUMaHUN OU3N0NIOMMYECKMX OCHOB OBOHAHUS, MONEKYISIPHbIE
OCHOBBbI BOCIMPUATUSA 3anaxoB N KOHPOPMaLNOHHLIE N3MEHEHNS MPU CBA3bIBaHUN O0PaHTOB
NOHATBLI HE4OCTAaTOYHO. B HEKOTOPLIX CryYyaax xapakTep U MIHTEHCMBHOCTb 3araxa CBsi3aHbl C
NPUCYTCTBMEM ornpeaeneHHbiX oyHKUMOHaNbHbIX rpynn B MOSEKyrie U pasnnyHble aBTopbl
NpPeanosioXunun , YTo oboHATENbHAsS cUcTeMa YyBCTBUTENbHA K TOHKOM CTPYKType
OIEKTPOHHOro pacnpeaenenna B yHKUMOHaNLHOW rpynne. [unotesa, 4YTo MOH MeTanna
y4yacTByeT B y3HaBaHUM 3anaxa, OCHOBaHa Ha [orafke, O4HaKO OHa aeT eCTECTBEHHYIO
MHTEpPNPETaLNIO 3TOro hakta n apyrnx ocobeHHocTen 0BOHAHUS, KOTOpbIE eLle NOSTHOCTbIO He
noHATLl. CornacHo aton rmnoTtese ToiopuH (1996) npeanoXxmn mexaHn3m, OCHOBaHHbIN Ha
CNEKTPOCKOMUU HEeYNPYyroro TYHHENMpPoOBaHNA ANIEKTPOHA , KOTOPbLIA HE NONy4vnsi NPU3HaHUS
BCNeaCTBME TOro, YTO OH He OblNn HanaeH B OBUONOrMyeckmux cuctemax.

Y3HaBaHMe 04opaHTOB C UCMNOMb30BaHMEM NOHOB METASINOB NpeanonaraeT Takke, 4Yto
0BOHATENbHbIE PeLenTopbl ABAAITCA MeTannonpotemHamn. OgHako, HECMOTPS Ha HeEAABHUN
nporpecc B MOHMMaHNMN OCHOB ODOHATENBbHOW peuenuumn, He NOSIBUNOCh SICHBIX CBUOETENbCTB,
YTO 3TOT MEXaHU3M CYLLECTBYET U He cyllecTByeT. [MoaToMy ans ganbHeNLWmnx
nccrnegoBaHu BECbMa BaXXHO BbIICHUTL BO3MOXHYO POSflb MIOHOB METannoB B OOOHATENBHON
peLenumn.



