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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Teémas aktualitate

Nesenais progress genomu sekvenéSana radijis milzigu apjomu genomiskas
informacijas, kuru nepiecieSams funkcionali interpretét. Génu produktu — proteinu —
telpiskas struktiiras sniedz informaciju gan par to biologisko funkciju, gan
terapeitiskas moduléSanas iesp&jam. Tas sekmg€jis jaunas post-genomikas zinatnes,
strukturalas genomikas, attistibu, kuras uzdevums ir genoma-méroga augstas
caurlaidsp&jas proteinu struktiiru noteik$ana un funkcionala anoté$ana. Rentgenstaru
kristalografija un kodolu magnétiska rezonanse (KMR) ir divas galvenas metodes,
kuras izmanto strukturalas genomikas konteksta proteinu struktiiru noteikSanai atomu
izSkirtsp&jas ltmeni. Divas no promocijas darba aprakstitajam proteinu struktiiram
noteiktas darba autoram piedaloties $ada strukturalas genomikas projekta "Protein
Structure Initiative", Skripsa p&tniecibas institiita ASV, Nobela prémijas laureata prof.
K. Vitriha vadiba.

Sakara ar visparéju biomedicinisko pétijjumu izmaksu pieaugumu, pédgja laika
nozaré arvien vairak izmanto racionalas pieejas dazadu medicinas, biologijas un
biokimijas problému risinaana. IpaSi augsti tiek vértets nozimigais mérkproteinu
strukturalas informacijas devums racionala jaunu zalu vielu dizaina un terapeitisko
lidzeklu izstrade. KMR spektroskopija ir galvena fizikala metode, kuru izmanto
proteinu struktiiras un dinamikas p&tijumiem to dabiskaja vidé — Gidens $kiduma. Bez
tam, KMR metode ir piemeérota protetnu-ligandu (potencialo zalu vielu) mijiedarbibu
pétijumiem un sp&j dot informaciju par energétiski vajam saistibam, kas nav pieejamas
ar citam metodém, ka arT lauj noteikt mijiedarbibu vietas uz proteina virsmas.

IzvEletie pétijumu objekti ir proteini ar butisku biologisko nozimi — Dnal
proteins piedalas DNS kopé&Sanas procesa, R3H doméns atrodams ap 370 proteinos,
kuru konkréta funkcija ne vienmér ir zinama, kamér pats R3H doméns vargtu
mijiedarboties ar DNS vai RNS, karnitina acetiltransferaze (CrAT) iesaistita energijas
metabolisma, savukart Nsp7 proteins ir butisks smaga akaita respiratora sindroma
(SARS) koronavirusa virulences faktors.

Darba meérki un uzdevumi

Noteikt de novo trisdimensionalo struktiru S$kiduma proteiniem Dnal,
NP_247299.1, Nsp7. Ja iesp&jams, prognozét to darbibas mehanismu molekulara
limeni. Analizét Nsp7 proteina iekSmolekularos atruma procesus un dinamiku tident,
izvertét to ietekmi uz novéroto polimorfismu kristaliska un skiduma stavoklos.

Noteikt mononukleotida dezoksiguanozinmonofosfata (dGMP) saistibas vietu
uz R3H doména virsmas, novertét dazadu mononukleotidu saistibas energétiskos
parametrus, izveidot R3H doména ligandu selektivitates modeli. Noteikt kompleksa
R3H-dGMP telpisko struktiiru.

Analizét CrAT inhibiciju ar mildronatu, izveidot telpiskas struktiiras modeli
CrAT un mildronata kompleksam.

Merku istenosSanai izvirziti sekojosi apakSmerki: klonét, ekspreset bakterijas un
hromatografiski attirit ar *C un N atomiem iezim&tu proteinu NP_247299.1
miligramu apjoma.
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Pétijumu metodika

Proteinu KMR paraugi trisdimensionalo struktiiru noteikSanai iegiiti, izmantojot
rekombinanto ekspresiju un hromatografiskas attiriSanas metodes. Merkproteinu
kodgjosais ge€na fragments ieklon€ts E.coli baktériju celma BL21(DE3) Siinas,
izmantojot molekularas biologijas metodes. Proteinu ekspresija veikta M9 minimalaja
barotng, kas satur 1 g/L NH,CI un 4 g/L neiezimétu D-glikozi vai 1 g/L >NH,CI un 4
g/L [“Cg]-D-glikozi ka vienigos slapekla un oglekla avotus. Péc ekspresijas beigam
Stinas liz€tas ar ultraskanu (sonikacija) un Skistosa frakcija sadalita, izmantojot
afinitates hromatografiju un gélfiltraciju. Sadali$anai izmantots AKTA Purifier 10
hromatografs. KMR spektri uznemti uz Varian Unity Inova 600 MHz, Bruker Avance
600 un 800 MHz spektrometriem. Dnal proteina struktiiras noteikSanai uznemti un
analizéti 3D NOESY-"N-HSQC, HNHA, 2D NOESY, TOCSY un DQF-COSY KMR
spektri. Protetna NP_247299.1 struktiira noteikta, izmantojot automatiz&to projekciju
spektroskopiju proteina galvenas kédes atomu kimisko nobizu pierakstiSanai, ka ar1 3D
NOESY-"N-HSQC un NOESY-*C-HSQC spektrus automatizétai sanu k&zu kimisko
nobizu pierakstiSanai un attalumu ierobeZojumu noteikSanai. Protetna Nsp7 struktiiras
noteikSanai uznemti un analizéti 3D HNCA, HNCACB, CBCA(CO)NH, HC(C)H-
TOCSY, NOESY-"N-HSQC un NOESY-**C-HSQC spektri, dinamikas raksturo$anai
uznemts heterokodolu 2D N{*H}-NOE spektrs un 2D N-HSQC spektru sérija péc
tdens nomainas parauga ar deiterotideni. Polipeptida amidgrupu protonu aizsarg-
faktori noteikti eksperimentalos datus pielidzinot matematiskam modelim
paSuzrakstitd programma. Automatiz€tai proteina galvenas k&des un sanu k&zu atomu
kimisko nobizu pierakstiSanai izmantotas programmas UNIO-MATCH un UNIO-
ATNOS/ASCAN. Spektri interaktivi analizéti izmantojot programmas XEASY un
CARA. Strukturas aprékinatas ar CYANA un UNIO-ATNOS/CANDID programmam.
Struktiiru minimiz€Sanai tdeni izmatotas CNS un OPALp programmas. Struktiru
validéSana un analize veikta ar programmam MOLMOL, PYMOL, PROCHECK u.c.

R3H doména un CrAT ligandu saistibas pétijumos izmantota KMR titrésana,
noveérojot signalu kimisko nobizu vai pusplatuma izmainas 1D protonu vai 2D N-
HSQC spektros. Saistibas konstantes aprékinatas eksperimentalos datus pielidzinot
matematiskam modelim programma MS Excel. Mildronata un CrAT kompleksa
telpiskas struktiras modela izveidoSanai uzpemti piesatinajuma parneses starpibas
(saturation transfer difference, STD) KMR spektri un eksperimentalie dati izmantoti
datormodeléSanas rezultatu validéSanai. Datormodelésanai izmantota Molecular
Operating Environment programmu pakete.

Zinatniska novitate un galvenie rezultati

e Noteikta iepriek§ nezinama trisdimensionala strukttra §kiduma Dnal proteina
N-gala doménam, kas uzrada jaunu cinku-koordingjoSu proteinu uzbiives tipu.
Noteiktas kimiskas nobides un struktiiras koordinatas ievietotas attiecigi
Biologiskas magnétiskas rezonanses datu banka (pieejas kods 15926) un
Proteinu datu banka (pieejas kods 2K7R).

e Noteikta dezoksiguanidinmononukleotida saistibas vieta R3H doména
telpiskaja struktiira. Noveértétas mononukleotidu saistibas konstantes, kas lauj
izdarit secinagjumus par proteina funkciju un iesp€jamajiem mijiedarbibas
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partneriem. Identific&ti energétiskie un strukturalie faktori, kas nosaka ligandu
selektivitati.

e lzveidots modelis antiis$€miska Iidzekla mildronata un CrAT mijiedarbibai, kas
parada, ka mildronata aktivitate var€tu bit daléji saistita ar CrAT inhibiciju un
sekojosu energijas metabolisma celu regulaciju.

e Izstradats jauns protokols proteinu rentgenstaru difrakcijas un KMR struktiiru
analizei un salidzinasanai, kas lauj interpretét lokala rakstura uzbiives atSkiribas
un izdarit secinajumus par abu tehniku komplementaritati.

e Noteikta protetna Nsp7 trisdimensionala struktiira Skiduma pie pH 6,5 un
raksturota ta iekSmolekulara dinamika, kas lauj izdarit secinajumus par proteina
funkciju. Paradits, ka Nsp7 proteina atlikumi 70—82 atrodas konformacionala
lidzsvara starp a-spirales un nestrukturétu formu, kas varétu biit nepiecieSama
ta fiziologiski aktiva kompleksa ar Nsp8 proteinu iegiiSanai. Nsp7 kimiskas
nobides pie pH 6,5 ievietotas Biologiskas magnétiskas rezonanses datu banka
zem pieejas koda 15926. 20 KMR konforméru atomu koordinatas, kas attélo
Nsp7 struktiru skiduma pie pH 6,5 ievietotas Proteinu datu banka zem pieejas
koda 2KYSS.

e Demonstréta automatizétas proteinu struktiiras noteikSanas pielietojamiba,
nosakot proteina NP_247299.1 telpisko strukttru. NP_247299.1 Kkimiskas
nobides ievietotas Biologiskas magnétiskas rezonanses datu banka (pieejas kods
16389) un 20 KMR konforméru atomu koordinatas, kas att€lo struktiiru
Skiduma ievietotas Proteinu datu banka (pieejas kods 2KLA).

Praktiskais pielietojums

Noteiktas trisdimensionalas proteinu struktiiras un datus par proteinu-ligandu
mijiedarbibu var izmantot jaunu terapeitisko Iidzeklu dizaina. Eksperimentalas
proteinu struktiiras, it Ipasi tadas, kas uzrada jaunu struktiiras tipu, izmantojamas art ka
modelis citu proteinu struktiru modeléSanai uz aminoskabju sekvences lidzibas
pamata.

Darba struktira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu zinatnisko publikaciju kopa
par KMR spektroskopijas izmantoSanu proteinu petijumiem. Tas satur 5 publikacijas
anonimi recenzetos un starptautiski pieejamas datubazes (Science Citation Index un
Chemical Abstracts) ieklautos zinatniskajos izdevumos. Publikacijas uzrakstitas anglu
valoda un to kopgjais apjoms ir 47 lapaspuses.



Darba aprobacija un publikacijas

Promocijas darba rezultati izklastiti un apspriesti 5 publikacijas:

1. Loscha K.V., Jaudzems K., loannou C., Su X.-C., Hill F.R., Otting G., Dixon
N.E., Liepinsh E. A novel zinc-binding fold in the helicase interaction domain
of the Bacillus subtilis Dnal helicase loader// Nucleic Acids Research. - 20009. -
Vol. 37. - p. 2395-2404.

2. Jaudzems K., Zhulyenkov D., Liepinsh E. R3H domain complexes with
mononucleotides// Scientific Journal of RTU. Material Science and Applied
Chemistry. - 2009. - Vol. 20. - p. 58-63.

3. Jaudzems K., Kuka J., Gutsaits A., Zinovjevs K., Kalvinsh I., Liepinsh E.,
Liepinsh E., Dambrova M. Inhibition of carnitine acetyltransferase by
mildronate, a regulator of energy metabolism// Journal of Enzyme Inhibition
and Medicinal Chemistry. - 2009. - Vol. 24. - p. 1269-1275.

4. Jaudzems K., Geralt M., Serrano P., Mohanty B., Horst R., Pedrini B., Elsliger
M.-A., Wilson LLA., Withrich K. NMR structure of the protein NP_247299.1:
comparison with the crystal structure// Acta Crystallographica Section F. -
2010. - Vol. 66. - p. 1367-1380.

5. Johnson M.A., Jaudzems K., Wiuthrich K. NMR structure of the SARS
coronavirus nonstructural protein Nsp7 in solution at pH 6.5// Journal of
Molecular Biology. - 2010. - Vol. 402. - p. 619-628.

Darba rezultati prezentéti sekojosas konferences un zinatniskos seminaros:

1. Jaudzems K., Zhulyenkov D., Liepinsh E. R3H domain complexes with
mononucleotides. Poster at the RTU 49th International Scientific Conference.
Riga, October 13, 2008.

2. Jaudzems K. Automation in the NMR structure determination of a 206-residue
protein. Oral presentation at the Joint Center for Structural Genomics Annual
Meeting. San Diego, USA, April 23, 2009.

3. Jaudzems K., Mohanty B., Serrano P., Geralt M., Liepinsh E., Wuthrich K.
Solution NMR structure of the protein NP_247299.1: Comparison with the
crystal structure. Poster at the RTU 50th International Scientific Conference.
Riga, October 16, 2009.

4. Jaudzems K. Uz KMR balstita strukturala genomika ASV programmas “Protein
Structure Initiative” ietvaros. Seminars Latvijas Organiskas sint€zes institiita.
Riga, 2010. gada 6. janvari.

5. Jaudzems K., Geralt M., Serrano P., Mohanty B., Horst R., Pedrini B., Elsliger
M.-A., Wilson L.A., Wiithrich K. NMR structure of the protein NP_247299.1:
comparison with the crystal structure. Poster at the Joint EUROMAR 2010 and
17th ISMAR Conference. Florence, Italy, July 4-9, 2010.

6. Jaudzems K., Zhulyenkov D., Otting G., Liepinsh E. Structural and
thermodynamic characterization of nucleotide binding to the R3H domain from
human Spbp-2. Poster at the 18th International Conference of Methods in
Protein Structure Analysis. Uppsala, Sweden, August 25-28, 2010.

7. Jaudzems K. Nucleotide binding to the R3H domain studied by NMR. Oral
presentation at the 1st EAST-NMR Young Investigators Meeting. Istanbul,
September 29, 2010.



PROMOCIJAS DARBA SATURS

Promocijas darba ieklauto zinatnisko publikaciju vienojosa tematika ir KMR
spektroskopijas izmantoSana proteinu struktiiras, funkcijas un ligandu mijiedarbibu
pétijumiem. Promocijas darba kopsavilkums sadalits divas nodalas — pirmaja
apkopotas publikacijas, kuras aprakstita proteinu telpiskas struktiiras noteikSana, bet
otraja — publikacijas, kuras aprakstiti protetnu mijiedarbibu ar ligandiem pétijumi.
Katra publikacija atspogulo atskirigu pieeju un metoZu izmantoSanu dazadu proteinu
vai to ligandu ipasibu noteikSana, kopuma veidojot ganriz pilnigu piecjamo proteinu
KMR metozu pielietojuma aprakstu. Nodalas talak sadalitas apakSnodalas, kas veltitas
katras zinatniskas publikacijas kodoligam izklastam, ieklaujot Tsu ievadu, galvenos
rezultatus un secinajumus.

1. NODALA. PROTEINU STRUKTURAS NOTEIKSANA AR KMR

Proteinu telpiskas struktiiras noteikSana ar KMR ietver vairakus secigus so]us:
mM koncentracijas proteina parauga sagatavosanu, KMR spektru uznemsanu, KMR
signalu attiecinasanu individualiem atomiem polipeptida molekula, KMR datu
strukturalu interpretaciju un visbeidzot telpiskas struktiras aprékinasanu un tas
energijas minimizaciju tdeni, no kuriem laikietilpigakie ir pirmie tris.

KMR eksperimentalas strat€gijas un attiecigi ari spektru interpretacijas
stratégijas ir tiesi atkarigas no t, vai ir pieejams neieziméts, "N ieziméts, vai divkarsi
3C un N ieziméts proteina paraugs. Papildus iezimes dod iesp&ju izmantot augstakas
dimensijas eksperimentus, kas ievérojami paaugstina signalu iz8kirtsp&ju un atvieglo
spektru interpretaciju, ka arT lauj iegiit kvalitativakas telpiskas struktiiras. Saja darba
aprakstitas stratégijas N (Dnal-N piemérs) un divkarsi °C un N iezimétu proteinu
(NP_247299.1 un Nsp7 pieméri) analizei. NP_247299.1 gadijuma aprakstita
automatizétas projekciju spektroskopijas izmanto$ana, kas ietver Joti augstas
dimensijas (4D un 5D) eksperimentus, ka ari dalga spektru interpretacijas
automatizésana laika ekonomijas nolukos.

Papildus telpiskas struktiiras noteikSanai, iesp&jams veikt eksperimentus, kas
raksturo atsevisSku proteina dalu kustigumu, strukturalo stabilitati un konformacionalo
lidzsvaru sSkiduma. To izmantoSana aprakstita NP_247299.1 un Nsp7 darbos.
NP _247299.1 gadijuma aprakstits arT jauns protokols kristalisko un skiduma strukttiru
salidzinasanai.

1.1. HELIKAZES MOBILIZETAJ-PROTEINA DOMENS DNAI-N UZRADA
JAUNU CINKU-KOORDINEJOSAS STRUKTURAS TIPU

DNS replikaciju visos organismos veic replisomas - Tpasas multiproteinu
“masinas”, kas satur gredzenveida helikazi DNS dubultspirales atvisanai, veidojot
divas vienpavediena DNS virknes [1]. Baktgrijas, replisomas veidoSanas sakumstadija,
helikaze, mijiedarbojoties ar tas mobiliz€taj-proteiniem, veido heksaméru strukttiru ap
vienpavediena DNS. Bacillus subtilis organisma helikazes mobilizacija uz
vienpavediena DNS notiek tris proteinu — Dnal, DnaB un DnaD — darbibas rezultata
[2], bet in vitro paradits, ka Dnal viens pats ir pietickams helikazes mobilizacijai [3-4].
Dnal satur divus strukturétus doménus — N-gala doménu, kas atbildigs par
mijiedarbibam ar helikazi un C-gala doménu, kas saista vienpavediena DNS [4]. Saja
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darba ar kodolmagnétiskas rezonanses spektroskopiju pirmo reizi noteikta Dnal N-gala
helikazes mijiedarbibas doména (Dnal-N) trisdimensionala struktiira un identificéti
cinku-koordingjosie aminoskabju atlikumi.

Izmantojot KMR spektroskopiju nevar tieSi noteikt cinka jona saistibas
partnerus uz proteina, tapéc cinka ligandu identifikacijai darba izmantotas divas
neatkarigas metodes. Dnal-N satur vienu histidinu un cCetrus cisteinus, kuri varétu
piedalities koordinésana [4]. His84 atlikuma dalibu cinka koordiné$ana identificg,
uzpemot >N-HSQC spektru ar INEPT laika periodu 20 ms, kas atbilst koherencei caur
divam saitem 2JHN. His84 Ng2 rezonanses ~N kimiska nobide uzradija koordinétam
imidazola slapeklim raksturigu vértibu (221 ppm) [5], apstiprinot His84 sanu k&des
dalibu cinka koordinéSana. Turklat, KMR spektri neuzradija nekadu neviendabigumu,
noradot uz cinka klatbiitni visas proteina molekulas un identisku koordinacijas vidi.
Cinka-koordingjoso cisteinu identifikacijai izmanto tiolu titréSanas metodi, kas dabiska
proteina gadijuma uzradija divfazu pseido-pirmas-pakapes kinétiku, noradot gan uz
koordin€tu, gan nekoordin€tu cisteinu klatbtutni. Savukart, Cys76Ala mutanta
gadijuma noveéro vienfazes kinétiku, identificgjot Cys76 ka vienigo cisteinu, kas nav
1esaistits cinka koordinacija.

Noteikta Dnal-N struktira satur Cetras a-spirales, divas B-virknes, ka ar 1su 34
spirali proteina C-gala tuvuma (1. att. A). Strukturali [idzigu proteinu mekl&jumi
Proteinu datu banka, izmantojot programmu Dali [6], bija nesekmigi, noradot, ka
Dnal-N struktiira uzrada jaunu telpiskas uzbtives tipu. Cinka jonu koordiné Cys67,
Cys70, His84 un Cys101 atlikumi un tam visdrizak ir strukturali nozimiga loma, jo tas
satur kopa tris aminoskabju sekvence attalus polipeptida segmentus ar mazu hidrofobo
aminoskabju ipatsvaru (1. att. D). Pirmas 14 N-gala aminoskabes regularu struktiiru
neveido. To KMR signali bija ievérojami Sauraki, noradot uz paaugstinatu kustigumu.
Starp Siem atlikumiem ir vairakas hidrofobas aminoskabes, kas saglabajas visas
bakteriju sugas, liecinot par to funkcionalu lomu, iesp&jams mijiedarbiba ar helikazi.
Tapat atlikumu 63-82 signali bija sasaurinati un mazintensivi. Pagarinatas Dnal
konstrukcijas Dnal-N123 gadijuma $aja rajona noverojam ieveérojamas galvenas k&des
amidgrupu kimisko nobizu izmainas (1. att. B), kas varétu liecinat, ka pagarinata
doména §i cilpa, mijiedarbojoties ar Dnal-N C-galam sekojoSo segmentu, ienem
noteiktu, nekustigu konformaciju. So pa$u secinajumu ieglistam, novértgjot T,
relaksacijas laika konstantes pagarinatas konstrukcijas atlikumiem 107-123, kuru
signali ir iev€rojami paplasinati, bet kimiskas nobides atbilst nestrukturétai kédei.



1. att. Dnal-N struktara skiduma, stereoskati. Atteloti tikai regularu struktiru
veidojosie aminoskabju atlikumi 15-106. Cinka atoms att€lots ka lode (fuksins) un
cinku koordingjosie atlikumi Cys67, Cys70, His84 un Cys101 att€loti ar niijinam.
(A) Lentisu ("ribbon") attélojums ar otr&jas struktiiras elementu identifikaciju.

(B) Tas pats, kas (A), bet iekrasots atspogulojot galvenas kédes amidgrupu kimisko
nobizu izmainas Dnal-N pret Dnal-N123 (zils: nelielas izmainas >0,015 ppm (*H) vai
>0,15 ppm (*°N); sarkans: ievérojamas izmainas >0,05 ppm (*H) vai >0,5 ppm (*°N)).
(C) 20 KMR konformeru galvenas k&des atomu superpozicija.

(D) Smago atomu attélojums ar niijinam, stereoskats. Sanu kédes iekrasotas zilas (Lys,
Arg, His), sarkanas (Asp, Glu), dzeltenas (Ala, Cys, lle, Leu, Met, Phe, Pro, Trp, Val)
un pelékas (Asn, Gln, Ser, Thr, Tyr)
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1.2. PROTEINA NP _247299.1 KMR STRUKTURA SKIDUMA UN
SALIDZINAJUMS AR STRUKTURU KRISTALISKA STAVOKLI

Methanococcus jannaschii genoma lokusa MJ0327 produkta — hipotétiska
protetna NP_247299.1 trisdimensionala struktiira noteikta ASV strukturalas
genomikas projekta "Protein Structure Initiative" ietvaros, ar meérki novertet
automatizetas proteinu KMR struktiiras noteikSanas protokola pielietojamibu un
rezultatus. Saja darba aprakstita NP_247299.1 struktiiras noteikana $kiduma,
izmantojot jaunu, automatizétu KMR protokolu, ka ari veikts sistematisks
salidzinajums ar ieprieks noteiktu strukttru kristaliska stavokli (PDB kods 2qtd).

Proteina galvenas ke&des attiecinaSanai izmantojam automatizéto projekciju
spektroskopiju (APSY-NMR; [7-8]) un UNIO-MATCH programmu [9], kas deva *H",
N, BC* un 'H® atomu kimiskds nobides 97 (94%) un “*CP nobides 91 no 104
aminoskabju atlikumiem. P&c interaktivas validacijas un neattiecinato atlikumu
kimisko nobiZzu pierakstiSanas veicam automatizétu sanu k&Zu attiecinasanu ar
programmu UNIO-ATNOS/ASCAN [10]. Parbaudot iegiitas sanu k&zu kimiskas
nobides secindajam, ka aptuveni 95% ir noteiktas pareizi, ka ari iesp&ju robezas
paplaSingjam to interpretaciju. Struktiiras aprékinaSanai izmantojam programmas
UNIO-ATNOS/CANDID [11-12] un CYANA [13], kas veic automatizétu piku
interpretaciju un attaluma ierobezojumu noteikSanu. Kopsumma interaktivo solu
veikSana prasija aptuveni 70 h, kas ir iev€rojami mazak laika neka gadijuma, ja
struktiiras noteikSanai netiktu izmantotas automatizétas metodes (tad tam varétu biit
nepiecieSami vairaki meénesi).

Noteikta NP_247299.1 KMR struktiira satur tris a-spirales, piecas B-virknes un
isu 3qp-spirali, kas sakartotas seciba Pl-3;—p2—p3—al-p4—a2—p5—a3 (2.att. A). B-
virknes veido izliektu B-lapu ar topologiju 3—2—1-4-5, kura virknes 3, 1, 4 un B5 ir
savstarp&ji paralélas, bet f2 antiparaléla. Spirales al un a2 novietotas paral€li zem
neliela lenka, ar 3;o-spirali starp to N-galiem. Sis tris spirales piegul vienai p-lapas
pusei, bet spirale a3 atrodas pret€ja pusé. Péc superpozicijas ar kristaliska stavokla
struktiiru (2. att. B) redzama augsta abu strukttru Iidziba.

Lai izveértetu automatiz&ta protokola rezultatus, veicam detaliz€tu salidzinasanu
ar struktiru kristaliska stavokli. Strukturali atSkirigu proteina dalu identifikacijai
saltdzinajam kristalografiskos B-faktorus ar atomu pozicionalo novirzi starp 20 KMR
konformériem (3. att), ka arT proteina galvenas k&des un sanu kézu dihedralo lenku
veértibas un atomu pakoSanos. Identificéto “karsto punktu" precizakai raksturoSanai
$kiduma uznpémam papildus KMR spektrus, kuros atdkirigi no 'H-'H kodolu
Overhauzera efektiem aproksiméts proteina konformaciju dinamiskais ansamblis,
proti, noteicam skalaras *H"-'H” spinu sadarbibas konstantes, *Jin,. No salidzindjuma
secingjam, ka struktiiras kodolu veidojoSie aminoskabju atlikumi, kam Skidinataja
piekluve ir zemaka par 15%, novietojas praktiski identiska konformacija. Vietgja
rakstura atSkiribas novérojamas segmentiem ar augstiem kristalografiskajiem B
faktoriem, kas koreleé ar dinamisku struktiiralu polimorfismu Skiduma, pieméram,
struktiira Skiduma uzradu Iénu dinamisku lidzsvaru starp C-gala prolina atlikuma cis-
un trans-formu, kas parstav attiecigi 25% un 75% no kopgja proteina skiduma (4. att.).
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2. att. Protetna NP_247299.1 KMR struktiira Skiduma un salidzinajums ar struktiiru
kristaliska stavokli, stereoskati.
(A) Lentisu attelojums ar otrgjas struktiiras elementu identifikaciju.
(B) 20 KMR konforméru galvenas kédes atomu (briini) superpozicija ar struktiiru
kristaliska stavoklt (melna)

0.8A

0.6
0.4

0.2

0.8A
0.6

0.4

0.2

20 40 60 80 100
Residue number

3. att. Kristalografisko B-faktoru salidzinajums ar atomu pozicionalo novirzi starp 20
KMR konformériem. Augsg€ja panelt atteloti dati kristaliskai struktiirai un "atsauces"
kristaliskai struktiirai, bet apaksgja paneli - KMR struktiirai un "atsauces" KMR
struktiirai. Kristaliskai strukttrai B-faktori parversti atomu pozicionalas novirzes,

izmantojot linearu sakaribu (Ax) = c-B, kur koeficients ¢ noteikts, veicot linearas
regresijas analizi
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4. att. Aminoskabju atlikuma Pro104 cis-trans izomerizacija. Sloksnes no 3D **C-
izversta-['H, 'H]-NOESY spektra, kas attélo Asn103—-Pro104 peptidsaites trans- un
cis-formas.

(A) trans-Pro104 forma uzrada d); kodolu Overhauzera efektus (sarkanas bultipas) un
tipiskas *C? un **C” kimiskas nobides (zilas bultinas).

(B) cis-Pro104 uzrada d” kodolu Overhauzera efektus (sarkanas bultinas) un stipri
atskirigas "*C? un **CY kimiskas nobides (zilas bultinas)

1.3. SARS KORONAVIRUSA NESTRUKTURALA PROTEINA NSP7 KMR
STRUKTURA SKIDUMA PIE pH 6.5

Smaga akiitd respiratora sindroma koronavirusa nestrukturalais proteins 7
(Nsp7) izraisa interesi sakara ar ta iesp&jamo lomu virusa RNS genoma transkripcija
un replikacija. Uz ta biologisko nozimigumu norada arT novérojums, ka Nsp7 géna
izslégsana vai Nsp7/Nsp8 proteolitiskas SkelSanas vietas mutacija ir letala peles
hepatita virusa (cits koronavirusu paveids) gadijuma [14]. Nsp7 struktira ieprieks
noteikta ar KMR tidens skiduma pie pH 7,5 [15], ka arT kristaliska stavokli, izmantojot
rentgenstaru difrakciju hetero-heksadekaméram kompleksam ar Nsp8 [16], kas pie tam
uzradijis RNS primazes aktivitati [17]. Kristaliskais komplekss satur astonas
molekulas Nsp7 un tikpat Nsp8, un veido kanalu ar RNS dubultspiralei atbilstosu
platumu un ladinu sadalijumu [16]. Abas iepriek§ noteiktas Nsp7 struktiiras satur
Cetras spirales ka vienigos otrgjas struktiiras elementus, sastadot aptuveni 60% no 85
atlikumu garas polipeptida kédes, tomér to pozicionalais novietojums, garums un
telpiskais izvietojums katra struktGra ir atSkirigs, noradot wuz iesp&jamu
konformacionalo polimorfismu. Tadél nolémam dzilak izpétit Nsp7 strukturalas
variacijas un to iemeslus.

Projektu sakam, parbaudot plasu klastu Skiduma apstaklus, ar mérki atrast vides
nosacijumus, kas lautu uznemt augstas kvalitates KMR spektrus un iegtt pilnigaku
konformacionalo ierobezojumu komplektu neka bija iesp&jams pie pH 7,5 un augstas
jonu koncentracijas. Skidums ar pH 6,5 un zemu jonu koncentraciju tika izvéléts
jaunai Nsp7 KMR struktiiras noteik$anai. >C* kimiskas nobides liecinaja, ka Nsp7 pie
pH 6,5 satur Cetras a-spirales (5. att. A) un velak aprékinata struktira uzradija cetru
antiparal€lu spiralu kopumu (6. att.). Polipeptida segments 1-10 noteiktu struktiiru
neveido, spirales al (atlikumi 13-20) un a2 (atlikumi 29-42) savieno garaka, bet
strukturali labi definéta cilpa (atlikumi 21-28), savukart spirales a2 un a3 (atlikumi
47-65), ka arT a3 un a4 (atlikumi 70-82) savieno isakas cilpas (atlikumi 43-46 un 66—
69, respektivi). Proteina atsevisku dalu dinamikas raksturo$anai uznémam BN{H}-
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NOE spektru, kas ir jutigs pret polipeptida galvenas k&des kustibam ps lidz ns laika
skala. Palielinats kustigums novérojams N-gala dekapeptida segmentam un C-gala
heksapeptidam, kas ietver spirales a4 p&dgjo vijumu (5. att. B), bet iegtutas NOE
vertibas atlikumiem 13-79 liecina, ka §1 centrala polipeptida dala veido kompaktu
globularu strukttru. Lai gttu ieskatu Nsp7 konformacionalajos Iidzsvara procesos,
noteicam proteina galvenas k&des amidgrupu *H/’H apmainas atrumus “H,0 §kiduma
(5. att. C, izteikti ka aizsarg-faktori (Pf) [18]) un veicam signalu formu analizi.
Amidgrupu protonu aizsarg-faktori atspogulo katra protona aizsardzibas Iimeni pret
kimisko apmainu ar H,0. Protoni, kas iesaistiti otrg§jas struktiras tidenraza saiSu
veidosana vai savadak noskirti no $kidinataja uzrada augstakus aizsarg-faktorus (jeb
zemakus kimiskas apmainas atrumus). Nsp7 proteina spirdles a2 un a3 uzrada
augstakos aizsarg-faktorus, talak seko al un a4, bet neregularas struktiiras polipeptida
segmentu aizsarg-faktori bija par zemiem, lai tos varétu izmérit, izmantojot standarta
metodi. Uzmanibu piesaista spirales o4 dati - salidzinosi zemie aizsarg-faktori (5. att.
C) un samazinatas AS(**C%) vértibas atlikumiem 78-82 norada uz pazeminitu o4
populaciju KMR parauga, tai atrodoties dinamiska Iidzsvara ar nestrukturétam,
skidinatajam pieejamam konformacijam. Sub-nanosekundes laika skalas kustigumu
noveérojam tikai C-gala heksapeptida segmentam, kas liecina, ka a4 konformacionalo
lidzsvaru visdrizak nosaka lénakas kustibas. To apliecinaja signalu formu analize -
atlikumi Ser 63 un GIn 65 a3 C-gala tuvuma, Val 68 a3 un 04 savienojosaja cilpa, ka
arT Asn 71 un Leu 73 a4 sakuma visi uzrada izteiktu signalu paplasinasanos, salidzinot
ar atlikumiem, kas nav iesaistiti a4 konformacionalaja lidzsvara.

Salidzinot Saja darba noteikto Nsp7 struktiru ar iepriek§ noteiktajam, varam
secinat, ka struktiiras kodolu veidojoSo spiralu 02 un a3 garumi, pozicionalais un
telpiskais novietojums saglabajas, bet spirales al un 04 dazadas vides pienem atskirigu
garumu, novietojumu un relativo orientaciju (7. att.). Nsp7-Nsp8 kompleksa kristaliska
struktiira no pH 6,5 KMR struktiiras atSkiras galvenokart ar a4 spirales rotaciju prom
no 02/a3 kodola un polipeptida segmenta 3—12 salociSanos, veidojot garaku ol (7. att.
A ), kas gan neatbilst skiduma noteiktajiem amidgrupu protonu aizsarg-faktoriem (5.
att. C). Garaka kristaliskas strukttras al tad iepem pH 6,5 KMR struktiiras o4 vietu (7.
att. A). Savukart pH 7,5 KMR struktiira o4 pieklaujas tikai a3 un ar a2 kontaktus
neveido, tadgjadi spirales a2, a3 un a4 novietojas viena plakn€ un al pieklaujas a2 un
a3 aptuveni 45° lepki (7. att. B). Tas liek domat, ka Nsp8 saistas ar Nsp7 Tslaicigi
eksist&josu formu (lidzsvara stavokli), kura spirale o4 nav strukturéta (5. att. A un C);
Nsp8 saistiSanas izraisa isakas spirales 04 veidoSanos, ka ari garakas spirales ol
veidosanos, kas ienem pH 6,5 KMR struktiras o4 vietu (7. att. A). Kristaliska
struktiira ol un o4 novietojumu stabiliz€ vairaki hidrofobi kontakti ar Nsp8 sanu
kédem. Interesanti, ka spiralu al 1idz a3 aminoskabju atlikumi ir labi saglabajusies
visos koronavirusos, bet o4 atlikumi ir nepastavigi un tadgjadi var€tu noteikt
individualu sugu proteinu specifiskumu un fiziologisko aktivitati. Sie secinajumi
varetu tikt izmantoti jaunu pretvirusu zalu vielu radiSana - Nsp7 spirales a4 ieslégSana
konformacija, kas nevar piesaistit Nsp8 varétu kaitét koronavirusu replikacijas
mehanismam.
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5. att. KMR datu grafiki pret aminoskabju secibu.
(A) **C* kimisko nobizu novirzes no nejausas kédes ("random coil") vértibam,
AS(*CY.
(B) °N{*H}-NOE vértibas, | .
(C) Amidgrupu *H/*H apmainas aizsarg-faktori, Pf. Zvaigznites norada atlikumus,
kuru Pf vértibas nevargja precizi noteikt sakara ar signalu parklaganos [*°N, *H]-HSQC
spektra
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6. att. Nsp7 stuktura Skiduma pie pH 6,5. LentiSu att€lojums ar otr&jas struktiiras
elementu identifikaciju, stereoskats

NMR, pH 7.5
NMR, pH 6.5

Amino acid sequence
7. att. Nsp7 struktiiras Skiduma pie pH 6,5 (sarkani-dzeltena) superpozicija ar ieprieks
noteiktajam Nsp7 struktiiram, stereoskati. Struktiiru superpozicija veikta spiralu a2 un
a3 aminoskabju atlikumu galvenajam kédem.
(A) Superpozicija ar Nsp7-Nsp8 kompleksa kristalisko struktiiru (zila).
(B) Superpozicija ar Nsp7 struktiiru Skiduma pie pH 7,5 (violeta).
(C) Otrgjo struktiiras elementu atrasanas vietas visas eksperimentali noteiktajas Nsp7
struktiiras
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2. NODALA. PROTEINU-LIGANDU MIJIEDARBIBU PETIJUMI AR KMR

KMR spektroskopija ir loti piemérota fizikala metode mazu molekulu un
proteinu mijiedarbibas noteikSanai un kvantificéSanai. Ta var tikt izmantota plasu
potencialo zalu vielu bibliot€ku skriningam, kompleksu disociacijas konstanSu
mérijjumiem, mijiedarbibas vietas uz proteina virsmas noteikSanai vai pat proteina-
liganda kompleksa trisdimensionalas struktiiras noskaidroSanai.

Proteinu-ligandu mijiedarbibu pétijjumiem izmantojamas KMR metodes var
iedalit proteina signalus novérojosas un liganda signalus novérojosas. Proteina
signalus noverojosas metodes dod iesp&ju precizi noteikt liganda mijiedarbibas vietu
uz proteina virsmas, bet tam nepiecie§ams liels daudzums proteina (vélams N
ieziméta). SO metoZu pamata ir liganda induc@tas proteina atomu lokalas magn&tiskas
vides izmainas, ko novéro ka signalu nobidi spektra. To izmantoSana aprakstita R3H
doména un mononukleotidu kompleksu p€tijumos. Liganda signalus noverojosas
piesatinagjuma parneses starpibas metodes (Saturation Transfer Difference, STD)
izmanto3ana aprakstita CrAT pétijumos. STs metodes pamata ir tieSa starpmolekulara
magnetizacijas parnese starp proteina un liganda molekulam. Ligandu noveérojosam
metodém nepiecieSams mazaks, pie tam neieziméta proteina daudzums, Kas lauj veikt
daudz plasaku ligandu skriningu, bet iegiita informacija par saistibas vietu ir triicigaka.

2.1. DOMENA R3H KOMPLEKSI AR MONONUKLEOTIDIEM

R3H doméns ieprieks atklats ka vienojoSs sekvences motivs skietami
nukleinskabes-saistosos proteinos no dazadiem organismiem [19]. Tas nosaukts péc
nemainiga arginina un starp sugam labi saglabata histidina atlikumu klatbutnes, kas
aminoskabju sekvencé atdaliti ar trim atlikumiem. R3H doména no cilvéka Spbp-2
proteina trisdimensionala struktiira §kiduma ieprieks noteikta ar KMR spektroskopiju
[20]. Saja darba atspoguloti rezultati no R3H doména saistibas pétijumiem ar
mononukleotidiem, izmantojot KMR, kas veikti ar mérki noteikt R3H doména
saistibas partneru izvél..

Literatira ir vairakas KMR metodes, kas pielietojamas mazu molekulu un
proteinu saistibas konstatéSanai, ka art kvantificéSanai [21]. M&s izv€l&jamies novérot
proteina metilgrupu "H KMR kimisko nobizu izmainas attieciba pret mazo molekulu
koncentraciju. Molekulai, kas attieciba pret KMR laika skalu atri apmainas starp brivo
un saistito formu, jebkur§ KMR parametrs ir moldalas sveértais vidgjais no vertibam, ko
uzrada katra forma individuali. Tadel, uznemot spektrus pie dazadam proteina un
mazo molekulu koncentraciju attiectbam un veicot simulétu datu nelinearu mazako
kvadratu aproksimaciju pret eksperimentaliem datiem, iesp&jams noteikt kompleksa
disociacijas konstanti (Kp). R3H doména KMR titréSanas ar guanozina monofosfatu
(GMP) rezultati redzami 8. att. (A). Disociacijas konstantes noteikSanas ilustracijai
izmantots signals pie 0.26 ppm. 8. att. (B) att€lota noverotas kimiskas nobides atkariba
no GMP koncentracijas, ka ar1 simuléta saistiSanas izoterma, kas nosaka Kp.
Mononukleotidu, kuriem konstat§jam saistibu ar R3H doménu, Ky vértibas apkopotas
1. tabula.

Iesp&jamas DNS saistibas vietas identifikacijai uz R3H virsmas, novérojam ta
galvenas kédes amidgrupu kimisko nobizu izmainas 2D *N-HSQC spektra, paraugam
pievienojot dGMP. Lielaka dala mainigo signalu piedergja aminoskabju atlikumiem no
spirales a2 un virkn€m B2 un B3, kas atrodas doména viena pus€ un ietver R3H
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motivu, apstiprinot ta funcionalo lomu DNS saistiSana. legiitie rezultati lava izveidot
modeli R3H doména mijiedarbibam ar dGMP, kas velak tika apstiprinats, nosakot
R3H kompleksa ar dGMP trisdimensionalo strukttru (9. att.).
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8. att. (A) R3H doména "H KMR spektra metilgrupu rajons pie dazadam R3H un GMP
koncentraciju attiecibam. Bultinas norada uz signaliem, kas izmantoti Kp noteikSanai.
(B) R3H metilgrupas signala pie 0.26 ppm atkariba no GMP koncentracijas (mM) pie

konstantas R3H doména koncentracijas (0.1 mM). Apli attélo eksperimentalos punktus

un Iikne ir simuléta saistiSanas izoterma

1. tabula
R3H doména kompleksu ar mononukleotidiem disociacijas konstantes
V| atsingioms) | <o N Gngiamey | <o B
1 |GMP 33.6+1.0 5 |dGMP 8.0+0.1
2 |AMP 109.0£4.0 |6 |dAMP 58.7+4.7
3 |UMP 106.4+£10.6 |7 |dTMP 268.5+54.5
4 |CMP 290.5+30.5 |8 |dCMP 276.0£43.0

legiitie rezultati parada, ka R3H domeéns saista mononukleotidu monofosfatus,
veidojot kompleksus ar disociacijas konstanti mikro-molara rajona. Saistiba ar
dezoksiribo-mononukleotidiem ir ievérojami stipraka neka ar ribo-mononukleotidiem,
ipasi to nukleotidu gadijuma, kas satur purina atlikumu. R3H doméns nesaistas ar
mononukleotidu difosfatiem un trifosfatiem, ka art nefosforilétiem nukleozidiem, kas
tapat nav sastopami DNS un RNS. R3H doméns nesaista ari 3'-fosforil€tus
mononukleotidus. Dezoksi-guanozina monofosfata saistibas vieta uz R3H identificéta
péc R3H signalu nobidem 2D °N-HSQC spektra. Saisti§anas notick elektrostatisku
mijiedarbibu ar Arg47 un Arg70 sanu k&dém, n-n mijiedarbibam ar His51 un vairakam
starpmolekularam tdenraza saitém (9. att. B). His51 atlikums varétu biit atbildigs par
selektivitati pret purina-saturoSiem nukleotidiem, purinu gadijuma veidojot labakas n-
sisttmu mijiedarbibas, bet Leu48 atlikuma hidrofobiskas sanu kédes tuvums
nukleotida ribozes atlikumam varétu nodroSinat dezoksiribonukleotidu selektivitati.
legiitie rezultati norada, ka R3H doméns mijiedarbojas ar DNS, un varétu bt selektivs
pret guanozina bagatam DNS sekvencem.
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9. att. R3H domeéna kompleksa ar dGMP trisdimensionala struktiira $kiduma.

(A) dGMP novietojums uz R3H molekularas virsmas. Virsma iekrasota, att€lojot tas
elektrostatisko potencialu. Negativs potencials iekrasots sarkana krasa, bet pozitivs -
zila.

(B) dGMP (iekrasots roza) saistibas vietas pietuvinajums. Aminoskabju atlikumi, kas
atrodas 5A attaluma no liganda ir identificéti un attéloti ar dzeltenam niijipam.
Slapekla un skabekla atomi iekasoti attiecigi zila un sarkana krasa. Udenraza atomi
nav attéloti. Potencialas mijiedarbibas uzzimétas ar partrauktam Iinijam, tam noraditi
attalumi starp atbildigajam grupam

2.2. KARNITINA ACETILTRANSFERAZES INHIBICIJA AR ENERGIJAS
METABOLISMA REGULATORU MILDRONATU

Karnitina acetiltransferaze (CrAT) katalizé atgriezenisko acetilgrupas parneses
reakciju starp acetil-koenzimu A (acetil-CoA) un L-karnitinu [22], tadgjadi regul€jot
briva CoA un aktivétu acetilgrupu koncentraciju Sunas [23]. Mildronats (3-(2,2,2-
trimetilhidrazinija)-propionats) ir kardioprotektivs lidzeklis, kura darbibas pamata ir
karnitina koncetracijas samazinaSana un brivo taukskabju B-oksidéSanas inhib&Sana
[24-25]. Mildronats ir strukturali lidzigs karnitinam un ipasi ta bioprekursoram vy-
butirobetainam. Saja darba, izmantojot biokimiskas metodes, KMR spektroskopiju un
molekularo modeléSanu pétita kardioprotektiva Iidzekla mildronata un CrAT
mijiedarbiba.

Mildronata inhibitoras efektivitates raksturosanai noteicam mildronata un CrAT
kompleksa disociacijas konstanti, novérojot mildronata 'H KMR signalu pusplatumu
izmainas atkariba no saistibas partneru koncentraciju attiecibas. Sakara ar loti nelielam
noverotajam pusplatumu izmainam (aptuveni 0,5 Hz) un matematiskas metodes augsto
jutibu pret mérjjumu klidu, noteiktos pusplatumus normaliz€jam attieciba pret iek$&jo
standartu (DSS), tad€jadi kompens€jot magnétiska lauka nehomogenitates ietekmi.
Kompleksa disociacijas konstantes aprékinasanai veicam saistiSanas izotermu
simulaciju, pielagojot divus parametrus - kompleksa disociacijas konstanti Kp un
saistitas formas pusplatumu vg,;s . Mildronata '"H KMR signalu pusplatumu saistisanas
ar CrAT izotermas attélotas 10. attéla. Aprckinata kompleksa disociacijas konstante
Kp =101 + 19 uM.
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10. att. Mildronata trimetilamonija grupas (apli), a-metiléngrupas (trijstari) un p-
metiléngrupas (kvadrati) '"H KMR signalu pusplatumi atkariba no mildronata
koncentracijas (mM) pie nemainigas CrAT koncentracijas (20 pM). Apli, kvadrati un
trijstiiri att€lo eksperimentalos punktus un Iiknes ir simul€tas saistiSanas izotermas

Mildronata saistiSanas vietas identifikacijai izmantojam konkur€joSo ligandu
piesatinajuma parneses diferences KMR metodi [26], kuras pamata ir indikator-liganda
signalu samazinaSanas vai izzu$ana péc konkurgjosa liganda pievienoSanas proteina un
indikator-liganda paraugam. Konkur&josais ligands aizvieto indikator-ligandu ta
saistibas vieta, tapéc uz indikator-ligandu saistitaja stavokli no proteina tiek parnests
mazaks daudzums magnetizacijas, ko vé&lak detekte. Indikator-liganda signalu
samazinasanas pakape atkariga no konkur€josa liganda afinitates pret proteinu, tapec
eksperiments dod ar aptuvenu informaciju par konkur&josa liganda saistiSanas tieksmi
relativi pret indikator-ligandu. Pakapeniska mildronata pievienoSana karnitina-CrAT
kompleksam izraisa ievérojamu un nepartrauktu karnitina signalu samazinasanos un
mildronata signalu pieaugumu piesatinajuma parneses diferences KMR spektra (11.
att. A), noradot, ka mildronats saistas karnitina saistibas vieta, to izspiezot. Sie dati ari
apstiprinaja noteiktas mildronata-CrAT kompleksa disociacijas konstantes veértibu,
paradot, ka mildronata un karnitina konstantes ir aptuveni lidzvertigas un atrodas mM
rajona. Izmantojot analogu eksperimentu paradijam, ka mildronats nekonkur€ ar acetil-
CoA un neaiznem ta saistiSanas vietu (11. att. B).

Piesatinajuma parneses diferences KMR spektri var art tikt izmantoti aptuvenai
saistitas  liganda konformacijas noteikSanai. Karnitina a-CH,, vy-CH, un
trimetilamonija grupu signalu piesatinajuma parneses palielinajuma faktori (respektivi
17%, 8.5% un 37%) labi atbilst karnitina konformacijai karnitina un CrAT kompleksa
rentgestaru difrakcijas kristaliska struktira: y-CH, grupa vérsta pret Skidinataju,
rezultata uzradot vismazako piesatinajuma parnesi no proteina, kamér trimetilamonija
grupa novietojas hidrofoba kabata un atrodas cie$sa kontakta ar proteina virsmu,
iegiistot vislielako piesatinajuma parnesi no proteina. Mildronata a-CH,, B-CH, un
trimetilamonija grupu signalu piesatindjuma parneses palielinajuma faktori (respektivi
11%, 17% un 1%) norada, ka mildronatam saistita stavokli ir atskirigs trimetilamonija
grupas novietojums, salidzinot ar karnitinu un loti iesp&jams, ka $T grupa versta pret
Skidinataju. Molekularas modeléSanas rezultati apstiprindja $adu mildronata saistita
stavokla konformaciju, kur trimetilamonija grupa vérsta pret skidinataju (12. att.).
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11. att. (A) karnitina y-metiléngrupas piesatinajuma parneses diferences KMR spektra
signals (pie 3.265 ppm) samazinas un mildronata trimetilamonija grupas signals (pie
3.185 ppm) pieaug, karnitina un CrAT paraugam pievienojot konkur€joso ligandu
mildronatu.

(B) acetil-CoA signala (pie 2.165 ppm) intensitate nemainas, acetil-CoA un CrAT
paraugam pievienojot nekonkurgjoso ligandu mildronatu. Mildronata a-metiléngrupas
signals (pie 2.22 ppm) pieaug, palielinoties mildronata koncentracijai

legtitie rezultati parada, ka mildronats CrAT inhib& konkur€josi, blok&jot
karnitina saistiSanas vietu, bet ne acetil-CoA saistiSanas vietu. Mildronata
konformacija saistita stavokli Iidzinas karnitinam, izpemot trimetilamonija grupas
orientaciju, kas mildronata molekula ve€rsta uz Skidinataju. Mildronata un CrAT
kompleksa disociacijas konstante ir apméram 0,1 mM, bet inhibicijas konstante 1,6
mM. Rezultati liecina, ka mildronata kardioprotektiva iedarbiba varétu biit dalg&ji
saistita ar CrAT inhibiciju un sekojosu Stinu energijas metabolisma celu regulaciju.

12. att. Karnitina novietojums CrAT kompleksa kristaliska struktiira un salidzinajums
ar model&to mildronata novietojumu. Karnitina oglekla atomi iekrasoti zala krasa, bet
mildronata - balta, idenraza atomi nav attéloti.
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SECINAJUMI

Izmantojot modernas KMR tehnikas, pirmo reizi noteiktas proteinu Dnal-N,
NP 247299.1 un Nsp7 pie pH 6,5 trisdimensionalas struktiiras Skiduma, ka ari
atkartota struktiras noteikSana R3H doménam kompleksa ar dGMP. Struktiiru
noteik3anai izmantoti proteinu paraugi ar *°N vai dubultu N un **C izotopu iezimi,
kas iegiiti rekombinantas ekspresijas cela. legiitas kimiskas nobides un struktiiru
koordinatas ievietotas attiecigi Biologiskas magnétiskas rezonanses datu banka un
Proteinu datu banka, kas ir publiski pieejamas.

Dnal:

Pirmoreiz noteikta Dnal-N proteina struktiira satur Cetras a-spirales, divas -
virknes, ka ari Tsu 3¢ spirali un uzrada jaunu telpiskas uzbiives tipu. Dnal satur cinka
jonu, kam visdrizak ir strukturali nozimiga loma. Konservativu, hidrofobisku
aminoskabju atlikumu klatbiitne struktiiru neveidojosaja N-gala fragmenta liecina par
to funkcionalu lomu, iesp&jams mijiedarbiba ar helikazi.

NP_247299.1:

Demonstréta automatiz&tas proteinu struktiiras noteikSanas pielietojamiba, kas
lauj ievérojami samazinat instrumenta noslodzes un spektroskopista laiku, kas
nepiecieSams spektru uzpemsSanai, analizei un datu preciz€Sanai. Izstradats jauns
protokols proteinu rentgenstaru difrakcijas un KMR struktiiru analizei un
salidzinasanai, kas lauj interpretét lokala rakstura atSkiribas globali loti Iidzigajas
protetna NP _247299.1 struktiiras. Lokala rakstura atSkiribas novéro segmentiem ar
augstiem kristalografiskajiem B faktoriem, kas korelé ar dinamisku strukttralu
polimorfismu Skiduma.

Nsp7:

Nsp7 proteins veido 4 a-spirales, no tam struktiiras kodolu veidojoSo spiralu a2
un a3 garumi, pozicionalais un telpiskais novietojums dazadas vides saglabajas, bet
spirales al un a4 pienem atSkirigu garumu, novietojumu un relativo orientaciju.
Atlikumi 70-82 atrodas konformacionala Iidzsvara starp a-spirales (04) un
nestrukturétu formu. Tas lieck domat, ka Nsp8 proteins saistas ar Nsp7 islaicigi
eksisteéjosSu formu (lidzsvara stavokli), kura spirale a4 nav strukturéta; Nsp8 saistiSanas
1zraisa 1sakas spirales 04 veidoSanos, ka ar1 garakas spirales al veidoSanos, kas ienem
pH 6,5 KMR strukturas 04 vietu. Kristaliska struktiira al un a4 novietojumu stabilizé
vairaki hidrofobi kontakti ar Nsp8 sanu k&édem.

R3H:

Atrasts, ka R3H doméns saista mononukleotidu monofosfatus, veidojot
kompleksus ar disociacijas konstanti mikro-molara rajona. Saistiba ar dezoksiribo-
mononukleotidiem ir ievérojami stipraka neka ar ribo-mononukleotidiem, 1pasi to
nukleotidu gadijjuma, kas satur purina atlikumu. R3H doméns nesaistas ar
mononukleotidu difosfatiem un trifosfatiem, ka ar1 nefosforilétiem nukleozidiem, kas
tapat nav sastopami DNS un RNS. R3H doméns nesaista ari 3'-fosforilétus
mononukleotidus. Dezoksi-guanozina monofosfata saistiSanas pie R3H notiek
pateicoties elektrostatiskam mijiedarbibam ar Arg47 un Arg70 sanu kédém, =n-m
mijiedarbibam ar His51 un vairakam starpmolekularam tdenraza saiteém. His51
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atlikums var@tu biit atbildigs par selektivitati pret purina-saturoSiem nukleotidiem,
purinu gadijuma veidojot labakas m-sisttmu mijiedarbibas, bet Leu48 atlikuma
hidrofobiskas sanu k&des tuvums nukleotida ribozes atlikumam var€tu nodroSinat
dezoksiribonukleotidu selektivitati.

CrAT:

Izveidots modelis antiisémiska lidzekla mildronata un CrAT mijiedarbibai.
Mildronats CrAT inhib& konkur€josi, blok&jot karnitina saistiSanas vietu, bet ne acetil-
CoA saistiSanas vietu. Mildronata konformacija saistita stavokli lidzinas karnitinam,
iznemot trimetilamonija grupas orientaciju, kas mildronata molekula veérsta uz
Skidinataju. Mildronata un CrAT kompleksa disociacijas konstante ir apméram 0,1
mM, bet inhibicijas konstante 1,6 mM. Rezultati liecina, ka mildronata
kardioprotektiva iedarbiba varétu bt dal&ji saistita ar CrAT inhibiciju un sekojoSu
Stinu energijas metabolisma celu regulaciju.
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GENERAL OVERVIEW OF THE THESIS

Introduction

The recent progress in genome sequencing has generated a vast amount of
genomic information that requires a functional interpretation. The three-dimensional
structures of proteins (the gene products) are key to understanding their function at a
molecular level. In addition to elucidating protein functions, structural information can
be used for structure-based drug design. This has contributed to the development of
structural genomics, which aims at genome-wide high-throughput protein structure
determination and functional annotation. X-ray crystallography and nuclear magnetic
resonance (NMR) are the two major methods used in the context of structural
genomics for protein structure determination at atomic resolution. Two of the further
described protein structures were determined within the structural genomics project
"Protein Structure Initiative" while the author was working under supervision of the
Nobel Prize laureate, prof. K. Wiithrich at The Scripps Research Institute (USA).

Due to a recent overall increase of biomedical research costs, the industry is
seeking to use more rational approaches to solve various medical, biological and
biochemical problems. The contribution of target protein structural information to the
rational design of new potential drugs and therapeutic tools can be particularly
emphasized. NMR spectroscopy is the only biophysical method, capable of atomic
level protein structure determination in their natural environment - an aqueous
solution. In addition, NMR spectroscopy is well suited for protein-ligand (potential
drug) interaction studies and can provide information on low affinity interactions that
are not accessible by other methods, as well as establish the interaction sites on the
protein surface.

The selected targets are proteins with high biological relevance - Dnal protein
participates in DNA replication, R3H domain is found in more than 370 proteins,
whose specific function is not always known, while the R3H domain itself might
interact with DNA or RNA, carnitine acetyltransferase (CrAT) is involved in energy
metabolism, while Nsp7 protein is an essential Severe Acute Respiratory Syndrome
(SARS) coronavirus virulence factor.

Aims and objectives

De novo 3D structure determination of proteins Dnal, NP_247299.1 and Nsp7
in solution, prediction and annotation of their molecular function. Analysis of Nsp7
intramolecular rate processes and ns timescale dynamics and evaluation of
polymorphisms observed in the previous structures in single crystals and in solution.

Determination of deoxyguanosine monophosphate (dGMP) binding site on the
surface of R3H, evaluation of binding thermodynamics of different mononucleotides
and creation of a model for R3H ligand selectivity. Determination of the 3D structure
of the dGMP-R3H complex.

Characterization of CrAT inhibition by mildronate, modeling of mildronate-
CrAT complex.
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The following sub-objective was defined for achieving the goals: cloning,
bacterial expression and chromatographic purification of **C, !°N-labeled
NP_247299.1 in milligram quantities.

Research methodologies

Protein NMR samples for 3D structure determinations were prepared using
recombinant expression in E. Coli. The gene fragment coding for target protein was
cloned into BL21(DE3) cells using molecular biology techniques. Proteins were
expressed in M9 minimal media containing either 1 g/L *NH,CI and 4 g/L unlabeled
D-glucose or 1 g/L *NH,Cl and 4 g/L [**C4]-D-glucose as the sole sources of nitrogen
and carbon. Cells were harvested by centrifugation and lysed by ultrasonication. The
soluble fraction of the cell lysate was isolated by centrifugation and purified by
affinity chromatography and gel-filtration using AKTA Purifier 10 chromatography
system. NMR spectra were acquired on Varian Unity Inova 600 MHz, Bruker Avance
600 and 800 MHz spectrometers. The assignment and 3D structure determination of
Dnal was based on 3D NOESY-"N-HSQC, HNHA, 2D NOESY, TOCSY and DQF-
COSY NMR spectra. The structure determination of NP_247299.1 employed
automated projection spectroscopy for backbone assignment as well as 3D NOESY-
N-HSQC and two NOESY-*C-HSQC spectra for automated side chain assignment
and collection of NOE distance restraints. The assignments and structure of Nsp7 were
determined on basis of triple resonance 3D HNCA, HNCACB, CBCA(CO)NH,
HC(C)H-TOCSY spectra and 3D NOESY->N-HSQC and NOESY-"*C-HSQC spectra.
For characterization of Nsp7 dynamics a 2D “N{*H}-NOE spectrum and a series of
2D ®N-HSQC spectra after redissolving a sample lyophilized from *H,0 in *H,0, was
recorded. Backbone amide 'H/?H exchange protection factors were determined by
fitting the experimental data to an exponential equation. Automated backbone and side
chain assignment was performed using the software UNIO-MATCH and UNIO-
ATNOS/ASCAN, respectively. Spectra were interactively analyzed using the software
XEASY and CARA. Structure calculation was performed using the software CYANA
and UNIO-ATNOS/CANDID. Energy minimization in explicit water was performed
using CNS and OPALp. Structure validation and analysis was done using the
programs MOLMOL, PYMOL, PROCHECK etc.

R3H domain and CrAT ligand interactions were investigated by NMR titration,
by monitoring either perturbations of resonance signals or half-width changes in the
proton 1D or 2D-N-HSQC spectra upon addition of the ligands. Dissociation
constants were calculated by fitting of experimental data to a simulated binding
isotherm in the program MS Excel. The three-dimensional model of mildronate and
CrAT complex was based on saturation transfer difference (STD) NMR spectra, which
were used to validate molecular modeling results. Molecular modeling was performed
using Molecular Operating Environment software package.

Scientific novelty and main results
e The three-dimensional structure of the helicase-binding domain of a replicative

helicase loader Dnal (Dnal-N) has been determined, revealing a novel zinc-
binding fold. The chemical shifts and coordinates of the structure have been
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deposited in the BioMagResBank (accession code 15926) and the Protein Data
Bank (accession code 2K7R).

e The dissociation constants of R3H-mononucleotide complexes have been
estimated and the binding site of deoxyguanosine monophosphate (dGMP) on
the surface of R3H has been identified, giving functional insights and
indications about main interaction partners on the protein. The structure of R3H
and dGMP complex has been determined. This has allowed the identification of
nucleotide selectivity determining factors of the R3H domain.

e A model for CrAT inhibition by the antiischemic agent mildronate has been
established suggesting that the cardioprotective effect of mildronate might be
partially mediated by CrAT inhibition.

e A new protocol for X-ray and NMR structure comparison has been developed,
and is used to identify local polymorphisms that are found in segments of
higher crystallographic B values and correlate with dynamic processes observed
in solution.

e The three-dimensional structure of Nsp7 at pH 6.5 has been determined. The
study includes characterization of conformational equilibria and intramolecular
rate processes in Nsp7, which provide functional insights. It is shown that the
residues 70-82 exist in a dynamic equilibrium between a-helix and
unstructured conformations that could be required for the formation of the
active complex with Nsp8. The chemical shifts of Nsp7 at pH 6.5 were
deposited in BioMagResBank under accession number 16981. The atomic
coordinates of the 20 conformers representing the solution structure of Nsp7 at
pH 6.5 were deposited in the Protein Data Bank under accession code 2KYS.

e The application of an automated protein structure determination protocol used
by the Joint Center for Structural Genomics (JCSG) is demonstrated by 3D
structure determination of NP_247299.1. The chemical shifts of NP_247299.1
have been deposited in BioMagResBank (accession No. 16389) and the atomic
coordinates of the 20 conformers representing the NMR structure were
deposited in the Protein Data Bank (accession code 2KLA).

Applications

The determined 3D protein structures and data on protein-ligand interactions
can be used for structure-based drug design. The experimental protein structures,
particularly those showing new and previously unknown folds, can be used as
templates for structure modeling of other proteins on basis of amino acid sequence
similarity.

Thesis structure and length

The thesis is presented as a set of scientific publications on the use of NMR
spectroscopy in protein studies. It consists of 5 publications in peer-reviewed journals
that are included in internationally accessible databases (Science Citation Index and
Chemical Abstracts). The publications are written in english and constitute a total of
47 pages.
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CONTENTS OF THE THESIS

The thesis contains 5 scientific publications on a common subject — the use of
NMR spectroscopy for studies of protein structure, function and ligand interactions.
The present doctoral thesis summary is divided into two chapters. The first chapter
describes protein structure determinations by NMR in solution and the second chapter
describes protein-ligand interaction studies. The chapters are further divided into
sections, devoted to a concise outline of each scientific publication, including a brief
introduction, main results and conclusions. Each publication describes the use of a
different set of NMR techniques altogether forming an almost complete description of
the available protein NMR methods.

CHAPTER 1. PROTEIN STRUCTURE DETERMINATION BY NMR

The determination of 3D protein structure by NMR involves several successive
steps: preparation of a mM concentration protein sample, recording of NMR spectra,
NMR resonance assignment (connecting the NMR signals to distinct atoms or groups
of atoms in the polypeptide), structural interpretation of NMR signals (conformational
restraint collection) and at last, 3D structure calculation and refinement in explicit
solvent. The first three steps are the most effort- and time-consuming.

The choice of NMR experimental and assignment strategies depends on the
type of protein labeling used - the options are: no labeling, *°N or double °N and **C-
labeling. The uniform labeling with naturally low abundant NMR-active nuclei
permits the use of higher dimensionality experiments that significantly improve
spectral resolution and facilitate assignment, which is crucial for high quality structure
determination. In this work, strategies for the analysis of **N (Dnal example) and
doubly N, *C-labeled proteins (examples of NP_247299.1 and Nsp7) are described.
The NP_247299.1 paper describes the use of automated projection spectroscopy
involving very high dimensionality experiments (4D and 5D) as well as partial
automation of resonance assignment to save time.

In addition to 3D structure determination, NMR spectroscopy can give insights
into protein dynamics, structural stability and conformational equilibria that exist in
solution. The use of such techniques is shown in the papers descibing the structure
determinations of NP_247299.1 and Nsp7. In the work of NP_247299.1 a new
protocol for NMR and crystal structure comparison is also descibed.

1.1. ANOVEL ZINC-BINDING FOLD IN THE HELICASE INTERACTION
DOMAIN OF THE B. SUBTILIS DNAI HELICASE LOADER

DNA replication in all organisms is carried out by replisomes, multiprotein
machines that contain a ring-shaped DNA helicase for separation of the strands of the
DNA duplex [1]. In bacteria, the helicase forms a hexameric structure that encircles
single-stranded (ss) DNA. In B. subtilis this process is assisted by the helicase loader
protein Dnal and a pair of DNA-remodelling co-loader proteins (called DnaB and
DnaD), which guide the helicase-Dnal complex to specific sites in the DNA [2].
However, in vitro and in the presence of ATP, Dnal alone is sufficient for loading of
the helicase onto ssDNA [3-4]. Dnal consists of two structured domains. The larger C-
terminal domain contains the ATP-binding site and a cryptic site for ssSDNA binding,
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whereas the N-terminal domain (Dnal-N) seems to be primarily responsible for
helicase binding [4]. Here we present the NMR structure of the helicase-binding
domain of a replicative helicase loader, the N-terminal domain of Dnal, and identify
its zinc-coordinating residues.

NMR spectroscopy cannot be used to determine directly the location of the zinc
ion, so we confirmed the identity of zinc ligands by independent methods. Dnal-N
contains one histidine, four cysteines and one zinc ion [4]. The involvement of His84
in zinc binding was probed using a *>N-HSQC spectrum with the INEPT delays set to
20 ms vyielding correlations via 2Jyn couplings of the histidine side chain. The N
chemical shift of the N* resonance of His84 (221 ppm) [5] was characteristic of a
zinc-bound imidazole nitrogen, confirming that the side chain of His84 is one of the
zinc ligands. In addition, there was no sign of structural heterogeneity, indicating that
the zinc ion was present in all protein molecules and in the same coordination
environment. The zinc-coordinating cysteines were identified by thiol titrations. Dnal-
N gave biphasic pseudo first-order kinetics, with one exposed thiol group titrating
quickly, and three others about 50-fold more slowly. In contrast, titration of the Dnal-
Cys76Ala mutant protein showed only single-phase kinetics, with three thiols titrating
slowly, thus indicating that Cys76 is not involved in zinc coordination.

The structure of Dnal-N comprises four a helices and two  strands as well as a
short 3, helix near the C-terminus (Fig. 1A and C). The structure presents a novel
fold, as a search of the Protein Data Bank using the program Dali [6] failed to reveal a
domain of similar structure. The zinc ion is coordinated by Cys67, Cys70, His84 and
Cys101 (Fig. 1A). The zinc ion probably plays an important structural role, as it ties
together three sequentially distant segments of the polypeptide chain in a region,
where the structure has few hydrophobic residues (Fig. 1D). The N-terminal 14
residues were disordered. As expected for a mobile polypeptide segment, the NMR
signals of the N-terminal residues were also significantly narrower than those of the
structurally defined part of the protein. Remarkably, the positions of lle4, Leu8 and
Valll in the unstructured N-terminus are also occupied by hydrophobic residues in
other organisms, suggesting a functional role for these flexible and highly solvent
accessible residues, presumably in protein—protein interactions. Similarly, the *H NMR
signals of residues 63-82 showed a reduced line width. Conceivably, these loop
residues following helix 4 could assume a single, rigid conformation in the presence of
the C-terminal ATP-binding domain. A longer construct of Dnal-N123 showed
significant chemical shift changes for the loop residues suggesting an interaction with
the segment following the C-terminus of Dnal-N (Fig. 1B). This interpretation would
be consistent with the observation that the NMR signals of residues 107-123 were
particularly broad yet were at chemical shifts indicative of random coil structures.

31



Fig. 1. Solution structure of Dnal-N. Only the ordered residues 15-106 are shown. The
zinc atom is shown as a sphere (magenta) and the side chains of coordinating residues
Cys67, Cys70, His84 and Cys101 are shown as sticks.

(A) Ribbon representation of Dnal-N. The secondary structure elements are identified.
(B) Same as (A), but color coded to reflect the changes in backbone amide chemical
shifts observed in Dnal-N vs. those in Dnal-N123 (blue: small changes >0.015 ppm
(*H) or >0.15 ppm (*°N); red: significant changes >0.05 ppm (*H) or >0.5 ppm (*N)).
(C) Stereo view of a superposition of the backbone atoms of 20 NMR conformers.
(D) Stereo view of a heavy-atom representation with sticks. The side-chains are color
coded in blue (Lys, Arg, His), red (Asp, Glu), yellow (Ala, Cys, lle, Leu, Met, Phe,
Pro, Trp, Val) and gray (Asn, GIn, Ser, Thr, Tyr)
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1.2. NMR STRUCTURE OF THE PROTEIN NP_247299.1:
COMPARISON WITH THE CRYSTAL STRUCTURE

The hypothetical protein NP_247299.1 is the gene product of locus MJ0327 in
the genomic sequence of the Methanococcus jannaschii genome. In this paper, we
describe the NMR solution structure of NP_247299.1 obtained using a new protocol
for automated protein structure determination that was implemented by the JCSG
NMR Core, and present a systematic comparison of the results obtained by largely
automated solution structure determination with the crystal structure (PDB code 2qtd).

The automation of the NMR structure determination of NP_247299.1 provided
the following results: the polypeptide backbone resonance assignments were obtained
from the automated projection spectroscopy (APSY; [7-8]) NMR experiments using
the software UNIO-MATCH [9], which yielded assignments for the *H", N, **C® and
'H® atoms of 97 residues (94%) and for the *CP atoms of 91 residues of all 104
residues. The backbone and **CP assignments were validated and extended
interactively, and followed by automated side-chain assignment with the program
UNIO-ATNOS/ASCAN [10]. Interactive inspection showed that about 95% of these
assignments were correct and, for most of the side chains with partial assignment, the
chemical shift lists could be expanded interactively. Structure calculation was
performed using UNIO-ATNOS/CANDID [11-12] and CYANA [13], incorporating
automated restraint collection and NOESY peak assignment. The total time used for
the interactive steps was about 70 h, which is significantly less time than in the case of
fully interactive structure determination (then it could take several months).

The NMR structure of NP_247299.1 comprises three a-helices, five pB-strands
and a short 3;p-helix in the sequential order P1-3;—p2—p3—al—P4—a2—5-a3 (Fig.
2A\). The B-strands form a twisted sheet with topology 3-2-1-4-5, in which strands
B3, B1, p4 and B5 are parallel to each other and strand B2 is antiparallel. Helices al
and a2 are arranged in parallel at a small angle, with the 3,o-helix positioned between
them at their N-terminal ends. This combination of three helices is docked against one
side of the twisted B-sheet, whereas helix a3 is located on the opposite side. The high
global structure similarity between the NMR and X-ray structures of NP_247299.1 is
visualized by superposition of the crystal structure and the bundle of NMR conformers
(Fig. 2B).

To assess the accuracy and precision of the result from the automated approach,
we performed a detailed comparison with the crystal structure. The identification of
locally variable sites was guided by a search for sequence locations with high B values
in the crystal structure or/and high variation within the bundle of 20 NMR conformers
(Fig. 3), as well as locations of variable dihedral angles or different packing.
Characterization of these local ‘hot spots’ was then supported by additional NMR data
that are differently averaged in a dynamic conformational ensemble than the *H-'H
NOEs, i.e. scalar *H"-'H* spin-spin couplings, *Jun,. This allowed to draw the
following conclusions: the protein core residues with solvent accessibility below 15%
assume a nearly identical conformation in the crystal and solution structures. Locally
increased crystallographic B values correlate with dynamic structural polymorphisms
in solution, including that the solution state of the protein involves a slow dynamic
equilibrium on a time scale of milliseconds or slower between two ensembles of
rapidly interchanging conformers that contain, respectively, the cis or trans form of the
C-terminal proline and represent about 25 and 75% of the total protein (Fig. 4).
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Fig. 2. NMR structure of protein NP_247299.1 and comparison of the NMR structure
with the crystal structure.
(A) Stereo ribbon diagram. The secondary structure elements are identified.
(B) Stereo view of a superposition of the polypeptide backbone heavy atoms of the
crystal structure (black line) with the 20 NMR conformers (brown)
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Fig. 3. Comparison of crystallographic B values and per-residue NMR displacements.

Upper panel represents data for crystal structure and reference crystal structure. Lower

panel represents data for NMR structure and reference NMR structure. For the crystal
structure, per-residue displacements were calculated from the B values with the

equation (Ax) = c-B, where the coefficient ¢ was determined by linear regression
analysis
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Fig. 4. Cis—trans isomerization of Pro104. Strips from a 3D *C-resolved ['H, H]-
NOESY spectrum representing the signals of the trans and cis forms of the Asn103—
Pro104 peptide bond.

(A) The trans form of Pro104 is manifested by d|? NOE connectivities (red arrows)

and by the typical **C? and *3C” chemical shift pattern (blue arrows).
(B) The cis form of Pro104 is manifested by d" NOE peaks (red arrows) and the

large difference of about 9 p.p.m. between the **C? and **C” chemical shifts (blue
arrows).

1.3. NMR STRUCTURE OF THE SARS-COV NONSTRUCTURAL PROTEIN 7
IN SOLUTION AT pH 6.5

The severe acute respiratory syndrome coronavirus (SARS-CoV) nonstructural
protein Nsp7 is of interest for its potential roles in the transcription and replication of
the viral RNA genome. An important role of Nsp7 is also indicated by the observation
that deletion of Nsp7 or mutation of the Nsp7/Nsp8 proteolytic cleavage site is lethal
to murine hepatitis virus [14]. The NMR structure of Nsp7 has been previously
determined in solution at pH 7.5 [15], and crystal structure determination was reported
for a hexadecamer complex with Nsp8 [16] , which has been shown to have RNA
primase activity. [17]. The complex in the crystal contains eight molecules each of
Nsp7 and Nsp8, forming a channel with appropriate width and charge to accommodate
double-stranded RNA. [16]. In both of these structures, the polypeptide fold of Nsp7
includes four helices as the only regular secondary structures, which cover
approximately 60% of the 85-residue polypeptide chain. A comparison of the Nsp7
folds in the two structures revealed extensive differences in the sequence positions and
lengths of the four helices, as well as in the spatial arrangement of the helices in the
tertiary structure. In view of the implicated conformational polymorphism, we decided
to further investigate the behavior of Nsp7 in different environments.

The present project was initiated by the screening of a wide range of solution
conditions in search of protein samples that would enable the recording of high-quality
NMR data and the collection of more extensive sets of conformational constraints than
had been possible at pH 7.5 and high ionic strengths. Based on the results of this
screening, an aqueous solution at pH 6.5 with low ionic strength was selected for a
new NMR structure determination of Nsp7. *3C* chemical shifts showed that Nsp7 at
pH 6.5 is an a-protein with four helices (Fig. 5A) and structure calculation resulted in
in a high-quality NMR structure containing an antiparallel bundle of four helices (Fig.
6). The polypeptide segment 1-10 forms a disordered tail, helix al (residues 13-20) is
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linked by a well-defined loop of residues 21-28 with helix a2 (residues 29-42). A
short segment of nonregular secondary structure leads to helix a3 (residues 47-65),
and a short loop connects to helix a4 (residues 70-82). The protein was further
characterized by a steady-state >N{"H}-NOE experiment, which is sensitive to the
picosecond to nanosecond timescale mobility of the polypeptide backbone. Increased
subnanosecond mobility was evident for the N-terminal decapeptide segment and the
C-terminal hexapeptide, which includes the last turn of helix 04 (Fig. 5B), whereas the
data for residues 13-79 show that this central polypeptide segment forms a compact
globular fold.

To gain insights into Nsp7 conformational equilibria in solution at pH 6.5, we
measured the backbone amide *H/?H exchange rates (Fig. 5C, expressed as amide
proton protection factors (Pf) [18]) and performed line shape analysis. The protection
factors reflect the degree of protection of each proton by protein secondary and tertiary
structures. Protons that are involved in the hydrogen bonds of regular secondary
structures or that are otherwise sequestered from the solvent experience lower rates of
chemical exchange (higher protection factors). In Nsp7, helices 02 and a3 have the
highest protection factors, followed by al and a4; for polypeptide segments with
nonregular secondary structure, the protection was too small to be measured with the
standard approach used here (Fig. 5C). Of special interest is the behavior of helix o4.
The reduced A8(**C%) values of residues 78-82 (Fig. 5A), and the comparatively low
protection factors for the entire helix indicate that there is a reduced population of 04
in the NMR structure because of a dynamic equilibrium with unstructured solvent
accessible conformations. Since sub-nanosecond timescale motion of the protein
backbone was observed only for the C-terminal hexapeptide segment of the protein
(Fig. 5B), there was an indication that the conformational equilibria involving helix o4
are governed by slower motions. This indication was confirmed by a line shape
analysis - the residues Ser63 and GIn65 near the C-terminal end of a3, Val68 in the
loop joining a3 and a4, and Asn71 and Leu73 at the start of a4 all exhibit a
pronounced line broadening indicative of ms timescale motions.

From the present study we conclude that helices a2 and a3 form a conserved
core of the Nsp7 structure, with their lengths, positions, and relative orientations being
largely preserved in different environments, and with helices al and a4 adopting quite
different lengths, positions in the sequence, and relative orientations (Fig. 7). The
crystal structure of the complex with Nsp8 differs from the pH 6.5 solution structure
primarily by a rotation of helix 04 away from the a2/a3 core and by helical folding of
the polypeptide segment of residues 3-12 (Fig. 7A). The long helix al in the crystal
structure (Fig. 7C), which would not be compatible with the amide proton protection
factors measured in solution at pH 6.5 (Fig. 5C), then occupies the position taken by
a4 in the pH 6.5 solution structure (Fig. 7A). In the pH 7.5 solution structure, o4 is
packed against a3 and has no contacts with a2, so that helices a2, a3, and 04 line up to
form a flat three-helix sheet (Fig. 7B), with a1l packed at an angle of about 45° against
a2 and a3. This suggests that Nsp8 binds to a transient form of Nsp7, in which helix
a4 is unfolded (Fig. 5A and C). Binding to Nsp8 would trigger the formation of the
short helix a4 immediately after a3, as well as the formation of the long helix al (Fig.
7C), which then takes up the position occupied by o4 in the pH 6.5 solution structure
(Fig. 7A). In the crystal structure, the locations of al and o4 are stabilized by
numerous contacts with hydrophobic side chains of Nsp8. Interestingly, while the
Nsp7 sequence in helices al-a3 is highly conserved among all CoVs, the sequence of
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helix 04 is quite variable. These findings indicate that locking of helix a4 of Nsp7 in a
conformation that prevents binding to Nsp8 could impair the replication machinery of
the virus, which might provide the lead for future drug designs.
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Fig. 5. Plots of NMR data measured in solution at pH 6.5 versus the Nsp7 sequence.
(A) **C* chemical shift deviations from random-coil values, A5(**C).
(B) °N{*H}-NOE values, I
(C) Amide *H/?H exchange protection factors. Asterisks indicate positions where no
measurements could be made due to spectral overlap in the [*°N, *H]-HSQC spectrum.
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Fig. 6. Stereo ribbon representation of Nsp7 structure in solution at pH 6.5. The
secondary structure elements are identified.

Crystal
NMR, pH 7.5
NMR, pH 6.5

Amino acid sequence

Fig. 7. Stereo ribbon drawings of the superpositions of the solution structure of Nsp7
at pH 6.5 (red/yellow) with the two previously reported Nsp7 structures. The structures
were superimposed for minimal RMSD of the backbone of helices a2 and a3.

(A) Superposition with the crystal structure of Nsp7 in a complex with Nsp8 (blue).
(B) Superposition with the solution structure of Nsp7 at pH 7.5 (purple)

(C) Locations of a-helices in all the experimentally determined Nsp7 structures
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CHAPTER 2. NMR STUDIES OF PROTEIN-LIGAND INTERACTIONS

NMR spectroscopy is a powerful method for detecting and quantifying binding
of small molecules to proteins. It can be used for screening of large compound
libraries, measurement of complex dissociation constants, determination of ligand
binding site on the protein surface or even three-dimensional structure determination
of a protein-ligand complex.

The NMR experiments used for screening purposes and protein-ligand
interaction studies can be divided into protein-based and ligand-based methods.
Besides detection of binding, the protein-based methods can provide information on
the interacting protein residues, although they require a relatively large amount of
protein (*°N-labeled) per experiment. These methods rely on ligand-induced local
magnetic environment changes around the protein atoms near to the ligand binding
site, observable in the spectrum as shifting of protein signals. The use of protein-based
methods is described in the R3H domain and mononucleotide complexes' paper. The
use of the ligand-based Saturation Transfer Difference (STD) method is described in
the CrAT studies. This method is based on the direct intermolecular magnetization
transfer between the protein and a bound ligand. The ligand-based methods require a
relatively small amount of unlabeled protein allowing the screening of larger
compound libraries, however the information on protein interaction sites is lacking.

2.1. R3H DOMAIN COMPLEXES WITH MONONUCLEOTIDES

The R3H domain has previously been identified as a conserved sequence motif
in putative nucleic-acid-binding proteins from diverse range of organisms [19]. It is
named after the presence of an invariant arginine residue and a highly conserved
histidine residue that are separated by three residues. The 3D solution structure of the
R3H domain from human Subp-2 has been determined by NMR spectroscopy and
shown to represent the R3H domains in general [20]. Here, we report our results from
NMR binding studies of the R3H domain and mononucleotides, aimed at establishing
the ligand specificity and selectivity determining factors of the R3H domain.

Several NMR techniques can be used to detect and quantify the binding of
small molecules to proteins [21]. We chose to observe the *H NMR chemical shifts of
the protein signals in the high-field-shifted methyl group region as a function of small
molecule concentration. For a molecule in fast exchange between the bound and free
forms any NMR parameter is the mole-fraction weighted average of that belonging to
the two different states. Thus, by acquiring a series of experiments and applying non-
linear least-squares fitting of simulated data to experimental data, the complex
dissociation constant Ky could be determined. Results from the titration of the R3H
domain with guanosine mono-phosphate (GMP) are shown in Fig. 8(A). The
relationship between §ns) and GMP concentration for the singlet at 0.26 ppm along
with the fitted binding curve that determines the Kp, is shown in Fig. 8(B). The results
of the NMR chemical shift titrations of the R3H domain with mononucleotides are
summarized in Table 1.

To identify the putative DNA binding site on the R3H structure, we monitored
the backbone amide chemical shift changes in the 2D ['H, *®N]-HSQC spectrum upon
addition of dGMP. Most of the shifting signals were found to belong to residues of
helix a2 and the strands f2 and B3 that are located on the same face of the R3H
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domain and include the R3H motif, thereby verifying its role in nucleic acid
recognition. On the basis of the obtained results a model of R3H and dGMP
interactions was proposed. The mode of interaction was recently verified by 3D
structure determination of the dGMP-R3H complex (Fig. 9).
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Fig. 8. (A) Methyl-group region of the proton 1D NMR spectra of R3H at different
R3H to GMP concentration ratios. The arrows indicate the signals that were used for
Kp determination.

(B) The chemical shift of the signal at 0.26 ppm as a function of GMP concentration
(mM) at constant R3H concentration (0.1 mM). The circles are the experimental
points, and the line is the fitted binding isotherm

Table 1
Dissociation constants of the R3H domain complexes with mononucleotides
N bbrevatiory| <o MM | apbreviationy| <o M
1 |GMP 33610 |5 |dGMP 8.0+0.1
2 |AMP 109.0+4.0 |6 |[dAMP 58.7 + 4.7
3 |[UMP 106.4+10.6 |7 |dTMP 268.5 +54.5
4 |CMP 290.5+30.5 |8 |dCMP 276.0 +43.0

The obtained results show that the R3H domain binds mononucleotide mono-
phosphates, and the dissociation constants of the complexes are within the micro-
molar region. It has a substantial preference for binding with deoxy-ribonucleotides
over ribonucleotides, especially for the purine-containing bases. The R3H domain does
not bind mononucleotide di-phosphates and tri-phosphates as well as un-
phosphorylated mononucleotides not present in the DNA and the RNA. The R3H
domain has no affinity towards 3'-phosphorylated mononucleotides too. The binding
site of deoxy-guanosine mono-phosphate (dGMP) is identified from chemical shift
perturbations in the 2D ['H, *®N] HSQC spectrum and later verified by 3D structure
determination of the dGMP-R3H complex. Our data show that binding of dGMP
occurs through electrostatic interactions with the positively charged sidechains of
Arg47 and Arg70, n-n stacking interactions with His51 and several hydrogen bonds
(Fig. 9B). His51 could be responsible for selectivity against purine-containing
nucleotides that provide better stacking interactions and the hydrophobic side chain of
Leu48 could be responsible for selectivity against deoxy-ribonucleotides.
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Fig. 9. Solution structure of the R3H domain in complex with dGMP.

(A) dGMP binding site on the molecular surface of the R3Hdomain. The surface is
colored by electrostatic potential with negative potential in red and positive potential
in blue.

(B) Zoom-in on the dGMP (pink) binding site. All residues within 5A of the ligand are
identified and shown as yellow sticks. The nitrogen and oxygen atoms are colored in
blue and red, respectively. Hydrogens are omitted for clarity. The potential interactions
are drawn with dashed lines and the distances between interaction partners are
indicated

2.2. INHIBITION OF CARNITINE ACETYLTRANSFERASE BY
MILDRONATE, A REGULATOR OF ENERGY METABOLISM

Carnitine acetyltransferase (CrAT) catalyzes the reversible transfer of acetyl
groups between acetyl-coenzyme A (acetyl-CoA) and L-carnitine [22], thus regulating
the cellular pool of CoA and the availability of activated acetyl groups. [23].
Mildronate (3-(2,2,2-trimethylhydrazinium)propionate) is a cardioprotective drug that
acts as a L-carnitine concentration lowering agent and inhibitor of free fatty acid f-
oxidation [24-25]. Structurally, mildronate is related to L-carnitine and its
bioprecursor, y-butyrobetaine (GBB). In this study, biochemical measurements,
saturation transfer difference (STD) nuclear magnetic resonance (NMR) spectroscopy,
and molecular docking were applied to give insights into the CrAT binding of a
synthetic inhibitor, the cardioprotective drug mildronate.

For quantification of the binding affinity of mildronate towards CrAT, an NMR
titration was carried out. The linewidths of the '"H NMR signals, an approximation to
the relaxation rate constant 1/T,, of mildronate were monitored as a function of the
changing solution composition. Due to very small linewidth changes during titration
(only about 0.5 Hz) for the signals chosen and the inherent sensitivity of the fitting
procedure to small errors in the measured linewidth, normalization to an internal
reference (DSS) was used to compensate for magnetic field inhomogeneity. The
experimental data points were fitted to a simulated binding isotherm by changing the
two parameters, complex dissociation constant (Kp) and linewidth of the bound form
(Vbound). The binding isotherms for the proton signals of mildronate are shown in Fig.
10. The estimated Kp was 101 + 19 uM.
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Fig. 10. The linewidth of trimethylammonium group (circles), a-methylene group
(triangles), and B-methylene group (squares) proton signals of mildronate as a function
of mildronate concentration (mM) at constant CrAT concentration (20 uM). The
circles, squares, and triangles are the experimental points, and the curves are the fitted
binding isotherms.

The mildronate binding site on CrAT was identified using competition STD-
NMR experiments [26]. In the case of two competing ligands, addition of the second
ligand to a sample of an indicator ligand and the protein causes disappearance or
reduction of the STD signals of the indicator ligand. The competing ligand displaces
the indicator ligand in its binding site on the protein; therefore, less magnetization
from the bound state of the indicator ligand can be transferred into solution for
detection. The extent of signal reduction of the indicator ligand is subject to the
binding affinity of the competing ligand. The gradual addition of mildronate to the
carnitine—CrAT complex caused a significant and continuous reduction of the STD
signals of carnitine and an increase of the mildronate signals (Fig. 11A) indicating that
mildronate binds to the same binding site as carnitine and suggesting a mildronate
binding constant value in the mM range, similar to that of carnitine. Furthermore, the
same principle was used to prove that mildronate does not compete for binding with
acetyl-CoA (Fig. 11B).

The saturation transfer difference NMR spectra contain information on the
ligand groups that come closer to the protein surface in the ligand-bound state and this
is reflected in the STD amplification factors. The STD amplification factors of
carnitine o-CH,, y-CH, and trimethylammonium signals (17%, 8.5% and 37%,
respectively) are in good agreement with the carnitine conformation in the CrAT-
carnitine complex crystal structure (PDB code 1S50): the y-CH, group of carnitine is
exposed to the solvent, resulting in the smallest STD amplification factor; meanwhile,
the trimethylammonium group is buried in a hydrophobic pocket, giving close contacts
to the surface of the protein and resulting in a higher STD amplification factor. The
STD amplification factors of mildronate o-CH,, B-CH, and trimethylammonium
signals (11%, 17% and 1% respectively) suggested a bound conformation with a
different position of the trimethylammonium group, possibly exposed to the solvent.
This indication was confirmed by molecular docking studies (Fig. 12).
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Fig. 11. (A) Titration of the competing ligand mildronate to a sample of carnitine and
CrAT. Series of 1D STD-NMR spectra showing the y-methylene signal of carnitine at
3.265 ppm and the trimethylammonium group signal of mildronate at 3.185 ppm
(B) Titration of the non-competing ligand mildronate to a sample of acetyl-CoA and
CrAT. Series of 1D STD-NMR spectra showing the a-methylene signal of mildronate
at 2.22 ppm and a signal of acetyl-CoA at 2.165 ppm
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The obtained results show that mildronate inhibits CrAT in a competitive
manner through binding to the carnitine binding site and not the acetyl-CoA site. The
bound conformation of mildronate closely resembles that of carnitine except for the
orientation of the trimethylammonium group, which in the mildronate molecule is
exposed to the solvent. The dissociation constant of mildronate and CrAT complex is
approximately 0.1 mM, and the K; is 1.63 mM. The obtained results suggest that the
cardioprotective effect of mildronate might be partially mediated by CrAT inhibition
and following regulation of cellular energy metabolism pathways.

Fig. 12. Carnitine positioning in the crystal structure of carnitine-CrAT complex and
comparison with the docked conformation of mildronate. Carnitine carbons are shown
in green and mildronate carbons are shown in white. All hydrogens, except those
involved in hydrogen bonds, are omitted.
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CONCLUSIONS

The three-dimensional structures of the proteins Dnal-N, NP_247299.1 and
Nsp7 in solution have been determined de novo using modern NMR techniques in
combination with **N or double >N and *3C isotope labeling, and the solution structure
of the R3H domain has been re-determined for its complex with dGMP. The chemical
shifts and coordinates of the structures have been deposited in the publicly available
BioMagResBank and the Protein Data Bank.

Dnal:

The structure of Dnal-N comprises four o helices and two B strands as well as a
short 345 helix and presents a novel fold. Dnal contains a zinc ion that probably plays a
structural role. The presence of conserved hydrophobic residues in the unstructured
N-terminal tail of the protein suggests a functional role for these flexible and highly
solvent accessible residues, presumably in interactions with the helicase.

NP_247299.1:

The application of an automated protein structure determination protocol is
demonstrated yielding a significant reduction in the spectroscopist and instrument time
needed for data collection, analysis and refinement. A new protocol for X-ray and
NMR structure comparison has been developed, which enabled the interpretation of
local differences in the highly similar NMR and crystal structures of NP_247299.1.
These differences were found in segments of higher B values in the crystal and
correlate with dynamic structural polymorphisms in solution.

Nsp7:

The structure of Nsp7 contains 4 helices, helices a2 and a3 form a conserved
core with their lengths, positions, and relative orientations being largely preserved in
different environments, while helices ol and a4 are adopting quite different lengths,
positions in the sequence, and relative orientations. The residues 70-82 exist in a
dynamic equilibrium between a-helix (a4) and unstructured conformations suggesting
that Nsp8 could bind to a transient form of Nsp7, in which helix a4 is unfolded.
Binding to Nsp8 would trigger the formation of the short helix a4 immediately after
a3, as well as the formation of the long helix al, which then takes up the position
occupied by a4 in the pH 6.5 solution structure. In the complex, the locations of al
and o4 are stabilized by numerous contacts with hydrophobic side chains of Nsp8.

R3H:

The R3H domain binds mononucleotide mono-phosphates, and the dissociation
constants of the complexes are within the micro-molar region. It has a substantial
preference for binding with deoxy-ribonucleotides over ribonucleotides, especially for
the purine-containing bases. The R3H domain does not bind mononucleotide di-
phosphates and tri-phosphates as well as unphosphorylated mononucleotides not
present in the DNA and the RNA. The R3H domain has no affinity towards 3'-
phosphorylated mononucleotides too. The binding of deoxy-guanosine mono-
phosphate occurs through electrostatic interactions with the positively charged
sidechains of Arg47 and Arg70, m-n stacking interactions with His51 and several
hydrogen bonds. His51 could be responsible for selectivity against purine-containing
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nucleotides that provide better stacking interactions and the hydrophobic side chain of
Leu48 could be responsible for selectivity against deoxy-ribonucleotides.

CrAT:

A model for CrAT inhibition by the antiischemic agent mildronate has been
established. Mildronate inhibits CrAT in a competitive manner through binding to the
carnitine binding site, not the acetyl-CoA binding site. The bound conformation of
mildronate closely resembles that of carnitine except for the orientation of the
trimethylammonium group, which in the mildronate molecule is exposed to the
solvent. The dissociation constant of the mildronate CrAT complex is approximately
0.1 mM, and the K; is 1.6 mM. The results suggest that the cardioprotective effect of
mildronate might be partially mediated by CrAT inhibition and concomitant regulation
of cellular energy metabolism pathways.
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